
Invitation for Nominations for 1970
American Institute of Nutrition Awards

Nominations are requested for the 1970 
annual awards administered by the Ameri­
can Institute of Nutrition to be presented 
at the next annual meeting. Nominations 
may be made by anyone, including mem­
bers of the Nominating Committees and 
non-members of the Institute.

The following information must be sub­
mitted: ( 1 ) Name of the award for which 
the candidate is proposed. ( 2 ) A brief con ­
vincing sta tem ent setting forth  the basis 
for the nom ination and, w here appropriate, 
a selected  bibliography ivhich supports the 
nom ination. Seconding or supporting let­
ters are not to be subm itted. (3) Five 
copies of the nominating letter must be 
sent to the chairman of the appropriate 
nominating committee b efore O ctober 1, 
1969, to be considered for the 1970 awards.

General regulations for A.I.N . awards. 
Membership in the American Institute of 
Nutrition is not a requirement for eligibility 
for an award and there is no limitation as 
to age except as specified for the Mead 
Johnson Award. An individual who has 
received one Institute award is ineligible to 
receive another Institute award unless it is 
for outstanding research subsequent to or 
not covered by the first award. A Jury of 
Award composed of A.I.N. members, which 
makes final selection and remains anony­
mous, may recommend that an award be 
omitted in any given year if in its opinion 
the work of the candidates nominated does 
not warrant the award. An award is usu­
ally given to one person, but, if circum­
stances and justice so dictate, a Jury of 
Award may recommend that any particu­
lar award be divided between two or more 
collaborators in a given research.

Presentation of awards will be made 
during the banquet at the annual meeting.

Borden Award in Nutrition 1

The Borden Award in Nutrition, con­
sisting of $ 1 0 0 0  and a gold medal, is made

available by the Borden Foundation Inc. 
The Award is given in recognition of dis­
tinctive research by investigators in the 
United States and Canada which has em­
phasized the nutritional significance of any 
food or food component. The Award will 
be made primarily for the publication of 
specific papers during the two previous 
years but the Jury of Award may recom­
mend that it be given for important con­
tributions made over a more extended 
period of time. Employees of Borden Inc 
are not eligible for this award nor are in­
dividuals who have received a Borden 
Award from another administering asso­
ciation unless the new award be for out­
standing research on a different subject or 
for specific accomplishment subsequent to 
the first award.

Former recipients of this award are:
1944 -  E. V. McCollum
1945 -  H. H. Mitchell
1946 -  P. C. Jeans and

Genevieve Stearns
1947 -  L. A. Maynard
1948 -  C. A. Cary
1949 -  H. J. Deuel, Jr.
1950 -  H. C. Sherman
1951 -  P. Gy orgy
1952 -  M. Kleiber
1953 -  H. H. Williams
1954 — A. F. Morgan and

A. H. Smith
1955 — A. G. Hogan

1956 — F. M. Strong
1957 — no award
1958 -  L. D. Wright
1959 — H. Steenbock
1960 -  R. G. Hansen
1961 — K. Schwarz
1962 -  H. A. Barker
1963 -  Arthur L. Black
1964 -  G. K. Davis
1965 -  A. E. Harper
1966 -  R. T. Holman
1967 — R. H. Barnes
1968 -  C. L. Comar
1969 -  H. P. Broquist

N o m i n a t i n g  C o m m i t t e e :

R. T. H o l m a n , Chairman 
R. G. H a n s e n  
A. L. B l a c k

Send nominations to:
R. T. H o l m a n  

Hormel Institute 
University of Minnesota 
Austin, Minnesota 55912

Osborne and M endel Azvard
The Osborne and Mendel Award of 

$ 1 0 0 0  and an inscribed scroll has been 
established by the Nutrition Foundation,

1 S p o n s o r s  of n o m i n e e s  for this a w a r d  s h o u l d  note 
that a c h a n g e  h a s  b e e n  m a d e  in the a r e a  of resea r c h  
w h i c h  this a w a r d  recognizes.
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Inc., for the recognition of outstanding re­
cent basic research accomplishments in 
the general field of exploratory research in 
the science of nutrition. It shall be given 
to the investigator who, in the opinion of 
a Jury of Award, has made a most signif­
icant recent contribution or has published 
recently a series of papers of outstanding 
significance. Normally preference will be 
given to research workers in the United 
States and Canada, but investigators in 
other countries, especially those sojourn­
ing in the United States or Canada for a 
period of time, are not excluded from con­
sideration.

Individuals who have received another 
award provided by the Nutrition Founda­
tion are not eligible for this award, unless 
the new award is clearly for research and 
contributions different from that of the 
first award.

Former recipients
1 9 4 9 -W. C. Rose
1950 — C. A. Elvehjem
1951 -E .  E. Snell
1952 -  Icie Macy Hoobler
1953 — V. du Vigneaud
1954 — L. A. Maynard
1955-  E. V. McCollum
1 9 5 6 -  A. G. Hogan
1957 — G. R. Cowgill
1958 -  P. Gyorgy
1959 — Grace A. Goldsmith

of this award are:
1960 - N .  S. Scrimshaw
1961 — Max K. Horwitt
1962 -  William J. Darby
1963 -  James B. Allison
1964 -  L. Emmett Holt, Jr.
1965 -  D. M. Hegsted
1966 -  H. H. Mitchell
1967 — Samuel Lepkovsky
1968 -  C. H. Hill
1969 -  H. N. Munro

N o m in a t in g  Co m m i t t e e :
M . K. H o r w it t , Chairman 
E. L. R. Sto k stad  
H . N . M u n ro

Send nominations to:

Former recipients of this award are:
1939 — C. A. Elvehjem
1940 -  W. H. Sebrell, Jr.

J. C. Keresztesy
J. R. Stevens 
S. A. Harris 
E. T. Stiller
K. Folkers

1941 -R . J. Williams 
1942-G . R. Cowgill 
1943 -  V. du Vigneaud
1 9 4 4 -  A. G. Hogan
1945-  D. W. Woolley
1946 -  E. E. Snell
1947 -  W. J. Darby

P. L. Day
E. L. R. Stokstad

1948 -  F. Lipmann
1949 — Mary S. Shorb

K. Folkers 
1 9 5 0 -W. B. Castle
1951 — no award
1952 -  H. E. Säuberlich
1964 -  J. S. Dinning
1965 -  J. G. Bieri
1966 -  M. Daniel Lane
1967 -  W. N. Pearson
1968 -  H. F. DeLuca
1969 -  R. H. Wasserman

Sä u b e r l ic h , Chairman
N o m in a t in g  Co m m i t t e e :

H. E.
H. P. Bro q u ist  
H. F. DeL uca

Send nomination to:
H. E. Sä u b e r l ic h  
U. S. Army Medical Research 

and Nutrition Lahoratory 
Fitzsimons General Hospital 
Denver, Colorado 80240

Conrad A. E lvehjem  Award for  
Public Service in Nutrition

The Conrad A. Elvehjem Award for 
Public Service in Nutrition, consisting of 
$ 1 0 0 0  and an inscribed scroll, is made 
available by the Wisconsin Alumni Re­
search Foundation. The award is bestowed 
in recognition of distinguished service to 
the public through the science of nutrition. 
Such service, primarily, would be through 
distinctive activities in the public interest 
in governmental, industrial, private, or in­
ternational institutions but would not ex­
clude, necessarily, contributions of an in­
vestigative character.

M. K. H o r w it t
St. Louis Univ. School of Medicine 
St. Louis, Missouri 63104

M ead Johnson Aivard for 
R esearch  in Nutrition 1 

The Mead Johnson Award of $1000 and 
an inscribed scroll is made available by 
Mead Johnson and Company to an investi­
gator who has not reached his 40th birth­
day at the time the award is presented. 
Selection by the Jury of Award will be 
based either on a single outstanding piece 
of recent research in nutrition or on a se­
ries of recent papers on the same subject.

Former recipients of this award are:
1966 -  C. Glen King
1967 — J. B. Youmans
1968 -  W. H. Sebrell, Jr.
1969 -  F. J. Stare

N o m in a t in g  Co m m i t t e e :
Ol a f  M ic k e l s e n , Chairman 
O. C. Jo h n so n  
C. G. K ing

Send nominations to:
Ol a f  M ic k e l se n  
Department of Foods & Nutrition 
Michigan State University 
East Lansing, Michigan 48823

2 Sponsors of nominees for this award should note 
the change which has been made in the age limita­
tion.



Invitation for Nominations for 1970
American Institute of Nutrition Fellows

The Fellows Committee of the American Institute of Nutrition in­
vites nominations for Fellows in the Society. Eligible candidates are 
active or retired members of the Society who have passed their sixty- 
fifth birthday (by the time of the annual meeting) and who have had 
distinguished careers in nutrition. Up to three Fellows may be chosen 
each year.

Nominations may be made to the Chairman of the Fellows Com­
mittee by any member of the Society, including members of the Com­
mittee.

Nominations (in 5 copies) are due by October 1. A supporting 
statement giving the reason for the nomination is desirable.

Final selection will be made by the Fellows Committee and a suit­
able citation will be presented at the Annual Dinner in April.

Fellows C om m ittee:
L. A. M a y n a r d , Chairman  
T. H. Ju k e s  
A. B. M o r r iso n  
E. E. H o w e  
H. M . L in k s w il e r

Send nom inations to:
L. A. M a y n a r d  
Cornell U niversity 
Ithaca, N ew  York 14850

The following persons have been elected previously as Fellows of 
the Society:

Georgian Adams (1967) 
Herman J. Almquist (1968) 
J. B. Brown (1964)
Thorne M. Carpenter (1958) 
George R. Cowgill (1958) 
Earle W. Crampton (1967) 
Henrik Dam (1964)
Eugene F. DuBois (1958)
R. Adams Dutcher (1961) 
Ernest B. Forbes (1958) 
Casimir Funk (1958) 
Wendell H. Griffith (1963) 
Paul Gyorgy (1965)
Albert G. Hogan (1959)
L. Emmett Holt, Jr. (1967) 
Icie Macy Hoobler (1960) 
Paul E. Howe (1960)
J. S. Hughes (1962)
C. Glen King (1963)
Max Kleiber (1966)
S. Kon (1969)
Samuel Lepkovsky (1966)

Karl E. Mason ( 1969) 
Leonard A. Maynard (1960) 
Elmer V. McCollum (1958) 
Harold H. Mitchell (1958) 
Agnes Fay Morgan (1959) 
John R. Murlin (1958)
Leo C. Norris ( 1963) 
Bernard L. Oser ( 1969) 
Helen T. Parsons (1961) 
Paul H. Phillips (1968) 
Lydia J. Roberts (1962) 
William C. Rose (1959)
W. D. Salmon ( 1962)
W. H. Sebrell. Jr. (1968) 
Arthur H. Smith (1961) 
Genevieve Stearns (1965) 
Harry Steenbock (1958) 
Hazel K. Stiebeling (1964) 
Raymond W. Swift (1965) 
Robert R. Williams (1958) 
John B. Youmans ( 1966)
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Invitation lor
Nominations for Honorary Membership in the

American Institute of Nutrition

The Committee on Honorary Memberships of the American 
Institute of Nutrition invites nominations for Honorary Members.

Distinguished individuals of any country who are not members 
of the American Institute of Nutrition and who have contributed to 
the advance of the science of nutrition shall be eligible for proposal 
as Honorary Members of the Society.

Nominations may be made to the Chairman of the Committee on 
Honorary Memberships by two members of the Society.

Nominations (in three copies) are due by October 1. A supporting 
statement giving the reason for the nomination is desirable.

Final selection of nominees will be made by the Council of the 
American Institute of Nutrition and such nominations submitted 
to the Society at the spring meeting. Election requires a two-thirds 
majority of the ballots cast.

Honorary members pay no membership fees but are eligible to 
subscribe to the official joumal(s) at member’s rates.

C om m ittee on H onorary M em berships:

The following persons have been elected previously as Honorary 
Members of the Society:

L. C. N o r r is , Chairman 
A. E. Sc h a e f e r  
P. L. D a y

Send nom inations to:
L. C. N o r r is

D epartm ent o f Poultry Husbandry 
U niversity o f  California  
Davis, California 95616

Kunitaro Arimoto 
W. R. Aykroyd 
Frank B. Berry 
Edward Jean Bigwood 
Frank G. Boudreau 
Robert C. Burgess 
Dame Harriette Chick 
F. W. A. Clements 
Hans D. Cremer 
Sir David P. Cuthbertson 
Herbert M. Evans 
Karl Guggenheim 
Egon H. Kodicek 
Joachim Kiihnau 
Josef Masek 
Thomas Moore

Hiroshi Morimoto 
R. A. Morton 
Toshio Oiso 
H. A. P. C. Oomen 
Lord John Boyd Orr 
Conrado R. Pascual 
V. N. Patwardhan 
Sir Rudolph A. Peters 
B. S. Platt 
Juan Salcedo 
M. Swaminathan 
Emile F. Terroine 
Jean Tremolieres 
Eric John Underwood 
Artturi I. Virtanen
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Study of One-carbon Metabolism in Neonatal 
Vitamin B12-deficient Rats 1,2

JAMES C. WOODARD
Department of Pathology, College of Medicine, University of Florida, 
Gainesville, Florida

ABSTRACT By feeding diets deficient in vitamin B12 and other lipotropic sub­
stances, anomalies such as hydrocephalus, umbilical hernia and spina bifida were 
produced in neonatal rats. The incidence of congenital hydrocephalus was increased 
when 2.1 or 4.2 m m oles/100 g diet of DL-methionine was added to diets deficient in 
choline and vitamin B12. Measurements of DNA, RNA, protein, proteolipid, and total 
lipid showed no quantitative differences between embryos born to dams maintained 
on deficient or control rations. Likewise, there were no differences found in brain 
phospholipids or in the incorporation of L-methionine-methyl-14C into various chemical 
constituents. It was concluded that alterations in brain phospholipids did not play a 
significant role in the pathogenesis of the nutritionally induced neural developmental 
anomalies, and it is suggested that dams furnish one-carbon fragments to the develop­
ing embryos at the expense of their own tissue requirements.

Deficiencies of vitamin B1 2 or folic acid 
during gestation result in congenital hydro­
cephalus in neonatal rats (1, 2). Likewise, 
rats born to dams fed a ration low in folic 
acid produce offspring which, if fed this 
same ration until maturity, show inferior 
maze-learning abilities. It has been sug­
gested that brain alterations occur before 
birth and subsequent nutritional deficiency 
has little if any effect on maze learning
(3). The nutritional quality of the mother’s 
diet may have a direct effect upon the 
biochemical content of the fetus. For ex­
ample, female rats fed an 8 % protein diet 
for 1  month before mating and throughout 
gestation gave birth to young whose brains 
contained significantly less deoxyribonu­
cleic acid (DNA) and protein than did 
progeny from dams fed a 27% protein 
diet (4). It has been suggested that the 
quantitative biochemical changes may 
constitute the basis for the frequently re­
ported impaired behavior of the offspring 
from protein-deprived mothers. Bruemmer 
et al. (5) reported that 1-day-old offspring 
from vitamin Bia-deficient rats had higher 
DNA concentrations per gram of brain 
tissue, and ribonucleic acid (RNA) con­
centration per cell was lower in B 1 2-defi­
cient offspring (5).

Morphologic alterations in neonatal ani­
mals indicate that hydrocephalus induced 
by vitamin Bt 2  and that induced by folic

acid deficiency are similar ( 6 , 7). Hydroce­
phalus is caused by stenosis of the cerebral 
aqueduct and is associated with aplasia of 
the subcommissural organ, pineal gland 
and other neural structures. The basic de­
fect is thought to be concerned with the 
multiplication, migration or maturation of 
primitive neural elements. A number of 
dietary factors ether than vitamin B1 2 have 
been shown to influence the incidence or 
severity of lesions. The deletion of choline 
from a vitamin B ̂ -deficient diet increased 
the incidence of abnormalities in neonatal 
rats, and methionine in amounts equivalent 
to choline in methyl groups did not offer 
the same protective effects ( 8 ). A syner­
gistic action was also found when X-methyl 
folic acid was added to a vitamin B 1 2-defi­
cient diet ( 8 ). This interrelation between 
developmental neural abnormalities and 
the role of vitamin B1 2 in one-carbon me­
tabolism has been confirmed by O’Dell (9).

Because it has been shown that deplet­
ing the dam of lipotropic agents increases 
the incidence of developmental anomalies
( 8 ), and because liver and plasma phos­
pholipids are known to be reduced by a 
deficiency of choline ( 1 0 ), this experi­
ment was designed to investigate the role * 1 2

Received for publication December 27, 1968.
1 Supported in part by National Institutes of Health 

Grant nos. GM-1142 and ES00266.
2 This material was presented, in part, at the 52nd 

Annual Meeting of the Federation of American 
Societies for Experimental Biology, April, 1968.

J. N u t r it io n ., 98: 139-146. 139
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of one-carbon metabolism in the patho­
genesis of nutritionally induced hydroce­
phalus. The purposes of this experiment 
were: 1 ) to determine whether any bio­
chemical alterations could be detected in 
brains or livers from neonatal rats born 
to dams maintained on diets deficient in 
vitamin Bn or other lipotropic agents, and 
2 ) to determine if methionine can prevent 
the enhancing effects choline deficiency 
has on the induction of hydrocephalus.

METHODS

Female weanling albino rats of the 
Caesarean Derived (CD), Sprague-Dawley 
strain were obtained commercially. 3 The 
animals were housed in air-conditioned 
animal quarters; food and water were sup­
plied ad libitum. Three female animals 
were housed together in large, raised, 
screen-wire cages and fed either a vitamin 
Bi2-deficient diet or a vitamin Bu-supple- 
mented diet during the growth period. The 
2 0 % protein diet shown in table 1  was 
supplemented with 0.18% choline bitar­
trate and 0.32% DL-methionine during the 
growth period; vitamin Bi2 was added to 
the control diet at the rate of 50 ag/kg of 
diet. At 11 weeks of age, the rats were 
started on the various experimental rations.

TABLE 1
Composition of basal diet

Sucrose
% of diet 

65
Soybean protein 1 20
Salts 2 5
Cottonseed o i l3 10

Vitamins 4 mg/100 g diet
Thiamine -HC1 1.6
Pyridoxine HC1 1.6
Riboflavin 1.6
Ca pantothenate 4.0
Nicotinic acid amide 5.0
Folic acid 0.5
Inositol (meso) 10.0
dZ-a-Tocopheryl acetate 10.0
Menadione 1.0

Vitamin A
1U/100 g diet 

2,500
Vitamin D2 600
1 Promine D, Central Soya Company, Chicago (1.0% 

methionine).
2 Hegsted, D. M., R. C. Mills, C. A. Elvehjem and 

E. B. Hart 1941 J. Biol. Chem., 138: 459.
3 Wesson Oil, Wesson Sales Company, Fullerton, 

Calif.
4 Vitamin B12 (50 /¿g/kg of diet) was added to con­

trol diets.

Females were fed the experimental ration 
for 4 weeks prior to breeding. Male ani­
mals, fed a commercial ration, were housed 
separately until the time of breeding when 
they were placed with the females, one 
male per cage. Vaginal smears were 
checked daily for the presence of sperm. 
Females which were found to be positive 
were moved to single cages and fed the 
experimental diets throughout gestation.

The neonatal offspring from the eight 
groups of animals, consisting of six fe­
males each, were used. Control animals 
which were supplemented with vitamin 
B1 2 during the growth period were placed 
on diets 1  and 2 , whereas vitamin B,2-de­
ficient animals were given diets 3 through 
8  (table 2). The weights of the litters, the 
number of embryos per litter, and the num­
ber of hydrocephalic animals were re­
corded. Various litters were chosen con­
secutively for the isolation of brain 
phospholipids, or for the determination of 
the incorporation of 1 4 C-methyl-labeled 
methionine into various chemical fractions 
of the liver and brain. Hydrocephalic ani­
mals were excluded from the litters on 
which chemical analyses were performed, 
with the exception of litters containing all 
hydrocephalic individuals which were ana­
lyzed separately.

The results presented in the tables repre­
sent the mean values obtained from in­
dividual samples within each dietary treat­
ment. The data in tables 4 and 5 were 
treated statistically using an analysis of 
variance. An F value was computed to de­
termine differences between dietary treat-

TABLE 2
Experimental diets

D iet no. A ddition  to basa l diet

1 0 .1 8 %  c h o lin e  b ita rtra te  +  
0 .3 2 %  D L -m eth ion in e -f- 
v ita m in  B 1 2 1

2 v ita m in  B 1 2 1

3 0 .1 8 %  c h o lin e  b ita r tra te -f-  
0 .3 2 %  D L -m eth ion in e

4 0 .1 8 %  c h o lin e  b ita rtra te
5 0 .3 2 %  D L -m eth ion in e
6 0 .6 4 %  D L -m eth ion in e
7 0 .9 6 %  D L -m eth ion in e
8 N o n e

1 Vitamin B12 added at the rate of 50 (ig/kg diet.

3 Charles River Laboratories, Inc., Wilmington, 
Mass.
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merits. In tables 4 and 6  each dietary group 
was then compared with the vitamin BJ2- 
supplemented control group.

Brain phospholipids. The analysis of 
phospholipids was conducted on neonatal 
rats whose mothers were fed experimental 
diets 1, 3 and 5 (table 2). Each analysis 
was performed on a sample consisting of 
brains from two littermates, and each sam­
ple was run in triplicate. In this way the 
phospholipids from a total number of 32 
litters were examined. The lipids were ex­
tracted by the method of Folch et al. (11), 
and analyzed quantitatively by the pro­
cedure outlined by DeBohner et al. (12). 
The extract was evaporated under nitrogen 
and adjusted to a constant volume so that 
4 ag of phosphorus would be present in 
25 al of lipid extract.

Chromatoplates were prepared using 
silica-gel G according to the method of 
Stahl (13). The sample was applied, and 
the plates were developed in the alkaline 
solvent mixture described by Miildner et al.
(14). After drying, detection of spots was 
carried out with iodine vapors. The silica 
containing each spot was removed and 
the phospholipids eluted twice using the 
method employed by Marinetti et al. (15). 
The eluted phospholipids were ashed and 
analyzed for phosphorus according to the 
method of Chen et al. (16).

Incorporation o f  'L-methionine-methyl- 
1 4C. Six individual embryos from a litter 
received subcutaneous injections of L-meth- 
ionine-methyl-14C (17.0 mCi/mmole) at the 
rate of 0.1 uCi/g embryo. Litters were in­
jected with radioisotope within 4 hours of 
birth and only viable active embryos were 
chosen for biochemical determinations. 
Care was taken that the subcutaneous in­
jection of isotope did not escape from the 
needle puncture hole. An “incorporation 
time” of 1  hour showed maximum uptake 
of methionine into serum proteins; there­
fore, this time period was used throughout 
these experiments. Embryos were exsangui­
nated after 1  hour by decapitation at the 
atlanto-occipital joint. Livers and brains 
were removed; the different organs from 
six animals of one litter were placed in 
separate beakers containing cold 0.25 M 
sucrose. The total weight of the liver and 
brain was determined. A 20% homogenate 
was obtained, and duplicate samples were

then separated into acid-soluble, lipid, pro- 
teolipid, protein, and nucleic acid compo­
nents using a modification of the extrac­
tion techniques of Schneider (17).

The chloroform-methanol extract out­
lined by Schneider was separated into two 
components by adding distilled water to 
the lipid solvent. The buffy coat layer (pro- 
teolipid) which formed at the aqueous 
methanol-chloroform interphase was re­
moved from the chloroform-soluble lipid by 
differential freezing. The amount of lipid 
was determined by weight after evapo­
rating the chloroform with nitrogen. The 
Folin-Ciocalteu method was used to quanti­
tate the amount of protein and proteolipid
(18). RNA was determined using orcinol 
reagent, and DNA was determined by the 
diphenylamine reaction as outlined by 
Schneider (19). Equal volumes of each 
fraction were used for the chemical and 
radioactive determinations. Proteinaceous 
materials were dissolved using hydroxide 
of Hyamine. 4 Dissolved fractions were 
added to scintillation fluid ( 2 0 ), stored in 
the dark for 24 hours to prevent chemi­
luminescence, and counted with a liquid 
scintillation counter. 5 Efficiency and the 
degree of quenching were determined by 
the external standard ratio method.

RESULTS

The incidence of hydrocephalus was 
highest in animals whose dams were fed a 
vitamin B1 2- and choline-deficient diet and 
supplemented with varying quantities of 
methionine (diets 5, 6  and 7, table 3). 
These results are similar to those obtained 
in previous experiments (8 ). When methi­
onine was added in amounts equivalent to 
choline in methyl groups (diet 5), hydro­
cephalus was not prevented. Twice the 
number of moles of methionine did not 
reduce the incidence; however, depression 
was observed when the level of methionine 
was increased to 6.3 mmoles/100 g diet. 
When comparisons of brain, liver or total 
embryo weights were made, a statistical 
difference was noted; however, within 
groups comparisons showed that these dif-

4 p(Diisobutyl-cresoxyethoxyethyl) dimethylbenzyl 
ammonium hydroxide, Packard Instrument Company, 
Downers Grove, 111.

5 Beckman model DPM 100, Beckman Instruments, 
Inc., Fullerton, Calif.
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TABLE 3
Incidence of hydrocephalus

Diet no. Supplement to 
basal diet

No. of 
litters

Litters
hydrocephalic

No. of 
embryos

Embryos
hydrocephalic

mmoles/100 g diet % %
1 Choline, 0.7 + 23 0 143 0

methionine, 2.1 +
vitamin B121

2 Vitamin B121 33 0 196 0
3 Choline, 0.7 + 22 0 180 0

methionine, 2.1
4 Choline, 0.7 13 0 95 0
5 Methionine, 2.1 17 24 132 7
6 Methionine, 4.2 14 36 110 14
7 Methionine, 6.3 13 7 107 1
8 None 13 0 80 0

1 Vitamin B12 added at the rate of 50 /t g/kg diet.

ferences were not the result of vitamin B1 2  

deficiency (table 4).
Four different phospholipid components 

were isolated from the brains of neonatal 
rats. The identification of the phospho­
lipids was based upon RF values ( 1 2 ) and 
the use of various spot tests as outlined 
by Skidmore and Entenman (21). The 
phospholipids identified were phosphatidyl 
serine, sphingomyelin, lecithin and phos­
phatidyl ethanolamine (fig. 1). With the 
system employed phosphatidyl inositol 
should migrate with phosphatidyl serine; 
however, it could not be detected in this ex­
periment by means of spot tests. The re­
sults of the quantitative measurements of 
the four phospholipids indicate that there 
was no significant difference between any 
of the experimental groups; however, some 
variation among the triplicate samples was 
encountered (table 5).

The results of the isolation and quanti­
tation of the various biochemical constit­
uents from embryonic livers and brains 
are shown in table 6 . The results represent 
the means obtained from six litters con­
taining six neonates each. Each litter was 
obtained from a separate female rat on 
the dietary treatment. Differences between 
duplicate samples were found to be rela­
tively small; however, very large differ­
ences were found between individual lit­
ters. Statistically significant differences 
were found between some mean values, 
but, when comparisons were made between 
dietary treatments these differences be­
came nonsignificant. There were insuffi­
cient data obtained from completely

hydrocephalic litters for statistical evalua­
tion, but it was obvious by inspection that 
no differences existed. Fluctuations ob­
served in the incorporation of methionine 
or its methyl group into the various chemi­
cal constituents were related to endogenous 
differences in neonatal metabolism, and 
could not be correlated with a deficiency 
of vitamin B, 2 or methyl groups during 
embryonic development.

DISCUSSION

The dietary experiments indicated that 
a higher incidence of congenital abnor­
malities is produced when choline- and 
vitamin B 1 2-deficient diets are supple­
mented with methionine. In our experience 
it has not been unusual to find that dams 
fed diets deficient in vitamin B1 2 , but sup­
plemented with choline, give birth to rela­
tively few anomalous young, although the 
mothers have low liver levels of vitamin 
B1 2. It is, therefore, not surprising that no 
congenital anomalies were observed in the 
groups fed diets 3 and 4. The addition of
4.2 mmoles of DL-methionine/100 g diet 
(diet 6 , table 3) did not reduce the inci­
dence of congenital anomalies although 
the dams received twice the number of 
methyl groups furnished by choline (diet
4). The highest levels of methionine (diet
7) also failed to totally prevent hydroce­
phalus. These results are in contradistinc­
tion to the sparing action that methionine 
exerts in the choline-deficient hemorrhagic 
kidney syndrome of weanling rats ( 2 2 ). 
The dichotomy of the methionine action 
in these two models could be explained



V IT A M IN  Bi2 AND HYDROCEPH ALUS 1 4 3

TABLE 4
Weight comparisons

Diet no. Supplement to 
basal diet

Avg
embryo wt

Brain wt per 
six embryos

Liver wt per 
six embryos

mmoles/100 g diet 9 9 g
1 Choline, 0.7 +  

methionine, 2.1 +  
vitamin B121

6.3 1.5 1.9

2 Vitamin B + 5.4 1.4 1.3
3 Choline, 0.7 +  

methionine, 2.1
6.0 1.4 1.6

4 Choline, 0.7 5.0 1.2 1.2
5 Methionine, 2.1 5.0 1.3 1.4
6 Methionine, 4.2 5.7 1.4 1.5
7 Methionine, 6.3 6.0 1.5 1.5
8 None 

Significance of dietary
5.5 1.4 1.6

group comparisons 
Significance of

0.05 0.01 0.05
5 versus 1 (0.01)

pairwise comparisons nsc 2 nsc 4 versus 1 (0.05) 
2 versus 1 (0.01)

1 Vitamin B12 added at the rate of 50 ¿¿g/kg diet.
2 nsc =  no significant comparison.

TABLE 5

Analysis of brain phospholipids

Dietary treatment
1 3 5

fig P/g fresh tissue 
Phosphatidyl serine 467 391 310
Phosphatidyl ethanolamine 753 638 704
Lecithin 1148 944 926
Sphingomyelin 327 268 338
Significance ns 1 ns ns

1 ns =  not significant.

y - s **>s*J|Ì*

ps i m p

0

if a minimal dietary level of methyl groups 
was necessary for embryonic development 
and fetal growth. Since methionine is an 
essential amino acid, it would serve a dual 
function in protein synthesis and methyl 
neogenesis.

Inhibition of phospholipid synthesis 
plays a direct role in the pathogenesis of 
choline-deficiency fatty liver and is of 
questionable significance in the hemor­
rhagic kidney syndrome of weanling rats. 
The role phospholipids play in the patho­
genesis of nutritionally induced neural de­
velopmental anomalies was investigated by 
isolating and quantitating the various phos­
pholipid components. No differences in the

Fig. 1 Typical thin-layer chromatograms of 
phospholipids isolated from fetal brains, o =  
origin, ps =  phosphatidyl serine, s =  sphingomye­
lin, pc =  phosphatidyl choline or lecithin, and 
pe =  phosphatidyl ethanolamine.
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brain phospholipid patterns could be de­
tected between neonates whose dams were 
raised on vitamin Bn-supplemented or de­
ficient diets, or between offspring whose 
mothers were fed diets severely deficient 
in lipotropic agents. Likewise, the incorpo­
ration of methyl groups from methionine 
into brain and liver lipids was not signifi­
cantly different. These results indicated 
that the congenital neural abnormalities 
induced by vitamin Bi2 deficiency cannot 
be attributed to major alterations in the 
synthesis of phospholipids. Total lipid ana­
lysis of neonatal livers showed that the 
animals whose dams were fed diets de­
ficient in lipotropic substances did not 
have increased amounts of liver fat al­
though the livers from their mothers had 
microscopic evidence of severe fatty meta­
morphosis. The incorporation of L-methio- 
nine-methyl-14C into various chemical com­
ponents indicated that there were no major 
shifts in the methyl requirements of the 
various tissue constituents. The constant 
specific activities found in the various bio­
chemical substances might be attributed 
to the fact that dams are furnishing methyl 
groups for embryonic growth at the ex­
pense of regulating their own methyl 
homeostasis.

The total amounts of DNA and RNA per 
gram tissue were not found to be changed 
by a deficiency of vitamin B1 2 . These results 
differ from those previously reported by 
other workers (5, 23) who found a decrease 
in the amount of RNA and an increased 
amount of DNA within the brain. As ex­
plained by O’Dell and Bruemmer (23) 
the differences in the content of nucleic 
acids previously reported might result be­
cause deficient offspring failed to feed as 
well as control animals. Care was taken 
in our experiments to ensure that newborn 
animals did not nurse; this was verified by 
examining the stomach contents at ne­
cropsy. It should be noted, however, that 
the tissues in our experiment were ob­
tained within 5 hours of birth, whereas 
the tissues in the previous experiments 
were obtained from 1 -day-old neonates. 
Since maternal nutrition has been severed 
there is sufficient time difference between 
the two experiments to allow major meta­
bolic alterations to occur.
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Effects of Forced-feeding on Blood Levels of 
Pyruvate, Glucocorticoids and Glucose and 
on Adrenal Weight in Thiamine-deprived 
and Thiamine Antagonist-treated Rats 1,2

R. A. BITTER, C. J. GUBLER a n d  R. W. HENINGER 
Departments of Zoology and Entomology and Chemistry,
Brigham Young University, Provo, Utah

ABSTRACT To study the factors involved in the anorexia and hyperpyruvicemia 
of thiamine deficiency, rats were force-fed a liquefied thiamine-deficient diet by 
stomach tube. Force-feeding decreased the life expectancy of thiamine-deprived and 
oxythiamine-treated (OTh) rats by 0.33 to 0.50%, compared with similar rats fed 
ad libitum, but had no effect on life expectancy of pyrithiamine-treated (PTh) rats. 
Bloating was observed in all force-fed deficient groups and appeared to correlate well 
with the development of anorexia in rats fed ad libitum. It was so severe in force- 
fed OTh-treated rats that the daily food ration had to be cut by one-half. Thiamine- 
deprived and OTh-treated rats still showed significant increases in blood pyruvate and 
plasma corticosterone levels, and in gut and adrenal weights despite force-feeding to 
reduce inanition. Longer treatment with OTh appeared to exhaust the ability of the 
adrenals to put out corticosterone. PTh treatment resulted in increases in plasma 
corticosterone and adrenal weight in the ataxic but preconvulsive state, which in­
creased further after convulsions had started, along with a significant increase in 
blood pyruvate. Because the animals are unable to use the food these results suggest 
that the anorexia is the result of some local biochemical disturbance in the gut, and 
that elevations of blood pyruvate in thiamine-deficient states are possibly due to two 
factors: a hyperactivity of the hypophyseal-adrenal system, and specific disturbances 
in pyruvate metabolism.

Ever since thiamine was shown to be an 
essential cofactor in pyruvate metabolism 
(1 -4 ) elevated levels of blood pyruvate 
have consistently been associated with thi­
amine deficiency states (5 -7 ). Although 
much work has been done in this area, the 
role of the disturbances in a-ketoacid me­
tabolism as contributing factors in the 
development of the various symptoms of 
thiamine deficiency has still not been ade­
quately elucidated. It has been suggested 
by DeCaro and Rindi (8) that the in­
creased levels of blood pyruvate found in 
thiamine deficiency states may largely re­
sult from the associated stress of inanition, 
and hence, to hyperfunction of the hy­
pophyseal-adrenal system.

This study was designed to investigate 
this hypothesis and the factors involved in 
the anorexia of thiamine deficiency by 
eliminating the stress of inanition in thia­
mine-deficient rats with force-feeding.

EXPERIMENTAL PROCEDURES
Adult male rats of the Sprague-Dawley 

strain, weighing between 160 to 200 g,

were used throughout the experiments. The 
animals were housed in separate galva­
nized cages, maintained between 20 and 
30°, and given free access to water and 
commercial laboratory pellet feed3 until 
the experimental regimen was started.

The basal thiamine-deficient diet was 
prepared in 10-kg batches as described 
earlier (6) and stored at 0 to 4°. The liquid 
diet was prepared by mixing 200 g of the 
basal thiamine-deficient diet with 100 ml 
tap water and liquefying it in a blender4 
for 3 to 5 minutes. This liquid diet was also 
stored at 0 to 4° and warmed to room tem­
perature before feeding. * 1

Received for publication November 22, 1968.
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Science by R. A. Bitter. This is no. VI of the series: 
Studies on the Physiological Functions of Thiamine.

2 Supported by Public Health Service Research 
Grant no. AM02448 from the National Institute of 
Arthritis and Metabolic Diseases, and a grant from the 
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Health.

3 Purina Laboratory Chow, Ralston Purina Com­
pany, St. Louis, Mo.

4 Waring Blendor, Waring Products Company, Win 
sted, Conn.
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Eight groups of rats were assigned to 
one of the following treatments as de­
scribed in table 1 .

Injections of vitamin, plus antagonists 
and saline were given subcutaneously un­
der the foreleg, using a 26-gauge hypoder­
mic needle, to the respective groups be­
tween 5  and 6  p m  daily.

Prior to treatment, all groups were 
fasted from 20 to 24 hours to remove ex­
cess food from their digestive systems 
which might contain thiamine; then they 
were placed on the basal thiamine-deficient 
diet as described previously. For the first 
2  days of the experiment, the diet was 
given to all groups ad libitum. At the be­
ginning of day 3, group 1 was fed the ad 
libitum diet; groups 2  through 8  were 
taken from the ad libitum diet and force- 
fed the liquefied thiamine-deficient diet 
twice daily at 7 to 8  a m  and 5 to 6  p m  
with a stomach tube (9). A plastic infant 
tube (size 8  French, 38.1 cm long) with 
the outlet openings enlarged to twice the 
normal size, was used on a 2 0 -ml syringe 
to administer the diet. The rats received 
4 g diet/100 g body weight twice daily.

All animals were killed between 11 a m  
and 1 2  noon on the day when the deficient 
animals showed terminal symptoms of de­
ficiency, i.e., emaciation, bloating, immo­
bility, ataxia or convulsions. Because most 
of the deficient animals were bloated and 
had food retained in the gut at killing, the 
force-fed control group was divided into 
two groups, 2 a and 2 b, to test the effects 
of food in the stomach on blood pyruvate, 
plasma glucose and gut weight. Rats of 
group 2 a were fed as usual in the morning 
and killed at 1 1  a m  while rats from group 
2 b were not given the morning feeding on 
the day of killing. Rats were anesthetized 
with ether, the dorsal aorta exposed by ab­
dominal incision and blood withdrawn 
from the dorsal aorta with a 2 1 -gauge 
needle into a heparinized 1 0 -ml syringe. 
Four milliliters of the blood sample were 
mixed thoroughly in a centrifuge tube 
with an equal volume of ice-cold 0 . 6  m  
perchloric acid solution, according to a 
method from Boehringer and Soehne (10); 
the remainder of the collected sample was 
placed in a heparinized centrifuge tube. 
The two aliquots were then centrifuged

TABLE 1
Dietary treatments

Group no. Diet Supplements by injection

Control (1 ) Solid, thiamine deficient, 
ad libitum

10 fig thiamine in 0.2 ml 
0.9% saline/100 g body wt

Control (2 ) Liquid, thiamine deficient, 
force-fed

10 /ig thiamine in 0.2 ml 
0.9% saline/100 g body wt

Thiamine deprived (3 ) Liquid, thiamine deficient, 
force-fed

0.2 ml 0.9% saline/100 g 
body wt

Oxythiamine (O T h )-1 
treated, 1 week (4 )

Liquid, thiamine deficient, 
force-fed

2.0 mg OTh and 10 fig thiamine 
in 0.2 ml 0.9% saline/100 g 
body wt

OTh-treated, 2 weeks (5 ) Liquid, thiamine deficient, 
force-fed

2.0 g OTh and 10 fig thiamine 
in 0.2 ml 0.9% saline/100 g 
body wt

OTh-treated, 3 weeks ( 6 ) Liquid, thiamine deficient, 
force-fed

2.0 mg OTh and 10 fig thiamine 
in 0.2 ml 0.9% saline/100 g 
body wt

Pyrithiamine (P T h )-1 
treated, before 
convulsions (7 )

Liquid, thiamine deficient, 
force-fed

50 fig PTh and 10 fig thiamine 
in 0.2 ml 0.9% saline/100 g 
body wt

PTh-treated, after 
convulsions (8 )

Liquid, thiamine deficient, 
force-fed

50 /ig PTh and 10 fig thiamine 
in 0.2 ml 0.9% saline/100 g 
body wt

1 Oxythiamine (OTh) and pyrithiamine (PTh) obtained from Sigma Chemical Company, St. Louis, 
Mo., or Calbiochem, Los Angeles, Calif.
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at 3000 rpm (1085 X g ) for 10 minutes. 
The supernatant solution was decanted 
from the precipitated protein and the 
plasma from the red cells was poured into 
glass test tubes. Both preparations were 
then stored at — 2 0 ° until used.

The adrenal glands were carefully re­
moved, cleaned of excess fat and weighed. 
The stomach and intestines were also re­
moved, stripped of excess tissue and 
weighed with their contents.

A modification of the method of Boehr- 
inger and Soehne (10) was used for the 
pyruvic acid assay. The following modifi­
cations were made: the recommended con­
centration of reduced /3 -nicotinamide ade­
nine dinucleotide (NADH) 5 was found to 
be insufficient for the elevated levels of 
pyruvate found in the rats; therefore, the 
concentration was increased from 3 X 
10~ 3 m  to 8  X 10“ 3 m . It was also neces­
sary to use 2.5 ml of the final solution 
rather than 2 . 0  ml for the optical density 
measurements. At the time of assay, the 
frozen supernatant solutions were thawed 
and 3.0-ml aliquots were added to 1.0 ml 
of 1.1 m  K2IIPO4 solution. This solution 
was mixed and allowed to stand 1 0  min­
utes in an ice bath. The solution was fil­
tered from the precipitated potassium 
perchlorate through a fluted filter paper. 
After the temperature of the solution was 
equilibrated at approximately 25°, 2.50 ml 
of the solution, which was buffered to ap­
proximately pH 7 with K2HPO4, were used 
for the assay. This 2.50-ml sample was 
pipetted into a 3.0-ml cuvette along with 
0.05 ml of 8  X 10- 3  m  NADH solution. 
The optical density was read in a spectro­
photometer 6 at 340 mu. Then 0.05 ml lac­
tate dehydrogenase solution containing 
0.75 mg protein/ml was added with thor­
ough mixing. After 2 minutes, the optical 
density was again read at 340 mu. The 
method was checked using a suitable 
amount of a standard pyruvate solution in 
place of the blood extract.

The levels of plasma glucose were deter­
mined by the commercially prepared glu­
cose oxidase reagent and the experimental 
procedures of Somogyi (11) and Saifer 
and Gerstenfeld (12). Plasma levels of cor­
ticosterone were determined by the method 
of Guillemin et al. (13).

RESULTS AND DISCUSSION
The effects on body weight gain of force- 

feeding compared with feeding ad libitum 
are illustrated in figure 1. Force-fed control 
rats receiving 8  g of the dry diet per day 
in liquefied form, grew at a rate strictly 
comparable with the control rats allowed 
ad libitum access to the diet. Both thia­
mine-deprived and PTh-treated force-fed 
rats continued to grow at a somewhat sub-

Fig. 1 Group growth curves for rats fed ad 
libitum (A ) (data for these curves were taken 
from Gubler ( 6 ) )  and force-fed (B ) the basal 
thiamine-deficient diet with supplements injected 
subcutaneously as indicated below. The force-fed 
rats received 8 g diet/day in two portions by 
stomach tube, with the exception of the OTh- 
treated rats; the ration for the OTh-treated rats 
had to be cut to 4 g/day after day 4 to prevent 
bloating. Control group (10,ug thiam ine/100 g
body wt per day): ad lib. O ---------O , force-fed
0 ---------0 ;  thiamine deprived: ad lib. A ---------A>
force-fed ---------A. > OTh-treated (10 fig thiamine
+  2000 ng OTh/100 g per day): ad lib. □ ---------□ ,
force-fed 9 ---------0 ;  and PTh-treated (10 ¡xg thi­
amine +  50 ixg PTh/100 g per day): ad lib.
3 -------- © ,  force-fed 3  3 .  Weight gain after
subtraction of weight of gut contents----------------- .
OTh-treated rats showed bloating from the be­
ginning, whereas thiamine-deprived and PTh- 
treated rats did not until deficiency symptoms 
appeared at (a )  and (b ) ,  respectively. The 
growth curves in B were derived from the rats 
for which data are reported in table 2.

5 NADH (/3-DPNH), grade III, lactic dehydrogenase 
(LDH), type II, and sodium pyruvate, type II, were 
purchased from the Sigma Chemical Company, St. 
Louis, Mo.; glucose oxidase reagents were obtained 
from Dade Reagent, Inc., Miami, Florida.

6 Beckman DU, Beckman Instruments, Inc., Fuller­
ton, Calif.
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normal rate instead of leveling off and 
beginning to lose weight at around 1 0  to 
1 2  days, as was always the case with simi­
lar rats fed ad libitum. However, after 
anorexia and intestinal bloating appeared 
in these rats, about 2  days before death 
(points a and b, fig. 1 ), the continued 
weight gain was due largely to accumula­
tion of food in the gut as shown by the 
dotted lines. This would suggest that as 
soon as the deficiency progresses to that 
point where anorexia becomes severe, the 
animal is almost totally unable to utilize 
the food available in the gut. Since ano­
rexia and weight loss were evident from 
the beginning in OTh-treated rats fed ad 
libitum, it was not surprising to find that 
these rats gained weight much more slow­
ly when force-fed than any of the other 
groups, and most of the weight gain rep­
resented unused food accumulation in the 
gut. These results suggest a specific local 
biochemical disturbance in the gut rather 
than a central mechanism as the basis for 
the anorexia and inability to utilize the 
food. It is of interest to note that force- 
feeding led to earlier death by an average 
of 1 0  days in the thiamine-deprived and 
OTh-treated groups, but had no effect on 
mortality in the PTh-treated group. This is 
shown by comparison of the curves in A 
with those in B (fig. 1). Although the rats 
were killed, they would have survived less 
than 24 hours at this stage if allowed to 
die. It should be noted that the OTh- 
treated rats began bloating near the begin­
ning of the experimental treatment and 
the diet ration had to be reduced to 4 g/ 
day or they would have died of the effects 
of the bloating. According to Veen (14) 
gastric emptying time is retarded in the 
terminal stages of thiamine deficiency, but 
it is not responsible for initiating the 
marked anorexia. It is not clear, however, 
whether gastric atonia precedes and plays 
a role in induction of anorexia or not. Work 
is now in progress to study the biochemi­
cal and histological changes in the gut in 
relation to the onset of anorexia.

Because the control rats in groups 2a 
and 2 b showed significant differences in 
blood pyruvate and plasma glucose levels 
(table 2 ), it was felt that group 2 a, with 
food present in the gut, would serve as a 
more realistic control for the deficient

groups than would group 2b. For statisti­
cal comparisons, group 2 a has been used 
as the control for all the other groups. 
Groups 1 and 2b are included in table 2, 
however, for the sake of comparison. As 
can be seen, force-feeding, per se, had no 
effect on blood pyruvate or plasma glu­
cose levels, nor on gut or adrenal weights 
when compared with animals fed ad libi­
tum. Hence, it would appear that the 
force-feeding itself imposed no significant 
stress on the animals.

As shown in table 2, the thiamine-de­
prived rats (group 3) showed highly sig­
nificant increases in blood pyruvate and 
adrenal weights, with more moderate but 
still significant increases in plasma corti­
costerone and gut weight, compared with 
group 2a. The plasma glucose level, on the 
other hand, was somewhat decreased. Oxy- 
thiamine treatment resulted in significant 
increases in all the parameters studied 
after only 1 week. Blood pyruvate and 
adrenal weight increased further after 2  

and 3 weeks of treatment; the plasma glu­
cose returned to even a subnormal level, 
when compared with the nonfasted con­
trols ( 2 a), but normal if compared with 
the fasted force-fed or ad libitum controls. 
The plasma corticosterone level returned 
to a normal level also, despite the hyper­
trophy of the adrenal gland. This would 
suggest that partial exhaustion of the 
adrenal cortex may have occurred after 
week 1 of OTh-treatment. Shinozaki (15) 
also noted a hyperfunction of the adrenal 
cortex in cells of the zona fasciculata in 
the earlier phases of thiamine deficiency, 
but a functional depression in the termi­
nal phases. PTh-treated rats, killed when 
neurological symptoms appeared (ataxia 
and incoordination), but before frank con­
vulsions developed (group 7), showed 
highly significant increases in plasma cor­
ticosterone levels and adrenal weight, but 
no elevation of blood pyruvate or plasma 
glucose. When they were killed, 24 to 48 
hours after convulsions started, there were 
further significant increases in plasma cor­
ticosterone and adrenal weights and a 
moderately significant increase in the 
blood pyruvate level. Plasma glucose levels 
were not affected even though these ani­
mals had food retained in the gut.
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The nonparallel nature of the responses 
of blood pyruvate and adrenalcortical ac­
tivity in the three OTh-treated and the two 
PTh-treated groups would suggest that the 
stress-induced increases in adrenalcortical 
activity make some contribution to the in­
creases in blood pyruvate in the thiamine- 
deficiency states, but also there must be 
a significant, more specific contribution 
from the disturbance in pyruvate metabo­
lism associated with a deficiency of active 
coenzyme ThDP. Although some investi­
gators (16-18) have reported no alteration 
in total pyruvate metabolism in thiamine- 
deficient animals, other studies have shown 
changes in blood pyruvate levels and in 
activity of pyruvate dehydrogenase com­
plex in the tissues in thiamine-deficiency 
states ( 6 , 19-21).

The next step in elucidating this prob­
lem would be to study these parameters in 
adrenalectomized rats in these three defi­
ciency states. Rindi and co-workers ( 2 2 , 
23) have made such a study in thiamine- 
deprived rats previously adrenalectomized 
or hypophysectomized. He also reported a 
better correlation between elevations of 
blood pyruvate and adrenal hypertrophy 
than between blood pyruvate and tissue thi­
amine levels in thiamine-deprived rats. 
Such a study is being carried out to in­
clude OTh- and PTh-treated rats as well.
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Nutritional Evidence for the Absence of the Complete
Ornithine-Urea Cycle in the Insect, A rgyrotaen ia
velutinctna  (Lepidoptera: Tortricidae) 1

ABSTRACT Studies were made of the ornithine-urea cycle in the plant-feeding 
insect, Argyrotaenia velutinana (W alker), by replacing dietary arginine with inter­
mediaries involved in the cycle. Axenic rearing on graded concentrations of arginine 
showed that arginine is a dietary requirement. This was in agreement with previous 
studies using the radioactive tracer technique which demonstrated that arginine was 
not synthesized by the insect. Likewise, the optimum dietary concentration of arginine 
found in this study was between 0.10 and 0.15% at a 2.0% dietary amino acid mix­
ture level, which agreed with previous studies of the dietary quantitative amino acid 
requirements based on the pattern of amino acids found in the carcass of the insect. 
The dietary arginine requirement could be satisfied by substituting twice the equi- 
molecular amount of citrulline: ornithine, creatine, or guanidoacetic acid could not 
replace arginine. Biological studies resulting from axenic rearing for three successive 
generations on a diet in which citrulline replaced arginine indicated that the con­
version of citrulline to arginine was nutritionally adequate to satisfy the requirements 
for growth, development and reproduction of the insect.

Uric acid is the major end product of 
nitrogen metabolism in most terrestrial in­
sects studied. Urea is also a common ni­
trogenous constituent of insect excreta, but 
in most cases has been reported in only 
small amounts (1). Urea is the main ni­
trogenous waste product of mammals, am­
phibians and chelonian reptiles, and the 
principal method of urea formation from 
protein break-down in these animals is by 
the omithine-urea cycle of Krebs and Hen- 
seleit (2). Direct biochemical evidence in 
favor of the existence of this cycle in in­
sects is very inconclusive, and the results 
of relevant nutritional studies are hardly 
less equivocal (3). Arginine, citrulline and 
ornithine occur as intermediaries in the 
Krebs-Henseleit cycle and only arginine has 
been shown to be an indispensable dietary 
component for insects (4). Citrulline can 
partially replace arginine in the diet of the 
yellow-fever mosquito, AecLes aegypti (5), 
the honey bee, Aphis viellifera  ( 6 ), the 
vinegar fly, Drosophila m elanogaster (7) 
and the saw-tooth grain beetle, Oryzaeph- 
ilus surinam ensis ( 8 ). Ornithine cannot 
replace arginine in the nutrition of the 
honey bee ( 6 ), vinegar fly (7), or the saw­

tooth grain beetle (8 ), and only slightly in 
the yellow-fever mosquito (5).

The present study was undertaken to 
investigate by nutritional methods the 
presence or absence of the ornithine-urea 
cycle in the plant-feeding insect A rgyro­
taenia velutinana (Walker). The study in­
cludes biological observations of insects 
which developed and reproduced on diets 
containing intermediaries of the cycle.

EXPERIMENTAL
The methods for continuous rearing of 

the insect in the laboratory on a semipuri- 
fied diet were the same as those reported 
in a previous study (9). The composition 
of the control diet used for axenic rearing 
of the insect is shown in table 1 , and is 
similar to that previously reported by Rock 
and King (10). The dietary constituents 
were obtained commercially. 2 The pattern 
of the dietary amino acid mixture was 
similar to the amino acid pattern of the 
insect’s carcass; feeding tests showed this * 1 2

Received for publication December 23, 1968.
1 Paper no. 2782 of the Journal Series of the North 

Carolina State University Agricultural Experiment 
Station, Raleigh, North Carolina.

2 Nutritional Biochemicals Corporation, Cleveland, 
Ohio.
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TABLE 1
C om position  o f  th e con tro l d iet

Constituents

Dextrose
g/100 g diet 

5.000
Safflower oil 0.300
Cholesterol 0.200
Salt mixture W  1 1.200
ZnCl 0.002
FeS04-7H20 0.040
CuS04-5H20 0.002
Amino acids (L-allo free) 2 2.067
Vitamin mixture 3 0.142
Tween 80 4 0.300
Agar 3.000
2 M  KOH added to give pH 6.2 
Distilled water to 100 g
1 Osborne, T. B., and L. B. Mendel 1932 A modifi­

cation of the Osbome-Mendel salt mixture containing 
only inorganic constituents. Science, 75; 339.

2 Composition of amino acid mixture: (in milli­
grams per 100 g diet) arginine, 125; histidine, 100; 
isoleucine, 92; leucine, 156; lysine -HC1, 190; methio­
nine, 72; phenylalanine, 107; threonine, 100; trypto­
phan, 90; valine, 95; alanine, 125; aspartic acid, 180; 
glutamic acid, 220; glycine, 97; proline, 99; serine, 
57; cystine, 60; and tyrosine, 102.

3 Composition of vitamin mixture: (in milligrams 
per 100 g diet) folic acid, 2; riboflavin, 2; Ca pan­
tothenate, 4; pyridoxine'HCl, 6; thiamine• HC1, 1.2; 
nicotinic acid, 12; biotin, 0.025; vitamin B12 , 0.004; 
choline chloride, 100; and alpha-tocopherol, 15.

4 Polyoxyethylene sorbitan monooleate, Atlas Powder 
Company, Wilmington, Del

amino acid pattern to support maximum 
larval growth (10).

Graded amounts of the intermediaries 
in the Krebs-Henseleit cycle were added 
individually or in combination to diets to 
evaluate their ability to support growth, 
development and reproduction. Aseptic 
rearing techniques and methods for pre­
paring the diets were generally the same 
as reported previously (11). Egg masses 
were surface sterilized and one newly 
hatched larva was transferred aseptically to 
each 20-mm by 90-mm specimen vial con­
taining 4 to 5 g heat-sterilized medium; the 
vials were stoppered with sterilized cotton. 
The insects were reared at 27 ±  0.5° with 
continuous illumination. Each experiment 
had two to four replicates with each repli­
cate using from 25 to 115 individual in­
sects. The nutritional adequacy of the 
diets was evaluated by comparing larval 
growth rates until pupation, 1-day-old pu­
pal weights, pupal maturation periods, sur­
vival to the moth stage and egg deposition. 
Observations for larval growth to the pupal 
stage were terminated at 40 days, and the 
larvae living, but not pupated at 40 days 
were counted as dead. For either the egg-

deposition studies or the continuous rear­
ing on a diet, at least 25 male and 25 fe­
male pupae were placed in a box where 
the moths emerged, mated and laid egg 
masses on waxed paper provided for that 
purpose. Egg deposition was not conducted 
under aseptic conditions; however, the egg 
masses deposited were surface sterilized if 
aseptic larvae were required for continu­
ous rearing.

RESULTS
The effects of different dietary concen­

trations of arginine, citrulline and orni­
thine on development and survival are 
shown in table 2. The effective concentra­
tions of arginine tested covered a range 
from 0.1 to 0.2% with the optimum level 
between 0.10 and 0.15%. Based on larval 
growth rates, pupal weights, and survival 
to the moth stage, the optimum dietary 
level of citrulline was about 0.2%. These 
results suggested that the optimum level 
of citrulline (about 0.2% ) was twice the 
equimolecular amount required for the 
minimum effective concentration of argi­
nine (about 0.10%), indicating that the 
enzymatic conversion of citrulline to argi­
nine is not 100% efficient. Although the 
growth rates for both male and female on 
the control diet (arginine at 0.16% ) were 
accelerated over that for citrulline at the 
0 .2% level, the difference was not signifi­
cant (P > 0.05). Ornithine at two dietary 
concentrations resulted in 100% larval 
mortality when substituted for arginine 
(table 2). There was evidence of feeding 
on the ornithine diet; however, no larval 
development occurred beyond the first lar­
val instar.

Table 3 outlines the results of replacing 
arginine in the diet by related amino com­
pounds. Ornithine in the presence of cit­
rulline had neither a stimulating nor in­
hibitory effect on growth and development 
of A. velutinana. Guanidoacetic acid alone, 
or in combination with ornithine, could not 
replace arginine in the diet. Likewise, cre­
atine alone or in combination with guani­
doacetic acid, was incapable of replacing 
arginine.

Table 4 shows the results of axenic rear­
ing from the egg stage to moth emergence 
for three successive generations on a diet 
in which citrulline (0.2% level) replaced
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TA BL E 2

Growth and survival of Argyrotaenia velutinana fed diets containing graded amounts of arginine,
citrulline and omithine-HCl

Dietary
concen­
tration

Total 
no. of 
larvae

Male (avg) Female (avg)
Survival1No.

pupated
Days to 

pupation
Pupal

wt
No.

pupated
Days to 

pupation
Pupal

wt
% mg mg %

Arginine
0.00 92 0 — — 0 — — 0
0.05 88 2 39.0» 2 nd 3 4 36.0» n d 3 5
0.10 85 43 25.9» nd 35 26.8 » nd 85
0.15 74 31 24.5 » nd 31 27.0» nd 74
0.20 93 46 24.2 b nd 37 26.1 » nd 80

Citrulline
0.05 105 0 — — 0 — — 0
0.10 60 8 37.7 * 15.4* 4 34.5» 27.0» 20
0.15 105 44 26.9» 19.2» 22 28.0» 30.2» 49
0.20 109 51 24.5 ' 19.5» 38 27.8 » 29.6» 72
0.30 104 45 24.5 c 19.6 » 37 27.1 » 29.0 » 70
Control 4 101 56 24.2 * 20.1 » 34 26.9 » 28.6» 76

Ornithine -HC1
0.15 110 0 — — — — — 0
0.20 101 0 — — — — — 0
Control 4 92 37 24.8 24.1 33 28.3 26.7 70

1 Percentage of the initial number of larvae to develop to moths.
2 Values not followed by same letter are significantly different (P <  0.05). 
2 nd =  not determined.
4 Arginine at 0.16% dietary level.

TA BL E 3
Growth and survival of Argyrotaenia velutinana fed diets in which arginine was 

replaced by related amino compounds1

Arginine Total Male (avg) Female (avg)
replaced

by
no. of 
larvae No.

pupated
Days to 
pupation

Pupal
wt

No. Days to 
pupated pupation

Pupal
wt

Survival 2

Citrulline 103 49 26.2 » 3
mg
18.5 a 35 26.8»

mg 
29.6 a

%
70

Citrulline +  
omithine-HCl 94 37 26.7* 19.6 » 37 27.4» 30.5* 68

Creatine 46 0 — — 0 — — 0

Creatine+  
guanidoacetic 
acid 43 0 0 0

Guanidoacetic
acid 51 0 ______ — 0 — — 0

Ornithine • HC1 +  
guanidoacetic 
acid 38 0 _ _ 0 . _ _ 0

1 Each compound was added at 0.2% dietary level, whether added alone or in combination.
2 Percentage of initial number of larvae to develop to moths.
2 Values not followed by same letter are significantly different (P <  0.05).

arginine. To check for the possibility of 
an experimental error in the preparation 
of citrulline diets used for continuous rear­
ing, larvae from the laboratory strain

(control) were reared on portions of the 
citrulline diets for the Fi and F2 genera­
tions. Larval growth rates, pupal matura­
tion periods and survival to the moth stage



1 5 6 GEORGE C. ROCK

TABLE 4

Growth and survival of Argyrotaenia velutinana fed one generation on arginine diet (0.16% level), 
an alfalfa leaf meal diet, and three successive generations on a diet in which arginine was

replaced by citrulline (0.2% level)

D iet G enera­
tion

Total 
no. o f  
larvae

M ale (a v g ) Fem ale (a v g )

Survival 2N o.
pupated mS on

N o. Days to 
pupated  pupation

Pupal
m aturation

period

days 1 days 1 %
C itru llin e P i 109 51 24.6 * 3 n d 4 38 27.8» n d  4 72
C itru llin e Ft 318 143 25.4» 8.1 » 98 28.1 » 8.6» 74
F i c o n t r o l5 P i 85 38 25.3 » 8.0» 34 26.4 » 8.3 » 75
C itru llin e F. 191 70 24.9 » 8.6» 75 26.7» 9.0» 76
F2 c o n t r o l5 P i 112 49 24.7» 8.7» 34 28.0» 8.9 » 75
A r g in in e P i 88 33 24.1 » 8.2» 49 26.9“ 8.2 » 73
A lf a l f a  m e a l 6 P i 117 46 20.5 b 7.6» 51 22.7 b 7.8 » 85

1 Time interval from larval pupation to moth emergence.
2 Percentage initial number of larvae to develop to moths.
3 Values not followed by same letter are significantly different (P <  0.05).
4 nd =  not determined.
s Larvae from laboratory strain reared on portions of citrulline diet for Fi and F2 generations. 
6 Semipurified diet on which the insect is routinely reared in hte laboratory (9).

for both male and female showed no sig­
nificant difference (P > 0.05) between the 
Pi, Fi and F2 generations reared on the 
citrulline diets. Likewise, the growth and 
survival results on the citrulline diet for 
the Pi, Fi and F2 generations were not sig­
nificantly different (P > 0.05) than those 
for the Fi and F2 control diets (indicating 
absence of experimental error in diet prep­
aration) or the Pi arginine diet. Larval 
growth rates, however, for the three gen­
erations on the citrulline diet and the one 
generation on the arginine diet were sig­
nificantly slower (P < 0.01) than those ob­
tained for the one generation evaluated on 
an alfalfa leaf meal diet.

Table 5 summarizes the results of egg 
deposition studies of moths from the al­
falfa leaf meal diet and moths from the 
citrulline diet for Pi and F2 generations. 
Because the alfalfa leaf meal diet has sat­
isfied the dietary requirements for repro­
duction of A. velutinana  after 2 years of 
continuous rearing, the reproductive poten­
tial of moths from the citrulline diet was 
compared with that of moths from the al­
falfa diet. Moths from the citrulline diet 
for both the Pi and F2 generations showed 
a similar number of eggs per egg mass, 
incubation period and percentage hatch of 
egg masses. The percentage hatch of egg 
masses from the citrulline diets, however, 
was less and egg masses were on the aver­
age smaller than egg masses obtained from 
the alfalfa leaf meal diet. The egg incuba­

tion period was comparable for the two 
diets.

DISCUSSION
The results of this study agree with pre­

vious studies using both the single amino 
acid deletion technique (11), and the ra­
dioactive tracer technique (12), which 
showed that arginine was a dietary require­
ment for larval growth of A. velutinana. 
Also, previous studies established the quan­
titative dietary arginine requirement based 
on the quantitative pattern of amino acids 
found in the carcass of 1-day-old pupae
(10), and the optimum dietary level of 
arginine established in the present study 
(between 0.1 and 0.15% ) approximates 
that obtained by the carcass study 
(0.16%).

Two important physiological functions 
of arginine in insects and other inverte­
brates include the use of arginine in pro­
tein synthesis and arginine to act as an 
energy store in muscle as the phosphagen, 
arginine phosphate (1). Arginine phos­
phate is the only phosphagen that has been 
found in insect muscle (13). In mammals, 
amphibians and chelonian reptiles argi­
nine is important in nitrogen metabolism 
by functioning in the omithine-urea cycle 
whereby urea is excreted as the main ni­
trogenous end product (14). Terrestrial 
insects, birds, nonchelonian reptiles and 
some snails excrete uric acid as their pri­
mary nitrogenous end product. Uricotelism
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TA BL E 5

Comparison of oviposition by Argyrotaenia velutinana fed on citrulline diet 
and on alfalfa leaf meal diet

Criteria
Citrulline (generation) Alfalfa 

meal 1
Pi f2 Pi

No. of egg masses observed 44 40 45
Avg no. of eggs per egg mass 42 ±  23 2 3 6 ±  19 52 ± 2 7
Percentage hatch 7 6 ±  9 71 ± 8 82 ±  7
Incubation period, days 3 6.6 ±0 .8 6.4 ±0 .7 6 .4 ±  0.7

1 Semipurified diet on which the insect is routinely reared in the laboratory (9).
2 Mean value ±  s d  of the mean.
3 Observed at 3- to 10-hour intervals.

in insects, however, may not preclude the 
operation of the ornithine-urea cycle, as 
this cycle is functional in other uricotelic 
groups like reptiles (14). Direct biochemi­
cal evidence demonstrating the presence 
in insects of the five enzymes involved in 
the ornithine-urea cycle is lacking (3). 
Arginase is the only enzyme whose pres­
ence has been definitely confirmed (15). 
Arginine, citrulline and ornithine, the 
amino acids involved in the cycle, have 
been detected in tissues of certain insects. 
However, Porembska and Mochnacka (15) 
showed by enzymatic studies that the orni­
thine-urea cycle is inoperative in the insect 
Celerio eu phoisbiae despite the presence of 
its three constituent amino acids.

As in the chick (16) citrulline, but not 
ornithine, can replace dietary arginine for 
larvae of A. velutinana. The results of bio­
logical studies of A. velutinana  reared ax- 
enically for three successive generations 
on a citrulline diet would suggest a ready 
citrulline-arginine enzymatic conversion in 
the insect. Aspartic acid, which is involved 
in this conversion, is known to be synthe­
sized by A. velutinana  larvae (12) and was 
not added to the diet. The lack of omi- 
thine-citrulline conversion indicated the 
absence or low activity of the enzyme sys­
tem involved. Golberg and De Meillon (5) 
reported that mosquito larvae could utilize 
ornithine to a small extent since larval 
growth occurred to fourth instar. Because 
the mosquito diet contained yeast autoly­
sate, the limited growth on the ornithine 
diet was probably due to suboptimal levels 
of arginine in the yeast autolysate. Orni­
thine had no deleterious effect on growth 
of A. velutin ana  when ornithine was a di­
etary constituent along with citrulline

(table 3). This precluded the possibility 
that ornithine was toxic to A. velutinana  
larvae, as was suggested for the vinegar 
fly larvae (7). Results of the present study 
indicated that the complete ornithine-urea 
cycle is not present in A. velutinana. The 
only part shown to be operative by nutri­
tional studies was the conversion of citrul­
line to arginine. Results of the biological 
studies showed this conversion to be nu­
tritionally adequate to satisfy growth, de­
velopment and reproduction requirements.

Because creatine has been shown to be 
excreted by some insects (3), the follow­
ing biosynthetic pathway of arginine and 
creatine (17) was investigated by nutri­
tional methods:

arginine + glycine ^  guanidoacetic 
acid + ornithine

Guanidoacetic acid is methylated to crea­
tine by methionine. Arginine could not be 
replaced by guanidoacetic acid alone or in 
combination with ornithine (table 3). 
Glycine is known to be synthesized by A. 
velutinana  (12) and was not added to the 
diet. Similar results were obtained by 
Davis (8) with the beetle O. su rin am en sis  
which suggests that both insects are in­
capable of synthesizing arginine by the 
above pathway. Davis (8) reported 35% 
pupation on a diet in which creatine re­
placed arginine. However, with A. veluti­
nana arginine replaced by creatine alone 
or in combination with guanidoacetic acid 
results in 100% mortality at first larval in­
star (table 2). The above would suggest 
that if creatine is an end product of argi­
nine metabolism in this organism by the 
above pathway, the pathway is not reversi­
ble. Creatine or guanidine could not re­
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place arginine in the diet of a mosquito 
larva (5) and the chick (16).
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Amino Acid Retention and Balance in the Young 
Rat Fed Varying Levels of Lactalbumin * 1
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ABSTRACT The effect of the level o f dietary protein intake upon amino acid 
balance and retention efficiency was determined over the range of 3.6 to 25.0% 
dietary protein using high purity lactalbumin as the protein source. A total of 12 
diets was prepared and fed to groups consisting of six weanling rats each for a period 
of 3 weeks. Carcass retention efficiency of essential amino acids was found generally 
to be inversely proportional to the dietary adequacy of each amino acid although 
some exceptions were noted. Amino acid retention efficiency and protein efficiency 
ratio (PER) declined sharply below 6% dietary protein despite the achievement of 
weight gain. This decline was accompanied by a reduction in apparent synthesis of 
nonessential amino acids and an alteration in the composition of the carcass gain.

The carcass retention efficiency for an 
amino acid is defined as the ratio of the 
amount of an amino acid recovered from 
the carcass gain to the amount of that 
amino acid consumed. Such data, when 
combined with an analysis of the fecal and 
urinary content of each amino acid, can 
provide detailed information concerning 
the effect of various nutrient modifications 
on the overall pattern of amino acid me­
tabolism.

This technique does not appear to have 
been applied extensively in the study of 
protein nutrition although its potential use­
fulness in this regard has been established. 
Grau (1) and Grau and Steele (2) and 
Schweigert et al. (3-6) were among the 
first to use retention efficiency in this man­
ner. Most retention studies to date, how­
ever, have dealt with individual essential 
amino acids, with the exception of those 
by Price et al. (7). Our study reports on 
the effect of variation in dietary protein 
over a wide range upon the carcass reten­
tion and balance of both essential and non- 
essential amino acids using a high quality, 
highly digestible protein.

EXPERIMENTAL
Twelve isocaloric diets ranging in pro­

tein content from 3.6 to 25.0% were pre­
pared using high purity lactalbumin as the 
sole protein source. The composition of the 
25% protein diet is given in table 1. Re­

duction in protein content was achieved by 
substitution of sucrose for lactalbumin.

Seventy-eight male weanling rats of the 
Sprague-Dawley strain were assigned to 13 
groups so that the mean initial weights of 
each group were approximately equal. One 
group was then killed by ether inhalation 
to serve as the zero time carcass control. 
The remaining rats were housed separately 
in balance cages for 3 weeks during which 
time they received the experimental diets 
ad libitum. Daily collections of urine and 
feces were made and the samples were 
stored in the freezer. Prior to freezing, the 
urine samples were kept under toluene and 
acidified with 6 n  HC1.

At the conclusion of the balance period, 
all animals were fasted overnight and then 
killed. The intact carcasses were frozen 
and stored at — 2° until hydrolysis could 
be accomplished. The hydrolysis procedure 
consisted of cutting the carcasses from all 
rats in each diet group into about 6 to 10 
pieces while frozen, and transferring them 
to a large round-bottom flask which con­
tained sufficient 6 n  HC1 to maintain a 
ratio of approximately 100 volumes/g dry 
matter in order to minimize humin forma­
tion. The mixture was heated with a man­
tle under reflux for exactly 24 hours, and
Received for publication March 6, 1969.
1 Supported in part by National Dairy Council 

Grant no. 71-C and by National Institutes of Health 
Grant no. A M  06881.

2 Research Corporation, 405 Lexington Avenue, N e w  
York, N. Y. 10017.
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TABLE 1
Composition of diet

g/hg
Lactalbumin 1 490
Sucrose 400
Salt mixture 2 50
Vitamin mixture 3 10
Crisco 4 25
Cottonseed o i l5 25

1 Donated by Sheffield.
a USP XVI, Official Methods of Analysis, ed. 9 1960

Association of Official Agricultural Chemists, Wash­
ington, D. C.

3 In grams per kilogram: Ca pantothenate, 2.0; 
niacin, 1.0; inositol, 1.0; thiamine HCl, 0.5; me­
nadione, 0.4; riboflavin, 0.3; pyridoxine-HCl, 0.3; 
folic acid, 0.02; biotin, 0.01; vitamin B12 , 0.001; and 
sucrose, 994.5. After mixing dietary ingredients, 5 ml 
of 20% aqueous choline chloride were added per 
kilogram of diet.

4 Procter and Gamble, Cincinnati, Ohio.
3 Six drops of percomorph oil were added to each 

100 g of cottonseed oil.

nitrogen gas was bubbled through the so­
lution throughout the hydrolysis to mini­
mize oxidative losses.

This treatment yielded a dark brown 
aqueous solution topped by a layer of 
lipid. Despite the precautions taken some 
humin formation was evident. The hydro­
lysate was allowed to cool to room temper­
ature and was then transferred to a volu­
metric cylinder for determination of the 
volume of the aqueous portion. Aliquots of

the nonlipid segment of the hydrolysate 
were taken for duplicate analysis both of 
total nitrogen by a micro-Kjeldahl proce­
dure and for amino acid composition with 
an amino acid analyzer 3 using the method 
of Spackman et al. (8 ). The amino acid 
values were corrected to zero time hydroly­
sis by application of factors derived from 
kinetic studies of 24, 48 and 72 hours on 
control samples. A further correction was 
made by use of norleucine and guanidino- 
propionic acid as internal standards. No 
attempt was made to analyze for trypto­
phan which was totally destroyed by the 
acid hydrolysis, or for the nitrogen or 
amino acid content of the lipid fraction of 
the mixture. The individual fecal collec­
tions from each dietary group were com­
bined and treated in a similar fashion as 
were the urine specimens. The feces and 
urine from the few animals which died 
during the course of the balance study 
were discarded.

RESULTS
The basic growth data are summarized 

graphically in figure 1. Maximum weight
3 Beckman model 120, Beckman Instruments, Inc., 

Spinco Division, Palo Alto, Calif.

Fig. 1 Basic growth data as affected by level of dietary protein. Each point represents 
the average of a six-rat pool.



A M IN O  ACID R E TE N TIO N  E F FIC IE N C Y  W IT H  L A C T A L B U M IN 1 6 1

gain was achieved with a dietary protein 
level of about 12% ; a slight weight gain 
was achieved even at 3.6% dietary pro­
tein. Feed efficiency (grams gain per gram 
food consumed) also reached a peak at 
12% protein which was maintained with 
increasing levels of protein through 25% . 
The protein efficiency ratio (grams gain 
per gram protein consumed) reached its 
maximum in the vicinity of 4 to 8% die­
tary protein and then declined coincident 
with a decline in the slope of the weight 
gain curve. The efficiency of utilization of 
protein was greatly reduced at the 3.6% 
level of dietary protein. The rats were ap­
parently not capable of efficient utilization 
of available amino acids at this plane of 
protein intake.

The effect of the level of dietary protein 
on the nitrogen content of urine, feces and 
carcass and on carcass amino acids is sum­
marized graphically in figure 2. The ratio 
between millimoles of carcass nitrogen 
and millimoles of carcass amino acids re­
mained constant over the range of protein 
intakes employed. The nitrogen balance 
data are presented in table 2.

Table 3 lists the amino acid balance data 
as a function of dietary protein. Net ca­
tabolism or anabolism was estimated by 
difference. The average total amino acid 
content of the feces was never high al­

though it did rise slightly from 4 mmoles/ 
rat per 3 weeks on diet 1 to 14.9 mmoles/ 
rat per 3 weeks with diet 12. The loss of 
amino acids via the urine was also quite 
limited, never exceeding a total of 7.1 
mmoles/rat per 3 weeks. Calculation of the 
mole percentages of the individual amino 
acids in the feces and urine showed a rela­
tively constant pattern with the exception 
of urinary alanine which ranged between 
6 and 13 moles % on the first 11 diets 
but was 31 moles % on diet 12. This 
suggests that a condition of overload ami­
noaciduria was arising for this particular 
amino acid as the dietary protein reached 
25% . The average intake at this point was 
30 mmoles/rat per 3 weeks.

Comparison of the estimated net catabo­
lism or anabolism of the various amino 
acids is useful in considering the efficient 
use of these substances. At the two lowest 
protein intakes, net catabolism was con­
siderably in excess of apparent synthesis. 
These data support the results of the PER 
and feed efficiency calculations: namely, 
that protein synthesis cannot proceed ef­
ficiently below a certain minimal level of 
protein. Estimated net catabolism and net 
anabolism were comparable in the groups 
fed either 6.3, 8.1, 8.9 or 10.7% protein. 
These results show that the net utilization 
of nitrogen for synthesis of nonessential

o

Fig. 2 Effect of dietary protein on total nitrogen of urine, feces and carcass and on 
carcass total amino acids. Each point represents the average of a six-rat pool.
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TABLE 2
Nitrogen balance

Diet no. 1 2 3 4 5 6 7 8 9 10 11 12

Dietary pro­
tein, % 3.6 4.5 6.8 8.1 8.9 10.7 12.0 12.9 16.2 17.2 21.2 25.0

Carcass
gain 32 62 133

avg mmole N/rat per 3 weeks 

166 186 227 199 205 258 254 231 225

Feces 8 13 14 19 24 27 28 29 30 31 32 29

Urine 16 25 24 37 44 56 48 58 94 175 203 307

Total
recov­
ered 56 100 171 222 254 310 275 292 382 460 466 561

Consumed 46 78 138 192 259 290 298 312 379 451 478 592

Recovery,% 123 128 124 115 98 107 92 94 101 102 98 95

amino acids was extremely efficient with 
this particular dietary pattern. At the next 
protein level, 12% , and at all higher levels, 
apparent catabolism of amino acids great­
ly exceeded apparent synthesis as the die­
tary supply of amino acids was in consid­
erable excess of the maximum capacity 
of the rat for production of body protein.

Estimated net synthesis was evident pri­
marily with only five amino acids: glycine, 
alanine, serine, arginine and methionine. 
The first three amino acids can be derived 
from a number of different precursors and 
thus the comparison of product production 
versus precursor disappearance is of little 
value. In the case of arginine, however, 
proline is probably the principal precursor 
when it is available in sufficient quantity. 
The balance data in table 3 indicate that 
with one exception (10.7% protein) the 
net disappearance of proline matched or 
exceeded the net increase in arginine. The 
situation with methionine and its probable 
precursors, cysteine and aspartic acid, is 
more difficult to explain. The analytical 
data indicate a net increase in methionine 
of from 0.5 to 0.8 mmole/rat per 3 weeks 
in each of the diet groups fed the five low­
est levels of protein. The net disappearance 
of half-cystine is comparable to the esti­
mated increase in methionine at the two 
lowest levels of protein, but is consider­
ably less in the remaining three diets. The 
charts from the amino acid analyzer were 
reexamined for evidence of abnormalities 
but the methionine peak was at its ex­

pected position and exhibited a sym­
metrical shape indicative of minimal con­
tamination. Additional analyses of the 
hydrolysate confirmed the original figures. 
Methionine biosynthesis has been observed 
in certain microorganisms but efforts to 
find appreciable activity in mammalian 
tissue have failed (9 ). If the analytical 
results are indeed correct, this may indi­
cate a limited capacity for induction of the 
necessary enzymes only under appropriate 
dietary conditions.

Carcass retention efficiency was calcu­
lated for each amino acid from the data 
of table 3. Carcass retention efficiency is 
equal to the quotient times 100 of the 
total amino acids of the carcass gain 
divided by the total amino acid consumed. 
Carcass gain is determined by correcting 
the carcass values at the end of 3 weeks 
for the amount of amino acid present in 
the rats killed at the beginning of the 
study. Figure 3 shows the best smooth 
lines for a plot of the retention efficiency 
of each of the essential amino acids, ex­
cept sulfur amino acids and arginine, as a 
function of percentage dietary protein. 
The dots on each line represent the point 
at which the intake of an amino acid satis­
fied the National Academy of Science — 
National Research Council (NAS-NRC) 
recommended allowance for growth for 
the rat (10).

The essential amino acids shown in fig­
ure 3 exhibited low retention efficiencies 
at the two lowest protein intakes despite
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TABLE 3
Balance of amino acids as affected by dietary protein level (lactalbumin)

Amino
acid Intake Feces Urine Carcass

gain
Net

catab­
olism

Net
syn­

thesis
Intake Feces Urine Carcass

gain
Net

catab­
olism

Net
syn­

thesis
avg mmoles of amino acid/rat per 3 weeks

3.6% protein 4.5% protein
Lys 2.4 0.28 0.06 0.11 2.0 4.4 0.5 0.09 1.6 1.8
His 0.6 0.06 0.02 — 0.5 0.9 0.1 0.02 0.2 0.6
Arg 0.6 0.18 0.02 — 0.4 0.9 0.3 0.03 0.5 0.1
Asp 2.8 0.46 0.10 1.01 1.2 5.0 0.8 0.14 3.2 0.9
Thr 1.6 0.27 0.04 0.61 0.7 2.7 0.4 0.05 1.8 0.4
Ser 1.7 0.42 0.05 0.76 0.5 3.0 0.7 0.06 2.2 0.0
Glu 4.7 0.58 0.13 1.30 2.7 8.4 1.0 0.16 4.5 2.7
Pro 2.4 0.23 0.08 0.18 1.9 4.4 0.4 0.08 1.6 2.3
Gly 1.0 0.37 0.23 2.12 1.7 1.8 0.6 0.23 5.6 4.6
Ala 1.9 0.37 0.09 1.60 0.2 3.3 0.6 0.12 4.0 1.4
Half-cys 0.3 — 0.02 — 0.3 0.6 — — 0.1 0.5
Val 1.9 0.25 0.03 1.18 0.4 3.3 0.5 0.04 2.6 0.2
Met 0.4 0.05 0.01 0.86 0.5 0.9 0.1 0.01 1.4 0.6
lie 1.6 0.22 0.02 0.49 0.9 2.9 0.4 0.04 1.6 0.9
Leu 3.3 0.29 0.05 0.88 2.1 6.0 0.5 0.07 2.9 2.5
Tyr 0.7 0.10 0.01 0.16 0.4 1.2 0.2 0.01 0.8 0.2
Phe 0.9 0.12 0.02 0.52 0.2 1.7 0.2 0.03 1.3 0.2
Totals 28.8 4.26 0.98 11.78 14.2 2.4 51.4 7.3 1.18 35.9 13.3 6.6

6.3% protein 8.1% protein
Lys 6.9 0.5 0.10 5.1 1.2 9.2 0.6 0.14 5.9 2.6
His 1.5 0.1 0.03 1.5 0.1 1.9 0.2 0.03 1.7
Arg 1.5 0.2 0.02 3.8 2.5 1.9 0.3 0.02 4.3 2.7
Asp 7.8 0.9 0.20 6.2 0.5 10.4 1.1 0.22 7.2 1.9
Thr 4.4 0.5 0.06 3.7 0.1 5.8 0.6 0.07 4.2 0.9
Ser 4.8 0.8 0.08 4.3 0.4 6.2 1.0 0.09 6.0 0.9
Glu 13.2 1.2 0.17 9.4 2.4 17.3 1.6 0.21 10.8 4.7
Pro 6.9 0.4 0.17 3.8 2.5 9.2 0.5 0.14 5.7 2.9
Gly 2.7 0.7 0.43 11.6 10.0 3.5 0.8 0.44 12.7 10.4
Ala 5.3 0.7 0.10 7.4 2.9 7.1 0.9 0.15 8.7 2.6
Half-cys 0.8 0.1 0.05 0.6 0.1 1.0 0.1 0.04 0.8 0.1
Val 5.3 0.5 0.03 4.6 0.2 7.1 0.7 0.04 5.4 1.1
Met 1.5 0.2 0.01 2.1 0.8 1.9 0.2 0.01 2.4 0.7
He 4.6 0.5 0.03 3.0 1.1 5.8 0.6 0.03 3.6 1.6
Leu 9.6 0.6 0.06 5.7 3.2 12.5 0.7 0.08 6.9 4.8
Tyr 1.6 0.2 0.01 1.6 0.2 2.5 0.2 0.02 2.0 0.3
Phe 2.7 0.2 0.02 2.2 0.3 3.3 0.3 0.03 3.0
Totals 81.1 8.3 1.57 76.6 11.6 16.9 106.6 10.6 1.76 91.3 20.9 17.3

8.9% protein 10.7% protein
Lys 11.9 0.8 0.17 7.8 3.1 13.9 0.9 0.18 9.3 3.5
His 2.5 0.2 0.04 2.3 2.8 0.2 0.04 2.7 0.1
Arg 2.5 0.4 0.03 5.7 3.6 2.8 0.4 0.03 7.2 4.8
Asp 13.4 1.5 0.27 9.6 2.0 15.6 1.6 0.30 11.9 1.8
Thr 7.4 0.8 0.09 6.0 0.5 8.7 0.8 0.12 6.8 1.0
Ser 8.1 1.3 0.11 7.1 0.4 9.4 1.5 0.13 8.2 0.4
Glu 22.4 2.0 0.26 14.5 5.6 26.2 2.2 0.34 17.1 6.6
Pro 11.9 0.6 0.14 7.2 4.0 13.7 1.1 0.12 9.9 2.6
Gly 4.6 1.0 0.57 16.9 13.9 5.4 1.2 0.56 19.4 20.6
Ala 9.0 1.1 0.22 11.4 3.7 10.6 1.1 0.27 12.7 3.5
Half-cys 1.4 0.1 0.06 1.1 0.1 1.7 0.1 0.06 1.5
Val 9.0 0.8 0.06 7.2 0.9 10.6 0.7 0.08 8.1 1.7
Met 2.3 0.3 0.02 2.8 0.8 2.8 0.2 0.03 2.6
He 7.6 0.8 0.06 5.0 1.7 9.0 0.4 0.06 5.6 2.9
Leu 16.1 1.0 0.12 9.2 5.8 18.9 1.0 0.13 11.5 6.3
Tyr 3.2 0.4 0.03 2.7 0.1 3.8 0.3 0.04 2.6 0.9
Phe 4.4 0.4 0.05 3.9 0.1 5.2 0.4 0.04 5.1 0.3
Total 137.7 13.5 2.30 120.4 23.9 22.4 161.1 14.1 2.53 142.2 27.3 29.7
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TABLE 3 (Continued)
Balance of amino acids as affected by dietary protein level (lactalbumin)

Amino
acid Intake Feces Urine Carcass

gain
Net

catab­
olism

Net
syn­

thesis
Intake Feces Urine Carcass

gain
Net

catab­
olism

Net
syn­

thesis

avg mmoles of amino acid ¡rat per 3 weeks
12.0% protein 12.9% protein

Lys 18.2 1.0 0.21 m i 5.9 17.9 1.1 0.22 11.4 5.2
His 4.3 0.3 0.05 3.9 4.2 0.2 0.05 4.2 0.2
Arg 4.8 0.4 0.03 8.7 4.3 4.6 0.5 0.03 8.7 4.6
Asp 22.6 1.8 0.32 11.6 8.9 20.9 1.7 0.33 11.9 7.0
Thr 12.4 0.9 0.12 6.1 5.3 11.8 0.9 0.13 6.8 4.0
Ser 12.8 1.4 0.11 8.0 3.3 12.7 1.4 0.12 8.9 2.3
Glu 36.0 2.2 0.35 16.0 17.4 34.8 2.1 0.36 17.0 15.3
Pro 16.3 0.7 0.12 8.9 6.6 15.8 0.7 0.12 8.9 6.1
Gly 8.9 1.3 0.56 22.1 15.1 9.3 1.3 0.52 21.1 13.6
Ala 15.6 1.2 0.32 13.9 0.2 15.2 1.3 0.30 13.4 0.2
Half-cys 4.1 0.3 0.09 1.6 2.1 3.8 0.3 0.11 1.6 1.8
Val 14.8 0.9 0.08 6.4 7.4 14.3 0.9 0.07 8.2 5.1
Met 4.1 0.2 0.03 1.8 2.1 3.6 0.2 0.04 1.7 1.7
lie 12.8 0.8 0.05 4.3 7.6 12.2 0.8 0.05 5.1 6.2
Leu 26.5 1.1 0.10 9.6 15.7 25.3 1.0 0.10 10.7 13.5
Tyr 5.4 0.4 0.02 3.0 2.0 5.1 0.4 0.05 4.0 0.6
Phe 7.2 0.4 0.03 4.2 2.6 7.2 0.4 0.03 4.2 2.6
Total 226.8 15.3 2.59 141.2 87.1 19.4 218.7 15.2 2.63 147.8 71.6 18.4

16.2% protein 17.2% protein
Lys 22.8 1.1 0.23 9.8 11.7 31.6 1.0 0.33 11.5 18.8
His 5.5 0.2 0.05 3.4 1.8 7.8 0.2 0.07 4.2 3.3
Arg 5.9 0.4 0.04 8.2 2.7 8.5 0.4 0.05 8.7 0.6
Asp 27.7 1.7 0.34 12.1 13.6 37.3 1.6 0.55 11.7 23.4
Thr 15.3 0.9 0.13 6.6 7.7 20.2 0.8 0.20 7.0 12.2
Ser 15.5 1.4 0.12 8.6 5.4 20.8 1.3 0.18 9.1 10.2
Glu 45.1 2.2 0.40 15.7 26.8 59.1 2.0 0.49 17.4 39.2
Pro 20.2 0.7 0.19 9.2 10.1 26.8 0.7 0.21 9.7 16.2
Gly 10.4 1.3 0.63 21.7 13.2 14.0 1.1 0.81 22.3 10.2
Ala 19.0 1.3 0.33 13.6 3.8 25.0 1.2 0.54 14.0 9.3
Half-cys 4.1 0.3 0.18 2.5 1.1 6.2 1 0.2 0.23 2.1 3.7
Val 17.9 0.9 0.08 6.7 10.2 22.9 0.9 0.10 7.0 14.9
Met 4.9 0.2 0.04 2.1 2.6 6.2 0.3 0.06 2.7 3.1
lie 15.3 0.8 0.06 4.7 9.7 20.2 0.7 0.08 4.9 15.0
Leu 32.2 1.0 0.11 10.2 20.9 43.5 1.0 0.16 10.9 31.4
Tyr 6.7 0.4 0.04 2.7 3.6 9.4 0.4 0.06 3.8 5.1
Phe 9.2 0.4 0.04 4.5 4.3 11.9 0.4 0.05 4.3 7.2
Total 277.7 15.2 3.01 142.3 133.3 15.9 371.4 14.2 4.17 151.3 213.0 10.8

21.2% protein 25.0% protein
Lys 31.9 1.1 0.39 11.4 19.0 40.2 1.1 0.45 12.6 26.0
His 8.1 0.2 0.08 3.9 3.9 9.7 0.2 0.08 4.5 4.9
Arg 8.5 0.4 0.05 8.7 0.6 10.6 0.4 0.04 9.2 1.0
Asp 38.0 1.8 0.65 11.7 23.8 44.5 1.6 0.85 12.0 30.0
Thr 20.5 0.9 0.23 6.7 12.7 23.8 0.8 0.24 6.8 16.0
Ser 21.3 1.4 0.20 8.6 11.1 25.0 1.5 0.24 8.8 14.5
Glu 61.5 2.2 0.49 16.7 42.1 72.9 2.2 0.62 17.0 53.1
Pro 26.2 0.7 0.25 9.4 15.8 32.3 0.7 0.24 9.4 22.0
Gly 14.0 1.2 0.83 22.0 10.0 16.3 1.1 1.10 22.2 8.1
Ala 25.6 1.3 0.41 13.6 10.3 30.0 1.3 2.23 13.6 12.9
Half-cys 6.9 0.3 0.24 2.7 3.7 7.4 0.2 0.30 2.3 4.6
Val 23.8 0.9 0.11 6.7 16.1 28.4 1.0 0.14 8.6 18.7
Met 5.5 0.3 0.06 2.8 2.3 7.5 0.2 0.08 2.6 4.6
ne 20.9 0.8 0.08 4.7 15.3 24.8 0.8 0.10 5.5 18.4
Leu 44.8 1.0 0.17 10.5 33.1 50.9 1.0 0.22 11.1 38.6
Tyr 8.3 0.4 0.06 3.3 4.5 10.1 0.4 0.09 3.9 5.7
Phe 13.2 0.4 0.06 4.4 8.3 14.9 0.4 0.06 4.5 9.9
Total 379.0 15.3 4.36 147.8 222.0 10.6 449.3 14.9 7.08 154.6 280.9 8.1

1 Estimated.
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ing in retention efficiency at the plane of 
12% protein where weight gain was maxi­
mum. The two most limiting amino acids 
shown in this figure, histidine and phe­
nylalanine, exhibited the highest retention 
efficiencies, whereas the least limiting, 
leucine, showed the minimum percentage 
retention. The remaining amino acids in 
this figure were grouped in the region be­
tween the extremes. A similar pattern was 
seen for the nonessential amino acids 
shown in figure 4 in that retention effi­
ciencies were low at the lowest protein 
intakes, increased to a maximum between 
6 and 8% dietary protein and then de­
clined. Proline and cysteine showed a 
slight deviation from this pattern in that 
they reached their maximum retention ef­
ficiencies at a higher level of protein in­
take than the others of this group.

Mole percentages for each amino acid 
at each level of protein were calculated for 
the carcass gain and compared with the 
amino acid composition of the whole car­
cass of the zero day controls. These data 
are summarized in table 4. The values for 
alanine, valine, phenylalanine and methio­
nine from both the 3.6 and 4.5% protein 
groups exceeded the mean + 2  sd  of the 
remaining 10 dietary groups. Glycine was 
also elevated by greater than two standard 
deviations in the rats fed 3.6% protein,

TABLE 4
Mole percentage of amino acids in carcass gain as affected by dietary protein (lactalbumin)

Amino Zero day 3.6% 4.5% Ten groups 
fed 6.3 to 25% 

proteinacid controls protein protein

mole % 
whole carcass mole % of carcass gain

Gly 14.1 18.0 15.7 14.6 ± 0 .6  1
Ala 8.5 13.6 11.0 9.3 ±0 .3
Val 4.7 10.1 7.4 5 .3 ±  0.7
Met 0.6 7.3 4.0 1 .9± 0.6
Phe 3.2 4.4 3.6 3.1 ±0 .2
Asp 8.1 8.6 8.8 8.1 ±0 .3
Thr 4.6 5.2 5.1 4.6 ±0 .2
Ser 6.2 6.4 6.0 5.9±0.3
Glu 12.0 11.0 12.5 11.6 ±  0.4
lie 3.6 4.1 4.3 3.6 ±0 .4
Leu 7.4 7.4 8.0 7.4 ±0 .4
Lys 6.4 0.9 4.6 7.2 ±0 .7
Hist 2.0 0.0 0.5 2.4 ±0 .4
Arg 5.4 1.5 4.9 5.5 ±0 .6
Pro 8.3 1.6 4.6 6 .2 ±  0.5
Half-cys 2.4 0.0 0.2 1.2 ±0 .4
Tyr 2.5 1.3 2.3 2.2 ±0 .2

Fig. 3 Effect of dietary protein on retention 
efficiency of several essential amino acids. The 
dots on each line represent the point at which 
the actual intake of an amino acid satisfied the 
NAS-NRC recommended allowance for growth 
for the rat. The arrow designates this point for 
the sulfur amino acids. The lines are the best 
smooth curves drawn from the average of a six- 
rat pool at each level of dietary protein.

positive weight gain and nitrogen balance. 
All these amino acids achieved a maxi­
mum retention efficiency at about 6% die­
tary protein where weight gain was ap­
proximately one-half of the maximum. 
This level of retention efficiency was main­
tained over the range of 6 to 10% dietary 
protein and all but histidine were declin­

1 Average ±  2 s d .
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but not in the animals on the 4.5% pro­
tein diet. The relative concentrations of 
lysine, histidine, proline and cysteine, on 
the other hand, were reduced to a com­
parable extent in the carcass gain from 
rats fed both the lower protein intakes, 
and arginine and tyrosine were also de­
pressed below the mean — 2 sd  at the 3.6% 
level of protein. In no instance did the 
carcass composition of the zero day con­
trols fall outside the range of ±  2 s d .

d is c u s s io n

Dietary amino acids may encounter sev­
eral possible fates in the growing animal. 
Though the majority may be incorporated 
into body proteins, a fraction will be 
metabolized to carbon dioxide, water and 
urea; nonessential amino acids; or nitro­
genous derivatives such as creatine, hista­
mine, and nucleic acids. If the dominant 
factor controlling the utilization of dietary 
amino acids is the pressure for protein 
synthesis, then the retention efficiency of 
each amino acid (millimoles in body gain 
X 100 millimoles consumed) should be 
inversely related to the extent to which 
the dietary supply, including both initial 
content and availability, approached the 
minimal requirement of that amino acid. 
Other metabolic pressures, however, might 
cause an alteration in this expected pat­
tern.

The majority of the earlier publications 
on retention efficiency, as noted in the 
introduction, have been concerned only 
with one or two amino acids rather than 
the whole array. An exception to this is 
the study of Price et al. (7 ) . Using chicks 
as the test animal, they compared the 
retention efficiency of the essential amino 
acids from a chick starter ration (21.9% 
protein principally from vegetable sources) 
with that of a ration high in animal protein 
sources but containing only 16.3% total 
protein. The latter diet provided leucine, 
phenylalanine, methionine, tryptophan and 
arginine in quantities that ranged from 9 
to 32% less than the NRC recommended 
allowance. Contrary to expectations, only 
arginine was found to have a higher reten­
tion efficiency than the essential amino 
acids present in presumably adequate 
amounts. The authors calculated catabo­
lism by subtracting the sum of the per­

centages retained and excreted from 100 
and found this to range from 36 to 58% 
of the amount ingested. They concluded 
that factors other than needs for synthesis 
of body protein influenced retention effi­
ciency, and also that the overall process 
of protein synthesis was fairly inefficient.

The data from this study suggest that 
some modification of their conclusion may 
be necessary. With a well-balanced pro­
tein source (lactalbumin), the rat retained 
essential amino acids provided in subopti- 
mal amounts with an efficiency that ranged 
from 55 to 90% as long as the dietary pro­
tein was sufficient to allow at least 50% 
of maximum growth. In general, the more 
limiting amino acids were retained with 
the greatest efficiency. We interpret this 
result to mean that with this particular 
diet, the demand for protein synthesis is 
the quantitatively dominant pressure on 
the fate of the majority of the ingested 
amino acids. Two exceptions were noted. 
One was the response of lysine, isoleucine 
and valine. The marginal requirement of 
these three amino acids was met by the 
diets containing about 11% protein. The 
maximum retention efficiency of valine, 
however, was 87% compared with only 
70% for lysine and 65% for isoleucine.

Fig. 4 Effect of dietary protein on retention 
efficiency of nonessential and sulfur amino acids. 
The arrow indicates the point at which the actual 
intake of sulfur amino acids satisfied the NAS- 
NRC recommended allowance for growth for the 
rat. The lines are the best smooth curves drawn 
from the average of a six-rat pool at each level of 
dietary protein.
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King (11 ) found that when rats were fed 
diets containing 60 to 90% pure essential 
amino acids, lysine was a major contribu­
tor of nitrogen for purposes other than 
protein synthesis. A similar function 
might be in effect in this instance. An 
alternative suggestion is that the NRC 
estimated requirement for lysine and iso- 
leucine is in error on the high side. Bres- 
sani and Mertz (1 2 ), for example, have 
proposed that 0.7% rather than 0.9% is 
the proper value for the lysine requirement 
of the rat. The second major departure 
frpm the anticipated pattern was the appar­
ent net synthesis of methionine at very low 
levels of dietary protein. Conversion of 
cysteine to methionine is not believed to 
occur to any significant degree in animal 
tissues. In the absence of obvious analyti­
cal errors, however, the possibility should 
be entertained that under the proper con­
ditions this can occur to a limited extent.

With moderately low protein intakes, 
the overall efficiency of the conversion of 
dietary protein to body protein was strik­
ing. Between 6 and 10% dietary protein, 
only 17 to 20% of the total ingested amino 
acid, was unrecovered and presumed cat- 
abolized, contrasted to an apparent cata­
bolism of 36 to 58% of the essential amino 
acids as reported by Price et al. With diets 
providing only 3.6 or 4.5% total protein, 
however, retention efficiency declined 
markedly to show an apparent catabolism 
of about 50% of the ingested quantity.

At a dietary protein level of 6% and 
above, the amino acid composition of the 
carcass gain was very similar to the com­
position of the total carcass of the wean­
ling controls. At the two lowest dietary 
protein levels, the carcass molar ratios of 
glycine, alanine, valine, methionine and 
phenylalanine were increased at the ex­
pense of lysine, histidine, arginine, proline, 
tyrosine and cysteine. Since individual 
proteins do not vary in their amino acid 
pattern, this must reflect an alteration in 
the proportions of body proteins. The data 
of this study do not allow a conclusion as 
to the precise changes that are taking 
place under these conditions. It is clear, 
however, that when rats are fed a reason­

ably well-balanced amino acid pattern at 
a level of total protein which results in a 
reduction in growth of more than 50% , 
the resultant animal shows a severe disrup­
tion of his usual carcass amino acid pat­
tern. The long-term consequences of this 
deprivation may be profound.
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Amino Acid Retention and Balance In the Young 
Rat Fed Varying Levels of Casein * 1 2
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ABSTRACT Amino acid balance and retention efficiency were determined in rats 
as a function of the level of dietary protein (casein). Twelve diets were prepared 
ranging in total protein from 4.8 to 39.1%. It was anticipated that the most limiting 
amino acids would show the greatest retention efficiency as long as protein synthesis 
was the dominant influence on utilization. The expected pattern was observed for 
the first three limiting amino acids but not valine and isoleucine. Protein efficiency 
ratio (PER) and individual amino acid retention efficiencies declined rapidly below 
8% dietary protein despite continued weight gain. The decline in PER was accom­
panied by a change in the relative proportions of several amino acids in the carcass 
gain. It was proposed that the latter change resulted from a shift in the rate of 
protein synthesis favoring proteins essential for maintenance of life at the expense 
of more expandable proteins such as hair or muscle. The data are essentially in agree­
ment with a previous study employing lactalbumin as the protein source and present­
ing a better balanced array of amino acids.

In a previous paper (1 ) ,  we presented 
data describing metabolic effects on in­
dividual amino acid retention and balance 
by varying the dietary protein level over a 
range spanning both deficient and moder­
ately excessive intakes. The protein source 
employed was high purity lactalbumin, a 
highly digestible protein providing an ex­
cellent amino acid pattern. Maximum car­
cass retention efficiency for the majority 
of essential amino acids was achieved at 
about 6 to 8% protein, and maximum 
growth occurred at 12 to 14% protein. The 
purpose of this paper is to compare those 
results with the data obtained in a study 
of similar design in which a protein with 
a less favorable amino acid pattern (ca­
sein) was employed.

EXPERIMENTAL
Twelve isocaloric diets ranging in pro­

tein content from 4.8 to 39.1% were pre­
pared. The adjustments in level of protein 
were made at the expense of sucrose, all 
other dietary components being held equal. 
The composition of the 39.1% protein diet 
is given in table 1.

Male weanling rats of the Sprague- 
Dawley strain3 were used as the experi­
mental animal. Thirteen groups of six ani­
mals each were employed. The mean 
initial weights were approximately equal.

One group was killed immediately by ether 
inhalation to serve as the zero time control. 
The remaining animals were housed in in­
dividual metabolism cages for 3 weeks 
while being offered the various diets for 
ad libitum consumption. Urine samples 
were preserved from bacterial contamina­
tion by addition of toluene. Urine and 
feces were collected daily and stored at 
— 2° in individual jars until the end of 
the balance period.

At the conclusion of the balance period, 
all animals were fasted overnight and then 
killed. The intact carcasses were frozen 
and stored at — 2° until hydrolysis could 
be accomplished. The hydrolysis proce­
dure consisted of cutting the carcasses 
from all rats in each diet group into about 
6 to 10 pieces while frozen and transfer­
ring them to a large round-bottom flask 
which contained sufficient 6 n  HC1 to 
maintain a ratio of approximately 100 vol- 
umes/g dry matter in order to minimize 
humin formation. The mixture was heated 
with a mantle under reflux for exactly 24 
hours, and nitrogen gas was bubbled
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3 Obtained from Dublin Animal Laboratories, Dub­
lin, Va.
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TABLE 1
Composition of diet

Casein 1
g/kg
490

Sucrose 400
Salt mixture 2 50
Vitamin mixture 3 10
Crisco 4 25
Cottonseed oil 5 25

1 Donated by Sheffield.
2 USP XVI, Official Methods of Analysis, ed. 9 1960

Association of Official Agricultural Chemists, Wash­
ington, D. C.

3 In grams per kilogram: Ca pantothenate, 2.0; 
niacin, 1.0; inositol, 1.0; thiamine-HCl, 0.5; menadi­
one, 0.4; riboflavin, 0.3; pyridoxine-HCl, 0.3; folic 
acid, 0.02; biotin, 0.01; vitamin Bi2, 0.001; and su­
crose, 994.5. After mixing dietary ingredients, 5 ml of 
20% aqueous choline chloride was added per kilogram 
of diet.

4 Procter and Gamble, Cincinnati, Ohio.
5 Six drops of percomorph oil added to each 100 g 

of cottonseed oil.

through the solution throughout the hy­
drolysis to minimize oxidative losses.

This treatment yielded a dark brown 
aqueous solution topped by a layer of lipid. 
Despite the precautions taken some humin 
formation was evident. The hydrolysate 
was allowed to cool to room temperature 
and was then transferred to a volumetric 
cylinder for determination of the volume 
of the aqueous portion. Aliquots of the 
nonlipid segment of the hydrolysate were 
taken for duplicate analysis both of total 
nitrogen by micro-Kjeldahl procedure and 
for amino acid composition with an amino 
acid analyzer4 using the method of Spack- 
man et al. (2 ) . The amino acid values 
were corrected to zero time hydrolysis by 
application of factors derived from kinetic 
studies of 24, 48 and 72 hours on control 
samples. A further correction was made by 
employment of norleucine and guanidino- 
propionic acid as internal standards. No 
attempt was made to analyze for trypto­
phan which was totally destroyed by the 
acid hydrolysis or for the nitrogen or 
amino acid content of the lipid fraction of 
the mixture. The individual fecal collec­
tions from each dietary group were com­
bined and treated in a similar fashion as 
were the urine specimens. The feces and 
urine from the few animals which died 
during the course of the balance study 
were discarded.

RESULTS

The data for weight gain, feed efficiency, 
and PER are presented graphically in fig­

ure 1, and for carcass, urinary and fecal 
nitrogen and carcass total amino acids in 
figure 2. Nitrogen balance data are sum­
marized in table 2. Maximum weight gain 
and feed efficiency were achieved at about 
18 to 20% dietary protein while the high­
est PER was obtained between 10 and 12% 
protein. Our PER values of 3.5 to 4.0 for 
casein at this level of protein intake are 
higher than the usually reported values of
2.5 to 3.0. Part of this difference may be 
the shorter time interval (3  weeks com­
pared with 4 weeks), but we have con­
sistently obtained PER values after 4 weeks 
in excess of 3.0 from weanling rats ob­
tained commercially 5 and fed casein diets.

The fecal nitrogen values were quite 
low, ranging from 5 mmoles/rat per 3 
weeks at the lowest protein level to 35 
mmoles/rat per 3 weeks with the highest 
protein intake. The almost identical range 
obtained for fecal N (8 to 32) in the pre­
vious study with lactalbumin suggests that 
there were no major differences in di­
gestibility between the two proteins. Thus, 
differences in the fate of the ingested 
amino acids can be regarded as resulting 
solely from differences in the amino acid 
pattern offered the rats. A difference in 
urinary nitrogen levels was noted in that 
there was an increased loss of nitrogen in 
the animals fed casein beginning at 12 to 
14% dietary protein when growth was 
only about one-half to two-thirds maxi­
mum. With lactalbumin, urinary nitro­
gen did not show a marked increase until 
after maximum growth had been obtained. 
These data indicate that the casein amino 
acids were not used as efficiently as those 
of the more complete protein, lactalbumin. 
The ratio of millimoles of carcass amino 
acid to millimoles of carcass total nitrogen 
was constant, and therefore, apparently 
independent of the levels of dietary pro­
tein employed in this study.

The amino acid balance data for each 
of the 12 diets are presented in table 3. 
Apparent net catabolism or anabolism was 
calculated by comparing the total ingested 
amino acid with the total recovery from 
the feces, urine and net increase in carcass 
(carcass gain). The millimoles of fecal

4 Beckman model 120, Beckman Instruments, Inc., 
Spinco Division, Palo Alto, Calif.

s See footnote 3.
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Fig. 1 Basic growth data as affected by level o f dietary protein. Each point represents 
the average of a six-rat pool.

Fig. 2 Effect of dietary protein on total nitrogen of urine, feces and carcass and on 
carcass total amino acids. Each point represents the average of a six-rat pool.

amino acids increased from 2.8 to a maxi­
mum of about 18 with increasing dietary 
protein, compared with a range of 4 to 
15 with lactalbumin. The mole percentage 
distribution of each amino acid remained 
constant. Urinary loss of intact amino

acids was also meager and did not exceed
8.6 mmoles/rat per 3 weeks. As with the 
feces, the mole percentage distribution re­
mained constant.

In the previous study with lactalbumin, 
about 50% of the total ingested amino
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TABLE 2
Nitrogen balance

Diet no. 1 2 3 4 5 6 7 8 9 10 11 12
Dietary 

protein, % 4.8 6.4 8.0 9.6 11.2 12.8 14.0 16.1 20.0 23.0 32.8 39.1

Carcass gain 26 41 65 90
avg mmole N/rat per 3 weeks 

120 194 159 228 247 275 217 232
Feces 5 7 9 11 13 14 16 20 26 30 25 35
Urine 12 16 18 26 44 54 60 100 164 229 392 497

Total 43 64 92 127 177 262 235 348 437 534 634 764
Consumed 47 65 91 125 196 243 263 343 464 524 674 823
Recovery, % 92 98 101 102 90 108 90 101 95 102 94 93

acids were apparently catabolized at the 
level of 3.6% dietary protein where growth 
was less than 50% of maximum. Between 
6 and 10% dietary protein, however, only
17 to 20% of the total dietary amino acids 
were unrecovered and presumably metabo­
lized. In the current study, apparent catab­
olic loss was also in the order of 50 to 
55% when the availability of dietary pro­
tein restricted growth to below one-half the 
maximum. Catabolic loss dropped only to 
38 to 45% , however, as protein intake was 
increased over the range of 10 to 16%. 
That this was mostly wasted is shown not 
only by the previously cited data on uri­
nary nitrogen, but also by the fact that 
apparent net synthesis of amino acids was
18 to 21 mmoles/rat per 3 weeks in these 
animals, and 17 to 30 mmoles/rat per 3 
weeks in rats showing comparable growth 
rates in the lactalbumin study (6 to 12% 
dietary protein).

Carcass retention efficiency was calcu­
lated for each amino acid from the data 
of table 3. Retention efficiency is equal to 
the quotient times 100 of the average con­
tent of amino acid of the carcass gain 
divided by the average amount of that 
amino acid consumed by the rats during 
the test period (3  weeks). Carcass gain is 
determined by correcting the carcass val­
ues at the end of the test period for the 
amount of each amino acid present in the 
rats killed at the beginning of the study. 
Figure 3 shows the best smooth lines for 
a plot of retention efficiency for each of 
the essential amino acids except sulfur 
amino acids and arginine as a function of 
percentage dietary protein. The dots on 
each line represent the point at which the

intake of an amino acid satisfied the Na­
tional Academy of Sciences — National 
Research Council (NAS-NRC) recom­
mended allowance for the rat. The values 
for the nonessential amino acids and me­
thionine, half-cystine and arginine are 
shown in figure 4.

Among the amino acids in figure 3 
(those not synthesized to any appreciable 
extent), maximum retention efficiency was 
obtained with threonine and lysine, the 
two most limiting amino acids in this 
figure. The remaining five amino acids, 
however, did not show equal retention 
efficiency despite the fact that the mini­
mum requirement of each was satisfied at 
approximately the same level of dietary 
protein. Specifically, the maximum reten­
tion efficiency obtained by either valine or 
isoleucine was of the order of 35 to 40% 
whereas leucine, phenylalanine and histi­
dine were retained with maximum efficien­
cies which ranged from 50 to 53 % . The 
nonessential amino acids (fig. 4) were re­
tained with maximum efficiency between 
8 and 14% dietary protein whether they 
were present in the diet in excess or deficit 
with respect to carcass amino acid com­
position.

Mole percentages for each amino acid 
at each level of protein were calculated 
for the carcass gain and compared with 
the amino acid composition of the whole 
carcass of the zero day controls. These 
data are summarized in table 4. The val­
ues for the whole carcass at day zero were 
within ±  2 s d  from the mean of the car­
cass gain values of the groups fed the 10 
highest levels of protein with the sole ex­
ception of methionine. When the pattern
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TABLE 3
Balance of amino acids as affected by dietary protein level (casein)

Amino
acid Intake Feces Urine Carcass

gain
Net

catab­
olism

Net
syn­

thesis
Intake Feces Urine Carcass

gain
Net

catab­
olism

Net
syn­

thesis
avg mmoles of amino acid ¡rat per 3 weeks

4.8% protein 6.4% protein
Lys 2.4 0.16 0.02 0.64 1.6 3.6 0.2 0.03 1.6 1.8
His 0.8 0.04 0.02 0.26 0.5 1.3 0.1 0.02 0.5 0.7
Arg 0.6 0.06 0.01 0.48 0.1 1.1 0.1 0.01 1.1 0.1
Asp 2.1 0.25 0.04 1.09 0.7 3.2 0.3 0.07 2.0 0.8
Thr 1.5 0.17 0.02 0.50 0.8 2.1 0.2 0.03 1.0 0.9
Ser 2.1 0.34 0.03 0.85 0.9 3.0 0.5 0.04 1.3 1.2
Glu 6.2 0.45 0.11 1.64 4.0 9.3 0.7 0.16 2.2 6.3
Pro 4.2 0.20 0.06 1.00 2.9 6.7 0.2 0.08 1.6 4.8
Gly 1.0 0.22 0.17 2.52 1.9 1.4 0.3 0.24 3.6 2.7
Ala 1.4 0.22 0.15 1.40 0.4 2.0 0.3 0.53 2.3 1.1
Half-cys 0.1 0.02 — 0.11 0.1 — — 0.2 0.1
Val 2.2 0.18 0.02 0.62 1.4 3.3 0.2 0.03 1.1 1.9
Met 0.7 0.02 0.01 0.26 0.4 0.7 — 0.01 0.4 0.3
He 1.7 0.16 0.01 0.42 1.1 2.5 0.2 0.02 0.8 1.5
Leu 2.7 0.18 0.02 0.93 1.6 4.2 0.2 0.02 1.6 2.3
Tyr 0.9 0.06 0.01 0.21 0.6 1.5 0.1 0.01 0.5 0.9
Phe 1.1 0.09 0.01 0.40 0.6 1.8 0.1 0.01 0.7 1.0
Totals 31.7 2.81 0.71 13.33 17.2 2.3 47.8 3.7 1.31 22.5 24.4 4.0

8.0% protein 9.6% protein
Lys 5.2 0.3 0.05 3.0 1.9 7.4 0.3 0.06 4.3 2.7
His 1.8 0.1 0.02 0.9 0.8 2.8 0.1 0.03 1.4 1.3
Arg 1.6 0.1 0.02 2.0 0.6 2.6 0.2 0.02 3.0 0.6
Asp 4.7 0.5 0.09 3.1 1.1 6.8 0.6 0.12 5.0 1.1
Thr 3.2 0.3 0.05 1.6 1.3 4.5 0.4 0.06 2.7 1.4
Ser 4.6 0.7 0.07 2.2 1.7 6.8 0.9 0.08 3.5 2.3
Glu 13.4 0.9 0.22 4.5 7.8 19.7 1.2 0.28 6.7 11.5
Pro 9.6 0.3 0.10 3.2 6.0 14.6 0.5 0.12 3.8 10.2
Gly 2.0 0.4 0.27 6.2 4.9 3.0 0.5 0.33 8.8 6.6
Ala 2.9 0.4 0.80 3.6 1.9 4.1 0.5 0.86 5.4 2.7
Half-cys 0.1 0.1 — 0.2 0.1 — — 0.3 0.2
Val 5.0 0.3 0.04 1.9 2.7 7.2 0.5 0.05 2.6 4.1
Met 1.3 — 0.01 0.6 0.7 2.0 — 0.01 0.9 1.1
lie 3.6 0.3 0.03 1.3 2.0 5.2 0.4 0.04 1.9 2.8
Leu 6.0 0.3 0.04 2.8 2.9 8.8 0.4 0.06 4.1 4.2
Tyr 2.0 0.1 0.03 0.7 1.1 3.1 0.1 0.02 1.0 2.0
Phe 2.6 0.1 0.03 1.1 1.4 3.7 0.2 0.05 1.7 1.8
Totals 69.6 5.2 1.87 38.9 31.4 7.4 102.4 6.8 2.19 57.1 46.5 10.1

11.6% protein 12.8% protein
Lys 10.1 0.4 0.07 6.0 3.7 13.0 0.4 0.08 6.8 5.7
His 3.6 0.1 0.03 1.9 1.6 4.6 0.1 0.04 2.4 2.0
Arg 3.3 0.2 0.03 4.0 0.9 3.8 0.2 0.04 5.3 1.7
Asp 8.7 0.7 0.14 8.0 0.1 10.9 0.7 0.18 9.1 0.8
Thr 5.9 0.4 0.08 4.1 1.3 6.7 0.4 0.10 4.9 1.3
Ser 8.4 1.2 0.11 5.5 1.6 9.4 1.0 0.11 6.3 2.0
Glu 25.7 1.4 0.35 11.1 12.8 32.3 1.4 0.40 12.2 18.3
Pro 18.6 0.5 0.17 6.0 12.0 23.2 0.5 0.18 6.5 16.1
Gly 3.9 0.5 0.43 14.5 11.6 4.8 0.5 0.48 15.2 11.4
Ala 5.4 0.60 0.75 8.7 4.7 6.7 0.6 0.84 9.7 4.4
Half-cys 0.3 — — 0.9 0.6 0.3 0.1 — 1.2 1.0
Val 9.8 0.6 0.07 4.0 5.2 11.8 0.5 0.07 4.8
Met 2.6 — 0.01 1.5 1.1 2.9 — 0.01 1.7 1.2
He 6.9 0.5 0.04 3.0 3.4 8.6 0.5 0.05 3.5 4.6
Leu 11.7 0.5 0.07 6.6 4.6 14.6 0.5 0.08 7.6 6.5
Tyr 4.1 0.2 0.03 1.8 2.1 4.8 0.2 0.04 2.6 2.0
Phe 5.0 0.2 0.06 3.0 1.8 6.1 0.2 0.06 3.2 2.6
Totals 134.0 8.0 2.44 90.6 51.2 17.9 164.5 7.8 2.76 103.0 63.1 18.5



A M IN O  ACID R E TE N TIO N  E F FIC IE N C Y  W IT H  CASEIN 1 7 3

TABLE 3 ( Continued)
Balance of amino acids as affected by dietary protein level (casein)

Amino
acid Intake Feces Urine Carcass

gain
Net Net 

catab- syn- 
olism thesis

Intake Feces Urine Carcass
gain

Net
catab­
olism

Net
syn­

thesis
avg mmoles of amino acid/rat per 3 weeks

14.0% protein 16.1% protein
Lys 13.9 0.5 0.20 8.2 5.0 18.3 0.5 0.19 9.6 8.0
His 5.3 0.2 0.07 2.3 2.8 6.9 0.2 0.07 2.9 3.8
Arg 5.1 0.2 0.06 5.5 0.7 6.7 0.3 0.07 6.8 0.4
Asp 13.7 1.1 0.31 10.0 2.3 17.2 1.0 0.36 12.2 3.6
Thr 9.4 0.8 0.20 5.6 2.8 12.0 0.6 0.22 6.6 4.6
Ser 13.2 1.7 0.27 7.8 3.4 16.6 1.8 0.32 8.8 5.7
Glu 42.6 2.2 0.78 14.9 24.7 54.6 2.3 0.88 16.1 35.3
Pro 29.2 0.9 0.37 9.8 18.1 34.4 0.7 0.44 9.9 23.4
Gly 6.4 1.0 0.63 18.5 13.7 8.0 0.9 0.73 21.1 14.7
Ala 8.9 1.0 0.98 11.4 4.5 11.2 1.7 1.52 13.1 5.1
Half-cys 0.3 0.1 — 1.1 0.9 0.6 — — 1.7 1.1
Val 14.4 0.8 0.18 5.7 7.7 17.6 0.8 0.22 6.6 10.0
Met 4.0 0.1 0.04 1.7 2.2 4.9 0.1 0.04 1.9 2.9
lie 11.1 0.8 0.13 3.9 6.3 14.0 0.8 0.16 4.6 8.5
Leu 18.5 0.8 0.20 8.8 8.7 23.2 0.7 0.24 10.4 11.9
Tyr 7.1 0.3 0.10 2.6 4.1 8.2 0.2 0.08 3.2 4.7
Phe 8.1 0.4 0.09 3.3 4.4 10.3 0.3 0.10 4.3 5.6
Totals 211.2 12.9 4.61 121.1 92.5 19.8 264.7 12.9 5.64 139.8 128.0 21.3

20.0% protein 23.0% protein
Lys 21.9 0.8 0.20 11.4 9.5 27.7 0.7 0.25 12.1 14.6
His 8.3 0.2 0.08 3.3 4.7 10.5 0.2 0.09 3.5 6.7
Arg 8.1 0.4 0.06 8.1 0.4 10.3 0.3 0.09 8.6 1.3
Asp 21.5 1.4 0.35 15.4 4.3 26.3 1.3 0.41 14.8 9.8
Thr 15.6 1.0 0.26 8.3 6.0 18.3 0.9 0.30 8.0 9.1
Ser 21.0 2.1 0.32 11.7 6.7 25.5 2.2 0.40 11.3 11.7
Glu 65.0 3.0 0.85 20.7 40.5 81.2 2.9 1.01 21.7 55.6
Pro 48.0 1.0 0.48 14.6 31.9 55.3 1.0 0.54 15.0 38.8
Gly 10.2 1.3 0.83 29.4 21.4 12.5 1.2 0.90 26.8 16.4
Ala 14.0 2.7 0.73 16.7 6.1 17.3 2.2 0.92 16.3 2.1
Half-cys 0.8 0.2 — 2.7 2.1 0.8 — — 2.4 1.6
Val 21.6 1.2 0.22 8.3 11.9 26.9 1.1 0.27 8.7 16.9
Met 6.7 0.1 0.03 2.2 4.4 7.8 0.1 0.04 1.7 6.0
He 17.7 1.0 0.16 5.2 11.3 21.1 1.0 0.19 5.8 14.1
Leu 29.0 1.0 0.24 12.9 14.8 36.0 1.0 0.29 13.0 21.7
Tyr 10.8 0.6 0.06 3.9 6.3 13.1 0.4 0.08 3.8 8.9
Phe 13.6 0.4 0.13 5.0 8.0 15.5 0.4 0.15 4.9 10.1
Totals 333.8 18.4 5.00 179.8 160.3 30.0 406.1 16.9 5.93 178.4 225.3 20.07

32.8% protein 39.1% protein
Lys 36.0 0.6 0.26 11.3 23.8 43.2 0.8 0.33 9.3 32.8
His 13.1 0.2 0.09 3.0 9.8 17.3 0.2 0.12 3.1 13.9
Arg 13.3 0.2 0.10 7.7 5.3 17.3 0.4 0.09 8.4 8.5
Asp 32.6 1.2 0.48 14.2 16.7 43.4 1.5 0.62 14.1 27.2
Thr 21.8 0.9 0.35 7.7 12.9 30.0 1.0 0.52 7.7 20.7
Ser 31.0 1.8 0.45 11.0 17.8 44.0 2.3 0.62 11.2 29.9
Glu 110.3 2.5 1.10 21.7 85.0 144.1 3.2 1.52 22.1 117.3
Pro 63.0 0.8 0.61 14.8 46.8 87.0 1.2 1.09 15.8 68.9
Gly 14.6 1.0 1.00 28.4 15.8 19.3 1.3 1.14 28.4 11.6
Ala 20.7 1.4 0.69 14.5 4.1 27.6 1.9 0.84 16.5 8.4
Half-cys 1.1 0.1 0.04 2.5 1.6 1.3 — 0.04 2.8 1.5
Val 32.7 1.0 0.31 8.6 22.8 42.5 1.2 0.44 9.6 31.3
Met 9.9 0.1 0.02 2.2 7.6 12.9 0.1 0.08 2.2 10.6
He 25.6 0.8 0.22 5.9 18.6 35.3 1.1 0.32 6.4 27.5
Leu 49.0 0.8 0.38 12.7 35.1 62.2 1.1 0.48 13.3 47.3
Tyr 16.2 0.3 0.09 3.9 11.9 22.1 0.5 0.10 3.7 18.0
Phe 18.7 0.5 0.21 4.7 13.3 24.7 0.4 0.21 5.1 19.0
Totals 509.6 14.2 6.40 174.8 331.5 17.4 674.2 18.2 8.56 179.7 481.3 13.1
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Fig. 3 Effect of dietary protein on retention efficiency of several essential amino acids. 
The dots on each line represent the point at which the actual intake of an amino acid satis­
fied the NAS-NRC recommended allowance for growth for the rat. The lines are the best 
smooth curves drawn from the average of a six-rat pool at each level of dietary protein.

DIETARY PROTEIN

Fig. 4 Effect of dietary protein on retention efficiency of nonessential and sulfur amino 
acids. The dot and arrow indicate the point at which the actual intake of sulfur amino 
acids satisfied the NAS-NRC recommended allowance for growth for the rat. The lines are 
the best smooth curves drawn from the average of a six-rat pool at each level of dietary 
protein.
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TABLE 4
Mole percentage of amino acids in carcass gain as affected by dietary protein (casein)

Amino
acid

Zero day 
controls 4.8%

protein
6.4%

protein
Ten

remaining
groups

mole % 
whole carcass mole % of carcass gain

Gly 14.6 18.9 16.0 15.6 ±  1.1 1
Ala 8.7 10.5 10.2 9 .3±0.7
Val 5.1 4.7 5.0 4.8 ±0 .5
Met 1.1 2.0 1.7 1.4 ±0 .2
Phe 3.1 3.0 3.1 2.9 ±0 .4
Asp 8.4 8.2 9.0 8.4 ±  0.7
Thr 4.6 3.7 4.4 4.5 ± 0 .4
Ser 6.3 6.4 5.8 6.2 ±0 .4
Glu 12.3 12.3 10.1 12.0 ± 0 .7
lie 3.5 3.1 3.4 3.3 ± 0 .3
Leu 7.2 7.0 7.2 7.3 ±0 .2
Lys 6.5 4.8 7.2 6.7 ±  1.4
His 2.0 1.9 2.3 2.0 ±0 .5
Arg 5.2 3.6 4.8 4 .8±0 .6
Pro 6.8 7.5 7.0 7.7 ±  1.8
Half-cys 1.9 0.8 0.7 1.1 ±  0.8
Tyr 2.7 1.6 2.1 2.1 ±0 .4

1 Average +  2  s d .

from the carcass gain of rats consuming 
the lowest level of protein (4.8% ) was 
compared with that from the 10 diets high­
est in protein, however, the mole percent­
ages of glycine, alanine and methionine 
were elevated above the mean in excess of 
2 sd at the expense of lysine, arginine, 
tyrosine and threonine.

DISCUSSION

In a rapidly growing animal consuming 
a diet containing less than optimum quan­
tity of a well-digested protein, the domi­
nant influence upon the essential amino 
acid requirement is probably the amount 
of each amino acid required for the syn­
thesis of new tissue. Under these circum­
stances, one would expect that the most 
limiting amino acids would be retained 
most efficiently. Amino acids supplied in 
amounts which exceeded the ability of the 
animal for protein synthesis would prob­
ably be catabolized rather than retained in 
a free amino acid pool. Amino acids do, 
however, give rise to a variety of essential 
intermediates in addition to their incor­
poration into body protein. The degree to 
which these other metabolic pressures af­
fect the amino acid requirement, and 
hence retention efficiency, has not been 
studied extensively.

Price et al. (3) using chicks fed a 16.3% 
protein ration that had deficits in leucine, 
phenylalanine, methionine, tryptophan 
and arginine which ranged from 9 to 32% 
less than the NRC recommended allow­
ances. Contrary to expectations, only argi­
nine was found to have a higher retention 
efficiency than the essential amino acids 
provided in excess of their minimum 
requirements. They concluded that meta­
bolic needs other than the need for syn­
thesis of body protein influenced reten­
tion efficiency. Bunce and King (1) using 
12 diets ranging in protein (lactalbumin) 
content from 3.6 to 25.0% found that, in 
general, the more limiting amino acids 
were retained with the greatest efficiency. 
Two possible exceptions were lysine and 
isoleucine which were retained less effi­
ciently than valine despite being equally 
limiting according to the NAS-NRC recom­
mended allowance.

The data of this study provide additional 
support to the view that the quantitatively 
most important factor affecting the dietary 
requirement of an amino acid is the need 
for that amino acid as a component of a 
tissue protein. There is also evidence of 
some deviation from this general rule in 
that valine and isoleucine were not re­
covered from the carcass as efficiently as 
leucine, phenylalanine and histidine at a
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level of casein consumption where all five 
amino acids were provided at their recom­
mended minimum intake. Since this dis­
crepancy cannot be accounted for by 
changes in body composition or in fecal or 
urinary loss of intact amino acid, these 
data suggest that some of the valine and 
isoleucine was converted to metabolites of 
an essential nature.

The pattern of dietary amino acids may 
be of importance as well. In the lactal- 
bumin study (1), it was suggested that 
the somewhat inefficient utilization of ly­
sine might reflect a preferential use of its 
nitrogen in the synthesis of nonessential 
amino acids. In this study, where nones­
sential amino acids provided a greater pro­
portion of the dietary amino acid pattern, 
lysine was retained with improved effi­
ciency. The reason for the failure of iso­
leucine to be retained as expected might be 
that its true requirement is less than that 
fisted in the NAS-NRC table.

The effect of a total protein intake that 
allows only less than 50% of optimal 
growth deserves comment. Under these 
conditions weight increase does occur, but 
retention efficiency of all amino acids is 
greatly reduced and there appear to be 
changes in the amino acid composition of 
the carcass gain. This was observed with 
either lactalbumin or casein as the protein 
source although the changes with the 
former seemed more pronounced. These

effects can most likely be attributed either 
to preferential synthesis of organs and en­
zymes essential to the maintenance of fife 
at the expense of less essential areas such 
as muscle or hair, or to a shift in the pro­
portion of collagen to other tissue compo­
nents. In any case, the animal produced 
under these circumstances is not just a 
small animal but is an abnormal one which 
cannot make efficient use of the meager 
supply of amino acids which is available. 
These data lend support to the mounting 
evidence that severe protein deprivation 
in the young growing animal may have 
severe and extended sequelae.

ACKNOWLEDGMENTS
The authors are deeply appreciative of 

the efforts of Mrs. Blanche Hall, Miss B.
C. Wu, and Mrs. Zella Poe in the analyses 
of amino acids and nitrogen and in the 
compilation of the data.

LITERATURE CITED
1. Bunce, G. E., and K. W. King 1969 Amino 

acid retention and balance in the young rat 
fed varying levels of lactalbumin. J. Nutr., 
98: 159.

2. Spackman, D. H., W. H. Stein and S. Moore 
1958 Automatic recording apparatus for use 
in the chromatography of amino acids. Anal. 
Chem., 30: 1190.

3. Price, W. A., Jr., M. W. Taylor and W. C. 
Russell 1953 The retention of essential 
amino acids by the growing chick. J. Nutr., 
51: 413.



Effect of Spontaneous Activity on Response 
to Intermittent Feeding * 1 2

Z. AL NEJJAR 2 A N D  F. W. HEGGENESS
Department of Physiology, University of Rochester School of Medicine 
and Dentistry, Rochester, New York

ABSTRACT In earlier studies, weanling rats fed intermittently were found to in­
gest less food and accumulate more body fat but less nitrogen than control animals 
fed ad libitum. In adult animals, only food intake differences developed. The response 
of animals housed in cages with attached running wheels to these feeding schedules 
was examined and compared with that of conventionally housed animals. When 
activity was allowed, intermittently fed weanling, but not adult, rats were signifi­
cantly more active than control animals. The food intake and body compositional dif­
ferences characteristic o f conventionally housed weanling rats, did not develop. In 
adult animals housed in activity cages, also unlike findings with conventional housing, 
food intake was not modified by the feeding schedule. Intermittently fed animals 
housed in activity cages increased food intake significantly more during periods of 
unrestricted feeding than did those housed conventionally. When food intake equaled 
that of control animals body compositional differences did not develop in the weanling 
animals.

In earlier studies, weanling rats alter­
nated between satiety and partial caloric 
restriction were found to differ from ani­
mals fed ad libitum in several physiologic 
characteristics (1, 2). During the first 60 
days of feeding, experimental rats ingested 
less food and accumulated more fat but 
less protein than controls animals. Body 
compositional, but not intake, differences 
gradually disappeared after this time. In 
adult animals, differences in intake alone 
occurred.

The experiments reported here were 
conducted to determine whether spontane­
ous activity was also influenced by this 
feeding schedule and whether activity 
would, in turn, modify the intake and 
compositional differences previously ob­
served.

METHODS
Male rats of the Holtzman strain3 were 

maintained at 22° with 12-hour photo­
periods. One group of weanling animals 
was housed individually in conventional 
cages; others were kept in similar sized 
cages with attached running wheels con­
nected to a counter which registered each 
revolution. Weanling animals were main­
tained in cages with attached running 
wheels for 60 and 120 days. Responses of 
80-day-old animals were similarly studied 
for a 60-day period in the activity cages.

Water was available ad libitum to all 
animals. The diet had the following per­
centage composition: dextrose, 60; casein, 
21; fat,4 15; salt mixture, 4 (3); plus a 
complete vitamin supplement.5 Control rats 
had food present continuously; experi­
mental animals were alternated between 
3 days of unrestricted intake and 3 days 
with food sufficient only to maintain body 
weight. Food during periods of caloric re­
striction was increased from 3 to 10 g/day 
as the animal increased in size. This 
amount of food was approximately 65% 
of ad libitum intake in both growing and 
adult animals.

Food intake, body weight, and, where 
indicated, wheel revolutions were recorded 
at 3-day intervals. Animals were killed 
with ether fumes upon completion of the

Received for publication January 13, 1969.
1 Supported in part by Public Health Service Grant

no. HD00009 from the National Institutes of Health. 
This work was carried out, in part, during Z. A1 
Nejjar’s tenure as an Atomic Energy Commission 
Fellow and during F. W. Heggeness’ tenure as Na ­
tional Institutes of Health Career Development 
Awardee no. 5K 3HB 14904. , _T

2 Current address: National Institutes of Nutrition, 
Baghdad, Iraq.
s Holtzman Company, Madison, Wis.
4 Crisco, Procter and Gamble, Cincinnati, Ohio.
» Each kilogram of diet contained: vitamm A,

25,000 IU; vitamin D, 3000 IU; choline chloride, 
2.25 g; and (in milligrams) a-tocopherol, 150; inositol, 
150; riboflavin, 30; menadione, 68; p-aminohenzoic 
acid, 150; niacin, 130; pyridoxine-HCl, 30; thiamine- 
HC1, 30; Ca pantothenate, 90; biotin, 0.60; folic acid, 
2.50; and vitamin B 12, 0.40.
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feeding studies and the gut contents dis­
carded. Carcasses were desiccated, weighed 
and pulverized in a laboratory blender.6 
Aliquots of the dry powder were used for 
analyses. Nitrogen was determined by the 
micro-Kjeldahl method. Fat was extracted 
in a Soxhlet apparatus with methanol- 
chloroform (1:1). Solvents were removed 
by evaporation and petroleum ether-chlo­
roform (6:1) soluble fraction was weighed. 
Values were recorded as total amount per 
animal.

RESULTS
Intermittently fed weanling animals ex­

ercised slightly but significantly more than 
did continuously (ad libitum) fed rats (fig,

1). They accomplished 60% of their total 
activity during the periods of restricted 
feeding. The variations in the spontaneous 
activities of similarly treated adult ani­
mals were large and coefficients of varia­
tions were high. Activities of adults placed 
in activity cages at 2 months of age were 
not significantly modified by the feeding 
schedule (fig. 1). Similarly, running ac­
tivities of continuously and intermittently 
fed animals housed in activity cages from 
weaning were not significantly different 
between days 62 and 122. Wheel revolu­
tions over the 60-day period were 244 ±  
61 X 103 and 170 ±  50 X 103 for intermit-
6 Waring Products Company, Winsted, Conn.

DAYS OF FEEDING

Fig. 1 Running activity (wheel revolutions (cumulative, X 103) )  in ad libitum ( 0 )  or 
intermittently fed (X )  weanling and adult animals. Vertical arrow indicates standard error 
of the mean.
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TABLE 1
Food intake and body composition of control and experimental animals

Treatment Body wt Food intake Fat
content

Nitrogen
content

9 9 9 9
A. Weanling rats, conventional housing (22 to 62 days)

Continuously fed ( 6 )  1 294 ± 8  2 789 ± 1 0 36.5 ±  1.4 9.3 ±0 .3
Intermittently fed (  7 ) 280 ± 8 680±  16 3 49.4 ± 2 .5  3 7.9 ±0 .3  3

B. Weanling rats, caged with running wheel (22 to 62 days)
Continuously fed (8 ) 304 ± 6 783 ± 1 8 31.3 ±1 .4 9.1 ±0 .3
Intermittently fed ( 8 ) 285 ± 4  3 745 ±1 1 31.4±3.3 9.0 ±0 .4

C. Weanling rats, caged with running wheel (62 to 122 days)
Continuously fed (8 ) 398 ± 5 1025 ± 10 4 39.6 ±3 .1 11.8±0.4
Intermittently fed (8 ) 357 ±  7 3 964 ± 3 0  4 37 .6±  1.6 11.2 ±0 .3

D. Adult rats, caged with running wheel (60 days)
Continuously fed (6 ) 379 ± 1 3 939±45 36.2±2 .6 12.4 ± 0 .2
Intermittently fed (6 ) 362 ± 1 0 872 ± 1 4 36.3±3.8 11.5± 0.4

1 Number of animals per group.
2 Mean ±  s e .
3 Value significantly different from continuously fed (control) in that group (P <  0.05).
4 Food intake between days 62 to!22.

tently and continuously fed animals, re­
spectively.

Response of conventionally housed 
weanling animals was the same as ob­
served earlier (1). Namely, food intake 
was decreased, fat content increased, and 
total carcass nitrogen slightly decreased in 
intermittently, as compared with contin­
uously, fed animals (table 1 A). In con­
trast, food intake, fat and nitrogen content 
of control and experimental weanling ani­
mals caged with activity wheels did not 
differ (table IB). Body weights of inter­
mittently fed exercising animals were 
slightly but significantly below that of con­
tinuously fed rats similarly housed.

Food intakes of adult control and ex­
perimental animals reared from weaning 
in activity cages (table 1 C) or introduced 
to these cages at 2 months of age (table 
ID) were not different. At 122 days, body 
weights of intermittently fed rats main­
tained in activity cages from weaning were 
slightly but significantly lower than rats 
fed ad libitum, but fat and nitrogen con­
tents were not different.

Food intake of all weanling animals 
permitted spontaneous exercise was the 
same as that of control animals that were 
not. Nitrogen content was unaffected by 
activity but body fat content was lower 
in all active weanling animals than in 
nonexercising, intermittently fed ones

(table 1 A and B). Food intake of exer­
cising adult animals was similar to that 
previously reported for sedentary adult rats 
fed ad libitum ( 1 ).

DISCUSSION

The transient alterations in body com­
position observed in conventionally housed 
weanling rats fed on a 3-day feeding sched­
ule are similar to those observed by other 
investigators (4-7) in older animals force- 
fed or allowed access to food only briefly 
each day. The reported changes in body 
composition have been associated with al­
terations of thyroid function (6) and 
physical activity (8). Despite similar body 
compositional changes the feeding sched­
ules employed in the studies reported here 
were different and compositional changes 
induced were confined to the period of 
rapid growth.

The responses to intermittent feeding 
previously observed (1) in weanling and 
adult rats did not develop when they were 
spontaneously active. Running activity did 
not alter the food intake or body nitrogen 
content of animals fed ad libitum.

In all intermittently fed animals the 
quantity of food fed during the periods 
of partial caloric restriction was approxi­
mately 65% of ad libitum intake. Adult 
and weanling experimental animals housed



180 Z . A L  N EJJAR AND F . W . HEGGENESS

conventionally increased intakes during the 
periods of unrestricted feeding to 112 ±  
3%, of that ingested by control rats, an 
amount insufficient by 20% or more to 
compensate for the deficit incurred during 
restricted feeding. Adaptation to this feed­
ing schedule appeared to involve a modi­
fication in satiety regulation and, as a 
result, total caloric intake was reduced 
below that which could be considered 
usual.

In contrast, experimental weanling and 
adult rats allowed spontaneous activity in­
creased their intakes during the periods 
of ad libitum feeding to 129 ±  4% and 
125 ±  4%, respectively, of that ingested 
by control animals. This occurred whether 
activity was modified (weanling animals) 
or not (adult animals) by the feeding 
schedule. This increased food consump­
tion during ad libitum feeding compen­
sated within 10% or less for the deficit 
acquired during caloric restriction, and as 
a result, the total intake of the experi­
mental animals was about that of the con­
trol rats.

In conventionally housed weanling rats, 
the intermittent feeding schedule was also 
associated with a metabolic adaptation that 
favored deposition of fat but not protein
(1). Certain earlier observations suggested 
that this involved the activity of the thy­
roid (2). The mechanisms involved and 
exact interrelations between intake and 
body composition remain to be established. 
Body composition as well as intake changes 
did not develop when weanling animals 
were permitted running activity. These 
findings suggest that the two adaptations 
are interrelated, as neither has been ob­
served to appear singly in weanling rats. 
This metabolic adaptation either does not 
occur in the intermittently fed adult or it

does not become evident; rapid growth 
may be necessary for its appearance.

Spontaneous activity appeared to modify 
the behavioral and metabolic adaptations 
to these feeding schedules. This, in turn, 
altered the intake and compositional 
changes that developed without running 
activity. The observations reported here 
indicate that the examination of the effect 
of any feeding schedule on activity must 
consider that running behavior can, in 
turn, markedly modify the adaptations 
elicited by the nutritional stress.
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ABSTRACT Whole-body X-irradiation of the female rat alters the ovulation re­
sponse at next estrus. Number of ova shed can be predictably varied from 10 to 35 
depending upon the dose and time in the estrous cycle it is administered. If bred, preg­
nancy is uneventful but litter size ranges from 2 to 18 pups, depending upon dose of 
radiation. The purpose of these experiments was to examine the effect of precon- 
ceptional irradiation and the number of pups per litter on the growth of the offspring. 
Fat content of newborn pups was not influenced by litter size or preconception 
irradiation. Total body nitrogen was 80% of control value in offspring of mothers 
given over 300 r with a maximal effect seen at 400 r. Nitrogen content was not related 
to litter size. Additional young were cross-fostered to unirradiated dams and then fed 
ad libitum. At 100 days nitrogen content of animals born of mothers administered 
up to 400 r was not different from control value, but was decreased to 90% of control 
value in offspring of females receiving 600 r. Growth potential appeared to be slightly 
but permanently modified by 600 r of preconceptional radiation.

In the adult female mouse (1), hamster,3 
and rat (2-5) whole-body irradiation alters 
the ovulatory response at the next estrus. 
In the rat, the number of ova shed can be 
predictably varied between about 10 and 
35 depending upon the dose of irradiation 
and time prior to estrus that it is admin­
istered (4, 5). If such animals mate, preg­
nancies are uneventful but litter sizes 
range from 2 up to 18 pups. Offspring ap­
pear normal in size and appearance, and 
survival and reproductive capacities are 
unchanged (6). It has not been established 
whether litter size or preconceptional ir­
radiation modifies other pre- and postnatal 
physiologic maturation processes.

The purpose of these experiments was 
to determine the effects of preconceptional 
radiation and litter size on the development 
of the offspring. An effect on growth, if 
present, could be mediated directly by radi­
ation-induced injury, indirectly via litter 
size, or both. Radiation exposures were se­
lected that would permit these factors to 
be dissociated. Body composition, and in 
particular nitrogen content, was selected 
as the index of growth.

METHODS
Virgin, female rats of the Long-Evans 

strain,4 weighing 180 to 200 g, were 
housed at 22° with 12-hour photoperiods. 
Water and a commercial laboratory ration5 
were provided ad libitum. Estrous cycles 
were monitored by daily cytological ex­
amination of the vaginal lavage and, at 
specified times, females were subjected to 
whole-body irradiation. Exposures of zero 
to 600 r were administered at intervals of 
0.5 to 4.0 days prior to the next expected 
estrus to establish litter sizes between 2 
and 18 in the subsequent pregnancy (table
1). A sufficient number of animals were
Received for publication January 24, 1969.
1 Supported in part by National Institutes of Health

Grant no. HD00009 and a contract with the U. S. 
Atomic Commission at the University of Rochester 
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the tenure of F. W. Heggeness under Career Develop­
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2 Present address: Department of Radiology, Uni­
versity of Minnesota Medical School, Minneapolis, 
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3 Hahn, E. W. 1968 Federation Proc., 27; 739 
(abstract) ■
4 Obtained from Blue Spruce Farms, Altamont, N. Y.
5 Purina Laboratory Chow, Ralston Purina C o m ­

pany, St. Louis, Mo. Diet contained not less than 
23% crude protein, 4.5% fat, and no more than 6%  
crude fiber and 9 %  ash.
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TABLE 1
Litter size following whole-body irradiation 1

Whole-body
radiation

dose
Time of 

irradiation
Litter 
size 2

r days before 
mating no. of pups

0 3.5-4.5 10-12
200 3.5—4.5 14-16
300 0.5 1-3
400 1.5 10-12
400 3.5—4.5 17-20
600 3.5—4.5 14-16

1 Hahn, E. W., and W. F. Ward (5).
2 Only litters within these limits were used.

treated so that each treatment group con­
tained 15 or more females.

Animals were irradiated in individual 
radial compartments of a slowly rotating 
plastic cage. Desired dose was delivered 
by an X-ray unit6 operating at 250 kvp 
and 15 ma. Filtration was via an alum­
inum parabolic filter plus 0.5 mm Cu; the 
half-value layer was 2.15 mm Cu. Target- 
skin distance was 63.5 cm and the dose 
rate about 19 r/minute. Before each day’s 
exposure, the intensity of radiation was 
measured with a 100 Victoreen condenser 
R chamber7 and exposure time corrected 
for temperature and barometric pressure.

After irradiation, females were placed 
with fertile, unirradiated males. The ap­
pearance of a copulatory plug was con­
sidered indicative of mating and pregnancy 
was dated from this point. Bred animals 
were individually housed and food intake 
and weight gains were measured in 10 
representative animals from each treat­
ment.

Five controls and seven animals that 
had received 400 r whole-body radiation 
were killed on day 14 of pregnancy and 
mean dry weights of fetuses and placentas 
were determined. On day 22, all remaining 
young carried to term were delivered by 
caesarian section. Only litters with the 
number of offspring within the limits out­
lined in table 1 were used. After weighing, 
sexing, and surgically coding to identify 
maternal treatment, randomly selected 
male offspring were cross-fostered to un­
irradiated females 25 hours or less post­
partum. Remaining young were killed for 
analysis. Each foster dam was provided

with a litter of eight young with no more 
than four pups from any one natural 
mother. Foster mothers received the com­
mercial laboratory ration 8 and water ad 
libitum. Pups were weaned at 21 days of 
age and fed the maternal diet ad libitum 
until killed at 100 days of age. Body 
weights were recorded weekly; food intake 
was not measured.

Twenty newborns of both sexes were 
randomly selected from each group for 
analysis. Individual carcasses were lyo- 
philized to constant weight and used in­
tact for determination of either fat or 
nitrogen content. One hundred day-old ani­
mals were killed with ether fumes. After 
removal of gut contents, carcasses were 
lyophilized until dry; they were weighed 
and then pulverized in a blender9 with 
acetone. Acetone was not discarded but 
removed by evaporation, and aliquots of 
the dry powder were used for analysis. 
Nitrogen content was determined by the 
micro-Kjeldahl method. Fat was extracted 
with methanol -  chloroform (1:1)  in a 
Soxhlet apparatus. Solvent was evaporated 
and the petroleum ether-chloroform (6:1)  
soluble fraction determined gravimetrical- 
ly. Values were recorded as total fat and 
nitrogen content per animal.

A second group of virgin females of the 
same age and strain were exposed to zero, 
200, 400, or 600 r at 4 ±  0.5 days prior 
to estrus. Young were delivered as before 
and only the newborn males in each Utter 
were pooled for analysis for dry weight 
and nitrogen content. Values were recorded 
as the mean content per male pup per 
litter. No offspring of this second group 
were reared.

Fetal growth was examined in offspring 
of one group of females irradiated with 
400 r one month before breeding. At term, 
offspring were delivered by caesarian sec­
tion. Males from each litter were pooled, 
and body weight, dry solids and nitrogen 
were determined.

The effect of irradiation on the nitrogen 
content of the uterus during pseudopreg­

6 Picker Industrial X-ray, Picker Nuclear, White 
Plains, N. Y.

7 Victoreen Instrument Division, Cleveland, Ohio.
8 See footnote 5.
9 Waring Products Company, Winsted, Conn.
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nancy with and without deciduomata 
reaction was also determined. Pseudopreg­
nancy was induced by mechanical stimu­
lation of the cervix during estrus and 
animals immediately exposed to zero, 200, 
400, or 600 r of whole-body irradiation. 
On day 4 postirradiation, a group of ani­
mals was anesthetized with ether and the 
endometrium of both uterine horns trau­
matized with a blunt needle. On day 8 
postirradiation all animals were killed and 
the entire uterus removed and analyzed 
for nitrogen.

Statistical evaluation employed was the 
t test for small samples of unequal size (7).

RESULTS

Following mating, no deaths occurred 
in animals receiving zero, 200, or 300 r, 
but mortality in females receiving 400 or 
600 r was 5 and 10% , respectively. Where­
as 95% of the bred animals administered 
zero or 200 r were pregnant at term, 15% 
of the surviving mated females that had 
been exposed to 300 to 600 r were not.

Animals that did not conceive showed 
a modest weight gain (table 2). Food in­
take of animals receiving 300 r and hav­
ing 2 ±  1 (mean ±  s e )  offspring was not 
significantly increased above that of non­
pregnant animals. Animals with litter sizes 
between 10 and 18 had significantly larger 
food intakes than nonpregnant animals, 
but no relationship to size of litter was ob­
served.

Fetal and placental weights 14 days 
after conception were not altered by 400

r preconceptional irradiation. Fetal dry 
weights averaged 17.0 ±  1.2 mg in control 
animals and 16.6 ±  1.3 mg in irradiated 
animals. Placental dry weights were 26.1 
± 1 . 4  and 26.0 ±  2.3 mg in control and 
experimental animals, respectively.

At 22 days, body fat content of offspring 
was unaffected by litter size or by irradi­
ation of mother (fig. 1). Total carcass 
nitrogen was decreased in newborns from 
mothers that were exposed to 300 r or 
more of whole-body irradiation. Exposure 
to 400 r enhanced this effect but 600 r 
produced no further reduction (fig. 1).

In trial 2 (table 3), dry weight and ni­
trogen content of male offspring showed 
the same relationships to maternal irradia­
tion as was observed in group 1 animals. 
Although the water content (body weight 
minus dry weight) of fetuses from females 
irradiated 30 days prior to mating was 
significantly greater than in controls, dry 
weight and nitrogen content were not.

Uterine nitrogen content in pseudopreg­
nancy without deciduomatal reaction was 
decreased after 600 r whole-body irradia­
tion. During pseudopregnancy, with stim­
ulation to form decidua, exposures of 200 
and 400 r reduced deciduomata responses. 
Deciduomata were induced in less than 
10% of the animals receiving 600 r; the 
value was not statistically reliable and was 
not included (table 4).

Postnatal growth of male offspring of 
group 1 control and irradiated animals is 
shown in figure 2. No treatment signifi­
cantly affected the rate of total body 
weight gain. Carcass nitrogen content,

TARLE 2
Food intake and weight gain during pregnancy

Treatm ent 
dose 1

Litter
size

Food
intake

B ody 
w t gain

9 9
Not pregnant — 356±  13 2 40 ± 4
Control 10-12 412±  13 3 120 ±  7 3
200 r 14-16 418 ± 13 3 123 ±  8 3
300 r 1-3 368 ±  11 103 ±  9 3
400 r 10-12 417±  12 3 133 ± 8  3
400 r 17-20 409 ± 1 3  3 142 ±  7 3
600 r 14-16 395 ± 1 2  3 103 ±  7 3

1 Ten animals per group.
2 Value ±  s e .
s Value significantly different from that for nonpregnant animals (P <  0.05).
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Fig. 1 Nitrogen and fat content of offspring of unirradiated and X-irradiated females. Vertical 
bars indicate standard error of the mean.

TABLE 3

Body weight and nitrogen content of male offspring of control and irradiated animals

Treatment1 Control 2 0 0  r  2 4 0 0  r  2 6 0 0  r 2 4 0 0  r  3

Litter size,
no. o f pups 1 0 - 1 2 1 4 - 1 6 1 7 - 2 0 1 4 - 1 6 1 0 - 1 2

Fetus wt, g 4 . 8 5  ±  0 . 1 7  4 4 . 6 8  ± 0 . 1 0 4 . 4 8  ± 0 . 1 8 4 . 6 5  ± 0 . 0 7 5 . 5 8  ± 0 . 0 6  5

Fetus dry wt, g 0 . 7 5 3  ± 0 . 0 3 7 0 . 7 3 7  ± 0 . 0 2 4 0 . 6 2 4  ±  0 . 0 3 2  6 0 . 6 3 0  ± 0 . 0 1 9  6 0 . 7 6 1  ± 0 . 0 3 8

Total fetus
nitrogen, mg 8 4 . 2  ± 4 . 1 7 6 . 2  ± 2 . 0 6 8 . 0  ± 3 . 5 “ 6 8 . 5  ± 0 . 8 “ 9 0 . 9  ± 1 . 8 7

1 N ine litters per group.
2 A dm inistered  4 days prior to con ception .
3 A dm inistered  30 days p rior to  con ception .
* M ean  ±  s e .
3 V alue sign ificantly  d ifferent from  con tro l (P <  0.011.
6 V alue s ign ificantly  d ifferent from  con trol CP <  0.05).
7 V alue s ign ificantly  d ifferent from  that fo r  400 and 600 r  anim als (P  <  0 .0 1 ).

body fat and dry weight at 100 days were 
slightly but significantly reduced only in 
young born of females given 600 r. Fat 
content of the offspring of mothers re­
ceiving 200 r was significantly greater than 
that of controls (table 5).

DISCUSSION

Irradiation prior to mating altered the 
nitrogen content of the conceptus in two 
groups of animals. Whether the nitrogen 
deficit was general, or localized to specific 
sites or organ systems of fetus, was not
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TABLE 4
Nitrogen content of the uterus in pseudopregnancy following irradiation 

with and without deciduomata

Treatment1 Control 200 r 400 r 600 r

Pseudopregnancy2
mg

9 .3 0 ± 0 .6 7 3
mg

9.84 ±0.09
mg

7.52 ±0 .72
mg

6.27±0.18 5
Pseudopregnancy

with deciduomata 2'4 38.4 ±2 .7 29.0 ± 2 .5  5 23.4 ± 4 .4  5 —
1 Eight animals per group.
2 Determined 8 days after irradiation.
3 Mean +  se .
4 Uterus traumatized on day 5 following irradiation.
5 Value significantly lower than control (P <  0.05).

3 0 0 -
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100-

mean 
litter size

•  CONTROL II
o 2 0 0  R 15
û 3 0 0  R 2
x 4 0 0  R a II
® 4 0 0  R 18 M
□ 6 0 0  R 15

a) Litter size varied with time of irradiation
Standard errors for all groups. 
Values are not significantly different.
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Fig. 2 Postnatal growth of male pups from unirradiated and X-irradiated females.

TABLE 5
Body composition of male offspring at 100 days of age

Preconception 
whole-body 
irradiation *

Dry wt Body fat Body nitrogen

9 9 9
Control 116.9±2,0 2 34.4 ±1 .9 10.77 ±0 .08
200 r 126.7 ± 3 .2 48.3 ± 3 .4  3 10.28 ±0.39
300 r 112.8±4.7 36.1 ± 3 .3 10.13 ±0.28
400 r 4 121.9±3.6 41.1 ± 2 .7 10.24 ±0.23
400 r 5 123.6 ±2 .3 36.3 ±2 .0 10.90 ±0.34
600 r 102.9 ±2 .1  3 28.0 ±  1.0 3 9.83 ±0.14 3

1 Ten animals per group.
2 Value ±  se .
3 Value significantly different from control (P <  0.05).
4 Irradiation 1.5 days prior to conception.
3 Irradiation 4 days prior to conception.
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determined. Differences in body composi­
tion were not present in the 14-day-old 
fetuses but may be undetectable at this 
time.

Radiation per se, rather than the size 
of the litter, appeared to be the factor 
responsible for the reduction in fetal ni­
trogen accumulation. Radiation doses of 
400 r given at times that yielded Utters of 
either 10 or 18 exerted the same effect on 
fetal nitrogen content. In addition, con­
trol animals receiving zero and those ad­
ministered 400 r 2 days prior to estrus, 
and those receiving 200 and 600 r had 
comparable litter sizes (table 1), but ni­
trogen contents of newborns were related 
to the radiation dose administered to the 
mother and not to litter size. A threshold 
for this effect on fetal growth appeared 
to exist above 200 r; at exposures of 400 
r, the effect was maximal.

Preconceptional irradiation stunting of 
fetal growth could be produced via ge­
netic changes in the oocyte, modification 
of maternal environment, or both. Investi­
gations by others provide support for all 
of these possibilities. Maternal irradiation 
induced morphological changes in the 
oocyte (3, 8-11). The appearance of micro­
nuclei, assumed to represent chromosomal 
fragmentation, supports the contention 
that genetic damage, sometimes leading 
to lethal mutations, results. Inhibition of 
mitosis is known to follow irradiation (11, 
12), and uterine responses to pseudopreg­
nancy have been shown by data presented 
here and by work of others 10 (13) to be 
depressed. In the hamster, changes in the 
oviducts and uterus persist several months 
following irradiation (14). Transplanta­
tion of mammalian ova revealed both 
oocyte damage (15-17) and maternal dys­
function 11 (18, 19) as contributing factors 
in the embryonal mortality associated with 
irradiation.

The data presented here, plus that of 
others (14) of the effect of irradiation on 
reproductive structures, suggests that ma­
ternal damage must be a major factor in 
fetal stunting.

The nitrogen content of offspring of 
animals conceiving 30 days after irradia­
tion was not different from that of controls. 
The effect of irradiation on fetal nitrogen 
accumulation persisted for less than 4

186

weeks. The increased water content (total 
body weight — dry weight) (table 3) of 
these offspring may reflect a different and 
more permanent change induced by irradi­
ation.

The observation that body solids, nitro­
gen and fat content at 100 days are 
slightly but significantly lower in offspring 
of animals that received 600 r suggests 
that this dosage of irradiation may per­
manently affect the growth potential of 
the embryo. The l d 50 for rats under ex­
perimental conditions employed is about 
750 r and 600 r approaches this value. 
As all animals employed in the postnatal 
growth study were fostered by unirradiated 
controls, this effect is probably attributable 
to the effects of irradiation of the natural 
mother prior to conception. It would be 
of interest to determine whether stunting 
induced by preconception radiation is 
similar to that produced by other means 
( 20, 21 ).

In the rat, unlike other species (22-24), 
an inverse relationship between litter size 
and birth weight is uncertain (25), but 
Huggett and Widdas (26) found no signifi­
cant relation between these two factors. 
The experiments reported here indicate 
that litter size as modified by irradiation 
does not influence fat accumulation by the 
fetus. When fitter size was modified by 
preconceptional irradiation, nitrogen accre­
tion also appeared to be independent of 
the number of offspring present in the 
uterus.

Fetal growth is influenced by many gen­
etic and environmental factors. Among 
others, maternal size, parity and nutrition 
have all been shown to influence birth 
weight (27). These studies show that fetal 
growth can even be interfered with by an 
environmental factor applied prior to con­
ception itself. It is of special interest that 
at lower doses the fetal stunting is reversi­
ble, above this it is not, at least up to 100 
days after birth. Species specificity, time 
that irradiation effect persists, recovery 
time postnatally, and effect of additional 
environmental factors on irradiation-in­
duced fetal stunting remain to be estab­
lished.

10 Ketchel, M. M., M. Wilson and E. Babas 1968 
personal communication.

11 Iaschenko, Z. F. 1961 Nucl. Sci. Abstr., 15; 
2521.
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Hepatic ATP and Triglyceride Levels in Choline-deficient Rats with and without Dietary
Orotic Acid Supplementation 1
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ABSTRACT Hepatic ATP depletion is probably important in the pathogenesis of 
the experimental fatty livers produced by orotic acid and several other agents that 
inhibit hepatic lipoprotein production. Because choline deficiency also impairs lipo­
protein production, we have investigated the role of ATP depletion in this condition. 
Rats fed a choline-deficient diet for 5 days had no change in hepatic ATP despite a 
30-fold increase in triglycerides. Furthermore, adenine sulfate, an ATP precursor, 
failed to influence the degree of lipid accumulation when added to the diet. In con­
trast, adding 1% orotic acid to a choline-supplemented diet for 5 days produced a 
50% fall in ATP along with a sevenfold increase in hepatic triglycerides, and 0.25% 
dietary adenine sulfate completely prevented both these effects. A previously reported 
protective effect of orotic acid in choline deficiency was confirmed by the fact that 
choline-deficient rats fed orotic acid had about 50% lower hepatic triglyceride levels 
than those not given this agent. Despite this, orotic acid lowered ATP in choline- 
deficient animals equally as well as in choline-supplemented animals. These results 
indicate that unlike the lipid accumulation induced by orotic acid, the fatty liver of 
choline deficiency is not related to hepatic ATP depletion. The paradoxical protective 
effect of orotic acid in choline deficiency appears to be independent of its influence 
on ATP.

Low hepatic adenosine triphosphate 
(ATP) levels occur in the experimental 
fatty livers produced by a variety of agents, 
including orotic acid (1, 2), ethionine (3,
4), CC14 (4, 5), azaserine (4), phosphorus
(6) and L-tryptophan (7). After orotic 
acid or ethionine, the drop in ATP precedes 
triglyceride accumulation (2, 3), implying 
a pathogenetic relationship. Furthermore, 
giving either ATP or its precursor, adenine 
sulfate, prevents not only the fall in ATP 
(1-4) but the fatty liver as well (3, 4, 
8, 9). With the other agents it has not been 
established if low hepatic ATP precedes 
fat accumulation or merely accompanies 
it. The fatty livers produced by orotic acid, 
ethionine, CCh and phosphorus are also 
each associated with defective formation 
or release of lipoproteins by the liver (9-
14). Thus, the common link in these con­
ditions could be a lack of high energy phos­
phate associated with the depletion of ATP, 
resulting in impaired lipoprotein produc­
tion.

Current evidence indicates that the fatty 
liver of choline deficiency also is due to 
impaired lipoprotein synthesis or release

(15-17), but the possible role of ATP de­
pletion in its pathogenesis is not known. 
Therefore, we have measured the changes 
in hepatic ATP and triglyceride levels pro­
duced by feeding a choline-deficient diet, 
and have assessed the influence of adenine 
sulfate on these changes. In addition, be­
cause orotic acid has recentiy been shown 
to paradoxically diminish the accumulation 
of hepatic fat in choline-deficient animals 
(18, 19), we have also studied the rela­
tionship between this effect of orotic acid 
and its ability to deplete ATP.

MATERIALS AND METHODS

The choline-deficient diet consisted of 
6% vitamin-free casein, 25% alcohol- 
extracted peanut meal, 43% sucrose, 20% 
lard, 5% salt mix and 1% vitamin mix. 
Details of its composition have previously 
been published (20).

We used eight experimental diets, as 
follows: CD diet, choline-deficient diet 
alone; CS diet, CD diet supplemented with * i

R eceived  fo r  pu b lica tion  F ebruary 13, 1969.
i Supported by N ationa l Institutes o f  H ealth  R e­

search Grant no. AM  05966-06 and T ra in in g  Grant no. 
A M  05180-09.
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0.5% choline chloride; CD + Ad diet, CD 
diet supplemented with 0.25% adenine 
sulfate; CS + Ad diet, CS diet supplement­
ed with 0.25% adenine sulfate; CD + OA  
diet, CD diet supplemented with 1 % orotic 
acid; CS + OA diet, CS diet supplemented 
with 1% orotic acid; CD + OA + Ad diet, 
CD diet supplemented with both 1 % orotic 
acid and 0.25% adenine sulfate; and CS 
+ OA + Ad diet, CS diet supplemented 
with both 1% orotic acid and 0.25% ade­
nine sulfate.

Male rats of the Sprague-Dawley strain,2 
weighing 38 to 50 g, were fed a laboratory 
ration 3 for 3 days before being placed on 
the experimental diets. They were housed 
individually and allowed food and water 
ad libitum. Body weight and food intake of 
each animal were recorded. All rats were 
killed after being fed the experimental 
diets for 5 days; earlier experiments have 
shown that if longer periods are used he­
patic triglyceride levels may be influenced 
by the development of acute renal necrosis 
( 2 0 ).

We first measured hepatic ATP levels in 
animals fed the CD diet; rats given the CS 
diet and others fed the laboratory ration 
served as controls. To study the influence 
of orotic acid and adenine sulfate on ATP, 
other groups of animals were fed the CD 
+ OA, CD + OA + Ad, CS + OA and CS 
+ OA + Ad diets, respectively. Livers were 
prepared for ATP assay by a modification 
of the method of Hyams et al. (4). The 
animals were decapitated and about 0.6 to 
0.8 g of liver was removed; it was weighed 
and homogenized for 30 seconds with 5 ml 
ice-cold 0.1 m  NaF in a microblender.1 The 
homogenate was then transferred into ap­
proximately 30 ml boiling water. Total 
time from removal of the liver to transfer 
of the homogenate was about 75 seconds. 
The mixture was boiled for 20 minutes, 
cooled, and brought to a volume in milli­
liters equal to 50 times the original weight 
of the liver specimen in grams. After cen­
trifugation, the supernatant solution was 
assayed for ATP using the luciferin-lucifer- 
ase method (21). In preliminary experi­
ments this technique yielded approximately 
95% recovery of known amounts of ATP. 
Duplicates usually agreed within 3%.

Other animals were used to study the 
effects of adenine sulfate and orotic acid

on the triglyceride accumulation of cho­
line deficiency. Weight-matched groups of 
rats were each fed one of the eight experi­
mental diets for 5 days. The animals were 
decapitated and their livers homogenized 
with distilled water (1:3, w/v) in a micro- 
blender.5 Duplicate aliquots of the fresh 
homogenate were assayed for triglycerides 
by the method of Butler et al. (22). Re­
sults were compared with those obtained 
in animals fed the laboratory ration and 
killed at the beginning of the experimen­
tal period.

The statistical significance of differences 
between groups was calculated by the 
paired t test (23).

RESULTS
As indicated in table 1, the choline-defi­

cient diet had no effect on hepatic ATP 
concentration after 5 days of feeding (CD 
group). In contrast, 1% dietary orotic acid 
produced a marked fall in ATP in both 
choline-supplemented (CS + OA group) 
and choline-deficient (CD + OA group) 
rats. Equivalent decreases of about 50% 
occurred in both these groups of animals, 
indicating that choline deficiency did not 
influence the ability of orotic acid to de­
press ATP concentration. Dietary supple­
mentation with 0.25% adenine sulfate 
completely prevented this effect of orotic 
acid, both in animals that were not cho-

TABLE 1
Effect of choline deficiency, orotic acid and 

adenine sulfate on hepatic ATP levels 
after 5 days of feeding

Dietary group 1 Hepatic ATP 2

Laboratory chow

fimoles/g wet 
wt liver 

1.228 ±0.144
CS 1.306±0.070
CD 1.235 ±0.051
CS +  OA 0.612± 0.076 3
CD +  OA 0.642 ±0.105 4
CS +  OA +  Ad 1.115 ±  0.152
CD +  OA +  Ad 1.265 ±0.071

1 See M aterials and M ethods fo r  exp lanation . E ach  
group consisted  o f  s ix  anim als.

2 M ean ±  SD .
s P <  0.001 com p ared  w ith  CS group.
4 P <  0.001 com p ared  w ith  CD group.

2 C harles R iver B reeding L aboratories, W ilm in gton ,
M ass.

3 P urina  L aboratory C how , R alston  P urin a  Com ­
p any, St. L ou is, Mo.

4 W arin g  B lendor, W arin g  Products C om pany, W in - 
sted, Conn.

s See footn ote  4.
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line-deficient (CS + OA + Ad group) and 
in those that were (CD + OA + Ad group).

Table 2 summarizes the hepatic triglyc­
eride concentrations. Food intake and 
weight gain over the 5-day period were 
similar in each group of animals, agreeing 
within 10%. Rats on the choline-supple­
mented diet (CS group) maintained he­
patic triglycerides at the same level as con­
trols fed laboratory ration. Choline defi­
ciency (CD group) caused about a 30-fold 
increase in triglycerides, and the degree of 
hpid accumulation was not influenced by 
adenine sulfate (CD + Ad group). On the 
other hand, orotic acid (CS + OA group) 
produced only a sevenfold increase in tri­
glyceride levels, but this was completely 
prevented by adenine sulfate (CS + OA + 
Ad group). When orotic acid was added to 
the choline-deficient diet (CD + OA group), 
triglycerides rose to only about one-half the 
level produced by choline deficiency alone; 
this effect of orotic acid was partially nul­
lified by adenine sulfate (CD + OA + Ad 
group).

DISCUSSION
This study indicates that unlike orotic 

acid-induced fatty liver, the lipid accumu­
lation of choline deficiency is not asso­
ciated with ATP depletion. Orotic acid pro­
duced a low hepatic ATP level and an 
increase in hepatic triglycerides; dietary 
adenine sulfate prevented both these ef­
fects, confirming previous observations

(1, 2, 8, 9). In contrast, 5 days of choline 
deficiency had no effect on hepatic ATP 
concentration despite the fact that it pro­
duced a much greater increase in triglycer­
ides than orotic acid, nor did adenine 
sulfate influence the degree of lipid accu­
mulation. In the only previous study on 
this point, Dianzani (6) found a modest 
decrease in hepatic ATP after 1 week of 
choline deficiency and a greater decrease 
after 5 to 6 weeks. ATP depletion is clearly 
not of primary pathogenetic importance in 
choline deficiency, however, since it does 
not p reced e an increase in triglycerides.

This finding is somewhat unexpected 
since deficiency of ATP accompanies sev­
eral other experimental fatty livers due to 
impaired lipoprotein formation or release. 
Low ATP levels occur in the fatty livers 
produced by ethionine (3, 4), CCL (4, 5) 
and phosphorus (6) as well as orotic acid, 
suggesting that depletion of high energy 
phosphate may be responsible for the 
defective lipoprotein production in each 
of these conditions. This possibility is 
strengthened by the fact that, at least in 
the case of orotic acid and ethionine, ATP 
depletion occurs before triglycerides begin 
to accumulate (2, 3), and giving ATP or 
adenine sulfate prevents the fatty infiltra­
tion as well as the fall in ATP (1-4, 8, 9).

Production of lipoproteins by the liver 
is a complex process, however, involving 
synthesis of the protein moiety (apopro­
tein); coupling of apoprotein with triglyc-

TABLE 2
Effect of choline deficiency, orotic acid and adenine sulfate on hepatic 

triglyceride levels after 5 days of feeding

Dietary 
group 1 Food

intake
Body wt 

Initial Gain
Hepatic 

triglycerides 2

9 9 fimoles/g wet
wt liver

Base-line chow — 56 — 7.3 ±  1.0
CS 49 57 25 7.4 ±  1.7
CS +  Ad 47 56 26 11.5 ±  4.3
CD 48 56 26 210.1 ±49 .3  3
CD +  Ad 48 57 24 211.7 ±  34.5
CS +  OA 47 55 27 49.9 ±29 .2  4
CS +  OA + A d 45 56 26 7.1 ±  1.5
CD +  OA 47 55 25 101.6 ±  14.2 5
CD +  OA +  Ad 45 55 26 159.2±43.7 6

1 See M aterials and M ethods fo r  exp lanation . E ach  group con sisted  o f  s ix  anim als.
2 M ean ±  s d .
3 P  <  0.001 com pared  w ith  CS group.
4 P  <  0.01 com pared  w ith  CS group.
5 P  <  0.001 com p ared  w ith  CD group
B P  <  0.05 com p ared  w ith  CD — OA group , hut n ot s ign ificantly  d ifferent fro m  CD group.
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erides, phospholipids and cholesterol; and 
transfer of the assembled lipoprotein into 
plasma. Little is known about how this 
process is accomplished, and it is possible 
that ATP is necessary at some stages but 
not at others. If so, then choline deficiency 
might impair a step not requiring high en­
ergy phosphate. Choline deficiency, more­
over, probably curtails phospholipid synthe­
sis (24), which could prevent lipoprotein 
production by causing general injury to 
phospholipid-containing organelles as well 
as by impairing a specific step in lipo­
protein formation. Lombardi and Oler (16) 
have recently found that choline-deficient 
rats injected with 14C-leucine have a low 
specific activity of not only their plasma 
lipoproteins but also of albumin and total 
nonlipoprotein proteins, indicating that the 
defect in choline deficiency may indeed 
not specifically involve lipoprotein produc­
tion.

The present study also suggests that 
the beneficial influence of orotic acid on 
the fatty liver of choline deficiency is 
not due to its effect on hepatic ATP. A 
specific interrelationship between orotic 
acid and choline was not suspected until 
Porta et al. (18) recendy discovered that 
orotic acid paradoxically decreased hepatic 
lipid accumulation in choline-deficient rats. 
In the present study 5 days of orotic acid 
feeding diminished hepatic triglycerides 
in choline-deficient animals by approxi­
mately 50%, even though it increased tri­
glycerides sevenfold in choline-supple­
mented rats; yet in both groups of animals 
orotic acid caused equivalent decreases in 
hepatic ATP. Moreover, in choline-defi­
cient rats fed orotic acid, adenine sulfate 
prevented the fall in ATP even though tri­
glyceride levels actually increased. These 
effects of orotic acid cannot be due to a 
“pseudolipotropic” artifact from reduced 
calorie intake (25) because the weight 
gain and food intake of our various experi­
mental groups were similar. The data sug­
gest that the protective effect of orotic acid 
in choline deficiency is unrelated to its in­
fluence on ATP, and also provide further 
evidence that lipid accumulation in choline 
deficiency is not due to ATP depletion. 
Orotic acid may somehow spare the total 
body choline requirement rather than have 
a specific action on the liver, since it also

protects against the kidney lesion of cho­
line deficiency (19).
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Dietary-induced Depletion and Repletion of 
Avian Liver Xanthine Dehydrogenase 1,2

R. W. SCHOLZ 3 a n d  W. R. FEATHERSTON
Department of Animal Sciences, Purdue University, Lafayette, Indiana

ABSTRACT Changes in body weight, liver weight, liver nitrogen, liver xanthine 
dehydrogenase (XDH ) and plasma uric acid levels were studied in chicks previously 
fed a diet containing 25% (control) or 75% isolated soybean protein, and subsequently 
starved or fed a protein-free diet from 1 to 4 days. The influence of realimentation of 
the two diets following periods of starvation or the feeding of the protein-free diet was 
also studied. A close relationship between the increases in XDH activity and plasma 
uric acid was observed during adaptation of chicks to the high protein diet. A 70% 
increase in total liver XDH activity was observed 12 hours after the initiation of the 
high protein diet. The increase in liver XDH activity was essentially linear the first 
2 days, at which time a maximal response to the high level of dietary protein was 
observed. Body weight, liver weight and liver nitrogen decreased in control chicks from 
the beginning of the fasting period, whereas liver XDH activity did not begin to de­
crease until after 24 hours. Plasma uric acid levels gradually increased throughout the 
fasting period. These results were in contrast to the concomitant depressions in liver 
XDH activity and plasma uric acid observed during the first 24 hours of the fast in 
chicks adapted to the high protein diet. Both groups of chicks exhibited increased liver 
weights, and decreased liver nitrogen, XDH activity and plasma uric acid following 
the consumption of the protein-free diet from 1 to 4 days. A larger increase in XDH 
activity was noted in chicks fed the protein-free diet than in fasted chicks following 
the re alimentation of the high protein diet, whereas the increases were of a similar 
magnitude when the control diet was refed. The different metabolic influences exerted 
by the consumption of a protein-free diet and by starvation on the parameters studied 
are discussed.

The effect of alterations in dietary pro­
tein intake for limited periods on avian 
liver xanthine dehydrogenase (XDH) ac­
tivity has been previously reported (1). 
Feeding a diet devoid of protein for 24 
hours resulted in a significant reduction 
in total liver xanthine dehydrogenase ac­
tivity. Feeding a diet containing 75% iso­
lated soybean protein greatly enhanced 
total liver xanthine dehydrogenase activity 
as compared with control chicks fed a diet 
containing 25% isolated soybean protein. 
A 24-hour fast resulted in either the main­
tenance or reduction of total liver xanthine 
dehydrogenase levels depending on the pre­
vious level of dietary protein consumed by 
the chicks. In addition, a direct relation­
ship was observed between liver xanthine 
dehydrogenase activity measured in vitro 
and total uric acid excretion (2).

The results of these studies stimulated 
further interest in the time-course response 
of avian liver xanthine dehydrogenase to 
the effects of alterations in dietary protein 
intake. In the present series of experiments, 
chicks previously fed the control or high

protein diets were starved or fed a protein- 
free diet from 1 to 4 days. Changes in chick 
weight, liver weight, liver nitrogen, liver 
xanthine dehydrogenase, and plasma uric 
acid levels were observed during this time, 
and also following progressive re alimen­
tation of the control or high protein diets. 
In addition, a detailed study is presented 
on the time-course changes in liver xan­
thine dehydrogenase activity during a 10- 
day adaptation to the high protein diet.

EXPERIMENTAL
Anim als. In each of the experiments 

reported, 1-day-old White Rock cockerels 
were maintained in electrically heated 
batteries with raised wire floors and fed a 
diet containing 25% isolated soybean pro-
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tein for 10 days. At this time, one-half the 
chicks were transferred to a high protein 
diet containing 75% isolated soybean pro­
tein for periods of 4 to 10 days before 
initiation of the protein-free or starvation 
regimens; the remaining one-half were 
continued with the 25% isolated soybean 
protein diet. Details of each experiment will 
be described further in the text. Deionized 
water was provided ad libitum to all treat­
ment groups.

Diets. The 25% isolated soybean pro­
tein diet contained the following ingredi­
ents: (in grams per kilogram) isolated 
soybean protein, 250.0; glucose monohy­
drate, 587.39; soybean oil, 50.0; cellulose, 
30.0; mineral mixture (1), 60.48; vitamin 
mixture (1), 15.0; DL-methionine, 5.0; 
choline chloride (70% ), 2.0; and butyl- 
ated hydroxy toluene, 0.13. The 75% iso­
lated soybean protein diet contained three 
times the levels of isolated soybean pro­
tein and DL-methionine used in the 25% 
isolated soybean protein diet added at the 
expense of glucose monohydrate. The 
protein-free diet was identical to the 25% 
isolated soybean protein diet with the ex­
ception that all the protein and DL- 
methionine were replaced by glucose 
monohydrate. The protein content (N X  
6.25) of the 25 and 75% isolated soybean 
protein diets was 21.0 and 63.9%, re­
spectively.

Xanthine dehydrogenase assay. The 
preparation of liver samples and spectro- 
photometric measurements of XDH activity 
have been described previously (1). It was 
assumed that activators or inhibitors of 
the enzyme were not present since the 
measured activity of added amounts of 
enzyme preparation from any two treat­
ments whose initial activities differed 
greatly gave additive values.

Plasma uric acid assay. Blood was col­
lected in heparinized syringes by cardiac 
puncture before killing the animals. The 
plasma was separated by centrifugation 
and uric acid levels determined by the 
uricase method as described in a technical 
bulletin.4

N itrogen determ inations and statistical 
treatm ent o f data. Liver nitrogen was 
determined by the Kjeldahl method on 
duplicate samples of fresh liver. All data 
were analyzed by the analysis of variance 
with the Newman-Keuls test criterion

serving as the basis for mean comparisons
(3).

RESULTS
Trial 1. This study was designed to 

investigate the changes in avian liver xan­
thine dehydrogenase and plasma uric acid 
levels during a 10-day adaptation to a high 
protein diet. The results are illustrated in 
figure 1 and are in general agreement with 
those described previously (2). In the 
present study, however, more time inter­
vals were used to characterize the early 
response of xanthine dehydrogenase to a 
high level of dietary protein intake. Day 
zero of the experiment refers to 10-day-old 
chicks fed the control diet containing 25% 
isolated soybean protein. At this time, one- 
half the chicks were changed from the 
control diet to the high protein diet. 
Liver xanthine dehydrogenase activity and 
plasma uric acid levels were determined 
from six chicks fed either the high protein 
or control diets on each of the days indi­
cated in figure 1. Compared with the con­
trol value at day zero, a 70% increase in 
total liver xanthine dehydrogenase activity 
was observed 12 hours after the initiation 
of the high protein diet. The increase in 
enzyme activity in response to the high 
level of dietary protein was linear for the

Fig. 1 Changes in liver xanthine dehydrogen­
ase and plasma uric acid in chicks during ad­
aptation to a high protein diet. • ---------•  and
• ----------•  represent enzyme and plasma uric acid
values for chicks fed the control diet contain­
ing 25% isolated soybean protein, respectively.
A ---------A  and A ----------A represent enzyme and
plasma uric acid values for chicks fed the high 
protein diet, respectively.

4 Sigma Chemical Company, St. Louis, Tech. Bull, 
no. 680. 1965.
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first 2 days, at which time a maximal re­
sponse was observed. Enzyme activity ex­
pressed on a body weight basis decreased 
at day 3 but remained at levels approxi­
mately threefold higher than those for 
control chicks during the remainder of the 
experiment.

The changes in plasma uric acid levels 
generally corresponded to the changes in 
liver xanthine dehydrogenase activity, al­
though the increase in plasma uric acid 
after feeding the high protein diet for 12 
hours was proportionally greater than the 
increase in enzyme activity during this 
time. The peak in plasma uric acid corre­
sponded with the peak in liver xanthine 
dehydrogenase activity observed at day 2 
of the experiment. As was observed for 
liver xanthine dehydrogenase, plasma uric 
acid levels did not differ appreciably 
throughout the experiment for chicks fed 
the control diet containing 25% isolated 
soybean protein.

Trial 2. In this study, changes in chick 
weight, liver weight, liver nitrogen, liver 
xanthine dehydrogenase, and plasma uric 
acid were observed in 1) chicks starved 
for 24 or 48 hours, 2) chicks fed a diet 
devoid of protein for 24 or 48 hours, 3) 
chicks starved or fed the protein-free diet 
for 48 hours and subsequently refed the 
high protein diet for 1, 2 or 4 days, and
4) chicks fed the protein-free diet for 48 
hours and subsequently starved for 1, 2 
or 4 days. The control data (treatment 1) 
are for chicks fed the high protein diet ad 
libitum for 4, 7 and 10 days. These time 
intervals correspond, within 1 day, to the 
24, 48 and 96 “hours of treatment” listed 
for treatments 2 through 6, respectively. 
All 1-day-old chicks were fed initially a diet 
containing 25% isolated soybean protein 
for 10 days and then offered the high pro­
tein diet ad libitum for 4 days prior to star­
vation or feeding the protein-free diet. The 
results of this study are presented in tables 
1 and 2.

The changes observed in liver weight and 
liver nitrogen (table 1) resulting from 
starvation or the consumption of a protein- 
free diet are similar to those observed 
previously (1). Compared with ad libitum 
values, significantly (P < 0.05) smaller 
relative liver weights were observed in 
starved chicks, whereas significantly (P < 
0.05) larger weights were noted in chicks

fed the protein-free diet. The loss of total 
fiver nitrogen following starvation com­
pared with that following the consumption 
of the protein-free diet was not statistically 
significant (P > 0.05). For the refed chicks 
previously starved or fed the protein-free 
diet for 48 hours, relative fiver weight and 
fiver nitrogen were not significantly dif­
ferent from the control values within 48 
hours of dietary protein repletion. There 
was additional liver nitrogen depletion in 
starved chicks previously fed the protein- 
free diet (treatment 6).

The effects of the treatments described 
on fiver xanthine dehydrogenase and 
plasma uric acid are shown in table 2. Com­
pared with control values, starving or 
feeding chicks a diet devoid of protein for 
1 or 2 days significantly reduced total fiver 
xanthine dehydrogenase levels. The reduc­
tion in xanthine dehydrogenase observed 
for chicks fed the protein-free diet was 
significantly greater than that observed for 
the starved chicks. The response of fiver 
xanthine dehydrogenase to dietary protein 
repletion was greater for chicks that were 
previously fed the protein-free diet (treat­
ment 5) than for chicks that were pre­
viously starved (treatment 4). Data for 
the starved chicks previously fed the 
protein-free diet (treatment 6) indicated 
a further loss of xanthine dehydrogenase 
activity compared with chicks fed the 
protein-free diet for 48 hours.

The changes in plasma uric acid levels 
as a result of the dietary alterations in 
protein intake generally reflect the changes 
in fiver xanthine dehydrogenase activity. 
This statement, however, is subject to cer­
tain limitations. As shown in table 2, an 
inverse relationship between plasma uric 
acid levels and enzyme activity was ob­
served for chicks starved for 24 hours 
versus chicks starved for 48 hours. A simi­
lar inverse relationship was observed for 
chicks fed the protein-free diet for 24 and 
48 hours. It is suggested that these differ­
ences represent alterations in the degree 
of endogenous amino acid catabolism, and 
that physiological levels of xanthine de­
hydrogenase are normally present in excess 
of those required from a functional stand­
point. For the situations described this 
would be independent of activation of 
enzyme already present since absolute
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TABLE 2

Effect o f dietary protein depletion and repletion on avian liver xanthine dehydrogenase
and plasma uric acid (trial 2)

Treatment 1>2 Hours of 
treatment Xanthine dehydrogenase activity 3 Plasma 

uric acid
units/g units/100 g units/100 mg mg/100 mlliver body wt liver N

1 (Control, 75% Day 4 4 1.57±0.13 6.6±0.36 4.7 ±0.33 19.3± 1.8
isolated soy Day 7 4 1.48 ±0 .08 5.9 ±0.28 4.4 ±0 .26 16.6±0.9
protein ad 
libitum )

Day 10 4 1.58 ±0 .04 5.8±0.17 4.6 ±  0.10 17.8 ±0 .9

2 ( Starved 24 1.23 ±0.05 3.5 ±  0.19 * 3.6 ±  0.18 * 9 .7±0 .8  *
groups ) 48 1.15±0.07 2 .7 ±  0.15 * 3 .2 ± 0.18 * 13.6 ±  1.2

3 (Protein-free 24 0.57 ±0 .07  * 2.8 ±0 .24 * 2.7 ±0.28 * 2.2 ± 0 .2  *
groups) 48 0.30 ±0.01 * 1.5 ±0 .09 * 1.6±0.08 * 2.7 ± 0 .2  *

4 ( Starved group 24 0.88 ±0 .08 * 3.5 ±  0.39 * 2.9 ±0 .29 * 22.8 ±0 .3
(48 hours) 48 1.39 ±  0.12 5.4 ±  0.51 4 .0 ±  0.31 16.4 ±  1.1
refed high 
protein diet)

96 1.32 ±0 .07 5.0 ±0.43 3.9 ±0.23 15.9± 1.3

5 (Protein-free 24 0.68 ±0 .05 * 3.0 ±0 .36 * 2.3±0.19 * 14.2± 1.1
group (48 48 1.36 ±0.07 6.0 ±0.34 4.1 ±0.26 17.8 ±0 .5
hours ) refed 
high protein 
diet)

96 1.76 ±0.11 7.1 ±$.58 * 5.1 ±0.34 17.1 ±  0.8

6 (Protein-free 24 0.30 ±0 .03  * 0.9 ±0.08 * 1.0 ±  0.09 * 9 .0 ±  1.3 *
group (48 48 0.29 ±0.01 * 0.7±0.05 * 0.9 ±0 .06 * 5.5 ± 0 .5  *
hours) starved) 96 0.31 ±0 .02  * 0 .7±  0.04 * 1.0 ±  0.05 * 5.5 ± 0 .6  *

1 Ten-day-old chicks previously fed a diet containing 25% isolated soybean protein were adapted to the 75% 
isolated soybean protein diet for 4 days prior to starvation or feeding the protein-free diet.

2 Values represent means ±  s e  of six observations each.
3 One unit represents enzyme activity catalyzing the reduction of 1 ¿¿mole NAD/minute at 25°.
4 Chicks in these groups remained on ad libitum feeding of the high protein diet for 4, 7 and 10 days and 

were killed at time intervals corresponding, within 1 day, to the 24, 48 and 96 “hours of treatment” listed 
for treatments 2 through 6, respectively.

* Significantly differs from appropriate control value. P <  0.05.

levels of liver xanthine dehydrogenase were 
reduced.

Trial 3. This experiment was similar 
to trial 2 with the exception that chicks 
adapted to the control diet were studied 
rather than chicks adapted to the high 
protein diet. In this study, 10-day-old 
chicks that were fed the 25% isolated soy­
bean protein diet were also 1) starved or 
fed a diet devoid of protein for 1 to 4 days, 
and 2) refed the control diet for 1 to 6 
days following 2 days of starvation or 
protein-free intake. The results of this study 
are shown in tables 3 and 4. Treatment 
means were compared with the control 
values for the same day of the experiment.

As was shown previously in trial 2 with 
chicks adapted to a high protein diet, 
starving chicks that were originally fed a 
diet containing 25% isolated soybean pro­
tein resulted in a significant decrease in 
relative liver weight (table 3). The decrease

in liver nitrogen on a body weight basis was 
proportionally not as great, however, as 
that observed in trial 2. Compared with 
control values, feeding a protein-free diet 
generally resulted in an increase in relative 
liver weight and a decrease in total liver 
nitrogen. Chicks that were starved for 48 
hours and then refed the control diet ex­
hibited increases in relative liver weights 
after 24 hours which were double those 
of chicks that had been starved for 48 
hours. This represented an absolute in­
crease of approximately 9 g.

The response of liver xanthine dehydro­
genase and plasma uric acid to the treat­
ments described is presented in table 4. 
Unlike the effect of a 24-hour starvation 
period in chicks previously adapted to the 
high protein diet (table 2), in which case 
total xanthine dehydrogenase levels were 
decreased significantly, absolute levels of 
this enzyme were not changed during a
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TABLE 4
Changes in avian liver xanthine dehydrogenase and plasma uric acid following periods 

of dietary protein depletion and repletion (trial 3)

Treatment 1>2 Day of 
exp. Xanthine dehydrogenase activity 3 Plasma 

uric acid
units/g 

liver
units/100 g 

body zut
units/100 mg 

liver N mg/100 ml

1 (Controls, 25% 0 0.66 ±0 .07 2.9 ±0 .3 2 .6 ±  0.3 —

isolated soybean l 0.64 ±0 .07 2.9 ±0 .3 2.5 ±0 .3 5.5 ± 0 .7
protein ad libitum 2 0.62 ±0 .05 2.9 ±0 .3 2.4 ±0 .2 5 .2±  0.7

3 0.68 ±0.02 2.9 ± 0 .2 2.6 ±0 .1 7.5 ±0 .6
4 0.72 ±0.02 2.8 ±0 .2 2.7 ±0 .1 7.7 ±  0.5
6 0.64 ±0 .06 2.7 ±  0.2 2.3 ±0 .2 6.8 ±0 .6
8 0.54 ±0 .07 2.2 ±0 .2 1.8 ±  0.3 7 .0 ±  1.1

2 (Starved groups) 1 0.93 ±0 .07  * 3.0 ±0 .1 2.9 ±0 .2 5.1 ± 0 .3
2 0.69 ±0.04 2.0±0.1  * 2.1 ±  0.1 6 .0 ±  0.3
3 0.61 ±0.06 1.5 ± 0 .2  * 1.8 ±0 .2  * 6.2 ±0 .5
4 0.47 ±0 .04 * 1.0±0.1 * 1.4 ±  0.1 * 8.8 ± 1 .0  *

3 (Protein-free 1 0.38 ±0 .04 * 1.6±0.2 * 1 .7±0.2 * 2.4 ± 0 .6  *
groups ) 2 0.17 ±  0.02 * 1.0 ±  0.2 * 1.0 ±  0.2 * 2.5 ± 0 .2  *

3 0.08 ±0.01 * 0.5 ±  0 * 0.5 ±  0 * 3 .0 ± 0.4 *
4 0.05 ±0.01 * 0.3 ±  0 * 0.3 ± 0  * 2.8 ± 0 .5  *

4 ( Starved group ( 48 3 0.29 ±0 .04 * 2.0 ±0 .3  * 1 .6 ± 0.2 * 9 .0 ± 0.4 *
hours) refed control 4 0.53 ±0 .06 * 2.8 ± 0 .4 2 .0 ± 0.3 * 7.8 ±  0.3 *
diet) 6 0.57 ±0 .05 2 .3±0 .2 2 .0 ±  0.2 5.5 ±0 .7

8 0.54 ±0.03 1.9±0.1 1.9±0.1 5.4 ± 0 .5

5 (Protein-free 3 0.16±0.03 * 0.8 ± 0 .2  * 0.6±0.1  * 6 .6 ±  0.6
group (48 hours) 4 0.38 ±0 .04 * 1.7 ±  0.3 * 1.4±0.2  * 6.0 ±0 .9
refed control diet) 6 0.41 ±0.01 * 1.5 ±  0.1 * 1.4 ± 0 .4  * 5.5 ±0 .4

8 0.40 ±0 .03 * 1.4 ±0 .1  * 1.4 ±  0.1 5.8 ± 0 .6
1’Z See table 3, footnotes 1 and  2.
3 One un it represents enzym e activ ity  ca ta lyzin g  the redu ction  o f  1 /¿mole N A D /m in u te  at 25°. 
* S ign ificantly  d iffers  fro m  appropriate con trol va lue, P <  0.05.

similar starvation period in chicks origi­
nally fed a diet containing 25% isolated 
soybean protein. After the initial 24 hours 
of starvation, however, total enzyme levels 
were reduced. These changes generally 
coincide with the loss of total liver nitro­
gen. Compared with control values, liver 
xanthine dehydrogenase activity was sig­
nificantly lower on each day of the ex­
periment for chicks fed the protein-free 
diet. These data suggest that during periods 
of protein-free intake, liver xanthine de­
hydrogenase protein is depleted at a rate 
greater than the loss of total liver protein. 
Refeeding the control diet to chicks that 
were previously starved or fed the protein- 
free diet resulted in increases in total xan­
thine dehydrogenase levels which were of 
much smaller magnitude than observed 
previously when a higher level of dietary 
protein was fed (trial 2).

In general, plasma uric acid levels were 
not changed appreciably in the starved 
chicks compared with chicks fed the 25%

isolated soybean protein diet ad libitum. 
Plasma uric acid levels of chicks fed the 
protein-free diet were significantly lower 
than the corresponding control values 
throughout the experiment. Plasma uric 
acid levels were significantly higher than 
the control values the first 2 days of re­
feeding the starved chicks, whereas they 
were similar to control values throughout 
the refeeding period in chicks previously 
fed the protein-free diet.

DISCUSSION

Starvation or the consumption of pro­
tein-free or low protein diets results in a 
decrease in tissue protein, although each 
method of protein depletion may affect the 
tissue levels of specific enzymes in different 
ways. In the present studies with chicks, 
feeding a protein-free diet for 1 to 4 days 
resulted in a greater loss of liver xanthine 
dehydrogenase activity than did fasting for 
similar periods. Unlike the response of 
urea cycle enzymes in rat liver (4), it
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appeared that avian liver xanthine dehy­
drogenase was not maintained, or in­
creased, during progressive starvation. 
During the first 24 hours of starvation, 
however, total xanthine dehydrogenase 
levels of chicks previously fed a diet con­
taining 25% isolated soybean protein were 
not changed. Similar results have been re­
ported by Stirpe and Della Corte (5) and 
Della Corte and Stirpe (6) for starved 
chicks originally fed an enriched 25% 
casein diet. This effect is in contrast to a 
significant reduction in total xanthine de­
hydrogenase after 1 day of starvation in 
chicks previously fed a diet containing 
75% isolated soybean protein.

Two explanations may be suggested for 
the difference in response of liver xanthine 
dehydrogenase to starvation, depending 
upon whether the starved chicks were 
initially fed a normal or high level of pro­
tein. One explanation is related to the 
existing levels of xanthine dehydrogenase 
in both groups of chicks prior to starvation. 
Chicks adapted to the high protein diet 
have approximately three to four times the 
levels of liver xanthine dehydrogenase com­
pared with chicks fed the control diet con­
taining 25% isolated soybean protein. The 
other explanation may be based upon a 
relative comparison of the levels of amino 
acid catabolism in both groups of starved 
chicks. It is suggested that the rate of 
amino acid catabolism, and hence uric 
acid production, in starved chicks pre­
viously fed a diet containing 25% isolated 
soybean protein is comparable to the rate 
when this diet is fed ad libitum. Schimke
(4) has reported net increases in liver 
arginase activity and urea excretion in rats 
during a 7-day fast compared with rats 
fed a 15% casein diet ad libitum. For 
starved chicks previously fed a diet con­
taining 75% isolated soybean protein, 
however, it is suggested that absolute rates 
of amino acid catabolism are lower than 
when the high protein diet is fed ad libitum. 
The lower xanthine dehydrogenase activity 
and plasma uric acid levels in starved 
chicks originally fed the high protein diet, 
compared with the ad libitum levels, sup­
port this suggestion.

In studies with rats, where absolute 
levels of liver arginase were determined by 
immunochemical procedures and enzyme 
turnover by isotope labeling techniques,

Schimke (7) related the changes in ac­
tivity of this enzyme during starvation and 
low protein intake to alterations in the 
rates of synthesis and degradation. During 
starvation it was demonstrated that argi­
nase degradation ceased while synthesis 
continued at a constant rate. The net effect 
was an increase in total arginase levels 
during a 6-day starvation period. Switch­
ing rats from a 70% casein diet to an 8% 
casein diet was shown to increase the rate 
of arginase degradation and decrease its 
rate of synthesis.

Studies reported by Rosenthal and Vars
(8) indicated a net increase of 58% in 
the liver arginase content of protein- 
depleted rats during a 4-day starvation 
period in rats. In their studies, rats were 
initially fed a protein-free diet for 2 weeks 
prior to starvation. In addition to the en­
hanced arginase activity, liver protein was 
also shown to increase during starvation 
in the protein-depleted rats. It was sug­
gested that the increase in liver arginase 
activity was a specific response to an in­
creased rate of protein catabolism. In the 
present studies, however, liver xanthine 
dehydrogenase and total liver nitrogen 
were reduced in starved chicks originally 
fed a protein-free diet for 48 hours.

Litwack and Fisher (9) reported that a 
deficiency of a single essential amino acid 
reduced liver xanthine dehydrogenase 
levels in the chick. Della Corte and Stirpe
(6) suggested that the 5% casein diet used 
in their studies was inadequate to permit 
normal rates of xanthine dehydrogenase 
synthesis to occur. From the results of the 
present studies, and those presented earlier 
(1, 2), it appears that the response of 
avian liver xanthine dehydrogenase was 
similar to the response of the urea cycle 
enzymes in rats during periods of high pro­
tein intake. Progressive starvation, how­
ever, decreased total levels of xanthine de­
hydrogenase in chicks, but resulted in 
either the maintenance or enhancement 
of urea cycle enzyme activity in rats. A 
possible explanation for this difference 
may be found from results of studies re­
cently reported by Krakoff and Meyer (10). 
In their studies with allopurinol, an inhibi­
tor of xanthine oxidase, uric acid produc­
tion ceased, yet chick growth was not 
greatly affected. Nitrogen arising from the 
catabolism of amino acids was not ex­
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creted in the form of uric acid, but as un­
identified nitrogen compounds. The possi­
bility exists that xanthine dehydrogenase 
is not an indispensable enzyme for the 
chick, whereas the opposite appears to be 
true for mammalian arginase.

When chicks were changed from the 
control diet containing 25% isolated soy­
bean protein to a diet containing 75% 
isolated soybean protein a significant in­
crease in liver xanthine dehydrogenase ac­
tivity was observed within 12 hours. The 
maximal response of this enzyme to the 
high protein diet was observed after 48 
hours, after which time enzyme activity, 
expressed on a body weight basis, de­
creased to a level approximately threefold 
higher than that observed for chicks fed 
a diet containing 25% isolated soybean 
protein. The changes in plasma uric acid 
levels generally reflected the changes in 
liver xanthine dehydrogenase activity, al­
though the increase in plasma uric acid 
after feeding the high protein diet for 12 
hours was proportionally greater than the 
increase in enzyme activity during this 
time. It is emphasized that to suggest a 
direct relationship between plasma uric 
acid levels and xanthine dehydrogenase 
activity could be misleading. The activity 
of xanthine dehydrogenase measured dur­
ing various intervals in these experiments 
represents cumulative effects of the dietary 
treatments, whereas plasma uric acid levels 
do not. A better estimate of a relationship 
between liver xanthine dehydrogenase ac­
tivity and uric acid formation might be 
obtained by determining total uric acid 
excretion. Evidence of direct relationships 
between liver arginase activity and urea 
excretion in rats (11), and liver xanthine

dehydrogenase activity and uric acid ex­
cretion in chicks (2) have been reported.
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Development of Spleen and Thymus in 
Offspring of Protein-deficient Rats * 1

MARY ALICE KENNEY
Food and Nutrition Department, Iowa State University of Science and
Technology, Ames, Ioua

ABSTRACT Maternal protein deficiency was induced by feeding a diet containing 
5% protein (methionine-supplemented casein) from conception to day 18 of preg­
nancy, conception to parturition, or 1 day postpartum to weaning. Control diets con­
taining 15% protein were fed to the females, except at the times indicated, and to 
the offspring after weaning. Growth of the thymus and spleen in progeny was examined 
from gestational day 18 to 24 weeks of age, and response to antigenic stimulus was 
measured during adulthood. Fetal growth of thymus and spleen was retarded when 
the mother was depleted throughout gestation, often to a greater degree than was 
body weight. Differences in organ weights between depleted and control rats at birth 
increased during the first 3 days postpartum, although females in both groups re­
ceived the control diet after delivery. Speed of recovery of the retarded organs 
depended upon the timing and duration of protein restriction. Effects of the maternal 
deficiency during gestation or lactation were reversible to the extent that at 24 weeks 
of age organ weights per unit body weight were not different from those of controls. 
Immune response of the progeny after they had been fed an adequate diet was not 
impaired as a result of the maternal protein deficiency.

Lymphoid tissues are particularly sen­
sitive to protein malnutrition. In the 
spleen, the weight, DNA, RNA, number of 
specific antibody-forming cells and output 
of antibody decreased when adult rats 
were fed a low protein diet (1). Splenic 
weight and nucleic acids were similarly 
reduced when large numbers of pups were 
left with a single female in lactation (2). 
Some of these effects have been overcome 
by refeeding protein 2 (3) or by reducing 
Utter size in lactation (2). Such reversibil­
ity, however, generally was minimal when 
nutritional deprivation occurred early in 
life (4). Though thymectomy in the adult 
may be of little consequence, neonatal re­
moval impaired production of immuno­
globulins by other tissues later in life (5) 
and often led to wasting and early death
(6). The weight of the thymus and the 
thymus-to-body weight ratio were decreased 
by undernutrition for 9 days after birth
(2), although the thymus-to-body weight 
ratio at birth was not lowered after feed­
ing a 6% protein diet to the mother in 
gestation (7). The thymus atrophied in 
protein-calorie malnourished pigs (8) and 
in rats force-fed diets deficient in single 
amino acids (9). Growth of the spleen 
and thymus, two tissues related to immune

response, is reported here for offspring of 
rats fed a low protein diet during gesta­
tion or lactation. To determine whether 
immunological function of these organs 
was permanently impaired by the restricted 
protein intake of the mother, primary im­
mune response was measured in the prog­
eny after they had reached adulthood and 
while their protein intake was adequate.

PROCEDURE
Three studies were conducted to com­

pare low and moderate intakes of protein 
during gestation or lactation. Rats of the 
Sprague-Dawley strain were fed the labor­
atory stock diet3 initially. Males used for 
breeding were fed this diet throughout the 
study except when housed overnight with 
a female fed another diet. Daily vaginal 
smears were begun when females weighed 
200 g and were about 9 weeks of age. A 
male was introduced during each estrus

R eceived  fo r  pu b lica tion  D ecem ber 17, 1968.
1 Journal Paper no. J-6126, Iow a A gricu ltu re and 

H om e E con om ics  E xperim ent Station, A m es, Iow a. 
Project no. 1717.

2 K enney, M. A., unpublished  observations.
3 C ontain in g : ( in  p ercen t) corn m eal, 42 .1 ; dried

skim  m ilk , 18.4; linseed  m eal, 12.0; w h eat germ , 
7.5; yeast (p a rt  irradiated, con ta in in g  0 .6%  Ca 
pantoth enate), 7 .5 ; cottonseed  o il, 6 .4 ; a lfa lfa  m eal, 
1.5; casein , 3 .8 ; CaCC>3, N aC l and  trace elem ents, 0.8. 
Supplem ented w eek ly w ith  6 m g a -tocopherol and 
400  m g cod  liver o il/ra t .

2 0 2 J. N u t r it io n , 98: 202—208.
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cycle until sperm or a vaginal plug indi­
cated mating had occurred. The day follow­
ing was designated as day zero, and the 
female was given a purified diet providing 
15 or 5% protein. The low protein diet 
was fed for the first 18 days, or throughout 
gestation, or for 20 days of lactation. The 
rest of the time, including the interval of at 
least 2 weeks between loss or weaning of 
a litter and remating, females and their 
offspring were fed 15% protein.

Diets were formulated to provide ap­
proximately 100% of the mineral require­
ments and 150% of needs for vitamins, as 
summarized by the Committee on Animal 
Nutrition of the National Research Coun­
cil (10). Although absolute requirements 
for reproduction often exceed those for 
growth, a diet meeting growth needs may 
also provide amounts of most nutrients 
sufficient for reproduction because of in­
creased total food intake at that time. From 
the Committee’s tabulation, exceptions are 
vitamin A, thiamine, riboflavin, sodium 
and potassium. Increased vitamin A and 
sodium requirements for reproduction were 
met in this study by inclusion of sodium 
chloride and additional vitamin A in a diet 
based on growth requirements. Potassium 
content of the salt mix in all diets exceeded 
the requirement for growth and approxi­
mated that for reproduction. Intakes of 
thiamine and riboflavin were not increased 
until needed, near the end of gestation
(10). Thus, the control diet for females, 
which provided 15% protein, contained 
the following: (in percent) vitamin-free 
test casein (13.40% N), 17.75; DL-methio- 
nine, 0.200; sodium chloride, 1.0; salt mix,4 
4.0; vitamin mix,5 5.0; cottonseed oil, 5.0; 
nonnutritive fiber, 2.0; and cornstarch,
65.0. This diet provided 18,000 IU vita­
min A/kg diet and was supplemented with 
an aqueous solution of 100 ug thiamine- 
HC1 and 50 ug riboflavin/day from day 18 
of pregnancy through lactation. The low 
(5% ) protein diet for females was similar 
to the control diet except that it contained 
5.92% casein, 0.067% methionine and 
77.0% cornstarch. The 15% protein diet 
fed to the progeny after weaning was simi­
lar to the control diet for females, but 1% 
sodium chloride was replaced with corn­
starch and vitamin A was reduced to 3000 
IU/kg. All diets were fed ad libitum.

Females in study A were permitted to 
raise three litters. Controls were given 
15% protein through the reproductive 
cycle; others were fed the low protein diet 
from conception to delivery in pregnancy 
1 or 2, followed by the control diet in 
lactation. Because these deficient pups did 
not survive to weaning, the depletion 
period was shortened to include only the 
first 18 days in pregnancy 3.

In study B, foster-mothering was intro­
duced in an attempt to increase survival 
of depleted pups. Whenever two females 
became pregnant on the same day, one 
was fed 5% protein until parturition and 
the other, 15%. Litters were reduced to 
10, and one-half the control litter was ex­
changed with one-half the depleted fitter 
within 24 hours of birth. Both females 
were then fed the control diet. Additional 
females in study B were fed the control diet 
in gestation and the low protein diet from 
1 day postpartum to weaning at 21 days. 
Only two fitters were produced by each fe­
male in this study.

In studies A and B females were weighed 
daily. Individual pups were weighed at 
weekly intervals, after identification by 
earclip when 7 days old. Litters were re­
duced to 10 at parturition. Due to varia­
tions in fitter size, the actual number 
killed from a fitter varied; fitter means are 
reported, to avoid weighting data unduly 
with rats from large fitters. Similar num­
bers of both sexes were included in sam­
ples of newborn rats. Since fitter size was 
not affected by diet, any effect of number 
of fetuses on development should not influ­
ence interpretation of the data presented. 
After weaning, female offspring were used 
for other experiments. Males were fed a 
diet containing 15% protein and were 
killed at 3, 6 cr 24 weeks of age, or per­
mitted to die naturally. Before removal of
4 Composed of three parts Hawk-Oser formulation 

and one part Ca HP 04 with sulfates of manganese, zinc 
and copper. This mixture provided: (in milligrams 
per kilogram diet) Ca, 6200; P, 4250; Na, 920; K, 
4900; Mg, 500; M n ; 50; Fe, 76; I, 0.9; F, 7.0; Cu, 5.0; 
and Zn, 0.04.
s The cornstarch-based mix provided: ( m  milli­

grams per kilogram diet) thiamine-HC1, 1.88; ribo­
flavin, 3.75; pyridoxine-HCl, 1.80; niacin, 22.5; Ca 
pantothenate, 12.0; choline chloride, 1125; vitamin 
B 12, 0.0075; folic acid, 1.5; biotin, 0.30; ascorbic acid, 
75; p-aminobenzoic acid, 30.0; menadione, 0.15; dl-a- 
tocopheryl acetate powder (250 lU/g), 360; retinol 
palmitate (water-dispersible beadlets, 0.41 IU//¿g), 
43.3. Vitamins A  and E were added immediately be­
fore incorporating the mix into the diet.
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organs for weighing, rats were anesthetized 
with sodium pentobarbital and exsangui­
nated. Data for weanling and older ani­
mals are for individual males from litters 
of six or more at birth. In each study all 
the adult rats surviving at the time, de­
spite their different ages, were immunized 
in a single day. One milliliter 2% sheep 
red cells suspended in 0.85% sodium chlo­
ride was injected intravenously. Tail blood 
was taken 6 days later for titration of anti­
bodies, as described previously (1).

In study C, four or five females fed each 
of the two diets were killed each day from 
day 16 through day 21 of gestation. An 
additional 5 control and 10 depleted rats 
were allowed to deliver one litter; all were 
fed the control diet after delivery. Some 
pups were killed from these litters at birth 
and on each of the next 3 days. Pregnant 
or newborn animals were decapitated, and 
the time recorded to the nearest hour. The 
intact uterus was placed on ice, and fetuses 
removed and dissected one at a time, to a 
maximum of eight per litter. Fetal age 
was estimated by assuming that preg­
nancy began at midnight before day zero.

Means and regression coefficients were 
compared by t tests or by F tests in analysis 
of variance or covariance (11). Differences 
or treatment effects were considered sig­
nificant only when P was less than 0.05.

RESULTS AND DISCUSSION
Maternal protein deficiency from the day 

after conception to parturition decreased 
the absolute weights of spleen and thymus 
in newborn rats (table 1). In contrast to 
a previous report (7), the thymus was de­
creased in proportion to body weight in the 
young of females fed 5% protein through­
out pregnancy. The spleen-to-body weight

ratio also tended to be small, but the ap­
parent difference was not significant. 
When the protein intake had been in­
creased from 5 to 15% on day 18, body 
and thymus weights of young equaled 
those of control litters at birth, but spleens 
were small. Thus, when adequate protein 
was fed after day 18, adverse effects of 
protein restriction on thymic development 
were prevented or corrected before birth. 
Spleen weight by the end of pregnancy, 
however, had not reached that of neonatal 
controls.

In study A, repletion of females for 3 or
4 days before parturition resulted in pups 
similar in many respect to those of controls 
and helped to prevent the neonatal deaths 
so common in litters of females depleted 
throughout pregnancy. Study C provided 
information about the late fetal and early 
postnatal periods in young of females fed
5 or 15% protein throughout gestation and 
15% after delivery. The weight of the 
fetal spleen after day 18 increased loga­
rithmically at about twice the rate of the 
thymus, which paralleled gain in body 
weight (table 2). Growth rates (or slopes 
of regressions (table 2) for organs in de­
pleted fetuses were not detectably altered 
by the dietary restriction. Mean thymus 
weight and spleen weight in relation to 
body weight, however, were significantly 
less than in controls at an average gesta­
tional age of 20 days. The difference in 
response of thymus and of spleen to reple­
tion after day 18 (table 1) may be related 
to the differences in their characteristic 
rates of growth in the fetus.

Growth of both organs was slower after 
birth than in the fetus. Nevertheless, the 
spleen grew continuously in controls dur­
ing the first 3 days after birth, increasing

TA BL E 1
E ffects o f  protein  d efic ien cy  during gesta tion  on  w eigh ts  o f  sp leen  and  th ym u s in  th e you n g  at b irth

Treatment No. Spleen wt Thymus wt Body wt

mg mg/g body wt mg mg/g body wt 9
Control1 61 13.5±0.62 2.26 11.0 ±  0.6 1.84 5.9
Depleted to delivery 1 24 10.0 ±  1.4 3 1.98 8.1 ±  0.8 3 1.64 3 4.7

Control 4 14 16.4 ±  0.8 2.61 11.6 ±  1.0 1.87 6.2
Depleted to day 18 4 8 13.2 ±  1.0 3 2.16 3 10.8 ±  0.7 1.82 6.0

1 Litters 1 and 2 of studies A, B and C.
2 Mean +  s e .
3 Different from controls, from t tests (P <  0.05).
4 Litter 3, study A.



M A T E R N A L  PRO TEIN  D EFICIEN CY IN  THE RAT 2 05

TABLE 2
Effects of maternal protein deficiency in pregnancy on spleen and thymus weights in young from day 

18 of gestation through day 3 after birth (study C)

Control (15% protein) Depleted (5% protein)

No. Mean age Spleen wt Thymus wt No. Mean age Spleen Thymus 
wt wt

days mg mg days mg mg
Fetal day 18 3 18.8 0.7 2.8 1 18.8 0.6 1.6
Fetal day 19 4 19.5 1.5 3.4 5 19.6 1.3 3.2
Fetal day 20 4 20.6 4.6 7.0 4 20.5 3.2 4.6
Fetal day 21 4 21.3 6.2 7.0 5 21.6 7.1 8.0
Covariance analysis : 15 20.3 15 20.3

Log wt, mg 0.44 1 0.70 0.38 0.62 3
(0.384) 2 (0.187) (0.337) (0.206)

Wt per body wt, 0.96 1.58 0.89 3 1.43
m g/g (0.364) (0.354)

Birth 5 22.3 11.9 10.1 10 22.3 10.3 7.5
Birth + 1  day 5 23.4 16.1 10.0 6 22.8 7.8 7.3
Birth+  2 days 5 24.3 21.3 10.6 5 23.8 8.2 7.3
Birth+  3 days 5 25.3 26.7 13.4 2 24.9 12.1 8.8
Covariance analysis : 20 Birth + 23 Birth +

1.2 days 1.2 days
Log wt, mg 1.20 1.02 0.94 3 0.87 3

(0.101)
Wt per body wt, 1.73 1.70 1.91 3 1.58

m g/g (0.548)
1 Adjusted means.
2 Slope of regression on age, where greater than zero (P <  0.05). 
2 Different from control (P <  0.05).

in proportion to body size, whereas thymus 
weight and thymus-to-body weight ratios 
did not change (table 2). In depleted pups, 
ao significant gain occurred in either or­
gan; organs of controls were approximately 
twice the size of those in depleted young 
on day 3 after birth. Apparent increases 
in organ weights on day 3 suggested that 
the lag period in their development had 
ended. During this lag, which was most 
pronounced in depleted pups, 8 of the 10 
depleted litters were lost. Pups from all 
five control litters survived after the 3 
days of observation. Poor development and 
high mortality of depleted young have been 
attributed to weakness, poor suckling of 
the pups and limited milk supply (7). 
When young rats in study C were ran­
domly selected for killing from among sur­
viving littermates, stomachs of depleted 
pups contained about half as much milk 
as those of controls. Whatever the primary 
cause, differences at birth between con­
trol and deficient pups often increased in 
the next 3 days, even though the depleted 
dams were fed the control diet after par­
turition.

Male progeny from studies A and B 
were killed at various ages to determine 
whether effects of maternal protein defi­
ciency seen earlier had persisted. After 
weaning, these animals were fed an ade­
quate diet containing 15% protein. The 
spleen and thymus grew similarly between 
birth (table 1) and weaning (table 3), in­
creasing 15- to 20-fold in controls in 3 
weeks, while body weight increased about
7-fold. In weanling controls both spleen 
and thymus were heavier in study B than 
in study A (table 3), perhaps because rats 
had been slightly larger at birth in study 
B than in the earlier study. Spleen weight 
continued to increase through week 24; 
thymus weight at 6 weeks was about 0.7 g 
in controls, exceeding the weight at 24 
weeks.

Maternal depletion for the first 18 days 
of gestation (group 2) produced no detri­
mental effects on thymus weight at birth 
or later; weight of the thymus at 3 weeks 
actually exceeded that of controls (group 
1, table 3). In contrast, either prenatal 
deficiency extending to parturition, with 
(group 5) or without foster-mothers (group
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6), or depletion during lactation (group 7) 
led to low thymus weights at 3 weeks of 
age. By 24 weeks, weights for these groups 
were not significantly less than those for 
controls (group 3).

Spleen weights at 3 weeks of age in prog­
eny of rats depleted for 18 days (group 2), 
or for the entire gestation period (groups 
5 and 6), were comparable to those of con­
trols left with the natural mother (groups 
1 and 3). Control pups given to a depleted 
foster-mother (group 4) had spleens larger 
than littermates left with the natural 
mother (group 3), and larger than those 
of depleted pups nursed together with 
them by a depleted female (group 6). 
This could have resulted from competition 
between depleted and normal pups for 
what may have been a limited supply of 
milk, although body weights of young rats 
in groups 4 and 6 at weaning were not 
significantly different. When females were 
depleted during lactation, spleens of off­
spring remained small even at 24 weeks of 
age. The apparently permanent stunting 
of the spleen following postnatal deficiency 
was associated with a reduction in adult 
body size. Consequently, spleen-to-body 
weight ratio was normal in this as in all 
other groups at that age.

To determine if interference with nor­
mal growth of spleen and thymus in young 
rats had impaired ability to respond to anti­
genic stimulus, offspring were immunized 
between 3 and 8 months of age. In con­
trols of study A, which included animals 
ranging in age from 12 to 30 weeks, anti­
body titers increased with the age of the 
animal at the time of immunization (P <

0.05). When means were adjusted for the 
age difference between the groups, titers 
of both hemolysin and agglutinin were 
significantly elevated in offspring of rats 
depleted 18 days in pregnancy (table 4). 
This enhancement of immune response 
may have been related to thymic develop­
ment, since the rapid preweaning growth 
of the thymus was one of the few unusual 
characteristics of that group. Because 
numbers of animals in groups 5 and 6 
were quite small, failure to demonstrate a 
significant effect of maternal restriction 
throughout gestation does not exclude the 
possibility that immune response might be 
altered by such treatment. It is unlikely, 
however, that a detrimental effect of de­
pletion in lactation would have gone un­
detected, since groups 7 and 3 each con­
tained eight animals. Further, the groups 
most severely depleted according to some 
measures (groups 6 and 7) had the highest 
mean antibody titers in the study. In pri­
mary immune response described by Sin­
clair (5), thymectomized mice not only 
produced less antibody but exhibited a 
longer lag period before its appearance in 
the circulation than did sham-operated 
animals. Since the peak hemolysin titer 
normally occurs in the rat on about day 6 
after exposure to antigen, any qualitative 
resemblance of nutritional retardation of 
thymic growth to thymectomy should have 
been detected by the measurements re­
ported here. There was no evidence, how­
ever, of a decrease or delay in antibody 
production in offspring after maternal pro­
tein restriction during pregnancy or lacta­
tion.

TA BL E 4

Immune response of progeny following maternal protein deficiency during pregnancy or lactation

Treatment * N  f Avg age at
Group-----------------------------------------------  \ immuni- Hemolysin Agglutinin

Gestation Lactation rats zation

weeks log titer 2 log titer 2
A1 — — 23 22 2.70 2.29
A2 5% protein to day 18 — 12 17 2.94 3 2.51 3
B3 — — 8 17 3.28 1.81
B4 — depleted foster-mother 4 18 3.07 1.80
B5 5% protein to birth control foster-mother 2 24 3.14 1.50
B6 5 % protein to birth — 3 20 3.57 2.06
B7 — 5% protein to weaning 8 19 3.32 1.84

1 Except where otherwise indicated, females were fed 15% protein and pups left with the natural mother dur­
ing lactation.

2 Means adjusted to 20 weeks (study A), or 19 weeks (study B), after analysis of covariance.
3 Different from control group A1 (P <  0.05).
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Urinary Simple Phenols in Rats Fed Purified 
and Nonpurified Diets * 1

OLAV M. BAKKE
Department of Pharmacology, University of Bergen, MFH-Bygget, 
Bergen, Norway

ABSTRACT The simple phenol fraction of rat urine after hydrolysis in 3  N  H 2 S O 4 

and with /3-glucuronidase +  sulfatase has been analyzed in several thin-layer and gas 
chromatographic systems. Only phenol and p-cresol, together with minute quantities 
of 4-ethylphenol, were found when a purified casein-sucrose diet was fed. Rats fed 
diets containing plant material excreted considerable amounts of 4-ethylphenol, cate­
chol and resorcinol and smaller quantities of several other simple phenols in addition 
to those excreted when fed a purified diet. Some of these compounds (guaiacol, 4- 
methylguaiacol, 4-methylcatechol and 4-vinylphenol) have not previously been shown 
to be normal urinary constituents. The possible naturally occurring precursors of the 
urinary simple phenols are discussed.

The toxic effects of some simple phe­
nols have long been recognized (1, 2) and 
the formation and excretion of such com­
pounds in mammals have received consid­
erable attention in biochemical and medi­
cal research (3-7). Williams (2) and 
Bray and Thorpe (8) have reviewed the 
species variations in the urinary excretion 
of simple phenols and pointed out that the 
nature and quantity of these compounds 
also depend on the diet. The relative im­
portance of these factors, however, has not 
been established.

The metabolism of some plant phenolics 
(9-13) and other cyclic compounds occur­
ring in plant material (14) yield simple 
phenols. Also, p-cresol and phenol have 
been identified as products of the bacterial 
degradation of tyrosine in vitro (3). The 
metabolism of tyrosine by intestinal micro­
organisms has been suggested as the ori­
gin of 4-ethylphenol (2, 3) which is ex­
creted in large amounts in the urine of 
some species (15).

Studies on urinary simple phenols have 
hitherto been hampered by relatively non­
specific or insensitive analytical methods. 
Recently, sensitive and specific gas chro­
matographic methods have been developed 
which are superior to the earlier methods, 
especially for the analysis of monohydric 
phenols (16).

The present report describes the use of 
thin-layer and gas chromatographic analy­
sis of the simple phenol fraction of en­
zyme- or acid-hydrolyzed rat urine. Evi­
dence is provided for the excretion of some 
previously undetected simple phenols in 
rats fed plant-containing diets. Also, some 
conclusions are reached about the relative 
importance of nonprotein plant constitu­
ents and dietary protein as precursors of 
the quantitatively more important simple 
phenols. A major aim of the present study 
was to provide basic information essential 
for further investigations on the formation 
and possible pathophysiological signifi­
cance of simple phenols.

MATERIALS AND METHODS
Anim als. Male albino rats aged 5 to 6 

months and weighing 300 to 350 g were 
used. The animals were caged individually 
and fed diet 1 and water ad libitum before 
the study.

Diets. The following diets were used: 
1 (commercial pellet diet2), 2 (purified

R eceived  fo r  p u b lica tion  D ecem ber 27, 1968.
1 Supported by a grant fro m  Det V idenskapelige 

F orsk n in gsfon d  av 1919, Oslo, N orw ay.
2 D iet 1 w as obta ined  from  Fellesk j0pet, Oslo, N or­

w ay and  con ta in ed : ( in  p e rce n t) herring m eal, about 
10; soya m eal, 12; w h eat m eal, 12; barley m eal, 30; 
oat m eal, 15; dried  m ilk , 8 ; brew er’ s yeast, 2 ; grass 
m eal, 5 ; seaw eed m eal, 0 .2 ; m olasses, 5 ; ch a lk , 0 .3 ; 
salt, 0 .3 ; and a com m ercia l v itam in  A, D and  E m ix ­
ture (S tjem eg ra n u la t, M artens and C om pany, B ergen , 
N o rw a y ), 0.2.

J. N u t r it io n , 9 8 : 209-216. 209
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diet3), 3 (vegetable diet4) and 4 (puri­
fied except for the crude main protein 
source of diet 1 5).

E xperim ents. During the diet treatment 
the rats were kept in individual metabolic 
cages and allowed free access to food and 
water. Urine collection was started 3 days 
after changing to the experimental diets 
except with diet 1 which was given 
continuously. The metabolic cages were 
equipped with separators which disposed 
of the feces. The urines were collected dur­
ing two successive 24-hour periods in 1 n  
HC1 (5 ml) which was sufficient to main­
tain the samples below pH 2 during the 
collection period. All urines were stored at 
— 20° until analyzed. Immediately before 
analysis, the frozen urines were thawed 
and filtered and the urine volumes were 
recorded. The two 24-hour urine portions 
of each animal were combined and diluted 
to 60 ml. The preliminary gas chromato­
graphic analysis needed to choose an ap­
propriate internal standard, and also thin- 
layer chromatography was carried out on 
25-ml portions of pooled urine containing 
equal volumes of the above dilutions from 
the animals in each diet group. Ten milli­
liters of the dilutions from each animal 
were used for quantitative gas chromato­
graphic analysis.

C onjugate hydrolysis. Acid hydrolysis 
was the method employed routinely for 
quantitative and qualitative analysis. In 
addition, pooled and some individual 
urines were analyzed after enzyme hydrol­
ysis. The use of both methods was neces­
sary because it had previously been shown 
that neither method alone permitted ade­
quate recoveries of all simple phenols, and 
that treatment with hot acids may decar- 
boxylate phenolic acids to yield simple 
phenols (17).

For acid hydrolysis the diluted urines 
(10 ml) were refluxed for 60 minutes in 
Kjeldahl flasks after the addition of 1 ml 
water and 1 ml concentrated H2S04. For 
enzyme hydrolysis the diluted urines (10 
ml) were adjusted to approximately pH 5 
with NaHCCh, and 0 .2  m  acetic acid—so­
dium acetate buffer, pH 5.0 (2 ml), aque­
ous neomycin sulfate 1.5 mg/ml (0.5 ml) 
and 12,500 Fishman Units of -̂glucuroni­
dase (type HI) 6 with sulfatase were added. 
These additions were increased correspond­

ingly when pooled urines (25 ml) were 
used. The mixtures were shaken well and 
incubated for 20 hours at 37°.

E xtraction. For gas chromatography the 
simple phenols were extracted after addi­
tion of p-methoxyphenol (0.3 mg in 1 ml 
of water) as internal standard. Preliminary 
analysis showed this compound to be ab­
sent from the pooled urines. The acid- 
hydrolyzed urines and the enzyme-hydro­
lyzed urines adjusted to pH 1 with 4 n  
HC1 were extracted three times with 20 ml 
of redistilled, peroxide-free diethyl ether. 
The combined ether phases were extracted 
three times with 5% sodium bicarbonate 
solution (50 ml) prepared from freshly 
boiled water. After drying the ether phases 
over anhydrous sodium sulfate (10 g) for 
15 minutes, the ether was decanted; then 
the sodium sulfate was washed with small 
volumes of ether and the combined ether 
solution was evaporated to 0.5 ml on a 
steam bath.

For thin-layer chromatography the acid 
hydrolysates and the acidified incubation 
mixtures were extracted three times with 
equal volumes of ether. The combined 
ether phases were dried over anhydrous so­
dium sulfate for 15 minutes and evapo­
rated to dryness. The residues were dis­
solved in 1 ml of acetone.

Gas chrom atography. An F and M model 
402 gas chromatograph equipped with a 
flame ionization detector was used. By 
means of a Hamilton microsyringe, 5 ul 
of the final ether concentrates were in­
jected into three gas chromatographic col­
umns with different eluting characteris­
tics: column C (1% Carbowax 20 m 7)> 
column S (15% silicone rubber UC-W 98) 
and column T (2% tricresylphosphate).

3 D iet 2 con ta in ed : ( in  p e rce n t) casein  (lig h t  w h ite 
soluble, BDH C hem icals Ltd., P oole, E n g la n d ), 20; 
sucrose, 68; sova oil, 6 ; TJSP X IV  salt m ixture, 4 ; 
and v itam in  m ixture, 2. T he vitam in  m ixture  co n ­
tained th iam ine HC1, 25 m g; riboflav in , 22 m g ; pyri- 
doxine-H C l, 22 m g ; ca lc iu m  pantothenate, 33 m g ; 
n icotin am id e, 220 m g; ascorb ic  acid , 350 m g ; v itam in  
A , 5000 IU ; vitam in  D 2, 600 IU ; and tocopherol 
acetate, 51 m g, in  sufficient g lucose to m ak e 20 g.

4 D iet 3 con ta in ed : ( in  p e rce n t) carrot, 10; potato, 
20; apple, 10; ban ana, 10; cabbage, 10; w heat m eal, 
30; soya oil, 6 ; USP X IV  salt m ixture, 2 ; and  v itam in  
m ixture  (a s  in  diet 2 ) ,  2. The vegetables and fru its 
(w e t  w e ig h t) w ere ground and m ix ed  w ell w ith  the 
salt and v itam in  m ixtures.

5 D iet 4  con ta in ed : ( in  p ercen t) herring  m eal, 40; 
cornstarch , 54; USP X IV  salt m ixture, 4 ; and  v itam in  
m ixture  (a s  in  diet 2 ) ,  2.

6 Sigm a C hem ical C om pany, St. L ou is, M o.
7 T he solid  support and  the stationary phases w ere 

su pplied  by  H ew lett-Packard C om pany, F  and  M 
D iv ision , A vondale, Penna.
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The qualitative analysis of the simple 
phenols was carried out by estimating the 
peak areas of these compounds, and the 
internal standard by planimetry and by 
the use of calibration curves. The 24-hour 
excretion of each of the compounds (Q) 
was calculated using the following for­
mula:

Simple phenol in injected

Internal standard in injected 
sample

Further details concerning the reference 
compounds and the gas chromatographic 
analysis are given elsewhere (16).

The data were analyzed statistically 
using Student’s t test (18).

Thin-layer chrom atography. Together 
with appropriate standards, the extracts 
(in 1 ml of acetone) of the pooled urines 
were examined by thin-layer chromatog­
raphy on 0.5 mm-thick layers of cellu­
lose. Sigmacell Type 19 8 was used with 
solvent 1 (benzene-glacial acetic acid- 
H20, 6:7:3, upper layer) and MN 300 9 
was used with solvent 2 (20% aqueous po­
tassium chloride -  glacial acetic acid, 100:
1 ). The phenols were detected after spray­
ing with 0.5% aqueous solution of fast 
blue B salt followed by saturated sodium 
bicarbonate solution. The RF values, color 
reactions and observations are shown in 
table 1.

Identification criteria. To determine 
the identities of the substances eluting 
from the columns, known quantities of 
standard compounds not present in the 
urines were added to the extracts. Chro­
matography was then repeated on the 
three columns, the detector response of the 
standards was compared with the unknown 
peaks and their relative retention times

were recorded. The presence on the chro­
matograms from the three columns of 
peaks with comparable relative sizes and 
with relative retention times identical to 
those of known reference compounds were 
the criteria used for the identification of 
the monohydric phenols. Also, no double 
contours should appear in the tracings 
from any of the columns when the anal­
yses were repeated after the addition of 
the respective reference compounds. For 
trace amounts of 4-ethylphenol and 4-vinyl- 
phenol, retention data were available only 
with columns C and S because of the 
rather high detection limits for these com­
pounds using column T.

Owing to the slow elution of the dihy- 
dric phenols from column T, thin-layer 
chromatography in two solvent systems 
without the prior treatment of the extracts 
with sodium bicarbonate solution was used 
as an appropriate substitute for column T 
for the identification of these compounds. 
Otherwise the identification criteria were 
the same as for the monohydric phenols.

RESULTS
The simple phenols listed in table 2 

were detected in the extracts from the en­
zyme-hydrolyzed urines. Figures 1, 2 and 
3 show chromatograms of a representative 
urine extract from the group fed diet 1, on 
columns C, S and T, respectively. The 
compounds listed in table 2 account for 
all peaks observed on the chromatograms 
with column T. Except for minute deflec­
tions (relative retention 0.50 and 1.44) in 
the chromatograms from diet group 1, all 
peaks are accounted for on column S.

8 See footnote 6.
9 Macherey, Nagel and Company, Düren, Germany.

TABLE 1
Thin-layer chromatography of urine extracts and reference compounds

Compounds
R f

solvent
1

R f
solvent

2
Color with 
fast blue 

B salt Diet 1

Observations

Die‘ s ,2 Diet 3 and 4

Catechol 0.30 0.62 Pink-gray tr * 1 _ tr
Resorcinol 0.10 0.56 Red-purple + — +
Hydroquinone 0.09 0.62 Gray-brown — — —

4-Methylcatechol 0.40 0.52 Gray-violet tr — tr
Pyrogallol 0.04 0.55 Pink-brown — — —

1 Tr =  trace; +  =  prominent; — =  not detected.
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TABLE 2
Simple phenols in extracts of enzyme-

hydrolyzed urines

Simple
Diet fed phenols

identified

i Phenol
p-Cresol
4-Ethylphenol
Catechol
4-Methylcatechol
Resorcinol ( absent in acid-hydrolyzed 

urines)
4-Vinylphenol ( trace, absent in acid- 

hydrolyzed urines )
Guaiacol (trace)
4-Methylguaiacol (trace, reduced in 

acid-hydrolyzed urines )

2 Phenol
p-Cresol
4-Ethylphenol (trace)

3 Same as diet 1

4 Same as diet 2

Analysis of the urine extracts from diet 
groups 1 and 3 revealed the presence of 
several unknown substances with long 
retention times on column C. These sub­
stances were not detected on columns T 
and S and are probably highly polar and 
high boiling compounds. These unknown 
peaks represent none of the simple phe­
nols and derivatives which are analyzed by 
the present gas chromatographic methods
(16). The extraction method employed is 
not specific for simple phenols. Therefore, 
complex plant phenols and other sub­
stances occurring in plants as well as 
metabolites of these compounds may con­
tribute to the multitude of peaks observed 
on the latter part of chromatograms from 
column C with urine extracts from rats fed 
the plant-containing diets 1 and 3.

Of the simple phenols identified in the 
urine extracts from diet groups 1 and 3, 
resorcinol and 4-vinylphenol were detected 
only after enzyme hydrolysis. The trace 
of 4-methylguaiacol detected in these ex­
tracts nearly disappeared after acid hy­
drolysis. These findings are consistent 
with observations reported previously (17) 
and in a companion paper (19).

In the acid-hydrolyzed urines no simple 
phenols were identified which were not also 
found after enzyme hydrolysis. The re­

sults of the quantitative analysis on col­
umn C of the acid-hydrolyzed urines from 
diet groups 1, 2 and 3 are presented in 
table 3. Diet 4 was fed to two rats only to 
determine whether urinary 4-ethylphenol 
could be attributed to herring meal which 
was the main crude protein source of diet
1. As shown in table 2 only traces of this 
compound were found in the urine when 
diet 4 was fed.

DISCUSSION
It has long been recognized that the 

urine of many mammals contains phenol, 
p-cresol and 4-ethylphenol in the free state, 
and as their sulfate and glucuronic acid 
conjugates (2-4, 15, 20). The occurrence 
of an additional monohydric simple phenol,
o-cresol, has also been claimed (4). The 
separate determination of the m eta  and 
para isomers of cresol and ethylphenol was 
not possible with the methods used in the 
analysis of urinary phenols in earlier in­
vestigations. Analysis on column T in the 
present study showed that rats excreted 
these substances only as their para isomers.

Whether tyrosine from protein (3, 4) 
or phenolic compounds occurring in plants 
(10, 12) are the major dietary precursors 
of the phenol, p-cresol and 4-ethylphenol 
found in urine has not been settled (2, 8, 
10). The results presented in table 3 show 
a significantly larger excretion (P < 0.001) 
of p-cresol and a significantly smaller ex­
cretion (P < 0.001) of 4-ethylphenol in 
rats fed diet 2 compared with those fed 
the commercial ration (diet 1). The dif­
ference in phenol excretion between these 
two diet groups was not significant (P > 
0.2). Whether statistically significant or 
not, however, quantitative differences in 
the excretion of simple phenols between 
the diet groups must be interpreted cauti­
ously as the intestinal microflora which is 
concerned with the formation of simple 
phenols (5, 12) is extensively influenced 
by diet (21). Nevertheless, the large ex­
cretion of phenol and p-cresol in rats fed__
diet 2 confirms that dietary protein is a__
major precursor of these compounds. The^ 
amounts of phenol and p-cresol deriveĉ B 
from nonprotein plant material cannot h< =
estimated from the results presented n----
table 3.
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Fig. 1 Chromatogram showing temperature-programmed analysis on column C of the extract of 
an enzyme-hydrolyzed urine from diet group 1. Blanks were prepared by submitting 10 ml of dis­
tilled water to the hydrolysis and extraction procedure.

Baumann (3) and Williams (2) have 
suggested that 4-ethylphenol may be de­
rived from dietary tyrosine. The present 
study demonstrated that most of the 4- 
ethylphenol was not derived from protein 
as only minute amounts were found in the 
urines when diet 2 was fed. It is not 
known which substances in plants give 
rise to the large quantities of this com­
pound which were excreted by rats fed 
diet 1. It has been shown that p-coumaric 
acid (4-hydroxycinnamic acid), however, 
which is widely distributed in plants 
mainly as part of various esters (22), is 
decarboxylated and reduced to 4-ethylphe­
nol by rat cecal contents (12).

The presence of 4-vinylphenol in the 
enzyme-hydrolyzed urines from rats fed 
diets containing plant material is a new 
observation. p-Coumaric acid is again a 
possible precursor because 4-vinylphenol

has been identified as a metabolite of this 
phenolic acid after incubation with rat 
cecal microorganisms (12).

The trihydric and dihydric phenols 
which have been claimed by earlier inves­
tigators to be excreted in the urine of 
various species are pyrogallol (1,2,3,-trihy- 
droxybenzene) (13), catechol (1,2-dihy- 
droxybenzene) (23-25), resorcinol (1,3- 
dihydroxybenzene (26) and hydroquinone 
(1,4-dihydroxybenzene) (24, 25). No ear­
lier data are available on the excretion of 
these compounds in rats. The extraction 
method used for gas chromatography in 
this study included treatment with sodium 
bicarbonate solution which resulted in 
considerable losses of dihydric phenols
(17). However, the omission of this step 
in the extraction procedure employed prior 
to thin-layer chromatography did not re­
veal the presence of any simple phenols
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Fig. 2 Chromatograms on column S of the same urine extract as in figures 1 and 3. Tracings 
with two different attenuations are shown.

Fig. 3 Chromatogram on column T of the same urine extract as in figures 1 and 2.
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TABLE 3

Quantitative determination of urinary simple phenols after acid hydrolysis

Diet fed No. of 
rats Phenol p-Cresol 4-Ethylphenol Catechol 4-Methyl-

catechol

i i i
mg/24 hours 
0.57 ±  0.09 al

rag¡24 hours 
0.42 ±0 .06  a

mg/24 hours 
0.41 ±  0.03 a

mg/24 hours 
0.20 ±0 .03 a

mg/24 hours 
0.06 ±  0.01 a

2 10 0.45 ±0 .04 a 1.13 ±0 .07 11 0.012 ±0.002 b __b 2 __ b

3 5 0.27 ±0 .03 a 0.69 ±  0.12 ab 0.053 ±0.012 = 0.03 ±0.003 c 0.03 ±0.004 a

1 Mean +  s e  o f  mean. Values within a column not designated with the same letter are statistically dif­
ferent (P  <  0.01).

2 Not detected.

which were not also found by gas chro­
matography (table 2).

Booth et al. (14) have postulated that 
urinary catechol is derived from dietary 
quinic acid ( 1,3,4,5-tetrahydroxycyclohex- 
ane carboxylic acid) and shikimic acid (3,
4,5 - trihydroxy-1-cyclohexene-1 -carboxylic 
acid) because these compounds occur in 
plants and are metabolized to catechol in 
rats. This conversion has also been shown 
to take place when quinic and shikimic 
acids were incubated with rat intestinal 
microorganisms in vitro (27, 28). Under 
similar conditions protocatechuic acid (3, 
4-dihydroxybenzoic acid) and vanillic acid 
(4-hydroxy-3-methoxybenzoic acid) yield 
catechol ( 10, 27).

Curzon and Pratt (26) suggested that 
resorcinol sulfate, which was excreted in 
the urine of some human subjects, arose 
from the action of intestinal microorgan­
isms on dietary tea polyphenols. Scheline
(9) has demonstrated that gallic acid (3,
4,5-trihydroxybenzoic acid), which occurs 
in plant material including tea leaves, is 
decarboxylated and dehydroxylated to re­
sorcinol by intestinal microorganisms.

Urinary excretion of 4-methylcatechol in 
animals fed natural diets has not been re­
ported previously. This compound was de­
tected only when the plant-containing diets 
( 1 and 3 ) were fed ( tables 2 and 3 ). Bray 
et al. (29) showed that traces of con­
jugated 4-methylcatechol appeared in the 
urine when large doses of p-cresol were 
given to rabbits. Similarly, catechol and 
hydroquinone are metabolites of phenol
(2). This oxidative pathway, however, is 
apparently not of any quantitative impor­
tance under normal conditions because no 
dihydric phenols were detected in the 
group fed diet 2. 4-Methylcatechol is a

metabolite of homoprotocatechuic acid (3, 
4-dihydroxyphenylacetic acid) (11) which 
is a metabolite of quercetin (30), a flavon- 
oid occurring in plants. Homovanillic acid 
(4-hydroxy-3-methoxyphenylacetic acid) al­
so yields 4-methylcatechol when incubated 
with intestinal microorganisms (12). How­
ever, the quantitative importance of these 
precursors of 4-methylcatechol in animals 
fed natural diets is unknown.

Guaiacol (2-methoxyphenol) and 4- 
methylguaiacol (4-hydroxy-3-methoxytolu­
ene) are also simple phenols which have 
not previously been found in urine. In the 
case of guaiacol, Scheline (10), who found 
this compound after the incubation of 
vanillic acid with intestinal microorgan­
isms, suggested that guaiacol might be 
expected in urine. The possibility that O- 
methylation of catechol may account for 
some of the guaiacol present in urine can­
not be disregarded.

The natural precursors of the traces of 
4-methylguaiacol found in the urine of 
rats fed plant-containing diets are not 
known. This simple phenol was not de­
tected by thin-layer chromatography after 
the incubation of homovanillic acid with 
rat cecal contents (12). Rats fed a puri­
fied diet containing 10% tyrosine, how­
ever, excrete 4-methylcatechol and 4-meth­
ylguaiacol (19). This suggests that the lat­
ter compound may arise by O-methylation 
of 4-methylcatechol.
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Urinary Simple Phenols in Rats Fed Diets 
Containing Different Amounts of 
Casein and 10% Tyrosine * 1

OLAV M. BAKKE
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Bergen, Norway

ABSTRACT Gas chromatographic analysis of extracts of hydrolyzed urines dem­
onstrated a lower excretion of p-cresol (P <  0.01) and phenol (P <  0.05) in rats fed 
a “protein-free” diet compared with those fed 10, 20, 40 and 64% casein. The quan­
tities of these compounds in the urine were not significantly different when rats 
were fed high casein diets (40 and 64% ) or a diet containing 20% casein. The 
simple phenols excreted by rats fed a 10% tyrosine diet were analyzed by thin-layer 
and gas chromatography. The amounts recovered from the urines far exceed the 
values for urinary “volatile phenols” reported by earlier investigators. p-Cresol ac­
counted for the bulk of the simple phenols found in these urines, but smaller amounts 
of phenol, hydroquinone, 4-methylcatechol and 4-methylguaiacol were also present. 
It is concluded that the formation of simple phenols is probably of considerable 
significance in regard to the adverse effects observed during long-term feeding of 
high tyrosine diets.

A previous report (1) confirmed the 
view of many authors (2-4) that dietary 
protein is a major precursor of phenol and 
p-cresol found in urine. Folin and Denis
(4) and Levine et al. (5) have shown that 
there exists a quantitative relationship in 
human subjects between protein intake or 
nitrogen excretion and the amount of 
some classes of hydroxyphenyl compounds 
in urine. Volterra (6), however, who also 
determined the “volatile phenols,” found 
that the quantities of these substances did 
not fluctuate significantly after high and 
low protein meals.

High levels of dietary tyrosine induce 
pathological lesions and growth inhibition 
(7, 8). Rats fed toxic levels of tyrosine 
show greatly elevated levels of urinary 
“total phenols” (9, 10). Bernhart and Zil- 
liken (9) identified p-hydroxypyruvic acid, 
tyramine and possibly homogentisic acid in 
the urine of rats fed a 10% tyrosine diet. 
These investigators also found a significant 
elevation of volatile phenols in the urine 
of these animals. These earlier investiga­
tions, however, were carried out using 
methods of low specificity and the com­
pounds which accounted for the bulk of 
the urinary total phenols and those present 
in the volatile phenol fraction were not 
identified.

The present gas chromatographic study 
was undertaken to obtain precise quantita­
tive and qualitative information about the 
effect of protein intake and the feeding of 
a high tyrosine diet on the production and 
excretion of simple phenols.

METHODS
Anim als. Male albino rats aged 5 to 6 

months and weighing 300 to 360 g were 
used. The animals were fed a commercial 
pellet diet2 and water ad libitum before 
the experiments.

D iet experim ents. Diets containing 10, 
20, 40 and 64% casein were prepared by 
adjusting the amounts of sucrose and ca­
sein in the purified diet described in a 
companion paper (1). The casein-free diet 
contained: (in percent) sucrose, 52; corn­
starch, 32; soya oil, 10; and vitamin and 
salt mixtures as in the other diets. The 
high tyrosine diet was prepared by adding 
10% Z-tyrosine 3 to the 20% casein diet at 
the expense of an equivalent amount of 
sucrose.

The animals were placed in individual 
metabolic cages and allowed free access to

Received for publication December 27, 1968.
1 Supported by a grant from Det Videnskapelige 

Forskningsfond av 1919, Oslo, Norway.
2 Felleskj0pet, Oslo, Norway.
3 Sigma Chemical Company, St. Louis, Mo.
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the experimental diets and to water. Urine 
was collected in 1 N HC1 ( 5  ml) during 
two successive 24-hour periods beginning 
3 days after the introduction of the ex­
perimental diets. The diet consumption 
and the urine volumes were recorded; the 
mean 24-hour casein intakes and urine 
volumes corrected for evaporation (0.4 
ml) were calculated for each animal (ta­
ble 1). The two urine portions from each 
rat were combined and diluted to 60 ml. 
Because of the differences in the mean 
urine volumes between the diet groups, the 
recovery of water pipetted into the meta­
bolic cages was tested. For 1, 2 and 5 ml 
of water the recoveries were 93, 95 and 
98%, respectively.

Analysis. Ten-milliliter samples of the 
urine dilutions from the rats fed various 
dietary levels of casein were hydrolyzed in 
boiling 3 n  H2 SO4 for 60 minutes. Ten- 
milliliter samples of the pooled urine dilu­
tions from each of these diet groups were 
also refluxed in 6  n  H2 S04.

Because of the large excretion of some 
simple phenol conjugates in the rats fed 
the 1 0 % tyrosine diet, 1 -ml samples were 
employed for the analyses of total (free + 
conjugated) simple phenols in these urines. 
These samples were diluted with water to 
10 ml before hydrolysis in 3 n  H2 S04 or 
with -̂glucuronidase + sulfatase. For thin- 
layer chromatography of acid-hydrolyzed 
urines, and for gas chromatography of free 
simple phenols in nonhydrolyzed urines 
(table 2 ), 1 0 -ml samples of the diluted 
urines were used.

The methods of hydrolysis and extrac­
tion and the analysis in two thin-layer 
chromatographic systems and on three gas 
chromatographic columns are described in 
other reports ( 1 , 1 1 , 1 2 ).

RESULTS
Table 1 shows the casein intakes, the 

urine volumes and the quantities of uri­
nary phenol, p-cresol, 4-ethylphenol and 
their sums (total simple phenols) in the 
rats fed diets with different casein con­
tents. The amounts of total simple phenols 
and p-cresol were significantly lower (P 
< 0 .0 1 ) in rats fed diets devoid of casein 
compared with those fed the casein-con­
taining diets. The rats fed diets devoid of 
casein excreted significantly lower quanti-



CASE IN , TYR O SIN E  AND U RIN ARY PHENOLS 2 1 9

TABLE 2

Urinary simple phenols in rats fed a 10% tyrosine diet

Rat
no.

Methods of 
analysis Phenol p-Cresol 4-Methyl-

guaiacol
Hydro­

quinone
4-Methyl-
catechol

mg/24 hours mg/24 hours mg/24 hours mg/24 hours mg/24 hours
F +  GLC 1 0.02 2.4 tr — —
E +  GLC 0.7 175 2.1 — 6.3
A +  GLC 0.6 139 tr — 3.9
A +  TLC — +
F +  GLC 0.29 1.6 — _ __
E +  GLC 11.0 127 0.5 1.4 2.9
A +  GLC 12.1 85 — 1.7 1.9
A +  TLC + +
F +  GLC 0.02 3.6 tr — tr
E +  GLC 0.4 184 0.9 — 3.23 A +  GLC 0.4 97 tr — 1.3
A +  TLC - +
F +  GLC 0.34 2.9 tr __ __
E +  GLC 5.2 198 2.0 — 3.2
A +  GLC 5.1 121 tr — 1.4
A +  TLC + +
F +  GLC 0.85 3.7 — __ __
E +  GLC 4.9 59 tr — 1.0
A +  GLC 9.1 74 — — 1.1
A +  TLC + tr

1 F =  free  phen ols  (u r in e  not h y d ro ly z e d ); E =  enzym e-hydrolyzed  urin e (/3-glucuron idase +  su lfa ­
ta s e ); A  =  acid -hydrolyzed  u rin e  (3  N II2SO4 ) ;  GLC =  gas ch rom atograp h y; TLC =  thin-layer 
ch rom atograp h y ; tr =  trace ; +  =  p rom in en t; and  — =  not detected.

ties (P < 0.05) of phenol than those fed 
20, 40 and 64%. The differences between 
the amounts of simple phenols excreted by 
the rats fed 10% casein and those fed the 
other diets are of less consistent statistical 
significance. 4-Ethylphenol excretion did 
not decrease significantly with casein in­
take. Urinary simple phenols failed to in­
crease when the casein intake was doubled 
by increasing dietary casein from 20 to 
40 or 64%.

In accordance with earlier observations
(12) the absolute quantities of phenol and 
p-cresol found after hydrolysis in 6  n  
H2SO4 (pooled urines) were reduced com­
pared with the mean values after boiling in 
3 n  H2SO4. The values obtained, however, 
¡indicate a similar relationship between the 
amount of simple phenols in urine and the 
casein intake, regardless of the acid con­
centration used.

The mean intake of extra tyrosine in 
five rats during the urine collection period 
was 1.6 g/24 hours (range: 1.4 to 1.8 g/ 
24 hours). The results of the thin-layer 
and gas chromatographic analysis of the 
simple phenols in the urine of these ani­

mals are shown in table 2. There were 
considerable discrepancies between the 
amounts of p-cresol found with acid and 
with enzyme hydrolysis. This, together 
with the failure to detect hydroquinone by 
gas chromatography in rats 4 and 5, is ex­
plained by earlier observations using these 
methods of hydrolysis and extraction (12). 
Hydroquinone was detected by thin-layer 
chromatography only in rats 2, 4 and 5 
which also showed elevated phenol excre­
tion. Large amounts of p-cresol occurred 
together with some 4-methylcatechol in 
rats 1, 2, 3 and 4 whereas the smallest 
quantities of both compounds were found 
in rat 5. A similar relationship existed be­
tween the amounts of 4-methylcatechol 
and 4-methylguaiacol found after enzyme 
hydrolysis.

Traces of 4-ethylphenol were likely to 
have been present in the urines in addi­
tion to the simple phenols listed in table 2. 
However, large adjacent p-cresol peaks in­
terfered with its detection on the most 
sensitive of the gas chromatographic 
columns.
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DISCUSSION
Earlier investigators (4, 5) have shown 

that the urinary excretion of “phenolic 
compounds” as determined by the Folin- 
Ciocalteu reaction increases with increas­
ing protein intake or nitrogen excretion. 
Only a few of these compounds, mainly 
the three simple phenols identified in the 
present study are volatile and these have 
been determined collectively by Volterra 
(6) using a steam-distillation method. Vol­
terra found no diurnal variations in the 
excretion of volatile phenols in patients 
fed low protein meals at breakfast, animal 
protein at lunch and only vegetable pro­
teins at dinner. The processes involved in 
their formation and excretion, however, 
may be too lengthy for these compounds 
to appear in the urine within a few hours 
after ingestion of protein.

Cornish and Ryan (13) showed that 
fasted rats, presumably due to a lack of 
dietary sulfate, excreted phenolic benzene 
metabolites mainly as acid-resistant glu- 
curonides, whereas the easily hydrolyzable 
sulfate conjugates decreased in the urine. 
As shown by hydrolysis in 6 n  H2S04, such 
factors did not influence the results of the 
present casein study. The metabolic cages 
permitted nearly complete collection of the 
urine. It is, therefore, not likely that the 
differences in urine volumes (table 1) have 
significantly affected the recovery of sim­
ple phenols.

Bernhart and Zilliken (9) reported re­
coveries of 98 to 100% with phenol and 
p-cresol using acid hydrolysis, steam dis­
tillation and the Folin-Ciocalteu phenol re­
agent for the analysis of volatile phenols 
in the urine of rats fed a 10% tyrosine 
diet. The urinary excretion of volatile phe­
nols did not exceed 12 mg/day in any of 
these rats which weighed about 150 g. This 
value is less than 10% of the amount of 
p-cresol alone which was found in the pres­
ent study. However, these authors used a 
low acid concentration (0.5 n  HC1) for 
conjugate hydrolysis. Also, their rats were 
fed high tyrosine diets for several weeks, 
whereas in this study the urine collection 
started only 3 days after the introduction 
of the experimental diet. The influence of 
different experimental procedures on the 
intestinal microflora which is involved in 
the degradation of tyrosine may contribute

to the discrepancies between the results of 
the above authors and those presented 
here.

Baumann (3) and Williams (2) have 
pointed out that like phenol and p-cresol, 
urinary 4-ethylphenol is possibly derived 
from tyrosine through the action of intesti­
nal microorganisms. The failure to detect 
4-ethylphenol in the present study strongly 
suggests that the considerable amounts of 
this compound found in the urine of rats 
fed natural diets (1) are of nonprotein 
origin.

Large amounts of p-cresol were found 
in the urine of all of the rats in the pres­
ent study. However, only rats 2, 4 and 5 
excreted larger quantities of phenol than 
did rats fed the purified diet without tyro­
sine. Individual variations in the intestinal 
microflora may explain this observation. 
The dihydric simple phenols hydroquinone 
and 4-methylcatechol arise by oxidation of 
phenol (2) and p-cresol (14), respectively.
O-Methylation of phenolic hydroxyl groups 
occurs with several compounds (2). It is 
probable that this metabolic reaction ac­
counts for the 4-methylguaiacol recovered 
from the urines.

Deichmann and Witherup (15) investi­
gated the acute toxicity of phenol and p- 
cresol in rats. Administered orally the l d 50 
of phenol was 0.34 to 0.54 g/kg body 
weight depending on the concentration of 
the aqueous solution or emulsion given. 
They also examined the relative toxicity of 
phenol and p-cresol administered orally as 
a 10% solution in olive oil and found that 
both compounds were about equally toxic. 
Schmidt et al. (16), finding that the con­
jugated volatile phenol fraction was ele­
vated in uremia, determined the acute tox­
icity of p-tolylsulfate by intraperitoneal 
injection into mice. For this compound 
which is ordinarily the main conjugate of 
p-cresol (2, 12), the l d 50 was 1.6 g/kg 
body weight. Hydroquinone is somewhat 
more toxic than phenol (2). Information 
is lacking about the toxicity of 4-methyl­
catechol and 4-methylguaiacol.

The quantities of free and conjugated 
simple phenols which were excreted by the 
rats in the present study reflect a forma­
tion on the order of 0.2 to 0.6 g/kg body 
weight per 24 hours of these compounds. 
It seems highly probable that the produc­
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tion of simple phenols contributes to the 
toxic manifestations which have been ob­
served during long-term feeding of high 
tyrosine diets. The physiological signifi­
cance of the small amounts of simple phe­
nols excreted by rats fed diets without 
extra tyrosine is unknown.
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Alcohol and Amino Acid Transport in the 
Human Small Intestine * 1
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ABSTRACT The effect of ethanol on the absorption of L-methionine was studied 
in the human small intestine. It was shown that 2% ethanol significantly (P <  0.01) 
inhibited the absorption of this amino acid by 55% . A 40-g dose of alcohol was given 
orally to human volunteers as 10 and 20% solutions. Ethanol in the intestinal fluid 
reached concentrations of 2.5 to 3% and was maintained above 1% for 30 to 60 
minutes. The possible significance of these findings is discussed in relation to the 
nutritional deficiencies that occur in chronic alcoholism in humans.

Ethanol2 has been shown to inhibit the 
active transport of Na+ and K+ and the 
(Na + K)-activated ATPase in several tis­
sues and species (1-3). It has also been 
reported, in rats, that the intestinal active 
transport of amino acids, a process known 
to be dependent on an asymmetrical dis­
tribution of Na+ across the cell membrane, 
is also inhibited by ethanol both in vitro 
and in vivo (4, 5). We wish to report 
similar results in humans using L-methio­
nine. We have chosen this amino acid 
because of its lipotropic properties and also 
because it is known that ethanol orally ad­
ministered produces fatty liver even when 
it is given with well-balanced diets (6, 7). 
The latter might conceivably result or be 
aggravated by an inhibition of the intes­
tinal absorption of this amino acid.

METHODS
This study was performed on normal 

volunteers and on subjects admitted to the 
hospital with signs of hyperexcitability 
from alcoholism. The subjects were fasted 
overnight and the absorption of L-methio­
nine was determined early in the morning. 
A double catheter was introduced by mouth 
up to the small intestine to reach 15 to 20 
cm below the ligament of Treitz (upper 
jejunum). The position of the catheter 
was checked fluoroscopically. The 3H-l- 
methionine,3 3 mM (2000 cpm/pmole) in 
saline containing 1% polyethylene glycol 
(PEG), was perfused at 37° at a constant 
rate of 5 ml/minute through the catheter 
and 3-minute samples were obtained by 
continuous aspiration 15 cm distal to the

infusion point. The intestinal absorption 
was calculated from the difference be­
tween the radioactivity of the perfusion 
fluid and that of the liquid collected dis- 
tally. The radioactivity was measured in 
a liquid scintillation counter 4 and was cor­
rected for quenching by internal standardi­
zation. The amino acid absorption was 
further corrected for water absorption us­
ing PEG as described by Schedl et al. (8). 
PEG in the aspirates was determined tur- 
bidimetrically by a modification of the 
method of Hyden (9). To determine the 
concentration of alcohol in the upper 
jejunum, intestinal fluid was aspirated 
through a thin catheter at different times 
after a standard dose of alcohol. Ethanol 
in the aspirates was determined spectro- 
photometrically using alcohol dehydrogen 
ase (4).

RESULTS

Figure 1 shows the effect of 2% ethanol 
on the absorption of L-methionine in the 
small intestine. In a group of 10 subjects 
(4 normal and 6 alcoholics) methionine 
was perfused for an initial 36-minute con­
trol period. At this time ethanol was added 
to the perfusion fluid to a final concentra­
tion of 2% and the sample collection was

R eceived  fo r  pu b lica tion  January 21, 1969.
1 Supported b y  grants from  the N ationa l Institutes 

o f  H ea lth ( U S A ); the F oun dation ’ s Fund fo r  R esearch  
in  P sych iatry (U S A ) ; the A lcoh olism  and D rug A d d ic­
tion  R esearch F oundation  o f  O ntario, C an ada ; and 
the F oundation  fo r  Overseas R esearch Grants and 
E ducation  (U S A ).

2 T he w ords a lcoh o l and ethanol are used inter­
changeably .

3 T he R ad ioch em ica l Centre, A m ersham , B u ck in g ­
ham shire, England.

4 N uclear-C hicago, Des Plaines, 111.

2 2 2 J. N u t r it io n , 9 8 : 222 -224 .



ALCOHOL AND A M IN O  ACID TRAN SPO RT 2 2 3

M I N U T E S
Fig. 1 Methionine absorption in the human 

small intestine. The points represent the average 
for 4 subjects in curve A and 10 in curve B. 
The arrow shows the time at which alcohol was 
added to the perfusion fluid. No alcohol was 
added throughout the experiment to the subjects 
in curve A.

continued for another 36-minute period. 
The mean methionine absorption (curve B 
of fig. 1) during this control period was
6.10 ±  0.27 ( s e m )  pmoles/minute per 15 
cm intestine. Alcohol significantly re­
duced the absorption to 2.73 ± 0.5 (P < 
0.01 by the t test. The same degree of sig­
nificance was obtained when paired data 
were used). In this group the results for 
six alcoholics and for four normal sub­
jects are presented. Because no significant 
difference was found between controls and 
alcoholics with respect to the methionine 
absorption or to the inhibition produced 
by alcohol, the values were pooled. In a 
separate group of four subjects, two nor­
mal and two alcoholic, the absorption of 
methionine was measured for 72 minutes 
without the addition of alcohol. Although 
considerable individual variation was 
found, the absorption remained constant 
for the same subject during the study 
period. The mean methionine absorption 
in the initial 36-minute period (group A of 
fig. 1) was 7.75 ±  0.54 umoles/ minute 
per 15 cm intestine, and 8.67 — 0.31 in 
period 2 (P =  0.7).

It was of interest to determine whether 
the concentrations of alcohol that inhibit 
the absorption of methionine can be found 
in the human small intestine in moderate

drinking. Figure 2 shows that these in­
testinal concentrations do indeed occur 
and that they are maintained for rather 
long periods of time. When 40 g of ethanol 
were administered to two normal subjects 
in a final volume of 200 and 400 ml (20 
and 10% solutions) the concentration of 
alcohol in the jejunum reached maximum 
values of 2.5 to 3% and was maintained 
above 1% for 30 and 60 minutes, respec­
tively (fig. 2).

DISCUSSION
Our results demonstrate that 2% eth­

anol, a concentration that can be found 
in the human intestine in moderate drink­
ing, inhibits by 55% the intestinal absorp­
tion of L-methionine. In our previous work 
with rats in vivo (4), ethanol given orally 
as a 25% solution to a final dose of 250 
mg,/100 g body weight, was found to in­
hibit the intestinal absorption of L-phenyla- 
lanine by about 50%. In that study it 
could be seen that alcohol prevented the 
amino acid absorption rather than delay­
ing it. When 40 g of ethanol were given 
as 10 and 20% solutions to control sub­
jects, alcohol in the intestine was found 
to reach values above 2% and was main­
tained over 1% for up to 1 hour when it 
was given in the more diluted form. It 
should be considered that some alcoholics 
consume amounts as high as 500 g eth-

Fig. 2 Ethanol concentration in the intestinal 
fluid after the oral administration of 40 g of 
alcohol. ( I )  Alcohol was given as a 20% solu­
tion. (II) Ethanol was given as a 10% solution.
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anol/day, divided in small doses of rela­
tively low concentrations. Thus, it is not 
unlikely that these subjects could main­
tain constant high concentrations of alco­
hol not only in the proximal but also in the 
distal segments of the small intestine. Re­
cent work by Schedl et al. (8) has shown 
that the maximum rate for the absorption 
of methionine in the distal segments is 
only 1/5 to 1/6 that in the proximal 
regions.

It is conceivable, therefore, that the syn­
dromes of protein deficiency in humans 
might be aggravated, or even produced, 
by the inhibitory effect of alcohol on the 
intestinal amino acid absorption that we 
are describing. To what extent is this 
effect responsible for the production of 
liver steatosis, known to occur in alcohol­
ism, should be a matter of further studies.
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Effect of a-Aminoisobutyric Acid on Arginine 
Metabolism in Chicks 1,2
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ABSTRACT The addition of 0.5% a-aminoisobutyric acid (AIB ), a presumably 
nonmetabolizable amino acid, to a casein basal diet supplemented with graded levels 
of L-arginine • HC1 caused an accumulation of free arginine and a depression of free 
ornithine in both plasma and muscle of chicks, and also altered the levels of some 
other amino acids. The differential effect on free amino acids was more pronounced 
in muscle than in plasma. Injection of AIB into the breast muscle of chicks fed the 
casein diet supplemented with 3% L-arginine -HC1 gave an effect on arginine, ornithine 
and other amino acids similar to that given by oral feeding of AIB. Further observa­
tions of significance were that the weight gain and feed efficiency of chicks fed the 
casein basal diet were improvd by supplementation with AIB, and that kidney arginase 
activity was greatly depressed when AIB was fed. Arginine metabolism was also 
affected by AIB in chicks fed a basal diet based on wheat gluten supplemented with 
arginine, but the growth response to AIB supplementation found with the casein diet 
was not observed. Possible mechanisms of the influence of AIB on arginine metabolism 
are discussed in relation to the experimental findings.

The behavior of a-aminoisobutyric acid 
(AIB) in living cells and mammalian tis­
sues has been extensively studied (1-4). 
Owing to its nonmetabolizable character­
istics in tissue, this amino acid has been 
used to study problems of amino acid trans­
port or absorption, and Smith (5) sug­
gested that AIB might serve as an internal 
indicator in chick plasma amino acid 
studies.

In some of our experiments designed to 
study the distribution of free amino acids 
between plasma and muscle of chicks, AIB 
was incorporated into purified diets as a 
reference amino acid. The chicks receiv­
ing AIB, however, revealed some unusual 
amino acid patterns in the plasma and 
muscle tissue. The experiments reported 
here were conducted to study these effects.

EXPERIMENTAL
Commercially obtained White Plymouth 

Rock pullets were fed a practical starter 
ration from 1 day to 7 days of age. At 
day 7, chicks within a narrow range of the 
average body weight were fed preliminary 
diets for an adaptation period of 4 days. 
At the end of this period, the chicks were 
further selected on the basis of body weight 
and distributed into groups (10 or 15 
chicks) of the same average weight. The

composition of the basal diets is given in 
table 1. The experimental diets were for­
mulated from these basal diets by supple­
mentation with varying levels of L-argi­
nine HC1 at the expense of glucose. 
Treatment diets containing AIB were pre­
pared from the corresponding control diets 
by adding 0.5% AIB 3 without compensa­
tion. The preliminary diets for the adap­
tation period mentioned were the experi­
mental diets with presumably adequate 
supplementation of L-arginine HC1; that is, 
the casein diet supplemented with 1% L- 
arginine-HCl, or the wheat gluten diet sup­
plemented with 0.52% L-arginine HC1. The 
experimental diets were fed to duplicate 
groups for 7 days. Some alterations of pro­
cedure are noted in the description of par­
ticular experiments. Throughout the experi­
ments, all the chicks were housed in elec- * 1 2 3

R eceived  fo r  p u b lica tion  D ecem ber 23, 1968.
1 Supported in  part by a grant from  the N ational 

R esearch  C ouncil o f  C anada and  from  the Ontario 
D epartm ent o f  A gricu ltu re and  Food. T he senior 
author w as a recip ien t o f  a  scholarsh ip  fr o m  the 
N ationa l R esearch C ouncil o f  Canada.

2 F rom  a thesis subm itted b y  the sen ior author in  
partia l fu lfillm en t o f  the requirem ents fo r  the degree 
o f  D octor o f  P h ilosoph y, U niversity o f  G uelph , G uelph , 
O ntario, Canada.

3 a-A m inoisobutyric acid , purchased  from  N utri­
tion a l B iochem ica ls  C orporation , C leveland, O hio, was 
hom ogen eous by  paper ch rom atograph y (m a n u fa c ­
turer’ s a n a lys is ), and gave a single p eak  using  ion  
exch an ge  and gas-liquid  chrom atograph y o f  the butyl 
ester derivative.

J. N u t r it io n , 9 8 : 225-234. 2 2 5
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TABLE 1 
Basal diets

Casein
diet

Wheat
gluten
diet

Casein 1
%

20.0
%

Wheat gluten 1 — 22.64 2
Glucose monohydrate 63.66 60.43
Cellulose 3 3.0 3.0
Corn oil 4.0 4.0
Salts 4 6.0 6.0
Vitamin mixture 6 2.0 2.0
Choline chloride 6 0.44 0.44
Glycine 0.6 —
L-Cystine 0.3 —
L-Methionine — 0.10
DL-Tryptophan — 0.04
DL-Threonine — 0.42
L-Lysine-HCl

100.00

0.93

100.00
1 V itam in -free  casein , w heat gluten , purchased  from  

N utrition al B iochem ica ls  C orporation , C levelan d , Ohio.
2 T he quantity  w as equ iva len t to 20%  casein  on 

N  basis.
3 A lph afloc, pu rchased  fro m  Lee C hem icals, Ltd., 

T oronto, O ntario, Canada.
4 Fox-Briggs N  m in era l m ixture  (1 6 ) ,  purchased  

from  G eneral B iochem ica ls  In c., C hagrin  Falls, Ohio. 
A  supplem ent o f  5 m g  o f  N a2M o04-2 H 2 0 /k g  diet was 
also in cluded .

3 C ontributed in  m illigram s per k ilogram  d ie t : vita­
m in  E con e  (44 ,000  I U /k g ) ,  816.0; v itam in  A cone 
(10 ,000  I U /g ) ,  1060; vitam in  D3 con e  (20 ,000  I C U /g ) ,  
48 ; riboflav in , 11.5; Ca pantothenate, 40.6 ; n iacin , 
105.8; b iotin , 0 .352; fo l ic  acid , 2 .2 ; m enad ion e, 20.2; 
thiam ine-H C1, 8 .0; pyrid ox in e-H C l, 14.0; v itam in  B i2 
(0 .1 %  tr itu ra te ), 40 .6 ; p -am inobenzoic acid , 20.0; and 
inosito l, 1102.0.

6 A m ixture o f  equal parts o f  pure ch o lin e  ch loride  
and a 25%  ch o lin e  ch loride  concentrate.

trie ally heated batteries with feed and 
water supplied ad libitum.

At the end of the experimental period, 
chicks were weighed and decapitated; 
about 2 ml of blood were collected individ­
ually from the carotid artery into vials con­
taining a droplet of heparin solution (10 
mg/mlinO.9% NaCl solution). The blood 
samples were then pooled in a stoppered 
centrifuge tube and stored in an ice bath 
until centrifuged. After centrifuging, the 
supernatant plasma and precipitated red 
blood cells were separated and 5 ml of the 
plasma was mixed with 2 volumes of 4.5% 
sulfosalicylic acid (w/v) and the pre­
cipitated protein was removed by centri­
fugation and filtration. The deproteinized 
samples were kept in tightly closed bottles 
and stored at — 20° until analyzed.

Muscle extracts were prepared by the 
following procedure; A piece of muscle 
was cut from the biceps fraction of the

right leg immediately after the blood was 
drained. The tissue was immediately fro­
zen and stored in dry ice for a few days 
until extractions were made. Muscle sam­
ples from each pen were minced and 
mixed, and 2 g of the minced muscle was 
homogenized with 10 ml of 4.5% sulfo­
salicylic acid in an ice bath with a mixer.4 
The homogenate was centrifuged and the 
supernatant was filtered. The muscle ex­
tracts were kept in tightly closed bottles 
at -  20°.

The plasma and muscle samples were 
analyzed for amino acids within 3 weeks 
by ion exchange chromatography using an 
amino acid analyzer (130-cm column).5

In the experiment to study arginase ac­
tivity, both kidneys were excised and fro­
zen immediately. Each pair of kidneys was 
sealed in a plastic bag and stored in dry 
ice. Kidney arginase activities were deter­
mined by the method of Smith and Lewis 
(6), except that the homogenate concen­
tration in the reaction mixture was in­
creased to 33.3 mg/ml (or 100 mg/ml 
homogenate) in an attempt to compare 
the high and low arginase activity of the 
samples from each treatment under the 
comparable condition of homogenate con­
centration. The relationship between ho­
mogenate concentration and urea for­
mation was tested with the kidneys of 
chicks fed a 3% L-arginine-HCl-casein 
basal diet. Three concentrations: 100, 
50, and 25 mg/ml homogenates were 
prepared with 0.001 m  MnSCh-maleate 
buffer at pH 7.0 and incubated at 37° for 
70 minutes. The rate of urea formation 
at the concentration of 100 mg/ml homog­
enate was found linearly related to that at 
50 mg/ml. When the concentration was 
diluted to 25 mg/ml the specific activity 
of the enzyme was slightly decreased. 
Urea was determined colorimetrically by 
using 1-phenyl-1,2-propanedione-2-oxime
as reagent according to the method of Van 
Slyke and Archibald (7).

Statistical significance between pairs of 
means for planned comparisons was made

4 O m ni-M ixer H om ogenizer, Iva n  Sorvall In c., N or­
w alk , Conn.

s T ech n icon  C orporation , A rdsley , N . Y.
6 Supplem entation  w ith  argin ine w as fo u n d  pre­

v iou sly  to ca u se  depressions in  certa in  am in o acids. 
U npublished  data.
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by the “least significant difference” test
( 8 ) .

RESULTS AND DISCUSSION
The effect of supplementation with 

0.5% AIB on the response of plasma and 
muscle free amino acids to three levels of 
arginine supplementation of the casein 
diet was studied (table 2, figs. 1 and 2). 
Plasma arginine in the AIB-treated groups 
was markedly elevated as compared with 
that in the corresponding control groups. 
This elevation of plasma arginine was ac­
companied by a depression of plasma orni­
thine (fig. 1). The free arginine and orni­
thine in the muscle were affected in a 
similar way by the AIB but the differential 
effect was more pronounced (fig. 2).

Certain other plasma amino acids 
showed characteristic changes when the 
diet was supplemented with arginine.6 In 
particular, plasma lysine, threonine, gly­
cine and valine were depressed (9, 10). 
The addition of AIB depressed lysine and 
valine still further when supplemental 
arginine was in the diet (table 2). How­
ever, the effect of AIB on plasma threonine 
and glycine was less marked. A similar 
depressing effect of AIB was also found for 
leucine when the diet was supplemented 
with arginine. There were apparent ef­
fects of AIB on other amino acids in 
plasma in the group fed the casein basal 
diet; however, their significance is not 
clear.

The depressing effect of AIB on lysine, 
valine and leucine was similar in muscle 
and plasma, but its effect on threonine 
and glycine was only observed in muscle. 
In addition, histidine was also decreased 
in muscle when AIB was added. Other 
muscle amino acids, isoleucine, glutamic 
acid, alanine and a dipeptide carnosine, 
were also affected.

It is suggested that the observed effects 
of AIB on arginine, ornithine and lysine 
might result from an alteration in the 
operation of one or both of two mecha­
nisms: 1) changes occurred in intestinal 
absorption or renal reabsorption of lysine, 
arginine or ornithine by a simple competi­
tive action of AIB or, 2) metabolic changes 
involving a direct effect of AIB on enzyme 
activities occurred. If the effects were 
caused chiefly by the former, the amino

acid patterns in blood or muscle of chicks 
fed AIB for either a long period, or a 
short period, should show little difference. 
An experiment was carried out to test this 
assumption. Chicks were raised in a simi­
lar manner as in the previous experiment,
i.e., fed a starter ration for 7 days, and 
fed the preliminary diet for 4 days. The 
long-period feeding groups were changed 
to the 3% L-arginine-HCl-casein diet for 
an additional 7 days. The short-period 
groups were continued on the 1% L-argi- 
nine-HCl preliminary diet for 7 days until 
the last 2.5 hours. At this time, feed was 
removed for 30 minutes and then 3% l- 
arginine-HCl-casein diet was fed for the 
final 2 hours. At the end of 2 hours the 
chicks in both treatment groups were 
killed and samples taken at the same time.

The effect of AIB on the plasma free 
arginine and ornithine of chicks fed the 
3% L-arginine-HCl-casein diet for 7 days 
was similar to that observed in the previ­
ous experiment (table 3). In the 2-hour 
group the plasma arginine level responded 
to dietary arginine and was elevated to a 
level higher than that of the control group 
fed 3% L-arginine • HC1 for 7 days. The 
conversion of excess arginine into orni­
thine is the likely explanation of the 
marked increase of plasma free ornithine. 
Treated chicks in the 2-hour group, how­
ever, showed no sign of the effect of AIB, 
that is, no accumulation of arginine ac­
companied by a depression of ornithine. 
The evidence, therefore, favors the pos­
sibility that AIB exerted its effect through 
a direct metabolic change involving en­
zyme activities.

Further evidence that the effect of AIB 
was not mitigated through an influence on 
intestinal absorption came from an ex­
periment in which AIB was injected into 
chicks receiving a casein diet supplemented 
with 3% L-arginine-HC1 (table 4). The 
AIB, dissolved in 0.9% NaCl, was injected 
daily into the breast muscle over a period 
of 7 days in increasing amounts, with the 
total intake for the 7 days being approxi­
mately equal to the AIB consumed in pre­
vious experiments over the same period of 
time, namely, 890 mg AIB/chick per 7 
days. Plasma and muscle arginine were 
elevated and ornithine depressed in essen­
tially the same manner as they were when
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Fig. 1 Effect of dietary AIB on plasma argi­
nine and ornithine in chicks fed a casein diet sup­
plemented with graded levels of arginine (data 
from table 2 ).

AIB was given orally. The pattern of 
other amino acids, lysine, threonine, gly­
cine, valine and histidine as affected by 
arginine and AIB (0.5% ), was also simi­
lar to that previously observed (table 2).

If the effect of AIB on plasma arginine 
and ornithine is due to a metabolic change 
in the body, the enzyme arginase or trans- 
amidinase might be directly involved. Be­
cause arginase in the chick kidney is very 
active (6 ) and sensitive to dietary argi­
nine (11, 12), a study was made of kid­
ney arginase activity and plasma urea 
level in chicks fed diets supplemented with 
3% L-arginine-HCl and 0.5% AIB. The 
results are given in table 5.

The individual variation in the kidney 
arginase activity of the chick was very 
large in the present study. This has been 
found by other workers (11 -1 3 ). How­
ever, it is clear that AIB in the diet greatly 
depressed kidney arginase activity of 
chicks. Plasma urea was decreased in the 
AIB-treated chicks, although the depression

was not of the same degree as that ob­
served for arginase. This lesser effect 
might be explained by some renal reabsorp­
tion of urea.

In the experiments which yielded the 
amino acid data given in tables 2 and 3, 
weight gain and feed efficiency of the 
chicks were recorded (table 6 ). Of con­
siderable interest is the apparent improve­
ment in weight gain and feed efficiency 
when AIB was added to the arginine-defi­
cient basal diet. A simple explanation of 
this effect could be a sparing effect of 
AIB on arginine, through a depression of 
arginase activity. The casein basal diet is 
excessively high in lysine content, how­
ever, and, in view of the known antagon­
ism of lysine to arginine (14, 15), the 
possibility exists that an interrelationship 
of lysine and AIB might be concerned. To 
test this possibility an experiment was con­
ducted in which casein was replaced by 
wheat gluten (see table 1), and the lysine

Fig. 2 Effect of dietary AIB on muscle argi­
nine and ornithine in chicks fed a casein diet 
supplemented with graded levels of arginine 
(data from table 2).
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TABLE 3
Effect of feeding period with 0.5% AIB on plasma amino acid pattern of chicks fed a 

casein diet supplemented with 3% lu-arginine'HCl

Amino acid
7 day 1 2 hour 1

Control AIB Control AIB

/im oles/ 100 m l plasm a [im oles/100 m l plasm a
AIB 0 60 ± 6 0 m n 2
Arginine 48 ±  1 1 7 0 ± 5  a 65 ± 4 72 ± 3
Ornithine 5 1 ± 8 11 ± 5  a 36 ±  1 43 ± 3
Lysine 154 ± 4 86 ± 4  a 1 5 5 ± 8 148 ± 3

1 Average ±  range/2 of two determinations, each on a pooled sample from replicate pens of 15 
chicks. Range is the difference between the results for the two determinations.

2 Small peak, not measurable.
a Value is significantly different from control value (P <  0.01).

TABLE 4
Effect of AIB injection on plasma and muscle amino acids of chicks fed a casein diet 

supplemented with 3% L-arginine-HCl

Plasma 1 Muscle 1
Amino acid

Saline AIB Saline AIB

[imoles/100 ml plasma [imoles/100 g tissue
AIB 0 3 4  ± 2 0 151  ± 4

Arginine 4 9  ± 2 1 6 7 ±  15  b 2 8 7  ± 2 1 1461  ± 6  a
Ornithine 5 6  ± 2 10±1  a 179  ± 1 2 22 ±  1 a

Lysine 1 03  ± 1 6 3  ±  1 a 6 4 0  ± 6 4 9 5 ± 18 b
Threonine 6 2  ±  1 7 0 ± 2 149  ± 3 124  ± 3  b
Glycine 5 3  ± 5 5 5  ± 5 3 2 7  ± 3 2 184  ±  3 b
Valine 4 9  ± 0 3 8 ± 2  b 3 7  ±  1 2 4  ± 0  a

Isoleucine 1 7 ± 1 13 ± 0 1 0 ± 3 7 ±  1
Leucine 3 2  ± 2 2 6 ± 0  b 2 7  ± 2 1 8 ±  1 b
Phenylalanine 18  ±  1 1 6 ±  1 1 6 ± 2 14 ± 0
Histidine 1 9 ±  1 1 9 ±  1 153  ± 4 7 9 ±  1 a

Aspartic acid 4 ± 1 3 ± 0 4 6  ± 0 2 8  ±  1
Serine and glutamine 128  ± 3 1 1 8 ± 0 5 8 0  ± 2 2 3 2 6  ±  17
Glutamic acid 1 5 ± 0 14  ± 0 146  ± 1 1 1 9 ± 2
Alanine 71 ± 4 6 7 ± 4 3 5 2 ±  16 1 8 3 ± 8  »

Tyrosine 2 3  ±  1 2 3  ± 2 3 6  ± 0 3 0  ± 3

Carnosine — — 2 9 8  ± 3 5 155  ± 1 4

i Average ±  range/2 of two determinations, each on a pooled sample from replicate pens of 15 
chicks. Range is the difference between the results for the two determinations.

»Value is significantly different from control value (P <  0.01). 
b Value is significantly different from control value (P <  0.05).

level was adjusted to avoid an excess of 
lysine and give approximately the Na­
tional Research Council (NRC) require­
ment.

The results of this experiment are given 
in table 7. The growth data show that the 
wheat gluten diet was deficient in arginine, 
since supplementation of the basal diet 
with 0.52% of L-arginine-HCl improved 
the growth. However, 0.5% AIB in the 
basal diet did not improve the growth as 
it did when added to the casein basal diet. 
The plasma and muscle amino acid data

also showed that AIB did not affect plasma 
and muscle free arginine and ornithine of 
the chick fed the basal diet without argi­
nine supplementation. When supplemen­
tal arginine was added, however, the ef­
fect of AIB was evident, particularly, in 
the case of chicks receiving the diet sup­
plemented with 3% L-arginine-HCl.

The foregoing data clearly show that 
supplementation with AIB at the 0.5% 
level caused an alteration of plasma and 
muscle free arginine and ornithine of 
chicks. Furthermore, the addition of 0.5%
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TA BL E 5
Effect of dietary AIB on kidney arginase and plasma urea of chicks fed a casein diet 

with and without supplemental arginine

Arginase 
activity 1 Urea 2>3

fimoles urea/ Itg urea/
hour per kidney m l plasma

Basal diet (table 1) Control 9970 ±1 97 0 37 ±  14
0.5% AIB 780± 2 5 0 a 22 ±  3

Basal diet+  0.3% L-arginine-HCl Control 20,250 ±1 92 0 129 ± 1 8
0.5% AIB 680 ± 2 4 0  a 5 4 ±  16 b

1 Mean +  s e  is based on individual 
in each.

determinations on 10 chicks housed in two pens, 5 chicks

2 Average ±  range/2 of determinations on two samples of plasma, each a pooled sample for a 
pen of five chicks.

3 Determined by method of Archibald (17) with sulfosalicylic acid in the urea standard solution. 
a Value is significantly different from control value (P <  0.01).
>> Value is significantly different from control value (P <  0.05).

TA BL E 6
Effect of dietary AIB on weight gain and feed efficiency of chicks fed a casein basal diet 

supplemented with graded levels of 'L-arginine-HCl

Exp. 1 Exp. 2

W t  gain 1 Feed/gain W t  gain i Feed/gain

(1 ) Basal diet

g ! chick  
per w eek

35 ±  1 3.62 ±0.04

g/chick 
per w eek

39 ± 4 3.72 ±0 .29
(2 )  (1 ) +  0.5% AIB 6 3 ± 8  b 2.41 ±0 .17 5 9 ± 2 b 2.47 ±0.01
(3 )  ( l )  +  0.5% L-arginine-HCl — — 99 ± 4 1.92± 0.05
(4 )  (3 )  +  0.5% AIB — — 106± 5 1.76±0.01
(5 )  (1 )  +  1% L-arginine-HCl 110±1 1.65±0.01 109 ± 6 1.71 ±  0.10
(6 )  (5 )  +  0.5% AIB 115± 1 1.56±0.02 108 ± 7 1.72 ±0 .06
(7 )  ( l )  +  3% L-arginine-HCl 113 ±  1 1.58 ±0.01 109 ± 1 1 .65±0
(8 )  (7 )  +  0.5% AIB 108 ± 6 1.54 ±0.04 104 ± 3 1.73 ±0 .02
1 Average ±  range/2 of two pens of 15 chicks each. Range is the difference between the average 

for two pens.
•> Value is significantly different from corresponding control value (P <  0.05).

AIB to the casein basal diet or this basal 
diet supplemented with 3% l -arginine • 
HC1 depressed kidney arginase activity and 
also reduced the level of urea in plasma 
(table 5). If it is accepted that excess 
arginine is converted into ornithine and 
urea by arginase in the kidney of chicks, 
the observed depression of kidney arginase 
activity could be considered responsible 
for the reduced plasma urea, the accumu­
lation of arginine and the depression of 
ornithine in plasma and muscle.

The growth-promoting effect of AIB for 
the chick fed the casein basal diet is of 
considerable interest. Casein is known to 
be a protein containing an excess of lysine 
for the chick (14). Nesheim (13) re­
ported that there were high arginine-re­
quirement and low arginine-requirement 
strains of chicks. In both strains, dietary 
excess of lysine caused a marked increase

in kidney arginase activity, but the strain 
with the high arginine requirement was 
particularly sensitive. It is not known 
whether the chicks used in the present 
experiments were of a high or low arginine 
requirement strain. However, a compari­
son of kidney arginase of the chicks fed 
the casein basal diet (table 5) with argi­
nase activity as reported by Nesheim (13) 
suggests that most of chicks used in the 
present study were of a high arginine re­
quirement strain. Jones et al. (11) re­
ported that excess lysine in a casein-gel­
atin diet or a crystalline amino acid diet 
caused a reduction in growth rate and an 
increase in kidney arginase of chicks. 
O’Dell et al. (12) found that there was 
an inverse correlation of the growth rate 
and the kidney arginase activity in the 
chicks fed a casein basal diet supple­
mented with a suboptimal level of arginine.
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The possible arginine-sparing effect, caused 
by the inhibition of kidney arginase in the 
chick fed the casein basal diet and 0 .5%  
AIB supplement (table 5 ) , might be one 
of the main factors responsible for the in­
creased growth rate and feed efficiency. 
In a preliminary experiment an in vitro in­
hibition of arginase activity by AIB using 
kidney homogenate was observed.7 Fur­
ther work is needed, however, to determine 
whether the inhibition is competitive or 
noncompetitive.

Christensen and Cullen (4 )  reported 
that high levels of AIB produced amino­
aciduria in the rat, including excretion of 
the cationic as well as the neutral amino 
acids, with the early effect on lysine ex­
cretion being very strong. Jones (1 4 ) at­
tributed the relatively poor growth of 
chicks fed a casein diet to the high lysine 
content of the diet. Since the depression 
of plasma and muscle free lysine by argi­
nine was increased in the presence of AIB 
(tables 2 and 7 ) , an interaction among 
AIB, lysine and arginine in the renal reab­
sorption process may also be a factor in 
the growth-promoting effect in the present 
experiments. It was difficult to distinguish 
an effect of AIB on the plasma lysine of 
chicks fed a diet first limiting in arginine, 
since plasma lysine was usually elevated 
on diets with this deficiency. The growth 
data obtained when the chicks were fed a 
wheat gluten diet and 0 .5%  AIB supple­
ment (table 7) did not favor the interpre­
tation that competition at the site of renal 
reabsorption was primarily the cause of 
the growth-promoting effect observed with 
the casein diet. If competition with lysine 
was involved, the growth rate and feed 
efficiency of the chicks fed the wheat glu­
ten diet might be expected to be reduced 
when the diet was supplemented with AIB, 
since the lysine content in this diet was 
supplemented to be marginal on the basis 
of the NRC requirement. Consequently, 
if AIB were increasing renal excretion of 
lysine as it did in the rat, growth depres­
sion resulting from a lysine deficiency 
could be anticipated.

Generally, the mechanism by which AIB 
improved the growth rate of chicks fed 
the casein basal diet needs to be further 
investigated. Whether AIB behaves as a 
nonmetabolizable amino acid to avian spe­

cies as it does to mammals is not yet 
clear. It will be of great interest if AIB 
can alleviate the growth depression and 
promote feed efficiency through the sup­
pression of kidney arginase, as this would 
suggest a possibility of employing a syn­
thetic nontoxic but metabolically inert 
chemical as an enzyme inhibitor to allevi­
ate an amino acid imbalance.

An explanation of the effect of AIB on 
other amino acids in the plasma and mus­
cle is not available. It may relate to a 
competition of AIB with other amino acids 
during the transport process across the 
muscle membrane. It appeared that the 
response of plasma amino acid patterns 
to AIB was different in the chick and the 
rat. In a preliminary experiment, a 20%  
casein basal diet, similar to the chick diet 
with and without additional 3%  L-argi- 
nine-HCl was fed to rats with graded levels 
of AIB from 0 to 2 .0 % . The AIB did not 
affect rat plasma arginine and ornithine 
as it did in the chick, except that in the 
3%  L-arginine-HCl-supplemented group, 
AIB at 1 and 2%  decreased the plasma 
lysine of the rat. It is obvious that if AIB 
is used as an internal indicator in the 
chick for amino acid studies, much care 
is needed in the interpretation of the data.
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Effect of Food Restriction on Metabolic 
Alterations in "Control Animals" Used 
in Studies on Biotin-deficient Rats 1,2

M. S. PATEL3 a n d  S. P. MISTRY
Division of Nutritional Biochemistry, Department of Animal Science, 
University of Illinois, Urbana, Illinois

ABSTRACT Different types of “ control animals” used in investigations on biotin- 
deficient rats have been studied. The effect of restricted food intake (10 g ), offered as 
one, two, or four equal meals a day, on metabolic patterns of control animals was in­
vestigated. Although the rate of glycogen synthesis in livers of control animals was not 
altered, it was considerably greater in diaphragms of animals given a restricted amount 
of food than in animals fed ad libitum. This increase was even more significant in 
animals fed multiple meals. The synthesis in vitro of fatty acids from labeled glucose 
or acetate by adipose tissues from animals given a restricted amount of food as a single 
meal was greatly increased compared with animals fed ad libitum. This increase was 
less marked in animals given multiple meals. The present study shows that metabolic 
alterations are induced in control animals as a consequence of food restriction. In view 
of these findings the noncritical use of “pair-fed,”  “pair-weighed”  and “ trained-fed” 
animals as “ controls”  in nutritional studies could lead to erroneous conclusions.

It is known that biotin deficiency results 
in a marked reduction in food intake of 
animals. To restrict food intake of control 
animals, pair-feeding (1, 2), pair-weighing
(3,4) and trained-feeding (4) techniques 
have been employed. Recently, we (5) 
observed systematic oscillations in body 
weight, liver weight, the level of hepatic 
glycogen and spontaneous activity of con­
trol animals given a restricted amount of 
food (10 g) as a single meal or as multiple 
meals a day. In view of these systematic 
oscillations the effect of food restriction on 
the synthesis in vivo of glycogen, and the 
synthesis in vitro of fatty acids in various 
tissues of control rats, has been studied.

METHODS AND MATERIALS

Anim als. Nineteen-day-old weanling 
male rats of the Sprague-Dawley strain 
weighing 32 to 38 g were used. The ani­
mals were housed individually in metal 
cages with raised wire screens in a tem­
perature-regulated room. Biotin deficiency 
was produced by feeding ad libitum a basal 
diet (6) containing 71% glucose, 20% 
spray-dried egg white, 4% corn oil and all 
the other nutrients; biotin was not added 
to the diet. The control animals were cured 
of biotin deficiency by injecting intramus­
cularly 100 ug biotin in physiological sa­

line three times a week during the 2-week 
curative period. During this treatment the 
visible symptoms of biotin deficiency pro­
gressively disappeared. Water was avail­
able to animals at all times.

E xperim ental design. Sixty deficient 
animals, after being fed the basal diet for 
5 weeks, were divided into five groups of 
12 animals/group, as shown in table 1. 
The curative treatment and various feed­
ing schedules were carried out for 2 weeks. 
Animals fed 10 g once (group 3), 5 g twice 
(group 4) and 2.5 g four times (group 5) 
a day, completely ate their individual offer­
ing in about 6 hours, 30 and 15 minutes, re­
spectively, as reported in our earlier study
(5). These animals (groups 3 to 5) con­
sumed their total food allotment of 10 g 
every day during these 2 weeks. The aver­
age food intake of deficient animals fed 
ad libitum (group 1) and control (group
2) animals in week 2 of the treatment was 
about 10 and 17 g, respectively.
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TA BL E 1
Experimental design 1

Group Biotin status Feeding pattern

i Deficient Ad libitum

2 Cured-normal Ad libitum

3 Cured-normal Restricted food intake,
10 g once a day (10 g X 1)

4 Cured-normal Restricted food intake, 5 g 
twice a day at 12-hour inter­
vals (5  g X 2)

5 Cured-normal Restricted food intake, 
2.5 g four times a day 
at 6-hour intervals 
(2.5 g X 4 )

1 Sixty animals were fed ad libitum an egg-white 
diet for the first 5 weeks of the experiment. The 
animals were then grouped (12 in each group) and 
fed the same diet for another 2 weeks as indicated 
above. Animals in control groups were cured of biotin 
deficiency.

On the last day of the treatment the con­
trol animals in groups 3, 4 and 5 were 
given 2 g of food at the zero hour (12 
noon), which was consumed in about 15 
minutes. This procedure brought the ani­
mals (groups 3 to 5) to the same nutri­
tional status. At this time food cups were 
removed from animals in groups 1 and 2. 
All animals were then fasted for 24 hours, 
but water was available at all times. At the 
end of the fast, six animals from each 
group were decapitated and exsanguinated; 
the glycogen in livers and diaphragms was 
determined as described below. Adipose tis- 
tues from control animals (groups 2 to 5) 
were used to study in vitro synthesis of 
fatty acids as described below. The remain­
ing six animals from each group (groups 
1 to 5) received, intragastrically, 5 mmoles 
glucose containing 1.5 uCi labeled glucose 4 
in a 3-ml solution per animal. After 3 hours 
the animals were killed, and the radioactiv­
ity and amount of glycogen in livers and 
diaphragms were determined.

D eterm ination  o f glycogen . Immedi­
ately after decapitation about 300 mg liver 
and 100 mg diaphragm were removed; they 
were quickly weighed on a torsion balance,5 
transferred to tubes containing 2 ml of hot 
30% KOH and digested in a boiling-water 
bath for 30 minutes. Glycogen was co­
precipitated with Na2S04 from the KOH 
digest using 95% ethanol (7), and the 
precipitate was washed once with 65% 
ethanol, as suggested by Fong et al. (8).

The precipitate containing the radioactiv­
ity was dissolved in water and reprecipi­
tated with 95% ethanol. After repeating 
this treatment, the precipitate was dis­
solved in water and glycogen was estimated 
by the anthrone method (9). Radioactivity 
was determined by counting an aliquot 
with 15 ml of Bray’s scintillation solution
(10) in a scintillation counter6 and a 
counting efficiency of about 65% .

In vitro synthesis o f fatty acids. As 
mentioned above, after the 24-hour fast six 
animals from groups 2 to 5 (table 1) were 
decapitated, and the epididymal adipose 
tissues were rapidly removed; one fat pad 
was used for studying fatty acid synthesis 
from glucose; the other pad was used for 
the incorporation of acetate into fatty 
acids. About 100 mg of the tissue were 
weighed on a torsion balance and imme­
diately transferred to a 25-ml Erlenmeyer 
flask containing 3 ml of calcium-free Krebs- 
Ringer biocarbonate buffer, pH 7.4 (11). 
The buffer contained per milliliter: a) 5 
nmoles glucose-U-14C (0.180 uCi) and 0.1 
unit of insulin7; or b) 10 nmoles labeled 
acetate 8 * (0.179 nCi), 5 nmoles of glucose 
and 0.1 unit of insulin. Glucose and insulin 
are required for optimal synthesis of fatty 
acids from labeled acetate, or pyruvate-2- 
14C, or pyruvate-3-14C by adipose tissue
(12). The levels employed were the same 
as used in earlier studies (12, 13).

Each flask was gassed with 95% 02-  
5% C02 and sealed with a rubber serum 
stopper having a hanging polyethylene well 
which contained a 2 cm by 2 cm piece of 
Whatman no. 1 filter paper. The flasks 
were then shaken in a reciprocating water 
bath (90 strokes/minute) at 38° for 3 
hours. At the end of the incubation period, 
through the rubber stopper, 0.1 ml of 25% 
KOH was introduced with a syringe and 
needle onto the filter paper; similarly, 0.5 
ml of 0.2 n  H2 SO4 was added to the incuba­
tion medium to stop the reaction and to 
release C02. To ensure complete liberation 
and trapping of C02, shaking was con­
tinued for another 30 minutes. The filter

4 Glucose-U-14C (specific activity 3.83 mCi/mmole), 
N e w  England Nuclear Corporation, Boston, Mass,

s Roller-Smith Precision Balances, Newark, N. J.
6 Packard Tri-Carb, Packard Instrument Company, 

Inc., Downers Grove, 111.
7 Crystalline pork insulin, Eli Lilly and Company, 

Indianapolis, Ind.
8 Acetate-U-14C (specific activity 28.2 mCi/mmole),

Nuclear-Chicago Corporation, Des Plaines, 111.
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paper containing trapped MC02 was trans­
ferred to a counting vial and allowed to 
dry; the paper was flattened, and 10 ml of 
toluene scintillation solution (13) was add­
ed and counted in a scintillation counter 9 
as described by Buhler (14). The overall 
efficiency of the method was calculated 
to be 24% using the buffer containing 
NaH14C03 (13).

After incubation the adipose tissue was 
treated essentially as described by Cahill 
et al. (15). The tissue was rinsed three 
times in physiological saline and trans­
ferred to a tube containing 15 ml chloro­
form-methanol solution (2:1, v/v), and 
the lipids were extracted with constant 
shaking for 6 hours. To remove radioactive 
contamination of nonlipid material, the 
lipid extract was washed with 4 ml of 
“salty wash” and then with 7.5 ml of “salty 
wash upper phase” (16). After adding two 
or three boiling chips, the solvent was evap­
orated to dryness in a water bath at 60°.

The lipids were saponified by refluxing 
in 10 ml of 3% methanolic KOH at 80 to 
85° for 45 minutes. The tubes were allowed 
to cool and 10 ml water was added to each 
tube. The nonsaponifiable lipids were re­
moved by three 5-ml extractions with pe­
troleum ether (BP 30 to 60°). The sa­
ponified lipid fraction was acidified with 
concentrated HC1 (tested with Congo red 
test paper). The fatty acids were extracted 
with three 5-ml portions of petroleum 
ether, and each portion was transferred to 
a scintillation vial. The combined extract 
was evaporated under a stream of 02-free 
Ns. The fatty acids were dissolved in 10 ml 
of toluene scintillation solution (13), and 
radioactivity was determined in a scintilla­

tion counter 10 and a counting efficiency of 
70%.

RESULTS
The effect of various feeding patterns on 

the synthesis in vivo of glycogen in livers 
of control animals is shown in table 2. Re­
stricted feeding, as a single meal or mul­
tiple meals (groups 3 to 5), had no effect 
on the repletion of hepatic glycogen com­
pared with ad libitum feeding (group 2). 
The incorporation of labeled glucose into 
glycogen supported this finding. A very 
marked reduction in the repletion of gly­
cogen in livers of biotin-deficient rats was 
observed.

In contrast to the finding in the liver, a 
marked increase in glycogen repletion was 
observed in the diaphragm of animals 
given a restricted amount of food (table 3, 
groups 3 to 5) compared with animals fed 
ad libitum (group 2). Furthermore, this in­
crease was most marked in animals given 
two or four meals a day compared with 
animals receiving a single meal (compare 
groups 4 and 5 with group 3). The radio­
activity incorporated into glycogen corre­
lated with these observations. A marked 
reduction in the repletion of glycogen in 
diaphragms of biotin-deficient animals was 
observed.

The effect of feeding patterns on the syn­
thesis in vitro of fatty acids from labeled 
glucose and its oxidation to 14C02 is shown 
in table 4. Biotin-deficient animals were 
not used in these studies because under our 
experimental conditions they had hardly 
any subcutaneous or epididymal fat. Glu-

9 See footnote 6.
10 See footnote 6.

TA BL E 2

Effect of feeding patterns on glycogen synthesis in livers of biotin-deficient and control animals 1

Group Biotin
status

Feeding
pattern

Glycogen per gram liver after hours 

0 3 Difference 3
P

mg mg mg dpm x 10~ 3

i Deficient Ad libitum 0.1 ±0.02 2 1.9 ±  1.1 1.8 7 ± 6 <  0.001

2 Cured-normal Ad libitum 8.4±2.0 31.1 ±  3.0 22.7 87 ±  6.6
3 Cured-normal 10 g X  1 0.4 ±0.1 28.3 ±4.8 27.9 89 ±  16.3 ns 3
4 Cured-normal 5 g X  2 1.5 ±  0.3 23.3 ±1.3 21.8 82 ±  5.2 ns
5 Cured-normal 2.5 g X  4 1.2 ±  0.2 29.8 ±1.2 28.6 105 ±  5.2 ns

1 The animals were fasted for 24 hours and given 5 mmoles (1.5 /iCi) of labeled glucose in 3 ml by stomach 
tube.

2 Each result is the mean ±  s e  o f  the mean o f  six animals.
3 ns —  not significant.
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cose oxidation and incorporation into fatty 
acids was markedly greater in adipose tis­
sues of control animals given restricted 
amount of food (table 4, groups 3 to 5) 
than in animals fed ad libitum (group 2). 
This increase appeared to be more in ani­

mals fed a single meal (group 3) than in 
animals fed multiple meals (groups 4 and
5). As seen in table 5, when labeled acetate 
instead of glucose was used, similar results 
were obtained except that this increase was 
even more marked in animals fed a single

TABLE 3
Effect of feeding patterns on glycogen synthesis in diaphragms of biotin-deficient and control animals 1

Group Biotin
status

Feeding
pattern

Glycogen per gram diaphragm after hours 
0 3 Difference 3

P

m g m g m g d p m  x 10 - 3
i Deficient Ad libitum 0.3±0.1  2 0.8 ± 0 .3 0.5 3 ±  1.7 <  0.01

2 Cured-normal Ad libitum 1.2 ±  0.1 5 .1±0.5 3.9 13 ±  1.2
3 Cured-normal 10 g X  1 0.4 ±0 .1 5.9 ± 0 .3 5.5 20 ±  1.2 <  0.01
4 Cured-normal 5 g X  2 0.6 ±0 .1 7.2 ±  1.0 6.6 29±4 .1 <  0.01
5

3 and 4
3 and 5
4 and 5

Cured-normal 2.5 g X  4 0.7±0.1 7.9 ± 0 .4 7.2 30±2 .2 <  0.001
<  0.05
<  0.01

ns 3
1 The animals were fasted for 24 hours and given 5 mmoles (1.5 /¿Ci) of labeled glucose in 3 ml by stomach 

tube.
2 Each result is the mean ±  se  o f  the mean o f  s ix  animals.
3 ns —  not significant.

TABLE 4
Effect of feeding patterns on the synthesis in vitro of fatty acids from glucose-U-14C and its oxidation

to 14C02 by adipose tissues of control animals

Group Biotin Feeding Glucose-U-14C 1 converted to
status pattern i4C02 P Fatty acids P

m/imoles of glucose converted/100 mg tissue in 3 hr
2 Cured-normal Ad libitum 708±  6 0 2 1019 ±163
3 Cured-normal 10 g X  1 1897 ±  309 < 0 .0 1 3181 ±  579 <  0.01
4 Cured-normal 5 g X  2 1201 ±151 < 0 .0 2 2028 ±364  <  0.05
5 Cured-normal 2.5 g X  4 1122± 84 < 0 .0 1 1831 ±260  <  0.05

3 and 4 ns 3 ns
3 and 5 <  0.05 ns
4 and 5 ns ns

1 The buffer contained per milliliter: 5 /¿moles (0.180 /¿Ci) labeled glucose and 0.1 unit insulin.
2 Each result is the mean +  se  o f  the mean o f  six animals.
3 ns =  not significant.

TABLE 5
Effect of feeding patterns on the synthesis in vitro of fatty acids from acetate-1,2-14C and its oxidation 

to 14C02 by adipose tissues of controls animals

Group Biotin Feeding Acetate-1,2-14C 1 converted to
status pattern WC02 P Fatty acids P

2
3
4
5

3 and 4
3 and 5
4 and 5

Cured-normal
Cured-normal
Cured-normal
Cured-normal

Ad libitum 
10 g x  1 
5 g X  2 
2.5 g X  4

mumoles of acetate converted/100 mg tissue in 3 hr 
751 ±  78 2 879 ±  79 

2238 ±297  <  0.001 4440 ±  317 <  0.001 
1303±115 <  0.01 3124± 295 <  0.001 
1354 ±  227 <  0.05 2454 ±  227 <  0.001 

<  0.02 <  0.02 
<  0.05 <  0.001 

n s 3 ns
1 The buffer contained per milliliter: 10 /¿moles 

insulin. (0.179 /¿Ci) sodium acetate, 5 /¿moles glucose and 0.1 unit
2 Each result is the mean ±  s e  o f  the mean o f  six animals.
3 ns =  not significant.
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meal (group 3) than in animals fed mul­
tiple meals (groups 4 and 5).

DISCUSSION
To overcome differences in food intake 

between biotin-deficient and control ani­
mals, pair-feeding (1,2), pair-weighing
(3,4) and trained-feeding (4) techniques 
have been used. Patel and Mistry (5) 
observed systematic oscillations in the 
steady-state level of hepatic glycogen of 
control animals given a restricted amount 
of food (10 g) as a single meal a day. Con­
trol animals, however, given four equal 
meals 6 hours apart were able to maintain 
the level of hepatic glycogen in the range 
observed in animals fed ad libitum (5). 
This could be a result of increased synthe­
sis or decreased breakdown of hepatic gly­
cogen. Since the rate of glycogen synthesis 
in the liver was not altered in animals fed 
multiple meals (table 2, groups 4 and 5), 
the effect observed in the earlier study
(5) could have been a result of decreased 
breakdown of glycogen. Also, no change 
in glycogen synthesis in the liver was ob­
served in animals given a single meal (ta­
ble 2, group 3).

In contrast to the findings in the liver, 
glycogen synthesis was markedly increased 
in diaphragms of control animals given a 
restricted amount of food as a single meal 
compared with animals fed ad libitum (ta­
ble 3, group 2 compared with group 3). 
A similar increase in the diaphragms of 
meal-fed rats compared to nibbling ani­
mals has been observed by Leveille and 
Chakrabarty (17). The significance of this 
finding in relation to energy storage has 
been discussed by these authors. Further­
more, this increase was even more marked 
in animals given multiple meals than in 
animals given a single meal (table 3, 
groups 4 and 5 compared with group 3). 
It is possible that the avoidance of a pro­
longed postabsorptive state between two 
successive meals, and the rapid influx of 
a substantial amount of dietary glucose at 
regular intervals result in the mainte­
nance of a high level of glycogen synthe­
tase activity, the rate-limiting enzyme, on 
the pathway of glycogen synthesis.

A similar increase in lipogenesis also 
was observed in animals given a restricted 
amount of food when compared with ani­
mals fed ad libitum (tallies 4 and 5,

groups 3, 4 and 5 compared with group 2). 
As mentioned earlier, these results are 
maximal responses obtained under optimal 
conditions of fatty acid synthesis by the 
adipose tissue. Whether the criterion was 
fatty acid synthesis or C02 production from 
labeled substrates such as glucose or ace­
tate, the results were similar. The en­
hanced lipogenic capacity of adipose tis­
sues from meal-fed rats compared with 
nibbling animals has been observed by 
many investigators (18-21). The signif­
icance of this finding in meal-fed rats in 
terms of energy storage has been discussed 
by Leveille and Hanson (20). This would 
also explain the increase in lipogenesis in­
duced in the adipose tissue of control ani­
mals fed a single meal. It is of interest to 
note, however, that in the present study 
lipogenesis was greater in control animals 
even after feeding four meals a day than 
in animals fed ad libitum. The explanation 
offered above for the increased synthesis 
of glycogen in diaphragms of animals fed 
multiple meals would also explain this ob­
servation.

The usefulness and limitations of the 
pair-feeding technique have been discussed 
by Mitchell (22). Very little is known 
about metabolic alternations induced, by 
pair-feeding or restricting food intake, in 
rats used as controls in studies on biotin 
deficiency; however, in the field of nutri­
tion some scattered observations have been 
reported. In a study on the effect of panto­
thenic acid, protein, and calorie intake on 
the respiration of duodenal mucosa of the 
rat, Vitale et al. (23) pointed out that the 
pair-feeding technique might not be an 
adequate or satisfactory method of sepa­
rating the metabolic effects of nutritional 
deficiency from the associated inanition 
which sometimes accompanies it. Castor 
and Armstrong (24), in studying the effect 
of X-irradiation on loss of potassium from 
rats, cautioned that the noncritical use of 
the pair-feeding technique might consti­
tute a distinct hazard in the interpretation 
of the data. They suggested an alternate 
approach, namely, to use the animal fed 
ad libitum as a standard for comparison, 
and to express the effects of the treatment 
as deviations from the control state. In 
studying the response of lipogenesis to re­
pletion of pyridoxine in deficient rats, 
Radhakrishnamurty et al. (25) reported
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marked differences in the incorporation of 
labeled acetate into fatty acids by adipose 
tissues from animals fed ad libitum and 
pair-fed animals.

In the light of marked metabolic altera­
tions observed in animals fed a restricted 
amount of food given as a single meal, 
the noncritical use of “pair-fed,” “pair- 
weighed” and “trained-fed” rats as “con­
trols” in nutritional studies could lead to 
erroneous conclusions. In the present study 
control animals fed a restricted amount of 
food in four equal meals 6 hours apart 
were still not comparable to animals fed 
ad libitum with respect to alterations in 
metabolism. Whether increasing the num­
ber of meals offered to control animals 
would overcome the limitations of pair­
feeding needs further investigation.
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ABSTRACT The recent advent of ready-to-use infant formulas supplied in dis­
posable units has made it feasible to record precise food intakes of normal infants 
living at home. Thirty-seven normal infants with birth weights of 2500 g or more 
were enrolled in a study designed to explore the relationship between formula con­
centration and growth rate during ad libitum feeding in the first 112 days of life. 
Thirty-two of the subjects completed the entire period of observation. The infants were 
divided into three groups according to diet and sex. Comparisons are made between 
two groups of male infants receiving formulas that were similar except for water 
content, one group being fed a formula that provided 133 kcal/100 ml whereas the 
other group received a formula providing 67 kcal/100 ml. Comparison of male and 
female infants receiving the same formula (67 kcal/100 m l) is also presented. In ob­
servations of male infants during the interval 8 to 42 days of age, feeding of the more 
concentrated formula was associated with smaller volume of food consumed but gen­
erally greater intake of calories. The greater calorie intakes were accompanied by 
greater rates of gain in length and weight; these differences were statistically signifi­
cant. Rate of gain in weight per unit of calories consumed was not significantly dif­
ferent. Between 42 and 112 days of age, calorie intake per unit of body weight, and 
rates of gain in length and weight were nearly the same for the two groups of male 
infants.

Calorie intake per unit of body weight, and rates of gain in length and weight were 
less for female than for male infants fed the same formula during the interval 8 to 
42 days of age. Differences between the two groups in rate of gain in length but not 
in rate of gain in weight were statistically significant. Calorie intake per unit of body 
weight and rates of gain in length and weight were also less for females than for 
males during the interval 42 to 112 days of age. The regression of gain in weight 
(grams per day) on calorie intake (kilocalories per kilogram per day) for all males 
in the period 8 to 42 days of age was statistically significant. Using data from the 
present study, together with those from previously published reports, speculations 
are presented on the composition of the weight gained and on the partition of metabo­
lizable energy into that for growth and that for maintenance. It is tentatively con­
cluded that the composition of weight gained by the two groups of male infants was 
different: lipid appeared to account for a larger percentage of weight gain by infants 
receiving the higher calorie intakes. It is also tentatively concluded that energy re­
quirements for maintenance per unit of body weight are less for female than for male 
infants receiving the same diet.

Numerous studies of rapidly growing 
animals have demonstrated that rate of 
gain in weight is significantly correlated 
with calorie intake. Preferable experimen­
tal design for such studies consists of al­
teration in intake of carbohydrate or fat, 
or both, without alteration in intake of 
other nutrients.

Although such a design is not currently 
feasible in relatively long-term studies of 
human infants, ad libitum feeding of in­
fants receiving formulas identical except 
for water content can be carried out with 
safety. Several investigators (1-4) have 
demonstrated that formula concentration

is correlated with rate of gain in weight 
when infants of low birth weight are fed 
ad libitum. A single study (5) with two 
groups of full-size infants also demon­
strated that mean rate of gain in weight 
was greater by the group receiving the 
more concentrated formula.

In all these studies and in that to be 
reported here, intakes of protein and of 
various vitamins and minerals, as well as 
intakes of carbohydrate, fat and calories 
were greater by infants fed the more con­
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1 Supported in part by Public Health Service Re­

search Grant no. H D  00383.
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centrated formula. Nevertheless, as will be 
discussed subsequently, there is reason to 
beheve that the greater rates of growth 
observed in infants fed more concentrated 
formulas result from greater calorie in­
takes rather than from greater intakes of 
protein or of other nutrients.

The relationship between calorie intake 
and growth rate in the human can prob­
ably be demonstrated best with full-size 
infants during their period of most rapid 
growth, the first few weeks or months of 
life. Fortunately, the recent advent of 
ready-to-use infant formulas supplied in 
disposable units has made it feasible to 
record precise food intake of normal in­
fants living at home.

The present study, although not provid­
ing definitive answers, presents data that 
may at least offer a better basis than any 
previously available for speculation about 
the following questions : When rate of gain 
in weight is accelerated by dietary altera­
tions, is the composition of the weight 
gained the same as that of infants of the 
same sex who gain less rapidly? What is 
the partition of metabolizable energy be­
tween growth and maintenance in normal 
infants of various ages? Is the composition 
of gain the same in infant males and fe­
males fed the same diet?

SUBJECTS AND INTERVALS OF STUDY
Normal full-term infants with birth 

weights of 2,500 g or more were considered 
eligible for enrollment in the study. All 
were Caucasian. Nearly all were children 
of students or younger staff members were 
the University of Iowa and several were 
siblings of children who had served as 
subjects of other studies reported from 
the Infant Metabolic Unit in recent years. 
All were enrolled in the program during 
the first 9 days after birth.

The infants were weighed and measured 
between 6 and 9 days of age, within 2 
days of each of the following ages: 14, 28, 
42 and 56 days; and within 4 days of ages 
84 and 112 days.

In describing mean size of the three 
groups of infants ( table 1, fig. 1 ), recorded 
measurements were “corrected” by linear 
interpolation or extrapolation to reflect 
values applicable to ages 8, 14, 28, 42, 56, 
84 and 112 days. For convenience, these

same age designations have been employed 
throughout although data on food intake, 
change in size and serum albumin have 
not been so “corrected.” For example, body 
weight gain has been calculated from the 
difference between the measurement made 
at 6 to 9 days and that made at 12 to 16 
days, divided by the number of days be­
tween the times of the two measurements. 
In reporting data on fecal excretion of 
fat, the age recorded represents day 1 of a 
72-hour metabolic balance study.

Lengths and weights at 8 days are re­
corded in table 1 for the 37 infants en­
rolled in the study. Thirty-two of these 
infants were available for the entire 112 
days of observation. Data on mean birth 
weights and mean lengths and weights at 
8 days of age, in relation to sex and feed­
ing group, are presented in figure 1.

FEEDINGS
Experimental formulas 29B and 29C 2 

were prepared from nonfat cow milk, lac­
tose, vegetable oils (equal parts of com 
and coconut oils), vitamins and minerals. 
As may be seen from table 2, the two 
formulas were similar in many respects 
except for the amount of water; formula 
29C had approximately twice the caloric 
concentration of formula 29B. The amino 
acid composition of the protein, as deter­
mined by microbiologic assay, has been 
described previously (6).

The formula was supplied in 120- and 
240-ml disposable units. A supply of for­
mula sufficient for 48 hours was weighed 
and delivered to the family. When a new 
supply was delivered 2 days later, the 
bottles from the previous supply (includ­
ing any unconsumed amounts of formula) 
were collected and again weighed. At 30 
days of age an iron supplement3 was in­
troduced and provided 15 mg of elemental 
iron daily as ferrous sulfate.

The infants were permitted strained 
foods according to the following schedule: 
28 days, oatmeal with bananas and apple­
sauce; 56 days, pears; and 84 days, apple­
sauce and bananas. Although introduction 
of these foods was permitted at the ages 
specified, no attempt was made to en-

2 The experimental formulas were prepared by Ross 
Laboratories, Columbus, Ohio.

3 Fer-in-Sol was supplied by the Mead Johnson C o m ­
pany, Evansville, Ind.
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TA BL E 1

Size of subjects at various ages

Subject Size at 8 days of age Size at 42 days of age Size at 112 days of age 

Length Weight Length Weight Length Weight

Males fed 25
formula 29C 26
(133 kcal/100 ml) 27

28
29
30
31
32
33
34 1
35 1

Mean 2

Males fed 1
formula 29B 2
(67 kcal/100 ml) 3

4
5
6
7
8 
9

10
11
12
23
24 1
36 1
37 1

Mean 2

Females fed 13
formula 29B 14
(67 kcal/100 ml) 15

16
17
18
19
20
21
22

Mean

cm 9 cm
52.6 3955 57.6
50.5 3455 55.7
51.0 3540 56.0
48.0 3225 53.8
52.2 3693 56.8
52.8 3788 58.1
53.4 3965 58.7
46.4 2475 51.6
51.2 3706 56.5
52.2 3590 57.5
51.5 3633 55.6
50.9 3534 56.1

50.2 3230 54.8
50.8 3280 55.3
50.9 3064 55.8
49.1 3289 53.5
48.8 2674 52.8
52.4 4000 57.3
52.3 3545 56.5
51.2 3930 54.9
53.8 3954 58.3
47.5 2581 52.3
52.7 3850 56.4
48.8 2655 52.7
49.2 2885 54.6
53.2 3640 ____

51.4 3539 —

50.7 3420 —
50.6 3302 55.0

49.3 3130 54.5
51.8 3295 56.2
49.4 3049 52.5
51.9 3600 55.9
51.7 3796 55.8
52.1 3715 56.4
50.6 3337 53.6
52.3 3785 56.5
49.4 3530 53.1
51.8 4080 55.2
51.0 3532 55.0

g cm g
5626 64.2 7610
5343 62.8 8737
5620 63.2 8594
4819 59.9 6010
5257 63.9 7040
5740 64.8 8052
5542 64.0 7130
3936 59.7 5505
5386 65.7 6404
5245 — __
4979 — —
5252 63.1 7231

4280 61.1 6014
4443 62.3 6598
4185 63.4 6444
4740 61.2 7355
3780 59.9 6365
5080 63.2 7599
4624 62.4 6121
5482 60.7 7134
5149 65.4 6597
3992 59.9 5897
4879 62.2 6523
3639 59.7 5922
4390 61.4 6512

4513 61.8 6545

4093 60.2 5959
4440 64.2 5977
3935 60.0 5397
4718 62.4 6529
5000 64.1 6950
5019 62.1 6030
4372 59.8 6156
5011 61.9 6496
4357 58.5 5336
4668 61.1 5858
4561 61.4 6069

1 Did not complete 112 days of study.
2 Excluding subjects who did not complete 112 days of study.

courage the feeding of foods other than 
the formula. Parents of experimental sub­
jects were advised that addition of such 
foods to the diet was optional and that the 
experimental formula was a complete food. 
Strained foods were purchased from one 
manufacturer4 and empty (or partially 
empty) jars were collected and weighed. 
Volume of formula and of pureed foods 
consumed by each infant was calculated

on the basis of weight of each food con­
sumed divided by its determined density.

PROCEDURES AND METHODS
Rates of growth in length and weight 

were determined as described previously 
(6, 7a). Procedures employed in metabolic 
balance studies with infants have been 
presented in detail (7b).

4 The Gerber Company, Fremont, Mich.
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AGE (days)

Fig. 1 Mean body weight and body length at 
various ages for each of the three groups of 
infants.

Fecal excretion of fat was determined 
by a minor modification of the method of 
Van de Kamer et al. (8). With 28 of the 
32 specimens, fat excretion was also de­
termined by the following gravimetric 
method: an aliquot of about 15 g of fecal 
homogenate was transferred to a tared 
alundum thimble and weighed. Extraction 
was carried out with 40 ml of 95% ethyl 
alcohol for 6 hours. The extract was set 
aside and the homogenate was again re­
fluxed with 40 ml of ethyl alcohol for 6 
hours. Two additional 6-hour extractions 
were carried out with Skellysolve-F. The 
four extracts were combined in a separa­
tory funnel and shaken with 80 ml dis­
tilled water. After standing 6 hours, 
the Skellysolve-F fraction was separated, 
washed with distilled water, dried over 
sodium sulfate, filtered into a tared flask 
and evaporated to constant weight with a 
flash evaporator. The mean excretion of 
fat as determined by the method of Van 
de Kamer et al. amounted to 6.5% of 
intake while the extraction method gave 
a value equal to 7.2% of intake.

Blood for serum protein determinations 
at 112 days of age was obtained by veni­
puncture utilizing the external jugular

vein. With few exceptions, blood was 
drawn between 1:00 and 1:30 p m ; there 
was no restriction relating to the time of 
feeding. Concentration of total protein in 
serum was determined by the biuret meth­
od and was standardized with the use of 
control sera.5 These sera were, in turn, 
standardized by determination of nitrogen 
using the Dumas method.

Separation of serum proteins into the 
various fractions was carried out by elec­
trophoresis on cellulose acetate.6 Frozen 
serum from a normal adult subject was 
stored in small vials and serum of one 
vial was thawed and used as a control with 
each set of unknown sera. Standardization 
of results with the control serum was ac­
complished by comparison with results of 
analysis of a mixture of albumin and 
gamma globulin in a solution of sodium 
chloride.

TA BL E 2
Composition of formulas

Formula
29B

Formula
29C

Concentration,
k ca l/100 ml 67 133

Major constituents, g/100 ml
Protein 1.03 2.00
Fat 3.55 7.33
Carbohydrates 7.80 15.60

Mineral content per liter
Calcium, mg 480 830
Phosphorus, mg 290 590
Sodium, mEq 10 15
Potassium, mEq 13 25
Chloride, mEq 11 20
Magnesium, mg 55 69
Iron, mg 8.2 5.7

Vitamin content per liter
Vitamin A, IU 1800 1800
Thiamine, /tg 900 1100
Riboflavin, fig 1600 2700
Niacin, /¿g 2900 3300
Pyridoxine, p.g 230 220
Pantothenate, ¿ug 1740 3120
Ascorbic acid, mg 92 99
Vitamin D, IU 400 400
Vitamin E, mg 3.4 6.2

s Lab-trol and Path-trol, Dade Reagents, Inc., Miami, 
Fla.

s Beckman Instrument Manual, RM-IM-3 (August, 
1965) using the Beckman Microzone Electrophoresis 
Cell, Model R-101. Scanning of the cellulose acetate 
membranes was performed with the Beckman Anal- 
ytrol, Model RB, using the Microzone Scanning Attach­
ment, Model R-102, with speed control set at 30.
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CALCULATIONS OF CALORIE INTAKE
From the weight of each food and knowl­

edge of its composition, calorie intakes 
were calculated utilizing the factors 4, 9 
and 4 kcal/g, respectively, for protein, fat 
and carbohydrate. These values may be 
considered to represent metabolizable 
energy rather than heat of combustion. 
Actual heats of combustion of milk are 
approximately 5.65, 9.25 and 3.95 kcal/g, 
respectively (9), but the apparent digesti­
bility of protein, as previously described
(6), and fat, as will be shown, result in a 
lesser value for metabolizable energy than 
for heat of combustion. The magnitude of 
the difference is such that the factors 4, 
9 and 4 kcal/g for protein, fat and carbo­
hydrate appear reasonable.

Use of a value for calorie intake that 
approximates metabolizable energy is of 
considerable convenience in discussion of 
partition of energy intake between growth 
and maintenance. In addition, it facilitates 
comparison with other reports of calorie 
intake by infants.

RESULTS
Although voluntary participation in a 

study of this type is in itself a factor of 
considerable selectivity, it appeared im­
portant to account for the performance 
of each of the 37 infants initially enrolled. 
Five of these subjects, all males, failed to 
complete the planned 112 days of obser­
vation. In three instances the families 
moved from town: subjects 24 and 37 
after the visit at 28 days of age, subject 35 
after the visit at 56 days of age. Subject 
36 failed to appear for the visit scheduled 
at 28 days of age, and was therefore elimi­
nated from the study. The parents of sub­
ject 34 elected to withdraw him from the 
study after the visit at 56 days of age, at 
the time he was admitted to the hospital 
for repair of an indirect inguinal hernia. 
Information about the size of these infants 
at 8 days of age is presented in table 1, 
and information regarding their perform­
ance to the time of withdrawal from the 
study is included in figure 2.

Data concerning the five infants who 
failed to complete 112 days of observation 
are not included in the summary presented 
in table 3, in figures other than figure 2, 
nor in the statistical analyses. Thirty-two

infants completed 112 days of study, each 
making seven visits.
Intake o f  Total Food, Calories and Proteins

V olum e o f  intake. Data on volume of 
intake presented in figures 2 and 3 and in 
table 3 refer to combined volume of for­
mula and pureed foods. In general, pureed 
foods accounted for a rather small per­
centage of total food intake (see Calorie 
in ta k e ). As might be anticipated, males 
fed formula 29B demonstrated greater 
mean intake with increasing age, reach­
ing a mean intake of 899 ml/day in the 
interval from 84 to 112 days of age.

Although mean intakes by females fed 
formula 29B were less in each age inter­
val than those by males receiving the 
same formula, the pattern was also one of 
increasing intakes with increasing age. On 
the other hand, males fed formula 29C in 
each age interval consumed significantly 
less volume of food than did males fed 
formula 29B, and the pattern of intake 
was different: maximal mean intakes were 
reached in the interval 56 to 84 days, with 
a lesser mean intake in the interval 84 to 
112 days.

Per unit of body weight, volume of in­
take was greatest in each instance in the 
interval between 14 and 28 days of age, 
thereafter decreasing in each succeeding 
age interval.

Noteworthy was the great variability in 
volume of intake by infants fed formula 
29C during the age interval 56 to 84 days 
and 84 to 112 days.

Calorie intake. Because the infants re­
ceived no pureed foods during the first 
28 days of life, the ratio of calorie intake 
(kilocalories per day) to volume of intake 
(milliliters per day) was 0.67 for infants 
fed formula 29B (i.e., 67 kcal/100 ml), 
and 1.33 for infants fed formula 29C. 
Thereafter, pureed foods were taken in 
small amounts. Between 8 and 42 days of 
age foods other than formula accounted 
for less than 1% of the calorie intake of 
male infants fed formulas 29C and 29B, 
and for 2.3% of the calorie intake of fe­
males fed 29B. Between 42 and 112 days 
of age foods other than formula accounted 
for 5.0, 4.7 and 6.2% of the calorie in­
take, respectively, for males fed formulas
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O  l—l 05 CM r-t ( N v CM sy 05 is q  is q  is q  co q  0 CM 00
1—1 v~/ o  d 0  d 0  d ^  lS id is ^  d

sy

/-—N ys ys /—S ys ys yS ys
IS CQ CO (N is (T) CO t> O  i> CO 05 O  LO LO 00 ys ys ys
1—1 rH O  2 LO ̂  CO w CO W LO Q q  is SH iS q  co 0  co iS Q
l—( IS 's’ d i-i d sì d CO rH CO rH S  rn'

'~_y

yS ys ys
yS 

00 2 c o 2 co 2  t- ¡n tS oO
os E:
05 2

co 2
CO r1

I> LO ys y~s
10 q

ys
is q

05 ̂ IS ̂ _y 6 5 d  3 o j

3

c d ^ ^  c CÓ £

/S rs y—\ O/"N 

CO rH

ys C 1 ys
IS 2  CO ̂

ys co w (M CD iS rH pfi y\ ys ys

lO^* (M ̂ 2  CM 0  q 05 CÌ O m  ^ O  <M ^  q
O  w 05 w C O v  CM ̂ CM ̂ ,-i 6 iS O d  0 O

^  c id ̂ rt O
rH v-y IS

35

ys

« 2 ^ 2 35
y

/—s ys

^  2  g  2
ys 

CO CO 35

yS
co CO 
Is CM

yS
CM C^ 
O  CM

yS

0  co

d
hfi
3

ys
is q

ys 
CO LO

ys

q  9
i—i 05 w ( O v  C O v CM ̂ d  0 is 6 lS O fi in cm CO ^ CO rH
i—i

*3 s. \_y sy N—'
g

05 s ’s
3 ys yS ys

ys

o 2

yS

CO 2
£
3̂)

C* ys 
is 2  05 05

yS
IN 05

CO rH1 
Tt< CM

^  co 
co q

00 05 
IS CM

"3
O

/s
q  q

ys
q  q

ys
q  q

CM v O  W s
$

•s

LO w  CO ̂ CM ̂ 3) is d rH 0 d  0 IS TS lS rH id rH
i-H is 3

8

sy

ys

__'

ys

O

fi
d

w

yS

c o 2
£ yS /S lS‘ co in 0  co CM CO ys yS ys

O  2 O  CO tS IS CO CO fi iq LO is q co co S

ft

q  <M q  q co q
CM C' 2  w 3

O)
LO w  CO ' CO ̂ •r»

y is d i-i d is d CO CM CO rH IS rH
i—( lS

35 sy sy

•S5
/S

^ 2
ys

« ¡ 5 o S  c o 2

ys 
rH CM 
00 q

yS
CM ihco q

ys 
05 00
10 q

cu

q  q
iS

q  q
yS

q  q
05 w CO w tS IS »s d i-i d fi d  co’ is ̂ 05 cd

i—( iS sy N_yfi
3
35

g fa M M fa S s fa s g fa

ts CO IS is CO is IS CO IS ts
C0 CO CO CO CO CO CO CO CO CO CO

rH lS lS

pq PQ U  PQ PQ 0 PQ PQ u PQ PQ
05 05 05 05 05 05 05 05 05 05 05
CM CM CM CM <N CM CM CM CM CM CM

N
um

be
rs

 i
n

 i
ta

li
cs

 i
n

di
ca

te
 v

al
u

e 
is

 s
ig

n
if

ic
an

tl
y 

di
ff

er
en

t 
at

 t
he

 9
5%

 
le

ve
l 

of
 c

on
fi

de
n

ce
 f

ro
m

 t
he

 c
or

re
sp

on
di

n
g 

va
lu

e 
fo

r 
m

al
es

 f
ed

 f
or

m
u

la
 2

9B
. 

V
al

ue
s 

in
 p

ar
en

th
es

es
 a

re
 s

ta
nd

ar
d 

de
vi

at
io

n
s.



2 4 8 FO M O N , F ILE R , JR ., TH O M A S, ROGERS, AND PROKSCH

VOLUME OF INTAKE (ml/kg/day)
220 - • •

_ H, ••
180 r $

••••••
•• V

140 : . x * r
- xv % x*

•
•

*X

••

V
X *** —

t
1•

100 ■ &  X
Xw

&xx —*Xx' i|x

•
X$X

60 -

200
CALORIC INTAKE (kcal/kg/day)

. ?̂X X
160 ' Xx X

120

80

" x*x 
- **

X W
-

-»xj •

v *
' **xx *
T #

• XXx ,T
S f t tx »

80
GAIN IN WEIGHT (g/day)

" X

60
- 4cx * -*k X *Xx •

x • x

40

20

-»Xxx • 

- x 
- • '

Xx •••» XXxX ®®
-»xxx 

x •••
■ *
xx Ä

X •XX
M IC

•M- X x $
0 -

GAIN IN W EIGHT/UNIT OF CALORIC INTAKE
20  ̂ ■ • (g/IOOkcal )

15 - X
• X

10

5
■ *5* •
• _»YX ##
-  x ÎUv, 

•V
_ J f i * é î h3Xx< H ' «8

X

* :

0 8-14 14-28 28-42 42-56 56-84 84-112
AGE (days)

Fig. 2 Performance of the male infants. X 
refers in the specified age interval to the mean 
volume of intake, intake of calories or gain in 
weight of one infant fed formula 29C. ® refers 
similarly to the performance of one infant fed 
formula 29B. Performances of five infants who 
did not complete 112 days of study are indicated 
by arrows.

29C and 29B and females fed formula 
29B.

Mean calorie intakes, whether expressed 
in absolute terms or in relation to body 
weight, were significantly greater by in­
fants fed formula 29C than by those fed 
formula 29B. As may be seen from table 3, 
however, the difference was greatest be­
tween 8 and 84 days of age; in fact, be­
tween 84 and 112 days of age, calorie 
intakes per unit of body weight were nearly 
identical. Similarly, calorie intake (in 
absolute terms or per unit of body weight) 
between 8 and 112 days of age was greater 
by males than by females fed formula 
29B.

Protein intake. Because formula 29B 
provided the greatest part of total food 
intake, and because protein content of 
pureed foods averaged about 1 g/100 g of 
food, protein intake may be calculated on 
the basis of protein content of the formula: 
1.03 g/100 ml. Data on protein intakes 
are, therefore, not included in table 3. In 
addition, protein intakes of 22 of the 23 
infants fed formula 29B have been sum­
marized previously (6).

In the case of infants fed formula 29C, 
protein intake may be calculated for the 
age intervals 8 to 14, 14 to 28, and 28 to 
42 days from volume of intake on the 
basis of protein content of the formula: 
2.00 g/100 ml. In the age intervals 42 to 
56, 56 to 84, and 84 to 112 days, the 
mean ratios of protein intake to volume of
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Fig. 3 Performance of infants who completed 
112 days of study. Symbols for male infants are 
as indicated in figure 2. ▲ refers to performance 
of one female infant fed formula 29B.
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intake were 1.97, 1.95 and 1.90 g/100 
ml, respectively.

For males fed formula 29C, males fed 
formula 29B and females fed formula 
29B, mean intakes of protein were 2.03, 
1.80 and 1.61 g/kg per day, respectively, 
in the age interval 8 to 42 days (standard 
deviations 0.17, 0.18 and 0.18 g/kg per 
day, respectively). Corresponding mean 
intakes in the age interval 42 to 112 days 
were 1.62, 1.57 and 1.45 g/kg per day 
(standard deviations 0.41, 0.17 and 0.10).

Fecal E xcretion  o f  Fat

Although urinary losses are relatively 
unimportant in energy balance, fecal losses 
may account for a substantial percentage 
of calorie intake, especially loss of fat. 
Therefore, interpretation of data on calorie 
intake is difficult unless an estimate can 
be made of fecal losses of fat.

A total of 32 3-day metabolic balance 
studies was performed with five of the 
male infants fed formula 29B (subjects 3, 
5, 8, 15 and 18) between 7 and 115 days 
of age. Age, body weight and body length 
on day 1 of each study, together with 
tabular data on nitrogen balance, have 
been presented previously (6).

Excretion of fat, as estimated by the 
method of Van de Karner et al. (8), 
amounted to 11% of intake for subject 
3 at age 7 days and 13% of intake for 
subject 5 at age 11 days. With one ex­
ception (subject 3 at age 43 days: fat 
excretion 24% of intake), fat excretion of 
infants from 12 to 115 days of age 
amounted to 3 to 9% of fat intake. Thus, 
with few exceptions, fecal loss of fat 
amounted to 1.5 to 4.5% of calorie intake. 
The results, therefore, agree quite closely 
with those reported previously (7c) for 
infants fed another formula in which the 
fat consisted of equal parts of com and 
coconut oils.

Because other studies of normal infants 
(7d) have failed to demonstrate a sex- 
related difference in fecal excretion of fat, 
it may be assumed that excretion of fat 
expressed as a percentage of intake was 
similar for males and females fed formula 
29B. Because males fed formula 29C in­
gested greater amounts of fat (although 
percentage of total calories from fat was 
the same), excretion of fat may have ac­

counted for slightly greater percentage of 
intake. The magnitude of the difference, 
however, is likely to be small and has been 
ignored in the speculations presented.

Mean fecal excretion of nitrogen during 
33 metabolic balance studies with five of 
the infants fed formula 29B was 16% of 
intake. The range was 8 to 22%.

Size and Gain

Size. By interpolating or extrapolating 
from the growth curves for the individual 
infants, the weight (and length) of each 
infant was recorded at exactly 8, 14, 28, 
42, 56, 84 and 112 days. The means of the 
measurements at these ages were employed 
to construct a composite growth curve for 
each group of infants (fig. 1). It may be 
seen that the mean weights at birth and 
at 8 days of age were slightly less for 
males fed formula 29B than for infants 
of the other feeding groups.

Gain in w eight. Since one would antici­
pate that greater calorie intakes would be 
responsible for greater gains in weight, it 
is not surprising that mean rate of gain 
was greatest for males fed formula 29C, 
next for males fed formula 29B and least 
for females fed formula 29B (fig. 3, table 
3). R-ates of gain in weight by infants fed 
formula 29B were generally similar to 
those reported from other studies of nor­
mal infants in the Metabolic Unit at the 
University of Iowa (7a). The difference 
in mean rates of gain in weight between 
infants fed formula 29C and formula 29B 
in the age interval 8 to 112 days is due 
to differences in rates of gain during the 
interval 8 to 42 days; mean rates of gain 
were identical (29 g/day) during the in­
terval 42 to 112 days.

Considerably greater variability in rates 
of gain in weight was noted for male in­
fants fed formula 29C than for those fed 
formula 29B during the age intervals 56 
to 84 days and 84 to 112 days. Thus, al­
though mean rates of gain in weight were 
identical during the interval 42 to 112 days, 
the standard deviation was 11 g/day for 
males fed formula 29C and only 6 g/day 
for males fed formula 29B.

Gain in length. As was true of gain in 
weight, data on gain in length of infants 
fed formula 29B were similar to those 
previously reported (7a) from other stud-
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ies of normal infants. Males fed formula 
29C gained in length more rapidly during 
the interval 8 to 42 days than did males fed 
formula 29B (table 3). During the inter­
val 42 to 112 days, mean rates of gain in 
length were only slightly greater by males 
receiving formula 29C than by those re­
ceiving formula 29B (0.99 versus 0.95 
mm/day).

Relation o f  gain in w eight to calorie 
intake. For reasons to be presented (see 
Discussion), it was assumed that the only 
difference between formulas 29B and 29C 
that was biologically meaningful was the 
difference in calorie intake. From this 
pomt of view, male infants fed the two 
formulas may be considered a homogene­
ous group in which the influence of calorie 
intake on rate of gain in weight may be 
evaluated.

The regression of gain in weight on 
calorie intake for the 22 male infants (fig.
4) is described by the equation y  =  0.24x 
+ 19.3, where y  is gain in weight ex­
pressed as grams per day and x  is calorie 
intake expressed as kilocalorie per kilo­
gram per day. The correlation coefficient 
is 0.426 and the slope is statistically sig­
nificant at the 95% level of confidence.

As may be seen from figure 4, one in­
fant fed formula 29C had an extremely 
high calorie intake without a correspond­
ingly rapid gain in weight. Because met­
abolic balance studies were not performed 
with this infant, it was impossible to know
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Fig. 4 Relation between gain in weight and 

calorie intake of male infants in the interval 8 
to 112 days of age. Each X refers to this relation 
in one infant fed formula 290, and each #  to the 
relation in one infant fed formula 29B.

whether some degree of malabsorption ac­
counted for his unusually large food in­
take. Excluding data pertaining to this 
infant, the regression of gain in weight 
on calorie intake for the remaining 21 
male infants is described by the equation, 
y  =  0.066x — 3.9. The correlation coeffi­
cient is 0.664 and the slope is statistically 
significant at the 99.9% level of confi­
dence.

In each group of infants, weight gain 
per unit of calorie intake generally de­
creased with increasing age. Such a result 
might be anticipated since increasing body 
size would demand increasing energy ex­
penditures for maintenance.

Serum  C oncentration o f  Total 
Protein and Album in

Concentrations of total protein and al­
bumin were determined at age 112 days 
in sera of 8 males fed formula 29C, 12 
males fed formula 29B and 10 females 
fed formula 29B. Mean concentrations of 
albumin were 4.33, 4.24 and 4.22 g/100 
ml, respectively (standard deviations 0.44, 
0.33, and 0.34 g/100 ml), for male infants 
fed formula 29C, male infants fed formula 
29B and female infants fed formula 29B. 
Corresponding values for male and female 
breast-fed infants were 4.33 and 4.29 
g/100 ml, respectively (standard devia­
tions 0.40 and 0.36).

DISCUSSION

In addition to greater intakes of calories, 
infants fed formula 29C had greater in­
takes of protein and of various vitamins 
and minerals than did infants fed formula 
29B. As already pointed out, however, in­
fants fed formula 29B grew in length and 
weight at the same rate and demonstrated 
concentrations of serum albumin similar 
to those of breast-fed infants and of infants 
receiving formulas with higher percentages 
of calories from protein. For example, 
previous studies of normal full-size infants 
fed ad libitum with formulas providing 
6 to 20% of calories from protein (and 
generally proportional intakes of minerals 
and most vitamins), demonstrated (7a) 
similar rates of gain in weight — gains 
almost identical to those of infants fed 
formula 29B in the present study. In con­
sidering the possible effects of differences
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in intakes of minerals and vitamins on 
rates of growth in the present study, it 
is important to note that intakes of these 
nutrients by infants fed formula 29B were 
greater than current estimates of require­
ments. With these considerations in mind, 
it appears exceedingly unlikely that the 
observed effects on growth —  namely, a 
supernormal rate of gain in length and 
weight by infants fed formula 29C during 
the period from 8 to 42 days of age -—■ 
could be a result of the particular intakes 
of protein, vitamins and minerals.

That no investigators have previously 
demonstrated a statistically significant cor­
relation between rate of gain in weight and 
calorie intake of individual infants is, per­
haps, not surprising. Despite all attempts 
at classification of human infants of low 
birth weight, any group of these subjects 
represents a much more heterogeneous 
population than would be considered ac­
ceptable in studies of experimental ani­
mals. Full-size human infants represent 
a more homogeneous population, but one 
with a lesser rate of growth per unit of 
body weight than is true of the commonly 
employed animal models. Therefore, the 
proportion of calories used for growth will 
be relatively low and individual variability 
in energy requirements for maintenance 
may obscure the relationship between 
calorie intake and rate of gain in weight. 
Further, the procedural aspects of carrying 
out satisfactory experiments with human 
infants are obviously greater than is the 
case with experimental animals.

Three previously reported studies have 
failed to demonstrate a statistically signifi­
cant relationship betweeen calorie intake 
and rate of gain in weight during several 
months of observation of normal full-size 
infants. Doxiadis and Paschos (5 ) ,  in a 
residential nursery in Athens, studied 8 
infants fed a formula providing 73 kcal/ 
100 ml and 12 infants fed a formula pro­
viding 50 kcal/100 ml. Daily food intakes 
were measured. As might be expected, 
rates of growth were relatively slow in 
infants fed the formulas providing only 
50 kcal/100 ml. Unfortunately, the data 
have not been presented in sufficient detail 
to permit the reader to accept with confi­
dence the conclusion of the authors that

rate of gain in weight was not significantly 
correlated with calorie intake.

Rueda-Willamson and Rose (1 0 ) studied 
67 infants serially between the ages of 2 
and 15 months. Food intakes were esti­
mated twice monthly between 2 and 5 
or 6 months of age and monthly thereafter. 
These estimates were based on diet his­
tories and observations in the home. Fail­
ure to establish a statistically significant 
correlation between calorie intake and 
rate of gain in weight is not surprising 
since a relatively small percentage of total 
calorie expenditure is used for growth after 
4 months of age (and especially after 6 
months of age), and because dietary re­
call has serious limitations as a method 
for determining intakes.

A recent study by Rose and Mayer (1 1 )  
concerned calorie intake (estimated by his­
tory) and rate of gain in length and weight 
of infants between 4 and 6 months of age. 
The authors concluded that rate of growth 
was not related to calorie intake; it is cer­
tainly true that the relatively large ex­
penditures of calories for maintenanace 
at this age and the large and highly vari­
able expenditures for activity might over­
shadow the relatively small expenditures 
for growth. In addition, several serious de­
ficiencies in reporting (if not in procedures 
themselves) have been noted (1 2 ) . Never­
theless, it has been pointed out (1 2 )  that 
the five infants with greatest calorie in­
takes gained an average of 1.3 kg during 
the period of observation while the five 
infants with lowest calorie intakes gained 
an average of 1.1 kg.

In the present report a statistically sig­
nificant relationship between rate of gain 
in weight and calorie intake was demon­
strated for the male infants (fig. 4 ) .

S P E C U L A T I O N S

In examining the relationship between 
calorie intake and rate of growth in the 
present study, it is useful to combine avail­
able data from several sources with a num­
ber of assumptions. It will be seen that 
in most instances the individual assump­
tions may be quantitatively modified with­
in rather wide limits without altering the 
conclusions.

Total calorie intake must, of course, be 
accounted for in terms of calorie losses
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in urine and feces, calorie expenditures 
for growth and calorie expenditures for 
maintenance. In this context, maintenance 
is interpreted broadly as applying to all 
metabolic expenditures (including activ­
ity and specific dynamic action) except 
those for growth. As indicated previously 
(see Calculations of Calorie Intake), data 
on calorie intake in the present report are 
assumed to represent metabolizable energy 
and calorie losses in urine and feces are, 
therefore, ignored in the discussion that 
follows.

If one is willing to assume that main­
tenance requirements per kilogram of body 
weight are similar in infants of the same 
sex and same approximate size and body 
composition, it is possible to examine the 
hypothesis that composition of weight 
gained by the more rapidly growing male 
infants fed formula 29C was the same as 
that by male infants fed formula 29B. If 
the hypothesis is sound, the following 
equation will yield approximately the same 
result for both groups of infants: 

energy intake —  rate of gain X  K  
body weight

=  energy for maintenance,

where energy intake represents the mean 
value for total calorie intake expressed as 
kilocalories per day, rate of gain represents 
mean gain in weight in grams per day, 
body weight is mean body weight in kilo­
grams, and energy for maintenance is ex­
pressed as kilocalories per kilogram per 
day. The constant, K, expressed as kilo­
calories per 100 g gain, indicates calorie 
expenditure per unit of weight gain. Thus, 
rate of gain X K represents total calorie 
expenditure for growth. It will be shown 
subsequently that for the purpose of test­
ing the hypothesis, the value assigned to K 
need not be precise.

In an attempt to assign a reasonable 
value to the constant, K, the composition 
of weight gained by the “male reference 
infant” (1 3 ) between birth and 4 months 
of age was used in conjunction with the 
assumption that 4 kcal were required for 
synthesis of each gram of protein and 9 
kcal for synthesis of each gram of lipid. 
Thus, 413 kcal would be required for gain 
of 100 g of body weight.

Employing data from table 3,7 energy 
for maintenance for the interval 8 to 112

days was found to be 82 kcal/kg per day 
for male infants fed formula 29B. Calcula­
tions from data for the individual male in­
fants fed formula 29B yielded results from 
60 to 92 kcal/kg per day. As already men­
tioned, one infant fed formula 29C had 
an unexplainably high calorie intake (fig.
4 ) . The calculated value for caloric main­
tenance for this infant was 140 kcal/kg 
per day. Calculated caloric maintenance 
for the other eight male infants fed for­
mula 29C in the interval 8 to 112 days of 
age was 83 kcal/kg per day, with a range 
of 70 to 91 kcal/kg per day. Thus, the 
data presented here provide no reason 
to doubt the hypothesis that composition 
of weight gain was similar in male infants 
fed formula 29B and those fed formula 
29C.

It was stated previously that the value 
assigned to the constant, K, need not be 
precise for the purpose of testing the hy­
pothesis. If 300 kcal/100 g gain were as­
signed to K, mean caloric maintenance for 
the interval 8 to 112 days would be 91 
kcal/kg per day for 13 male infants fed 
formula 29B, and 90 kcal/kg per day for 
the 8 male infants fed formula 29C. If a 
value of 500 kcal/100 g gain were assigned 
to K, corresponding mean caloric main­
tenance values would be 76 and 77 kcal/kg 
per day. In each case, the values for caloric 
maintenance are nearly identical for the 
two groups of infants.

Data from a variety of sources (1 4 ) in­
dicate that during infancy female infants 
are fatter than males of corresponding age. 
Skin-fold thickness, as measured by cali­
pers and by roentgenograms, is greater in 
females than in males, and total body water 
accounts for a greater percentage of body 
weight in males than in females. Since 
water content of fat-free body mass differs 
little between males and females of a 
specified age, one must conclude that lipid 
content of the body during infancy is 
greater in females than in males. Whether 
the relationship between calorie intake and 
rate of gain in weight demonstrates a sex- 
related difference is therefore of interest.

7 M ean body w eight durin g  a specified age in terval 
m ay, o f  course, be ca lcu la ted  by d iv id in g  the value 
fo r  total ca lorie  in take per day by that fo r  total 
ca lorie  intake per k ilogram  per day.
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A female reference infant has not previ­
ously been described but data suitable for 
calculating body composition of such an 
infant are available. Results of whole-body 
chemical analyses of stillborn infants have 
been summarized by Owen et al. (1 4 ) . 
Using data from analysis of body composi­
tion of those stillborn infants with birth 
weights greater than 2500 g, corrected as 
previously discussed (1 3 ) for the amount 
of water presumed lost between birth and 
time of analysis, it was found that water 
accounts for 72.8%  of body weight, pro­
tein 10.6% and lipid 12.2%  .

A method for estimating the lipid con­
tent of a female reference infant at 112 
days of age can also be devised. Assuming, 
as discussed previously, that composition 
of weight gained by male infants fed for­
mula 29B was the same as that of the male 
reference infant, the mean lipid content 
of the body at age 112 days would be 
25.8%  of body weight. Fat-free body 
mass would, therefore, comprise 74.2%  
of body weight. If water accounted 
for 81%  of fat-free body mass of these 
male infants at age 112 days (a  value 
equal to that of the male reference infant 
at age 4 months), total body water would 
account for 60.1%  of body weight (table
4 ) . This value is remarkably similar to the 
mean value of 59.8%  reported by Owen 
et al. (1 5 )  from 61 studies of total body 
water performed with 16 normal male in­
fants between 4 and 9 months of age.

Thirty-seven studies of total body water 
performed with 10 normal female infants 
of the same age yielded a mean value of 
56.3%  of body weight (1 5 ) . This value 
may be used as an approximation of total

body water of the female infant at 112 
days of age.

Assuming that in female infants fed for­
mula 29B, as in the males, water com­
prised 81%  of fat-free body mass, the 
fat-free portion of the body would consti­
tute 69.3%  of body weight and lipid would 
constitute the remaining 3 0 .7 % . These 
values are summarized in table 4. Also 
presented in table 4 are rates of gain in 
weight of the two groups of infants during 
the interval 8 to 112 days of age, as well 
as the calculated lipid content of the gain. 
Lipid accounted for 40.8%  of gain by 
males and 57.2%  of gain by females.

If, as in the case of the male reference 
infant, protein accounted for 11.4%  of 
weight gain in both groups, energy for 
growth could be estimated as 413 kcal/100  
g gain for males (11 .4  g X  4 kcal/g +
40.8 g X  9 kcal/g) and 560 kcal/100 g 
gain for females. Since the rate of growth 
is known, the daily requirement of energy 
for growth may be calculated. Subtracting 
this value from total calorie intake ex­
pressed as kilocalories per day, total cal­
ories for maintenance is obtained. The lat­
ter value, divided by mean body weight, 
is 81.7 kcal/kg per day for males and
69.8 kcal/kg per day for females.

In view of the greater thickness of sub­
cutaneous adipose tissue in female infants 
than in males, it may be reasonable to sus­
pect that the better insulated female would 
dissipate less heat to the environment, and 
therefore, have a lesser energy require­
ment for maintenance. Conceivably, activ­
ity is also somewhat less in females than 
in males but data on this point are not 
available.

TABLE 4
S p ecu la tion  on sex -rela ted  d ifferen ces  in  com p osition  o f  w eig h t ga in  and in  en erg y  requ ired  

fo r  m a in ten a n ce  by n orm a l in fa n ts  during early  in fa n cy

8 days

Body
wt L ipid

112 days

Body
w t

T otal
body
w ater

Fat-free 
body m ass L ipid

8 -1 1 2  days

G ain

B ody
wt Lip id

E nergy
fo r

m ain ten an ce

9
%

body
wt

9
%

body
wt

%
body
wt

%
body
wt

g /day %
gain kcal/kg per day

Males 3299 11.0 6545 60.1 74.2 25.8 31 40.8 81.7

Females 3532 12.2 6069 56.3 69.3 30.7 24 57.2 69.8
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The hypothesis suggested by the calcula­
tions presented, that energy requirements 
for maintenanace are significantly greater 
for males than for females, should be 
tested. The greater mortality and morbidity 
of male infants during early life could be 
related to such a difference.
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