
THE JOURNAL 
OF NUTRITION 8

OFFICIAL ORGAN OF THE 
AMERICAN INSTITUTE OF NUTRITION

R ic h a r d  H. B a r n e s , E ditor  
Graduate School of Nutrition 

Cornell University, Savage Hall 
Ithaca, New York

H a r o l d  H . W il l ia m s
Associate Editor

E. N e ig e  T o d h u n t e r
Biographical Editor

E D I T O R I A L  B O A R D

G eo r g e  M . B riggs  
R. M . F o rbes  
Ju l e s  H ir s c h  
E. E. H o w e  
L. M. H e n d e r s o n

F. W . H il l

G e n n a r d  M a t r o n e  
C l a r a  A . St o r v ic k  
Sa m u e l  J. F o m o n  
P a u l  M. N e w b e r n e  
B o y d  L. O ’D e l l

H. E. Sa u b e r l ic h  
R o s l y n  B. A l f in -Sl a t e r  
G eorge  H. B e a t o n  
B. C o n n o r  Jo h n s o n  
W il l ia m  N . P e a r s o n

VOLUME 89

MAY-AUGUST 1966

PUBLISHED MONTHLY BY

THE W IS T A R  INSTITUTE OF ANATOMY" AND BIOLOGY
PHILADELPHIA, PENNSYLVANIA



THE JOURNAL OF NUTRITION®
® Trade mark registered, U. S. Patent Office

Copyright ©  1966 by
T h e  W i s t a r  I n s t i t u t e  o f  A n a t o m y  a n d  B i o l o g y

A ll r ig h ts  r e s e r v e d



Contents

No. 1 MAY 1966

Fredrick Accum —  A Biographical Sketch. Franklin C. B in g ......................  1

Minimum Dietary Essential Amino Acid-to-total Nitrogen Ratio for Whole 
Egg Protein Fed to Young Men. N. S. Scrimshaw, V. R. Young,
R. Schwartz, M. L. Piché and J. B. D a s .........................................................  9

Vitamin Be Depletion in Man: Blood Vitamin B6, Plasma Pyridoxal-phos- 
phate, Serum Cholesterol, Serum Transaminases and Urinary Vitamin 
B6 and 4-Pyridoxic Acid. Ayse Baysal, Barbara A. Johnson and 
Hellen Linkswiler ...................................................................................................  19

Effect of Dietary Amino Acid Source on the Zinc-deficiency Syndrome
in the Chick. F. H. Nielsen, M. L. Sunde and W . G. H oekstra .......... 24

Effect of Some Dietary Synthetic and Natural Chelating Agents on the 
Zinc-deficiency Syndrome in the Chick. F. H. Nielsen, M. L. Sunde 
and W. G. H oekstra ................................................................................................  35

Use of the Hysterectomy-obtained SPF Pig for Nutritional Studies of
the Neonate. Donald L. Schneider and Herbert P. S a rett .................... 43

Effects of Cystine Deficiency and Trypsin Inhibitor on the Metabolism
of Methionine. Ann B. Frost and George V. M a n n ................................... 49

Effect of Deficiencies of a-Tocopherol, Retinol and Zinc on the Lipid
Composition of Rat Testes. J. G. Bieri and E. L. P riva l ......................  55

Essential Fatty Acid Requirement of Young Swine. R. F. Sewell and
L. J. McDowell ......................................................................................................  64

Effect of Diets Marginal in Methionine and Choline with and without 
Vitamin Bi2 on Rat Liver and Kidney. Paul M. Newberne and 
Vernon R. Y o u n g .....................................................................................................  69

Effect of Amino Acid Imbalance on the Fate of the Limiting Amino Acid.
A. Yoshida, P. M-B. Leung, Q. R. Rogers and A. E. H arper .................... 80

Effect of Threonine on the Toxicity of Excess Tyrosine and Cataract 
Formation in the Rat. S. Q. Alam, R. V. Becker, W . P. Stucki, Q. R. 
Rogers and A. E. H a rp er ....................................................................................  91

Effect of Tyrosine and Threonine on Free Amino Acids in Plasma, Liver, 
Muscle, and Eye in the Rat. S. Q. Alam, Q. R. Rogers and A. E. 
Harper .........................................................................................................................  97

Influence of Various Phosphates and Other Complexing Agents on the
Availability of Zinc for Turkey Poults. Pran Vohra and F. H. Kratzer 106

Skin Lipids of Puppies as Affected by Kind and Amount of Dietary Fat.
Hilda F. Wiese, William Yamanaka, Edmund Coon and Shirley Barber 113

h i



IV C O N TE N TS

No. 2 JUNE 1966

Invitation for Nominations for 1967 American Institute of Nutrition
Awards ....................................................................................................................... 123

Invitation for Nominations for 1967 American Institute of Nutrition
Fellows ....................................................................................................................... 125

Invitation for Nominations for Honorary Membership in the American
Institute of Nutrition ...........................................................................................  126

Tissue and Intracellular Distribution of Radioactive Thiamine in Normal
and Thiamine-deficient Rats. Mesbaheddin Balaghi and W . N. Pearson 127

Excretion of Metabolites of 1JC-Pyrimidine-labeled Thiamine by the Rat at 
Different Levels of Thiamine Intake. William N. Pearson, Eleanor 
Hung, William J. Darby, Jr., Mesbaheddin Balaghi and Robert A. Neal 133

Effects of Methionine, Menhaden Oil and Ethoxyquin on Serum
Cholesterol of Chicks. Eldon G. Hill ............................................................  143

Tryptophan Utilization in a Threonine-induced Amino Acid Imbalance 
in Weanling Rats: Gain in Weight and Carcass Nitrogen with Two 
Feeding Methods. Mary A. Morrison and Marjorie J. Caldwell.......... 149

Nutritional Studies on Hysterectomy-obtained SPF Raby Pigs Fed Infant
Formula Products. Donald L. Schneider and Herbert P. S a rett .......... 158

Incorporation of Dietary Elaidic Acid in Tissues and Effects on Fatty
Acid Distribution. Walter J. Decker and Walter M e r tz ........................  165

Lysine-Arginine-Electrolyte Relationships in the Rat. James D. Jones,
Ralph Wolters and Philip C. B u rn ett .............................................................. 171

Acetate Metabolism in Ruminant Tissues. E. D. Mayfield, A. Bensadoun
and B. Connor Johnson ......................................................................................  189

Action of Amprolium on the Thiamine Content of Rat Tissues. G. Rindi,
G. Ferrari, U. Ventura and A. Trotta .........................................................  197

Effect of Hormones on the Testicular Lipids of Vitamin A-deficient Rats.
David Gambal ..........................................................................................................  203

Effect of Pyridoxine Deficiency on the Metabolism of Linoleic Acid in the
Rat. Ajit Goswami and John G. Coniglio .................................................  210

Effects of Twelve Common Fatty Acids in the Diet upon the Composition 
of Liver Lipid in the Rat. W . O. Caster, Hans Mohrhauer and 
Ralph T. Holman ...................................................................................................  217

Dietary and Defaunation Effects upon Plasma Amino Acid Concentra
tions in Sheep. D. B. Purser, T. J. Klopfenstein and J. H. Cline . . . 226

In vivo Intestinal Absorption of L-Alanine in Irradiated Rabbits. A. R.
M eh ran and R. B la is ................................................................................................  235

Post-ruminal Degradation and Absorption of Carbohydrate by the Mature
Ruminant. P. L. Wright, R. B. Grainger and G. J. M a rco .................  241

Effect of Vitamin E, Arginine and Methionine on Free Amino Acids and 
Lipids in Selected Rat Tissues. Inez Harrill and Elizabeth Dyar 
Gifford .........................................................................................................................  247

An Abnormality of Circulating Erythrocytes in Untreated and in Coenzyme 
Qio-treated Vitamin E-deficient Monkeys. Coy D. Fitch and F. Stanley 
Porter .........................   251



N o. 3 J U L Y  1966

Metabolism of trans Acids in the Rat: Influence of the Geometric Isomers 
of Linoleic Acid on the Structure of Liver Triglycerides and Lecithins.
O. S. Privett, L. J. Nutter and F. S. Lightly ...............................................  257

Metabolism of Physiological Doses of Thiazole-2-14C-labeled Thiamine by
the Rat. Mesbaheddin Balaghi and William N. P earson ......................  265

Importance of an Accurate Reference Diet in the Evaluation of Proteins
for Chick Growth using Plasma Amino Acid Titers. R. E. Smith . . . .  271

Use of a-Aminoisobutyric Acid as an Internal Indicator in Chick Plasma
Amino Acid Studies. R. E. Smith ................................................................  276

Comparative Absorption of Calcium from Calcium Gluconate and Calcium 
Lactate in Man. Herta Spencer, Josephine Scheck, Isaac Lewin and 
Joseph Samachson ................................................................................................  283

Growth Response of Turkey Poults to Fractions of Soybean Meal. Melvin
Griffith and Robert J. Young ............................................................................. 293

Cellular Response in Rats during Malnutrition at Various Ages. Myron
Winick and Adele N o b le ....................................................................................... 300

Effect of Dietary Iron on Gossypol Toxicity and on Residues of Gossypol
in Porcine Liver. A. J. Clawson and F. H. S m ith ..................................... 307

Rate of Passage of Calcium-45 and Yttrium-91 Along the Intestine, and
Calcium Absorption in the Laying Fowl. S. Hurwitz and A. Bar . . . .  311

Effect of Exogenous Glucose on Glucose Metabolism in Dairy Cows. J. C.
Bartley and A. L. Black ....................................................................................  317

Effects of Diet, Chronic Inactivity, and Exercise on Growth Performance 
and Dehydrogenase Activities in Hepatic and Adipose Tissues.
Frank Konishi ..........................................................................................................  329

Placental Transfer and Fetal Utilization of Calcium in Developing Swine.
S. L. Hansard, H. Itoh, J. C. Glenn and D. M. Thrasher .................... 335

Evidence for an Unidentified Growth Factor(s) from Alfalfa and Other 
Plant Sources for Young Guinea Pigs. Raj K. Lakhanpal, Jean Reiche 
Davis, John T. Typpo and George M. B riggs ...............................................  341

A Complex Growth Factor in Duodenal Tissue. C. J. A ckerm an .................  347
Effect of Severe Protein-Calorie Malnutrition in the Baby Pig upon Rela

tive Utilization of Different Dietary Proteins. R. H. Barnes, W. G.
Pond, E. Kwong and I. R e id .................................................................................  355

Copper, Molybdenum and Zinc Interrelationships: The influence of in
organic sulfate upon distribution and excretion of 65Zn and "M o  in 
pregnant rats. Kenneth E. Kinnamon ...........................................................  365

Metabolism of Lipids in Rats Exposed to Heat under Conditions of a 
Normal and a High Fat-High Cholesterol Diet. Pavel Bobek and Emil 
Ginter .........................................................................................................................  373

Invitation for Nominations for 1967 American Institute of Nutrition
Awards ....................................................................................................................... 380

Invitation for Nominations for 1967 American Institute of Nutrition
Fellows ....................................................................................................................  382

Invitation for Nominations for Honorary Membership in the American
Institute of Nutrition ......................................................................................... 383

C O N TE N TS V



VI C O N TE N TS

No. 4 AUGUST 1966

Plasma Amino Acids and Nitrogen Retention by Steers Fed Purified Diets 
Containing Urea or Isolated Soy Protein. R. R. Oltjen and P. A. 
Putnam .......................................................................................................................  385

Pantothenic Acid Deficiency in the Mink. B. McCarthy, H. F. Travis, L.
Krook and R. G. W a rn er ......................................................................................  392

Influence of Nutritional Deprivations in Early Life on Learning Behavior 
of Rats as Measured by Performance in a Water Maze. Richard H. 
Barnes, Susan Robertson Cunnold, Robert R. Zimmermann, Howard 
Simmons, Robert B. MacLeod and Lennart Krook ................................  399

The Excretion Patterns of Vitamin Be and Bi2 in Preadolescent Girls. S. J.
Ritchey and Ruth M. Feeley ............................................................................... 411

Effect of Feeding Polyhydric Alcohols on Tissue Lipids and the Resistance 
of Rats to Extreme Cold. G. S. Stoewsand, H. A. Dymsza, S. M. Swift,
M. A. Mehlman and D. G. Therriault...........................................................  414

Anti-thiamine Activity in Hawaii Fish. Doris M. Hilker and Otto F. Peter 419

Effects of Biotin on Folic Metabolism in the Rat. Mario Marchetti, Laura
Landi and Petronio Pasquali ...............................................................................  422

Initiation of Glucose 6-Phosphatase Adaptation in the Rat. R. A. Freedland
and A. E. Harper ...................................................................................................  429

Dietary Fat and Fatty Acid Compositions of Rat Leucocytes and Granules.
Byung Pal Yu, Fred A. Kummerow and Toshiro N ishida ......................  435

Quantitative Evaluation of the Tryptophan, Methionine and Lysine Needs 
of Adult Swine for Maintenance. D. H. Baker, D. E. Becker, H. W. 
Norton, A. H. Jensen and B. G. H arm on .................................................... 441

Oxidation of 14C-labeled Carbohydrate, Fat and Amino Acid Substrates by
Zinc-deficient Rats. Richard C. Theuer and William G. Hoekstra . 448

Growth Depression and Pancreatic and Intestinal Changes in Rats Force- 
fed Amino Acid Diets Containing Soybean Trypsin Inhibitor. Hassan 
Khayambashi and R. L. L ym a n ........................................................................ 455

Effect of Dietary Linoleate on Chick Liver Fatty Acids: Dietary Linoleate
Requirement. Eldon G. Hill ............................................................................. 465

Effect of Chelating Agents and High Levels of Calcium and Phosphorus on 
Bone Calcification in Chicks Fed Isolated Soy Protein. Leo S. Jensen 
and Frank R. Mraz ..............................................................................................  471

Fatty Acid Changes in Liver Produced by Protein Deficiency and by 
Methionine or Cystine Fed to Rats in a Protein-free Ration. J. N. 
Williams, Jr. and Alice J. Hurlebaus ...........................................................  477

Effect of Source and Level of Dietary Protein on Liver Enzyme Systems in
the Young Pig. M. E. Tumbleson and R. J. Meade ................................  487

A Salt Mixture Supplying the National Research Council Estimates of 
the Mineral Requirements of the Rat. F. W . Bemhart and R. M. 
Tomarelli ....................................................................................................................  495



C O N TE N TS VII

Amino Alcohols and Methyl Donors in Rats Fed Low Choline Diets Con
taining Added Cholesterol. Melvin D. Chaplin and Dwight J. Mulford 501

Comparative Effect of Glucose Feeding on the Activities of Some Liver and 
Heart Enzymes in Rats. George V. Vahouny, B. W . Smith, R. Wilson 
and R. Ku .................................................................................................................. 505

Effect of Acute Starvation and Refeeding on Body Composition of Rats
Fed Previously at Different Levels of Dietary Protein. José Méndez . . 513

Invitation for Nominations for 1967 American Institute of Nutrition
Awards .......................................................................................................................  520

Invitation for Nominations for 1967 American Institute of Nutrition
F ello w s.........................................................................................................................  522

Invitation for Nominations for Honorary Membership in the American
Institute of Nutrition ............................................................................................ 523

Index to Volume 89 ..........................................................................................................  525



FREDRICK ACCUM

(1769 — 1838)



F r e d r ic k  A c c u m

From an engraving by J. Thomson, after a painting by 
S. Drummond, published in the European Magazine for July, 1820.



Fredrick Accum
— A Biographical Sketch
{March 29, 1769 — June 28, 1838)

The name of Fredrick Accum is very 
well known to readers who know the pleas
ure to be derived from the leisurely exami
nation of old books on chemistry. From 
1803 to 1821, this self-employed “operating 
chemist,” as he called himself, was the 
author of 20 books, most of which dealt 
with applications of chemistry to manufac
turing and the arts. Included among these 
early and often the first books in the mod
ern manner were treatises on brewing, 
bread production, wine making, and the 
chemistry of cooking. Among his works 
also were a treatise on crystallography, a 
two-volume system of chemistry, a mono
graph on chemical reagents and tests, and 
a little book on chemical amusements 
which was regarded as a treasure by ama
teur scientists for generations. Probably 
his most important book was his volume 
on food adulteration, although another, a 
treatise on the production of coal gas and 
its applications to the lighting of buildings 
and streets, is a classic in the history of 
chemical technology. Some of his works 
went through several editions, in America 
as well as England where he lived, and 
some were translated into German, French 
and Italian. In addition to the recognition 
which he gained from these well-planned 
and splendidly written treatises, Accum ac
quired a reputation as a teacher, analyst, 
and a popularizer of science. He was in
strumental in the establishment of a new 
profession, that of the consulting chemist 
who applies the discoveries of the labora
tory to industry and the common purposes 
of human life. Though he wrote a num
ber of papers on original research, it is for 
his writings and educational activities that 
his name is best remembered.

Accum lived in an age which was graced 
by many illustrious scientists, but it is said 
that he became better known than most of 
his contemporaries. Each year from about

1803 to 1821 seemed to add new luster to 
his name and probably some new book to 
his list of publications. He was described 
as a “pet chemist” of London. His activ
ities, particularly those to expose the adul
teration of foods and drugs, caused the 
European Magazine to run a laudatory arti
cle about him in their issue of July, 1820. 
It is from this article that the illustration of 
the present sketch has been taken. Then, 
at the peak of his career, when he was 52 
years old, he became involved in one of 
those situations which can only bring dis
may to a man’s friends— a petty affair 
which will be described later— from which 
he extricated himself by fleeing England in 
disgrace. This was early in 1821. The re
mainder of his life was spent in Germany, 
where he became within a year associated 
with two technological institutions in Ber
lin, and where he seems to have been 
highly regarded. In 1826 he published in 
German one outstanding book in connec
tion with his new teaching duties, a book 
on the chemistry and physics of building 
materials. He also wrote from time to time 
various articles, but it is said that he pub
lished them anonymously or under the 
name Mucca, which is Accum spelled back
wards. His life of extraordinary activity 
and influence was essentially at an end 
when he made the decision to leave 
England.

The circumstances of Accum’s life as 
well as his services to chemistry have long 
attracted the attention of historically 
minded chemists. Information about him 
was fragmentary or scattered, because 
after his downfall there was a tendency to 
try to forget his very existence. The pub
lisher of his books even left his name off 
the title page of a new printing of one 
of his works. The late Dr. Charles A. 
Browne, however, a number of years ago 
gathered together the available informa
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tion on Accum, obtained much new mate
rial, and wrote a sympathetic account of 
his life and contributions. It is now pos
sible to summarize briefly the essential 
facts of Accum’s life, and to emphasize 
the significance of his contributions to the 
broad field of nutrition, more informatively 
than otherwise would have been possible.

The subject of the present sketch was 
born in Biickeberg, a small town near 
Hanover, Germany, on March 29, 1769. He 
was baptized Friedrick Christian Accum, 
though later he dropped the middle name 
and anglicized the spelling of the first. His 
father was a Jew, named Herz Marcus, 
who embraced Christianity, changed his 
name to Christian Accum (the name 
Accum is said to mean Gentile) and mar
ried a girl who was a French Huguenot. 
She assumed the care of the family when 
her husband died in 1772, when Fredrick, 
one of seven children of whom but three 
lived to maturity, was three years old. The 
family was engaged in the manufacture of 
soap. The boy Christian was schooled at 
the local gymnasium, which appears to 
have been staffed by unusually competent 
instructors who taught the classical studies 
of the times. While still a youth, he was 
apprenticed to the pharmaceutical firm of 
Brande in nearby Hanover. This firm 
served as royal apothecaries to George III, 
King of England and Hanover, and they 
operated establishments in both Hanover 
and London. In 1793, young Fredrick 
went to London, where he was employed as 
an assistant and later as a chemist in the 
Brande organization. He learned to write 
fluent English, and he continued his studies 
of chemistry. He made the acquaintance 
of William Nicholson and Anthony Carlisle, 
two scientists of distinction who were his 
friends during his formative years and 
later. It was Sir Anthony Carlisle who 
came to his defense when he became in
volved in the difficulties that clouded his 
name— but this unhappy event was then 
far in the future. In 1798 he married, and 
struck out on his own as an independent 
consulting chemist in London.

Before 1800, young Accum had contrib
uted three little articles to Nicholson’s 
Journal, one of these being on methods for 
the chemical testing of the purity of drugs. 
This subject attracted his attention through

out his London career. He had a labora
tory in his home, and he continued work 
there even though, in 1801, he accepted an 
appointment as an assistant at the newly 
founded Royal Institution in London. Here 
he remained three years, assisting Humphry 
Davy, who was several years his junior. 
While still employed by the Royal Institu
tion, Accum wrote his first book. It was 
called “A System of Theoretical and Prac
tical Chemistry,” and it is remarkable be
cause it is the first textbook on chemistry 
which was arranged to help the student try
ing to learn the subject. Accum, being 
then relatively unknown, secured subscrib
ers and published the book himself. He 
dedicated it to the managers of the Royal 
Institution. Because of the circumstances 
of his later disgrace, it is of interest to note 
that when he left the Royal Institution, the 
managers expressed their appreciation of 
his services in their minutes.

From 1803 to early 1821, as has been 
mentioned, Accum was extraordinarily 
busy. At his home on Old Compton Street 
in the Soho section of London, he not only 
operated a laboratory but also conducted 
a school for the training of students in both 
theoretical and practical phases of chemis
try. In addition to his writing and his con
sultation work, he conducted a business of 
supplying chemicals and apparatus. Be
ginning in 1809 and for the duration of his 
London life, he was a lecturer at another 
technological institution in London. It was 
there that he delivered his public lectures 
on applied chemistry before large audi
ences. For their benefit, he wrote “Outlines 
of a Course of Lectures on Chemistry Ap
plied to the Arts and Manufactures,” which 
contained blank pages interleaved on which 
the students could write their notes. This 
book also carried advertising pages which 
mentioned that complete portable labora
tories, the contents of which would not spill 
or break if overturned in transport, could 
be purchased from the author.

To understand a man it is necessary to 
consider the times in which he lived. 
Accum’s span of years, from 1769 to 1838, 
was a period marked by a succession of 
wars and revolutionary social changes. 
During his lifetime, America won its inde
pendence, the French revolution occurred, 
and Napoleon rose to military heights,



5A BIO G R A PH IC A L SK ETC H

shook all Europe to its political founda
tions, and died in exile. In the very year 
in which Accum was born, James Watt had 
perfected the steam engine which made 
possible the subsequent industrial revolu
tion. All during Accum’s productive years 
scientific discoveries were in the news, and 
there was tremendous public interest in 
each new report. There were also expres
sions of hope for the prompt application of 
each new development to human affairs. 
Yet practical instruction in the experimen
tal sciences was not given by the univer
sities. Medical schools did offer their 
students lectures in chemistry, but almost 
no laboratory work. The only way for a 
young man to gain any training in the prac
tical operations of the laboratory was to try 
to do experiments himself, or to become 
apprenticed to a pharmacist. It is not sur
prising that Count Rumford was able to 
find support for the creation in 1800 of the 
Royal Institution, which was planned to fill 
a need for both research and instruction in 
science and technology. It was Rumford 
himself who hired Accum as well as 
Humphry Davy. In a short time Davy was 
lecturing to audiences— paying audiences 
— of a thousand persons, many of whom 
were socially prominent Londoners; and, 
assisting Davy in the demonstrations, there 
was Fredrick Accum.

Now the Royal Institution had been con
ceived by Rumford on a scale which, if fully 
developed as someone has said, could have 
been financed only by an interested govern
ment with considerable funds. But it was 
a private institution, and the demand then 
as it always has been, was for something 
practical. Davy, with the vision of the 
genius which he was, and with the audacity 
of youth, had demanded that his time in 
research be largely devoted to fundamental 
problems. When requested he did engage 
in studies on tanning, and on problems of 
agriculture, and afterwards in still other 
applied subjects, but his interests were in 
science for its own sake. It was not long 
before the objectives of the Royal Institu
tion had to be limited; this was at about the 
time when Rumford went to France and 
Accum left the organization. It would 
appear from his life’s work that Accum 
decided to devote his attention to some of 
the applications of science which the Royal

Institution in large measure had been 
obliged to abandon. For him this was a 
wise decision. To a large extent modem  
food technology can point to Apcum as one 
of the first of those who introduced scien
tific methods in the operations of the food 
and beverage industries.

Of course the writings of Accum on sub
jects of food technology are now primarily 
of historical interest. There are, however, 
tidbits of interesting information to be 
gleaned from an examination of his books 
on brewing, wine making, and the produc
tion of bread. For example, the latter vol
ume contains these statements :

The discovery of the application of yeast, 
to improve the panification of bread 
flour, was made and first secretly 
adopted by the bakers of Paris, but 
when the practice was discovered, the 
College of Physicians there, in 1688, 
declared it prejudicial to health, and it 
was not till after a long time that the 
bakers succeeded in convincing the 
people, that bread made with yeast was 
superior to bread made with sour dough 
or leaven.

There is evidence in this book that 
Accum did considerable experimental work 
on baking. He pointed out that flour which 
was aged absorbed more water in making 
a dough, and produced better bread. He 
mentioned admiringly the skill of a team 
of five men, working with military preci
sion— a moulder, a marker, a splitter, a 
chucker, and a depositor— who made bis
cuits at the rate of 70 a minute.

Looking at Accum’s numerous books 
today, one may come across some quotable 
statement almost anywhere.

From his book on a system of chemistry :
. . . mere facts do not constitute a 
science.

From his book on culinary chemistry :
Cookery, or the art of preparing good 
and wholesome food, and preserving all 
sorts of alimentary substances in a 
state fit for human sustenance, o f ren
dering that agreeable to the taste which 
is essential to the support of life, and 
of pleasing the palate without injury to 
the systems, is, strictly speaking, a 
branch of chemistry . . .

From his book on adulterations :
Children are apt to put every thing, espe
cially what gives them pleasure, into 
their mouths; the painting of toys with 
colouring substances that are poisonous,
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ought therefore to be abolished; a prac
tice which lies the more open to cen
sure, as it is of no real utility (p. 344).

The book on adulterations contains many 
facts of interest concerning the possible 
contamination of foods with lead. It is 
difficult to think of the following observa
tions as having been made nearly 150 years 
ago:

The baking of fruit tarts in cream- 
coloured earthenware, and the salting 
and preserving of meat in leaden pans, 
are no less objectionable. All kinds of 
food which contain free vegetable acids, 
or saline preparations, attack utensils 
covered with a glaze, in the composition 
of which lead enters as a component 
part. The leaden beds of presses for 
sqeezing the fruit in cider countries, 
have produced incalculable mischief 
(p. 343).

In describing the possible contamination of 
soda water, he wrote:

. . . the great excess of carbonic acid 
which the water contains, particularly 
enables it to act strongly on the metallic 
substances of the apparatus; a truth, of 
which the reader will find no difficulty 
in convincing himself, by suffering a 
stream of sulphuretted hydrogen gas to 
pass through the water (p. 308).

The full tide of Accum’s classic in food 
adulteration was “A Treatise on Adultera
tions of Food, and Culinary Poisons.” Like 
most of his books, it bore a descriptive sub
title, which read: “exhibiting the fraudulent 
sophistications of bread, beer, wine, spirit- 
ous liquors, tea, coffee, cream, confection
ery, vinegar, mustard, pepper, cheese, olive 
oil, pickles, and other articles employed in 
domestic economy, and methods of detect
ing them.” Actually, the book contained 
sections on the adulteration of pigments 
and of drugs as well. The author was de
scribed on the title page as “Fredrick 
Accum, operative chemist, lecturer on prac
tical chemistry, mineralogy, and on chem
istry applied to the Arts and Manufactures; 
Member of the Royal Irish Academy; Fellow 
of the Linnaean Society; Member of the 
Royal Academy of Sciences, and of the 
Royal Society of Arts of Berlin, &c, &c.” 
Illustrating the title page was a drawing. 
It was a figure of an urn on which rested 
a skull, partly covered by a cloth. The urn 
bore this inscription: “There is Death in the 
Pot. 2 Kings, C. IV, V. 40.” Two snakes 
and a branch of a vine were in the fore

ground and, in the background, there was 
a portion of a tombstone.

Perhaps the startling appearance of the 
book was needed at the time to call atten
tion to a misuse of the growing knowledge 
of chemistry. Accum was one of the first 
to employ chemical methods to expose un
desirable practices. It is interesting to note 
that he does not appear to have employed 
the microscope in his work; yet his catalog 
of supplies listed “solutions for the micro
scope” at 12 s. per dozen. After mention
ing that Peruvian bark was often ground 
and mixed with sawdust from the bark of 
trees which did not contain quinine, Accum  
wrote that “there is no ready test for detect
ing the fraud.” On the whole his book was 
factual. He distinguished between prac
tices which harm the pocketbook and those 
which may affect the health. He pointed 
out that in some cases manufacturers un
wittingly used undesirable materials in 
processing. Brewers in an attempt to im
prove the flavor of their beer might use a 
material offered to them as “black extract.” 
Accum showed that it was made from 
Cocculus indicus and contained a poisonous 
material; it is picrotoxin, which is described 
in current books on toxicology as a convul- 
sant poison. Accum asserted that few proc
essed foods of the time could be relied upon 
to be free of possible harmful ingredients. 
He was in a position to know. There is no 
doubt that his book attracted attention—  
Browne stated that it was probably the most 
extensively reviewed book in the history of 
chemistry— and that it made him many 
enemies.

It is certain that soon after the publica
tion of this book, which went through sev
eral editions in a short time, Accum brought 
about the downfall which some of his ene
mies may have wished for, as the result of 
the petty incident which has been men
tioned, and which now must be described.

It happened at the Royal Institution, of 
which Accum was a subscriber, on a night 
in December, 1820. The librarian of the 
Institution had been plagued by the loss of 
volumes, and by pages being torn from cur
rent unbound journals. Somehow Accum  
was suspect. It is known that he was care
less in his housekeeping habits, that he 
would ruthlessly tear equipment apart to 
set up some new experiment, and that he
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used books and journals like expendable 
pads of paper. Did he follow the same prac
tice with publications that did not belong to 
him? On this particular night the librarian 
secreted himself in a closet, in the door of 
which he previously had drilled a peephole. 
He claimed to have observed Accum re
moving pages from one of the library’s 
journals. Later, armed with a warrant and 
accompanied by two officers, he visited 
Accum at his home. The following account 
of the results of this visit appeared in the 
Gentleman’s Magazine for January, 1821: 

At Bow-Street, Mr. Fredrick Accum, the 
well known lecturer on practical chem
istry, was brought to the office by Bishop 
and Nicholls, the officers, from his 
house in Compton-street, Soho, where 
he has resided for about thirty years, 
charged with robbing the Royal Institu
tion in Albemarle-street; to which the 
prisoner was a subscriber, and had been 
so for a number of years. The Magis
trate, after hearing the whole of the 
case, observed that, however valuable 
the books might be from which the 
leaves found in the prisoner’s house had 
been taken, yet the leaves separated 
from them were only waste paper. If 
they had weighed a pound, he would 
have committed him for the value of 
a pound of waste paper, but as that was 
not the case, he discharged him.

The managers of the Royal Institution 
were not satisfied; they brought charges of 
malicious destruction of property, and 
Accum was arraigned on this new charge 
and released on bond. Trial was set for 
a date in April, 1821. Friends of Accum 
attempted to intercede, hoping that the 
matter might be settled privately. Accum 
himself appears not to have known what to 
do. He stopped all work and became very 
depressed. He was subjected to consider
able abuse in the magazines and news
papers of the day. One magazine with a 
reputation for scurrilous articles, John Bull, 
published some verses under the title, 
“Death in the Pot.” They read: “What is 
his crime? A trick at m ost/ A thing not 
worth debating./ ’Tis only what the Morn
ing Post/ Would call Accum-ulating.” 

Accum was living as a widower alone 
with one daughter. He and his wife had 
had eight children, of whom six were still
born or died in infancy. Seeing his world 
collapse around him, he suddenly fled Eng
land, with his daughter, before the trial was

held. He never returned. Before leaving, 
a friend had prevailed upon him to com
plete his almost finished book on culinary 
chemistry. This friend also arranged for 
its publication, because Accum’s regular 
publisher refused to handle it. It was the 
last book which Accum wrote in English. 
It was popular for many years both in 
England and in America.

The remainder of Accum’s life, until his 
death in Germany on June 28, 1838, was 
active and useful, and he became finan
cially well off. But the remarkable pace of 
his former activities was not continued, 
and probably could not be.

No man ever devoted his waking hours 
so completely to chemistry as did Accum in 
his London years. His home was given 
over to apparatus and supplies. He slaked 
lime in the cellar and crystallized citric acid 
in the garret. He had rooms set up as 
laboratories where research was done and 
where individual instruction was offered 
students on a fee basis. Among his stu
dents were men who were or became prom
inent in British affairs, and a number of 
distinguished Americans. Among them 
was Benjamin Silliman, the elder, who had 
been appointed the first professor of chem
istry at Yale College, and who went to 
Philadelphia to study under Robert Hare. 
He came to Accum in 1805, and found the 
additional training that he wanted there. 
Later came William Peck of Harvard and 
James Freeman Dana of Dartmouth. Silli
man wrote many years afterwards of his 
experiences in Accum’s laboratory. He 
mentioned how the two would spend the 
morning analyzing minerals together, and 
he mentioned the obliging, kind-hearted 
nature of Accum as well as his manipula
tive skill. He also stated that Accum re
fused all payment for his time, reagents, or 
services, adding that Accum may have felt 
recompensed because of the considerable 
order for apparatus and supplies which 
Silliman placed with him for outfitting the 
laboratory to be established at Yale. Pro
fessor Peck also stated, in his report to the 
President of the Board of Visitors of Har
vard College in 1808, that Accum would 
not accept any compensation from him, 
though pressed to do so.

In his biography of Accum, Doctor 
Browne has presented at some length his
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opinion that the sudden eclipse of Accum’s 
reputation probably served to delay for a 
long time the enactment of suitable laws in 
Great Britain to control adulteration of 
foods. It was not until nine years after the 
studies initiated by the Lancet, under the 
direction of Dr. A. H. Hassall in 1851, that 
this was done. The Act of Parliament of 
1860 to accomplish this purpose has served 
in a sense as the basis for all subsequent 
legislation to control the safety of foods and 
drugs. Realizing as we must that time is 
required for communities and nations to 
develop suitable programs for the conduct 
of their citizens in their relationships with 
one another, and that the combined efforts 
of many persons are necessary in order to 
effect desired social changes or health 
measures, we can be sure that there was 
no undue delay. Accum, who integrated 
all his activities into a career devoted 
wholly to the applications of chemistry to

the welfare of man, did his work well. 
There can be no question about the influ
ence of what he tried to do. To an impor
tant degree, he is part of the history of food 
technology, culminating in the safe and 
nutritious processed foods we know today. 
W e do not need now to pass judgment on 
the man himself. He administered his own 
punishment, after that thoughtless act in 
the library of the Royal Institution, one 
memorable night in December, so long ago.

F r a n k l i n  C. B i n g , Ph .D.
36 South Wabash Avenue
Chicago, Illinois 60603
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ADDENDUM

I have tried to omit from this sketch any conjectures about Accum’s guilt or 
innocence, although he himself maintained that the “ tear sheets”  found in his 
home came from his own copy of the journal, to which he subscribed. Why 
then did he forfeit his bond and, after a delay of several months during which 
the matter was not pressed, suddenly go to Germany? My own guess is that he 
left in dismay, his ebullience crushed, because of the attitude of the friends who 
tried to help him. They freely admitted that he could have mutilated the journal 
in the library. They sought to have the charges dropped on the basis of what 
they called his unfortunate background, which caused him to be unaware of the 
obligations of an English gentleman and the seriousness of the offence. Inci
dentally, Silliman, Accum’s most distinguished pupil, and a contemporary of 
Robert Hare rather than a student under him while in Philadelphia, ventured 
no firm opinion on the matter that I can find.

F. C. B.



Minimum Dietary Essential Amino Acid-to-total 
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ABSTRACT Daily urinary nitrogen excretion was measured for 11 young men fed 
constant nitrogen intakes, equivalent to 0.36 to 0.54 g protein/kg body wt, which 
approximated their minimum daily requirement. Whole egg furnished 78.6 to 90% 
of the nitrogen of the basal diet, and oatmeal and tomato juice the remainder. When 
the ntirogen of the basal diet was replaced isonitrogenously by a mixture of glycine 
and diammonium citrate, with each compound supplying equal amounts of nitrogen, 
a 30% replacement did not significantly alter urinary nitrogen excretion. In 4 subjects, 
a 40% replacement had no significant effect on urinary nitrogen excretion after initial 
adaptation. A 50% replacement caused no apparent decrease in dietary nitrogen 
utilization in one subject. A 30% replacement gave an essential amino acid-to-total 
nitrogen ratio (E /T N) of 2.16 corresponding to 25% of the total nitrogen furnished 
by essential amino acids. A 40% replacement gave an E /T N ratio of 1.85 and 21% 
of the nitrogen from essential amino acids.

The recent report of the FAO/W H O Ex
pert Group on Protein Requirements (1 )  
for the first time separates clearly the pro
tein needs of man into 2 components:
1) the amounts and proportions of essen
tial amino acids, and 2 ) the total available 
nitrogen required. For reference purposes 
the group adopted the essential amino acid 
pattern of whole egg expressed in terms of 
the relationship of each amino acid to the 
total essential amino acids, in contrast with 
the 1957 FAO reference pattern (2 )  which 
was in terms of grams of essential amino 
acids per gram of total nitrogen or per 100 
grams of conventional protein (N  x 6 .25 ). 
Tyrosine and cystine were included with 
the essential amino acids because they re
place part of the requirements for phenyl
alanine and methionine, respectively. The 
report points out that expression of the 
pattern in this way allows separate investi
gation of changes in the ratio of the essen
tial amino acids to one another and also of 
changes in the relationship between the 
essential and nonessential amino acid 
components of the protein requirement.

Significantly, the 1957 FAO reference 
protein contained a much lower proportion 
of essential amino acids to total nitrogen

than exists in egg. Nevertheless, protein 
scores based on this reference protein 
agreed reasonably well with biological as
says (1 , 3 -5 ) .  In adopting the amino acid 
pattern of whole egg for scoring purposes, 
Block and Mitchell (6 )  calculated a regres
sion equation which empirically corrected 
for the relatively high concentration of 
essential amino acids in whole egg, there
by giving good agreement between the 
chemical score based on the amino acid 
pattern of egg and the protein quality as 
measured in animal experiments. Simi
larly, the work of Snyderman et al. (7 )  
showed that cow’s milk contains a relative 
excess of essential amino acid nitrogen 
even for the needs of young infants.

The proportion of essential to nonessen- 
tial amino acids required in experimental 
diets of animals has been studied by Stucki 
and Harper (8 , 9 ) who reported the chick 
more sensitive than the rat to lowered
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ratios. Despite several pertinent studies 
(10, 11) the proportion of grains of essen
tial amino acids to total nitrogen (E /T N 
ratio) in human nutrition is yet to be de
fined clearly. The data of Tuttle et al. (11), 
for example, cannot be used for estimating 
the minimum E /T N ratio for the egg pat
tern because they were derived from diet
ary nitrogen levels well above the prob
able minimum requirement of the subjects 
studied. A valid estimate of the minimum 
E /T x ratio permitting maximal utilization 
of essential amino acids for protein syn
thesis can be obtained only when the nitro
gen intake is at or below the subject’s mini
mal maintenance requirement. Above this 
level amino acids are converted and stored 
as fat or carbohydrate or used to meet 
caloric needs, and distort the apparent re
quired E /T n ratio. The data of Rose and 
Wixom (1 2 ) permit an approximation of 
the amount of essential amino acid nitro
gen required at a minimal nitrogen intake. 
They fed the 8 essential amino acids to 
2 subjects at the safe level as defined in 
their previous studies and found that to 
maintain nitrogen balance, from 14 to 23%  
of the total nitrogen intake was required as 
essential amino acid nitrogen. Interpreta
tion of their results is complicated by the 
uncertain extent to which excess quantities 
of the essential amino acid nitrogen were 
diverted to synthesis of dietary nonessen
tial amino acids.

These studies and the recommendations 
of the recent FAO/W H O report emphasize

the need for reliable measurements of mini
mum E /T n ratios in human nutrition. The 
present paper, the first of a series designed 
to determine the minimum proportion of 
essential amino acids to total nitrogen in 
human nutrition, reports results obtained 
for young adults consuming a diet approxi
mating the essential amino acid pattern of 
whole egg. The work will be extended to 
the minimum E /T N ratios for other age 
groups, for other physiologic and pathologic 
states, and to other protein sources.

EXPERIMENTAL

Subjects. Groups of 3 and 8 healthy, 
male students 17 to 22 years old were the 
experimental subjects (table 1). With one 
possible exception all were in good health 
as determined by medical history and ex
amination. Subject RW  had a history of 
adrenal hyperplasia since infancy, and his 
urinary 17-hydroxycorticosteroid excretion 
was elevated. Subjects in the first experi
ment, except MK, continued their normal 
activities and were not confined to the 
campus. Subject MK and the subjects in 
the second experiment were restricted to 
the MIT Clinical Research Center and re
quired to adhere to a regular and strictly 
monitored pattern of activities.

Diet. A liquid formula supplied the 
dietary protein in both experiments (1 3 ) . 
In experiment 1 dried whole egg4 supplied

4 Spray-dried, pasteurized, whole egg powder. Sup
plied through the courtesy of the British Egg Market
ing Board, London.

TABLE 1
Age, weight and daily intake of calories and protein of young men studied for metabolic 

effects of dietary protein dilution with glycine and diammonium citrate

Subject Age
Weight Caloric Protein

Initial Final intake intake

years kg kg kcal g/hg
Experiment 1

KP 22 71.4 70.9 3380 0.36
FW 21 67.0 67.3 3030 0.43
MK 19 63.0 63.0 3880 0.54

Experiment 2
DG 19 65.1 65.6 2930 0.41
DP 18 68.6 67.8 2880 0.37
BR 19 67.4 67.4 2897 0.37
U 22 81.3 80.0 2962 0.39
MR 18 75.1 75.0 2650 0.40
JS 18 68.2 67.5 2742 0.40
RW 18 70.5 69.4 2349 0.38
NM 17 73.2 72.0 2725 0.41
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78.6%  of the nitrogen, oatmeal5 16.3%  
and tomato juice 5.1%  . The tomato juice 
was the vehicle for part of the diammonium 
citrate and glycine. Contributions from the 
3 protein sources were kept proportional so 
that the pattern of the essential amino acids 
was the same at different levels of dilution. 
The dietary regimen was similar in experi
ment 2 except that whole egg supplied 90%  
of the nitrogen, with oatmeal and tomato 
juice each supplying 5 % . Again the con
tributions from the 3 protein sources were 
kept proportional, except those of subject 
NM who was studied during changes of the 
egg protein component alone.

Additional calories were supplied by corn
starch cookies and soft drinks, as well as 
by cornstarch pudding which also acted as 
a carrier for some of the glycine and diam
monium citrate. Previous caloric intakes 
were estimated from individual dietary his
tories and empirically adjusted to maintain 
body weight by varying the nonprotein cal
orie supplements. Throughout the calorie 
adjustment period the formula diet sup
plied 0.8 to 1.0 g protein/kg/day. With 
this procedure no further changes in caloric 
intake were necessary during the experi
ments. Caloric intakes do not correspond 
precisely to variations in body weight be
cause of individual differences in body 
composition and energy expenditure.

“Dilution” of dietary protein. Various 
sources of nnnessential amino acid nitro
gen have been used in determining essen
tial amino acid requirements (1 4 ) . Both 
human and animal experiments suggest 
that mixtures containing the essential 
amino acids with one or more simple 
nitrogen-containing compounds, such as 
glutamic acid or glycine plus diammonium 
citrate, can be as effective in maintaining 
nitrogen balance as mixtures of a number 
of nonessential amino acids (1 5 ) . In the 
two present studies the protein nitrogen in 
the formula diet was “diluted” by substitut
ing part of the nitrogen with a mixture of 
glycine and diammonium citrate, in which 
each compound supplied equal amounts of 
nitrogen. Table 2 summarizes the E /T N 
ratios and percentages of total nitrogen 
contributed by the essential amino acids in 
experimental diets, whole egg and the 1957 
FAO reference protein.

TABLE 2
Proportions of essential amino acids to total 

nitrogen in experimental diets, whole egg 
and the 1957 FAO reference protein

Food E/Tn1 En/Tn2

Whole egg 3 3.22
%

37.6

Experiment 1
Basal diet 4 2.97 5 34.4
14% Dilution 6 2.55 29.6
18% Dilution 2.44 28.2
22% Dilution 2.32 26.8
28% Dilution 2.14 24.8
33% Dilution 1.96 22.9

Experiment 2
Basal diet7 3.08 5 35.7
20% Dilution 2.46 28.6
30% Dilution 2.16 25.0
40% Dilution 1.85 21.4
50% Dilution 1.54 17.8

1957 FAO reference protein 2.02 23.6

1 Grams essential amino acids including cystine 
and tyrosine/g total nitrogen.

2 Grams essential amino acid nitrogen/g total nitro
gen x 100.

3 1965 FAO/WHO Protein Requirements report (1).
4 Nitrogen from whole egg (78.6%), oatmeal 

(16.3%), tomato juice (5.1%) by analysis.
5 Calculated from Orr, M. L., and B. K. Watt 1957 

Amino acid content of foods. Home Econ. Res. Rept. 
no. 4, U. S. Department of Agriculture, Washington, 
D. C.

6 Percentage of total nitrogen of basal diet re
placed by glycine and diammonium citrate.

7 Nitrogen from whole egg (90%), oatmeal (5% ), 
tomato juice (5% ) by analysis.

Experimental sequence. Experiment 1. 
Following an adjustment period of 8 days, 
during which time caloric intake was 
fixed at amounts sufficient to maintain 
body weight, the subjects were fed protein 
in a proportion of 0.42 g/kg/day for 13 
days. Thereafter, the levels of protein were 
increased or decreased by 0.06 g/kg/day  
for periods of 5 days to find an intake close 
to minimal requirements.

The FAO/W HO Expert Group on Protein 
Requirements (1 )  suggested that 20 mg 
nitrogen/kg be allowed for endogenous 
fecal loss and 20 mg nitrogen/kg for der
mal loss. Since the aim in the present 
experiments was to maintain subjects at or 
below minimal nitrogen requirement, only 
20 mg nitrogen/kg were allowed for fecal 
and dermal losses combined. By this stand
ard the subjects were in slightly negative

3 Buckeye Rolled Oats, homogenized. Specially pre
pared in Standardized form through the courtesy of 
the Quaker Oats Company, Barrington, Illinois.
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balance during the baseline and dilution 
periods. After 5 days at the minimal diet
ary protein level, first 0.06 and then 0.12 g 
protein/kg were replaced by isonitrogenous 
amounts of glycine-diammonium citrate 
mixture for 5-day periods. Subjects KP 
and FW  in this experiment were then 
allowed to eat a self-selected diet for one 
week, after which they again received the 
minimal nitrogen intake for 12 days and 
the dilution steps were repeated.

Experiment 2. Minimal nitrogen re
quirement was calculated from the endoge
nous urinary and metabolic fecal nitrogen 
loss at the end of a 7- or 10-day protein-free 
period. An allowance of 15 mg nitrogen/kg 
for integumental and sweat loss was used 
in calculating the minimal requirement. 
The protein intake of each subject is shown 
in table 1. The subjects were fed the esti
mated minimal nitrogen requirement for 
7 to 15 days depending upon the time re
quired to reach a relatively steady rate of 
urinary nitrogen excretion. The sequence 
in which dilutions of the nitrogen of the 
basal diet were made and the length of 
each dilution phase are given with the 
results.

Handling of samples and chemical analy
sis. Complete 24-hour specimens of urine 
were collected throughout the studies and 
analysis for total nitrogen made on fresh 
urine by the Kjeldahl method as modified 
by Scales and Harrison (1 6 ). Nitrogen in 
food samples was analyzed by the same 
method. Urinary creatinine was deter
mined on fresh urine by the method of

Pino et al. (1 7 ) and urea nitrogen (1 8 )  
on aliquots of previously frozen urine.

Preprandial morning blood samples were 
taken when weight stabilization was estab
lished, during adjustment to minimal pro
tein intake, and at the end of each dilution 
phase. Plasma was separated from red 
cells, centrifuged at 4 ° , and frozen until 
it was analyzed for free amino acids. 
Quantitative analysis for free amino acids 
was made by column chromatography using 
the method of Spackman et al. (1 9 ) , and a 
Technicon amino acid analyzer.

Statistical analyses. Total urinary nitro
gen excretion was used as the principal in
dicator of utilization of dietary nitrogen. 
Since no significant differences in deviations 
within the individuals were found by Bart
lett’s test for homogeneity, Student’s t test 
was used to determine whether urinary 
nitrogen excretion during a dilution period 
differed significantly from that for the cor
responding baseline period. The baseline 
period represents the period after a rela
tively steady-state urinary nitrogen excre
tion was achieved by subjects fed the basal 
or undiluted diet.

The precision in detecting changes in 
dietary nitrogen utilization depends upon 
the daily variation in urinary nitrogen ex
cretion and is the limiting factor in our 
determinations of minimum E /T N ratios. 
In the present experiments the baseline co
efficient of variation in nitrogen excretion 
averaged 7 .6 % , excluding subject KP who 
showed an average coefficient of variation 
of 14.5% during the baseline periods.

TABLE 3
Effects of dilution of protein 1 with glycine and diammonium citrate on urinary nitrogen 

excretion2 of young men (exp. 1)

Subject Dietary
intake

Dilution of dietary protein, %
0 10-14 16-18 22 28 33

g N / d a y g u r in a r y  N / d a y g u r in a r y  N / d a y g u r in a r y  N / d a y
K P :

a  3 4 . 1 1 3 . 4 2  ± 0 . 6 5 3 . 5 4  ± 0 . 4 4 4 . 1 6 ± 0 . 6 4
b 4 . 1 1 3 . 1 7 ± 0 . 3 2 3 . 0 7  ± 0 . 3 0 4 . 1 2 ±  0 . 5 9

F W :

a 4 . 6 1 3 . 5 1  ± 0 . 1 6 4 . 3 0 ± 0 . 2 8  * 4 . 3 0  ± 0 . 2 2  *
b 4 . 6 1 4 . 1 9 ± 0 . 3 3 4 . 4 6  ± 0 . 8 4 4 . 0 2  ± 0 . 4 8

M K : 5 . 4 4 4 . 8 8  ± 0 . 4 6 4 . 1 8  ± 0 . 2 3 4 . 1 7 ± 0 . 2 6

1 Nitrogen from whole eeg (78.6%), oatmeal (16.3%), tomato juice (5.1%).
2 Mean ±  s d  for periods of 5 days.
3 at> first replication; b, second replication.
♦Difference significant from baseline (0% dilution) at the 0.05 level.
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RESULTS 
Experiment 1

Table 3 summarizes the daily urinary 
nitrogen excretion during experimental 
periods. Since the dilution of dietary pro
tein was carried out in steps of 0.06 and 
0.12 g protein/kg the actual percentage of 
protein replaced varied among subjects. 
Subject FW  showed a significantly in
creased rate of urinary nitrogen excretion 
during the first dilution phases. This ap
pears to have been the result of an abnor
mally low baseline level since the second 
replication indicated a higher rate of urinary 
nitrogen excretion during a basal period 
and agrees with the overall experimental

findings. Subject KP showed an increase 
in urinary nitrogen excretion following a 
33%  dilution. Although this was just short 
of statistical significance, at the 5%  level, 
because of his large daily variation in nitro
gen excretion, it is probable that 33%  dilu
tion was too much for this subject. Subject 
MK showed a lower rate of urinary nitro
gen excretion during the dilution phases 
when compared to the baseline period.

Experiment 2
Urinary nitrogen. The data from sub

ject DG, the one studied longest, are shown 
in figure 1 to illustrate the method of daily 
evaluation. As indicated in table 4, which

Fig. 1 Urinary nitrogen excretion per day in subject DG fed the basal diet with zero, 
40, 20, 30 and 40% replacement of nitrogen with glycine and diammonium citrate. Broken 
lines represent mean baseline nitrogen excretion ±  one standard deviation.

TABLE 4
Effects of dilution of protein1 with glycine and diammonium citrate on urinary nitrogen

excretion2 of young men (exp. 2)

S u b je c t D ie t a r y
i n t a k e

D i l u t i o n  o f  d i e t a r y  p r o t e in ,  %

0 2 0 3 0 4 0 5 0

g N / d a y g u r in a r y  N / d a y g u r in a r y  N / d a y g u r in a r y  N / d a y
D G 4 . 3 2 3 . 9 9  ±  0 . 1 9 3 . 9 3  ± 0 . 1 8 4 . 0 1  ± 0 . 1 3 4 . 0 9  ± 0 . 2 8  3
D P 3 . 9 4 3 . 3 6  ± 0 . 1 8 4 . 0 2  ± 0 . 2 0  *
B R 4 . 0 2 3 . 6 9  ± 0 . 3 3 3 . 6 8  ± 0 . 3 8
U 4 . 9 7 4 . 4 8  ± 0 . 4 1 5 . 0 8  ± 0 . 2 3 5 . 7 8  ± 0 . 2 9  *
M R 4 . 8 8 4 . 4 2 ± 0 . 4 1 4 . 8 3  ± 0 . 6 1
J S 4 . 3 1 4 . 4 3  ± 0 . 4 7 4 . 3 8  ± 0 . 4 1 5 . 1 8  ± 0 . 5 4  *
R W 4 . 3 1 4 . 7 0 ±  0 . 3 3 4 . 6 8  ± 0 . 4 4 4 . 2 7 ± 0 . 2 6
N M 4 . 8 4 4 . 4 7  ± 0 . 3 1 5 . 2 2  ± 0 . 1 9  * 5 . 0 9  ±  0 . 2 2  *

1 Nitrogen from whole egg (90% ), oatmeal (5% ), tomato juice (5% ).
2 Mean ±  s d  for periods varying from 4 to 12 days.
3 Result from second period of 40% dilution. Mean value for first period was 4.89 ±  0.36 which was sig

nificantly different (P <  0.05) from baseline.
* Difference from baseline (0% dilution) significant at 0.05 level.
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summarizes the data for each subject, the 
within-period standard deviations were 
larger for most of the other subjects.

Subject DG: Urinary nitrogen stabilized 
at an average of 3.99 g/day during the last 
8 days of a 16-day period with a basal diet 
of 0.41 g protein/kg. Diluting the nitrogen 
of the basal diet by 40%  caused a sharp 
increase in urinary nitrogen excretion; and 
upon return to a 20%  dilution, urinary 
nitrogen excretion decreased to 3.93 g/day. 
A 30%  dilution had no further effect, and 
a subsequent 40%  dilution resulted in a 
rapid initial increase in urinary nitrogen 
excretion which returned to the basal level 
during the final 5 days under this regimen. 
It was concluded that the subject could 
adapt to a 40%  dilution of the nitrogen of 
the basal diet with glycine and diam
monium citrate.

Subject DP: Urinary nitrogen averaged 
3.36 g/day during the last 7 days of a 
15-day period with a basal diet of 0.37 g 
protein/kg. A 40%  dilution was judged 
excessive since it caused a sharp increase 
in urinary nitrogen excretion which con
tinued significantly above the basal level 
during the later 10-day period at this level 
of dilution.

Subject BR: Urinary nitrogen excretion 
averaged 3.69 g/day during the last 7 days 
of a 15-day period with a basal diet of 
0.37 g protein/kg. A 40%  dilution for 10 
days did not result in an increased rate of 
urinary nitrogen excretion, and it was con
cluded that the subject could utilize the 
40%  diluted diet and the basal diet equally 
well.

Subject IJ: Urinary nitrogen excretion 
stabilized at an average of 4.48 g/day dur
ing the last 8 days of a 12-day period with 
a basal diet of 0.39 g protein/kg. A 40%  
dilution for 9 days caused a significant in
crease in urinary nitrogen excretion. Upon 
return to a 30%  dilution urinary nitrogen 
excretion decreased toward the basal level 
and reached a mean of 5.08 g/day during 
the last 4 days of a 7-day period at this dilu
tion. This was not significantly different 
from the basal level. It was concluded that 
the subject could adapt to a 30%  dilution.

Subject MR: Urinary nitrogen excretion 
during the last 5 days of a 7-day period was 
4.42 g/day. Diluting the nitrogen of the 
basal diet by 40%  during an 8-day period

did not result in a statistically significant 
increase in urinary nitrogen excretion. It 
was concluded that the subject could tol
erate a 40%  dilution.

Subject JS: Urinary nitrogen excretion 
during the 8 days of a 12-day period with 
a basal diet of 0.40 g protein/kg averaged 
4.43 g/day. A 40%  dilution for 9 days 
caused an increase in urinary nitrogen ex
cretion to 5.18 g/day. Upon return to a 
30%  dilution urinary nitrogen excretion de
creased toward the basal level and reached 
a mean of 4.38 g/day during the last 4 days 
of a 7-day period on this regimen. It was 
concluded that the subject could adapt to 
a 30%  dilution.

Subject R W : Urinary nitrogen excretion 
during the last 7 days of a 12-day basal 
period was 4.70 g/day. Diluting the nitro
gen of the basal diet by 40%  for 12 days 
and 50%  for 4 days did not result in an in
creased rate of urinary nitrogen excretion.

Subject N M : Urinary nitrogen excretion 
during the 11-day period did not reach a 
constant level and was increasing when the 
first dilution was made. Average urinary 
nitrogen excretion during the last 5 days of 
the 11-day period with a basal diet of 0.41 g 
protein/kg was 4.47 g/day. A 20%  dilu
tion caused an apparent increase in urinary 
nitrogen excretion to 5.22 g/day with no 
further increase during the 12-day period 
at a 40%  dilution. In view of the failure 
to reach a constant excretion rate during 
the basal period, comparison of the results 
of the dilution periods with the basal period 
may be misleading. Since there was no 
change between the 20 and 40%  dilution 
periods, it is likely that this subject tol
erated a 40%  dilution.

Urinary creatinine and urea. The re
sults for urinary creatinine and urea nitro
gen excretion are shown in table 5. Urea 
nitrogen excretion tended to parallel 
changes in total urinary nitrogen except 
that the former was more variable within 
each period.

Plasma amino acids. The total amounts 
and molar ratios of essential and nonessen
tial plasma amino acids for subjects in 
experiment 2 are summarized in table 6. 
The molar ratio of essential to nonessential 
amino acid concentration (E m/N m) de
creased when the subjects were supplied 
with minimal intakes because of a decrease
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T A B L E  5

U r i n a r y  c r e a t i n i n e  a n d  u r e a  n i t r o g e n  e x c r e t i o n  o f  y o u n g  m e n  f e d  d i l u t i o n s  o f  d i e t a r y  p r o t e i n  
w i t h  g l y c i n e  a n d  d i a m m o n i u m  c i t r a t e  ( e x p .  2 )

D i l u t i o n U r e a
n i t r o g e nS u b je c t o f  d i e t a r y  

p r o t e in
C r e a t i n i n e

% g / d a y  1 g / d a y  1
D G 0 1 . 8 3 ± 0 . 1 4 2 . 3 8  ± 0 . 2 0

2 0 1 . 7 0  ± 0 . 0 3 2 . 4 7  ±  0 . 1 5
3 0 1 . 7 1  ± 0 . 0 6 2 . 6 6  ± 0 . 1 0
4 0 (  1 s t  d i l . ) 1 . 6 6  ± 0 . 0 6 3 . 2 2  ± 0 . 4 5  *
4 0 ( 2 n d  d i l . ) 1 .7 1  ± 0 . 0 4 2 . 5 7  ± 0 . 3 8

D P 0 1 . 7 2 ± 0 . 0 3 2 . 1 5  ± 0 . 2 9
4 0 1 . 7 0  ± 0 . 0 3 2 . 7 5  ± 0 . 4 7  *

B R 0 1 . 5 3  ± 0 . 0 4 2 . 5 1  ± 0 . 4 0
4 0 1 . 4 9  ± 0 . 0 3 2 . 5 9  ± 0 . 3 6

U 0 1 . 9 8 ± 0 . 1 2 3 . 2 5  ±  0 . 4 2
3 0 1 . 9 9  ±  0 . 1 6 4 . 1 6  ±  0 . 3 2  *
4 0 1 . 9 6  ± 0 . 2 0 4 . 8 0  ± 0 . 3 3  *

M R 0 1 . 7 8 ± 0 . 1 7 3 . 0 4  ± 0 . 4 9
4 0 1 . 7 4  ± 0 . 1 8 3 . 9 7  ± 0 . 5 6

J S 0 1 . 6 5  ± 0 . 2 0 3 . 4 9  ± 0 . 4 4
3 0 1 . 5 6  ±  0 . 1 2 3 . 2 3  ± 0 . 1 5
4 0 1 . 5 9 ± 0 . 1 9 4 . 0 1  ± 0 . 5 7

R W 0 1 . 6 0  ± 0 . 0 5 3 . 6 1  ± 0 . 2 8
4 0 1 . 5 4  ± 0 . 0 8 3 . 7 2  ± 0 . 4 1
5 0 1 . 5 2  ± 0 . 0 6 3 . 1 5  ±  0 . 1 4

N M 0 1 . 6 4  ± 0 . 0 5 2 . 4 5  ± 0 . 6 8
2 0 1 . 6 5  ± 0 . 0 6 4 . 1 3  ± 2 . 2 5
4 0 1 . 6 5 ± 0 . 1 1 3 . 2 9  ± 0 . 9 5

1 M e a n  +  s d  f o r  p e r i o d s  v a r y i n g  f r o m  4  t o  1 2  d a y s .
*  D i f f e r e n c e  f r o m  b a s e l i n e  p e r i o d  ( 0 %  )  s i g n i f i c a n t  a t  0 .0 5  le v e l .

in the concentration of essential amino 
acids with or without change in the non- 
essential amino acids. Further decreases 
occurred in the Em/N m ratio during the 
dilution phases.

D I S C U S S I O N

The results reported in this paper sup
port the conclusions of the FAO/W HO Ex
pert Group on Protein Requirements (1 )  
that 60 to 70 mg tryptophan and 190 to 220 
mg methionine and cystine/g nitrogen in
take are necessary for adequate human 
nutrition. The diet diluted to 30%  sup
plied 69.4 mg tryptophan and 224 mg 
methionine plus cystine, whereas the 40%  
diluted diet supplied 59.5 and 192.4 m g /g  
nitrogen intake, respectively.

Allison (2 0 ) stated: “It may be possible 
to reduce the amount of egg protein below 
so-called maintenance requirements if some 
form of nonessential nitrogen is added to 
supply the deficit in nitrogen.” The pres
ent results suggest that the nitrogen con
tributed by the essential amino acids of 
whole egg protein may be replaced iso-

nitrogenously with a mixture of glycine and 
diammonium citrate to the extent of at 
least 30%  without influencing the nutri
tive value of this protein in most young 
adult males fed at minimal nitrogen intakes 
for maintenance.

In a diet where whole egg supplies 90%  
of the total protein the minimal E /T N ratio 
is likely to be within the range of 1.85 to 
2.16 g essential amino acid/g total nitrogen 
(table 2 ) . Thus, for a diet supplying the 
essential amino acids, including cystine 
and tyrosine, in the proportions found in 
whole egg protein, 21 to 25%  of the total 
nitrogen would be supplied by essential 
amino acids. It is of interest that the 1957 
FAO reference protein contained 23 .6%  of 
the total nitrogen as essential amino acid 
nitrogen and that the results are in approxi
mate agreement with those of Rose and 
Wixom (1 2 ). Since it may have been pos
sible, however, to dilute further the diets of 
the subjects who were able to tolerate a 
40%  dilution, the normal range may ex
tend below 1.85. The only subject studied, 
RW , tolerated a 50%  dilution, indicating



16 SCRIMSHAW , YOUNG, SCHWARTZ, PICHÉ AND DAS

TABLE 6
Total amounts and molar ratios of essential and nonessential amino acids in blood 

plasma of young men fed dilutions of dietary protein with glycine and 
diammonium citrate (exp. 2)

S u b je c t P r o t e i n
i n t a k e

D i l u t i o n  
o f  d i e t a r y  

p r o t e in

T o t a l  
e s s e n t ia l  

a m i n o  
a c i d s  ( E m )

T o t a l
n o n e s s e n t i a l  

a m i n o  
a c i d s  ( N m )

E m/N m

g / k g / d a y % l im o le  s / lit e r lim ó le s / liter l im o le  s  / l i t e r
D G 0 . 8 0 0 1 5 9 9 2 6 5 8 0 . 6 0

0 . 4 1 0 1 0 4 3 2 2 3 9 0 . 4 6
0 . 4 1 3 0 9 6 5 2 5 2 4 0 . 3 8
0 . 4 1 4 0  1 8 2 0 2 2 5 1 0 . 3 6

D P 0 . 8 0 0 1 6 0 6 2 3 4 0 0 . 6 9
0 . 3 7 0 1 1 0 8 2 2 5 6 0 . 4 9
0 . 3 7 4 0 1 1 0 9 2 6 1 8 0 . 4 2

B R 0 . 8 0 0 1 7 1 0 2 2 5 1 0 . 7 6
0 . 3 7 0 8 9 2 1 7 1 3 0 . 5 2
0 . 3 7 4 0 1 1 2 3 2 5 0 7 0 . 4 5

U 0 . 8 0 0 1 1 8 1 1 5 6 9 0 . 7 5
0 . 3 9 0 1 1 0 7 2 0 3 9 0 . 5 4
0 . 3 9 3 0 1 0 3 6 2 1 9 8 0 . 4 7
0 . 3 9 4 0 1 0 9 1 2 3 6 8 0 . 4 6

M R 0 . 8 0 0 1 0 9 0 1 4 8 4 0 . 7 3
0 . 4 0 0 9 2 4 1 3 4 4 0 . 6 9
0 . 4 0 4 0 8 7 9 1 9 4 1 0 . 4 5

J S 0 . 8 0 0 8 4 3 1 4 5 8 0 . 5 8
0 . 4 0 0 9 2 3 1 9 2 9 0 . 4 8
0 . 4 0 3 0 1 0 0 7 2 1 3 4 0 . 4 7
0 . 4 0 4 0 8 1 4 2 2 3 8 0 . 3 6

R W 0 . 8 0 0 1 1 3 6 1 5 2 1 0 . 7 5
0 . 3 8 0 1 1 0 0 1 6 1 0 0 . 6 8
0 . 3 8 4 0 1 0 2 9 1 9 1 2 0 . 5 4
0 . 3 8 5 0 8 6 1 1 7 6 2 0 . 4 9

N M 0 . 8 0 0 1 5 2 3 2 2 1 7 0 . 6 9
0 . 4 1 0 1 4 4 8 2 8 7 5 0 . 5 0
0 . 4 1 2 0 9 7 4 1 8 1 0 0 . 5 4
0 . 4 1 4 0 7 9 8 1 6 5 0 0 . 4 8

1 F i r s t  o f  t h e  2  d i lu t i o n s  a t  4 0 % .

the possible extent of variation of the ratio 
of essential amino acid to total nitrogen re
quired between individual subjects when 
the diet supplies essential amino acids ap
proximating the pattern in egg protein. It 
is noteworthy that Rose and several sub
sequent workers have reported a twofold 
variation in the requirement of human sub
jects for certain of the essential amino 
acids (2 1 ) .

Kirk et al. (2 2 ) and Swendseid et al. 
(23, 2 4 ) compared the metabolic response 
to the amino acid pattern of the 1957 FAO 
reference protein with that of the proteins 
of whole egg, milk and peanut. The nitro
gen balance maintained by their subjects at 
such low E /T n ratios as 0.54 was the result 
of an intake of total nitrogen between 9 and 
10 g/day, an amount far in excess of mini
mum requirements (1 ) . However, they

never intended their data to be used to cal
culate minimum E /T N ratios.

The low E /T n ratios in the recent study 
by Tuttle et al. (1 1 ) also were due to in
takes of nitrogen in excess of minimum 
requirements. Assuming a minimum pro
tein requirement of 0.43 g protein/kg/day
(1 )  interpolation of their data suggests that 
a 30%  reduction of essential amino acids 
would not have affected the nitrogen uti
lization of their purified amino acid diet 
which contained amino acids proportioned 
as in whole egg protein. These observa
tions are of special interest because elderly 
subjects have been reported to require 
higher amounts of essential amino acids 
than young adults (11 , 25, 2 6 ). Determi
nation of minimum E /T N ratios in elderly 
subjects at nitrogen intakes at or below 
minimum requirements is needed.
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Kies and Linkswiler (1 0 ) recently meas
ured the nitrogen retention of 6 young 
adult males fed varying intakes of essen
tial amino acids but at a constant 5.8 g 
total nitrogen/day. Nitrogen balance was 
achieved when the diet contained essential 
amino acids equivalent to those in 40 to 
60 g of whole egg protein. Their results 
indicate that E /T N ratios between 3.5 and
5.2 are necessary to achieve balance at this 
nitrogen intake. Such ratios supply 40 to 
60%  of total nitrogen as essential amino 
acids, amounts in excess of those provided 
either by diets of the present studies or by 
whole egg (table 2 ) . W e are unable to 
reconcile these results with our own or 
those of others.

Recently, Kofranyi and Jekat (2 7 ) de
scribed experiments seemingly comparable 
to ours. They observed no difference in 
nitrogen balance when as much as 67%  of 
egg protein was replaced with ammonium 
citrate, glutamate or aspartate as sources of 
nonessential amino nitrogen. From our re
sults this dilution of egg protein would have 
markedly increased urinary nitrogen loss. 
At a 67%  dilution the essential amino acid 
nitrogen would amount to only 12.4% of 
total nitrogen. They also reported that milk 
protein could be diluted only 10 to 15%  
and tuna fish protein not at all. The fish 
protein used in this study may, however, 
have undergone damage during processing 
or storage.

The reduced molar ratios of essential to 
nonessential amino acids (E m/N m ratios) 
in plasma occurring when subjects were 
fed at basal levels of protein intake confirm 
the observations of Swendseid et al. (2 8 )  
in man and parallel those in rats (2 9 ) . A 
decreased ratio of essential to nonessential 
amino acids was observed in rats when an 
18% casein diet was supplemented with 
7.5%  glycine but not when 14% glutamic 
acid was added. The decrease in Em/N m 
ratios noted in our subjects following dilu
tions of egg protein may have occurred 
partially because glycine formed part of the 
nitrogen supplement, a possibility which 
will be explored further. The Em/N m ratios 
found in our experiments are higher than 
those reported by Swendseid et al. (2 8 ) for 
elderly subjects.

The results have practical implications. 
Proteins less expensive than whole egg and

more readily available in areas of the world 
where protein malnutrition is important 
may also contain a relative excess of essen
tial amino acids. An important saving and 
a more efficient use of existing foods could 
then be effected by adding relatively inex
pensive nonessential amino acids or simple 
nitrogenous compounds such as ammonium 
citrate. For example, the E /T N ratios of corn 
meal, fish, rice, and soya flour are 2.78, 
2.66, 2.61, and 2.58, respectively, and 
might be reduced to some extent without 
affecting their nutritive value. W e plan 
to measure this.

From the data presented the minimum 
E /T n ratios for diets approximating the pat
tern of amino acids in whole egg appears 
to lie between 1.85 and 2.16, at which es
sential amino acids account for 21 to 25%  
of the total dietary nitrogen. These data 
apply only to young men not experiencing 
unusual stress. The possibility that infec
tion, trauma, and even fear or anxiety may 
produce changes requiring a higher propor
tion of essential amino acids should be ex
amined experimentally. Furthermore, mini
mum E /T N ratios for infants and possibly 
also for elderly persons are likely to be 
higher than for young adults. Finally, the 
present experiments are relatively short
term ones; long-term studies will be re
quired before minimum E /T N ratios can be 
recommended as satisfactory for the con
tinued well-being of population groups.
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Vitamin Bä Depletion in Man: Blood Vitamin B6i Plasma 
Pyridoxal-phosphate, Serum Cholesterol, Serum 
Transaminases and Urinary Vitamin B6 
and 4-Pyridoxic Acid 1
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ABSTRACT The effect of vitamin B6 depletion in man on several biochemical 
parameters was studied. Feeding a partially purified diet containing 0.16 mg vitamin 
B6 resulted in significant decreases in excretion of vitamin Be and 4-pyridoxic acid, 
blood vitamin Be, plasma pyridoxal-phosphate and serum transaminase activities. After 
5 days of depletion, blood vitamin B6 values were approximately 20% of pre-depletion 
values, and after 25 days of depletion there was a disappearance of blood vitamin Be 
and of urinary 4-pyridoxic acid. Serum glutamic-pyruvic transaminase appeared to be 
affected more than serum glutamic-oxalacetic transaminase. Supplementation with
0.6 or 0.9 mg pyridoxine caused significant increases in most of the parameters which 
were affected by vitamin B6 depletion. Serum cholesterol concentration was not 
affected by the vitamin B6 intake.

Several different biochemical parameters 
were studied in 6 normal men fed a par
tially purified diet deficient in vitamin Bo.

Previously reported are the effects of 
vitamin Be depletion on urinary taurine and 
sulfate excretion and nitrogen balance (1 ) ,  
the urinary excretion of tryptophan metab
olites (2 )  and the urinary excretion of 
quinolinic acid and niacin metabolites (3 ) .

The present paper gives the effects of 
vitamin B» depletion on the urinary excre
tion of vitamin Bo and 4-pyridoxic acid; the 
concentration of blood vitamin Bo, plasma 
pyridoxal-phosphate and serum cholesterol; 
and the activities of serum glutamic-oxal
acetic and glutamic-pyruvic transaminases.

EXPERIMENTAL
Six normal male students consumed a 

vitamin Bo-deficient diet for 50 days follow
ing a 5-day preliminary period with self- 
chosen foods. The composition of the 
diet, the experimental design and pertinent 
data concerning the subjects have been 
given (1 ) . The daily diet contained 0.16  
mg of vitamin Be, 100 g protein and a mix
ture of animal and vegetable fats which 
contributed 40%  of the caloric intake. 
When the subjects became deficient in vita
min B6 as judged by a definite disturbance 
in tryptophan metabolism (2 ) , a daily sup

plement of either 0.6 or 0.9 mg of pyri
doxine was given. The subjects did not 
become deficient at the same rate; thus, all 
were not given the vitamin supplement at 
the same time. On the last 3 days of the 
study all subjects were given 50 mg pyri
doxine daily.

The 24-hour excretion of vitamin Be and
4-pyridoxic acid in urine, the concentration 
of blood vitamin Be, plasma pyridoxal- 
phosphate, serum cholesterol and the 
activities of serum glutamic-oxalacetic 
transaminase (SGO-T) and serum glu
tamic-pyruvic transaminase (SGP-T) were 
determined on day 5 which was the last 
day of the preliminary period and on cer
tain selected days thereafter. The analyses 
were made according to the following 
methods; urinary and blood vitamin B6 by 
the microbiological method of Atkin et 
al. (4 )  using Saccharomyces carlsbergensis 
9080 ATCC as the test organism; plasma 
pyridoxal-phosphate by the manometric 
method of Umbreit et al. (5 )  as modified * 1 2 3
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AM-06675 from the National Institute of Arthritis and 
Metabolic Diseases.

2 Present address: Ankara, Turkey.
3 Present address: Joseph P. Kennedy, Jr. Memorial 

Laboratory, University of Wisconsin Medical Center, 
1300 University Avenue, Madison, Wisconsin 53706.
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by Boxer et al. (6 )  and Wachstein et 
al. ( 7 ) ;  urinary 4-pyridoxic acid by the 
fluorometric method of Huff and Perlzweig
(8 )  as revised by Reddy et al. ( 9 ) ;  trans
aminase activities by a simplified colori
metric method4; and total and free serum 
cholesterol by the method of Sperry and 
Webb (1 0 ) as modified by Galloway et 
al. (1 1 ) for micro determinations. Prob
ability values were calculated using Stu
dent’s t test for paired observation. Trans
aminase values were first transformed to 
square root because of the heterogeneity of 
the values.

RESULTS

With the exception of serum cholesterol 
all biochemical parameters measured were 
affected when the subjects were fed the diet 
deficient in vitamin B6. The 24-hour excre
tion of vitamin B6 and 4-pyridoxic acid 
decreased rapidly (figs. 1 and 2 ) . Just 
prior to pyridoxine supplementation (after 
27 days of depletion for subjects 4 and 5, 
thirty-six days for subjects 2 and 6 and 
forty days for subjects 1 and 3 ) urinary 
vitamin Be ranged from 0.1 to 0.2 ¿¿moles 
per 24 hours, amounts significantly less 
(P <  0.001) than the pre-depletion values 
which ranged from 0.5 to 0.8. ¿¿.moles. No
4-pyridoxic acid was detected after 25 days 
of depletion. Supplementation with 0.6 or 
0.9 mg of pyridoxine daily resulted in sig
nificant increases in urinary vitamin B6 
(P <  0 .01) and in 4-pyridoxic acid 
(P <  0 .01).

The vitamin Be concentration of the 
blood of subjects depleted for 5 days was 
approximately 20%  that of pre-depletion 
values (fig. 3 ). No vitamin B6 was found 
in the blood of subjects depleted for 25 days. 
Marginal supplementation with pyridoxine 
resulted in small but clearly detectable in
creases in blood vitamin Be in four of the 
subjects, but in subjects 4 and 5, there was 
no response after 20 days to daily supple
ments of 0.6 mg pyridoxine.

Plasma pyridoxal-phosphate appeared to 
decrease during vitamin Bc depletion (fig.
4 ) . There was no response to marginal 
vitamin supplementation. However, when 
50 mg pyridoxine were given daily for 3 
days, the plasma pyridoxal-phosphate con
centrations were higher than pre-depletion 
values.

TABLE 1
Serum cholesterol

Periods
Subjects (paired) 1

4-5 2-6 1-3

Pre-depletion 2 184 186 176
Height of depletion 3 142 172 158
End of repletion 4 138 168 161

1 Subjects who were depleted for the same number 
of days are paired.

2 Averages of values obtained on days 1 and 5 of 
study.

3 Subjects 4 and 5 were depleted for 27 days, sub
jects 2 and 6 for 36 days, and subjects 1 and 3 for 
40 days.

4 Subjects 4 and 5 were administered 0.6 mg of 
pyridoxine supplement on days 33 through 52, subjects 
2 and 6 were given 0.9 mg of pyridoxine on days 42 
through 52, and subjects 1 and 3 received 0.6 mg of 
pyridoxine on days 46 through 52. All subjects re
ceived 50 mg pyridoxine for 2 days prior to this 
sampling (day 55).

The activities of both transaminase en
zymes in serum decreased during depletion 
of vitamin Be (fig. 5 and 6 ) . Values at 
the height of depletion were significantly 
lower than pre-depletion values (P <  0.05  
for SGO-T; P <  0.01 for SGP-T). Supple
mentation with 0.6 or 0.9 mg pyridoxine 
caused slight increases in the activities of 
both enzymes. Supplementation with 50 
mg pyridoxine daily for 3 days restored the 
SGO-T activity to pre-depletion values in 
most subjects, but the SGP-T activity did 
not reach original levels.

Serum cholesterol did not appear to be 
affected by vitamin B6 depletion (table 1).

4 Sigma Technical Bulletin no. 505. A simplified 
method for colorimetric determination of glutamic- 
oxalacetic and glutamic-pyruvate transaminases at ap
proximately 505 mfi. Sigma Chemical Company, St. 
Louis.

Figs. 1-6 Effect of vitamin Bo intake on the 
urinary excretion of vitamin B6 and 4-pyridoxic 
acid, the blood concentration of vitamin B6 and 
plasma pyridoxal-phosphate, the activities of 
serum glutamic oxalacetic transaminase and 
serum glutamic-pyruvic transaminase. Values 
given for day 5 represent those of the pre-depletion 
period (day 1 -5 ) during which time subjects 
consumed self-selected diets. Each line in each 
figure represents the average value for the 2 sub
jects who were depleted in vitamin Be for equal 
lengths of time: open circle for subjects 4 and 5, 
triangle for subjects 2 and 6, closed circle for sub
jects 1 and 3. The arrow indicates the day on 
which pyridoxine supplementation was begun and 
the value above the arrow shows the amount of 
supplement in milligrams.

Transaminase activity is reported in Sigma- 
Frankel units. One theoretical Sigma-Frankel unit 
of transaminase will form 4.82 X 10-4 ¿iM of 
glutamate/minute at pH 7.5 at 25°.
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The slight decrease which occurred was not 
significant. No response to pyridoxine sup
plementation occurred.

DISCUSSION

Vitamin Bo depletion occurred rapidly in 
adult men fed a partially purified diet con
taining 0.16 mg vitamin Bo daily. After 
5 days of depletion there was a marked 
decrease in the blood vitamin Be, concentra
tion of all subjects and somewhat less 
marked decreases in urinary vitamin B6 
and 4-pyridoxic acid. These parameters 
continued to decrease as the period of de
pletion progressed, and at the height of 
depletion little, if any, urinary 4-pyridoxic 
acid or blood vitamin Bo was detected.

In general the decrease in these con
stituents paralleled the increase in excre
tion of abnormal tryptophan metabolites 
following a 2-g loading dose of L-tryptophan 
( 2 ) ;  however, the decrease in blood vita
min Be seemed to occur before the other 
biochemical parameters changed. After 5 
days of depletion when blood vitamin Be 
concentration was approximately 20%  of 
pre-depletion values, only 2 subjects ex
hibited significant abnormalities in trypto
phan metabolism. Marginal supplementa
tion with 0.6 or 0.9 mg pyridoxine restored 
tryptophan metabolism to nearly normal 
( 2 ) ;  but urinary vitamin B6 and 4-pyri
doxic acid and blood vitamin Be increased 
only slightly and remained far below pre
depletion values.

Others have reported decreased excre
tion of vitamin B6 and 4-pyridoxic acid 
during vitamin Be deficiency. Baker et al.
(1 2 ) reported that men fed a diet contain
ing 0.06 mg vitamin Bo and 100 g protein 
daily excreted approximately 0.1 ¿¿mole of 
the vitamin daily after 5 weeks of deple
tion, and Snyderman et al. (1 3 ) observed 
that infants fed vitamin Bo-deficient diets 
excreted no 4-pyridoxic acid and very little 
vitamin Be after 15 to 25 days of depletion.

Although there was a gradual decrease 
in the activities of both transaminase en
zymes, SGP-T appeared to be more severely 
affected than SGO-T. These results are in 
agreement with those of Caldwell and 
McHenry (1 4 ) and Brin et al. (1 5 ) who 9- 
reported that SGP-T activity is depressed 
more than SGO-T activity in vitamin Bo- 10 
deficient rats. Furthermore, the results of

the present study indicate that restoration 
of SGP-T activity occurs more slowly than 
SGO-T. This observation appears to sup
port the suggestion of Brin et al. (1 5 )  that 
the SGO-T apoenzyme may have greater 
affinity for the vitamin Bo coenzyme than 
does SGP-T and would exhibit priority over 
the SGP-T upon marginal pyridoxine sup
plementation.

Even though the activities of both trans
aminase enzymes decreased significantly in 
serum during depletion, the wide range of 
transaminase activities observed normally 
in human subjects makes these criteria of 
little use in assessing vitamin Bo nutriture. 
Others (16, 17) have reported that SGO-T 
activity in itself cannot be used to detect 
vitamin Bo deficiency in man.
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Effect of Dietary Amino Acid Source on the 
Zinc-deficiency Syndrome in the Chick 1,2,3

F. H. NIELSEN, M. L. SUNDE a n d  W. G. HOEKSTRA 
Department of Biochemistry, University of Wisconsin, 
Madison, Wisconsin

ABSTRACT The objective of these studies was to compare isolated soybean protein, 
casein hydrolysate and dried egg white as amino acid sources in chick diets varying 
in zinc content. Compared with isolated soybean protein in low zinc diets for chicks, 
casein hydrolysate and dried egg white produced severe zinc deficiency, but the chicks 
did not develop leg abnormalities, and tibias and femurs of the chicks had higher 
concentrations of zinc, ash and fat and less water. The length-to-width ratios of femurs 
from zinc-deficient chicks fed casein hydrolysate or egg white were much greater than 
for chicks fed zinc-deficient soy protein diets. Dietary amino acid source had no 
effect on the zinc content of heart, liver or muscle. Supplements of Mn, inorganic P, 
vitamin D3, cod liver oil, or a mixture of 13 additional trace elements had no effect 
on the zinc-deficiency syndrome in chicks fed soy protein. Autoclaving the soy protein 
or adding 80 ppm Cu had slight beneficial effects, whereas doubling of the mineral mix 
had slight detrimental effects on the zinc-deficient chick fed soy protein. HEDTA in 
a soy protein diet containing 12 ppm zinc overcame all zinc-deficiency symptoms. Addi
tion of phytic acid in amounts comparable to those in soy protein to egg white and 
casein hydrolysate diets caused little or no depression in zinc availability and caused 
no leg abnormalities. It appears that soy protein contains a complicating factor other 
than phytic acid which affects zinc metabolism, especially in bone.

It is well established that the source of 
protein or amino acids in a zinc-deficient 
diet for chicks or poults affects zinc avail
ability ( 1 -3 ) .  In particular, protein sources 
such as isolated soybean protein and sesame 
meal adversely influence zinc availability. 
The main criteria used to establish zinc re
quirements in most studies using different 
protein sources have been growth and sever
ity of zinc-deficiency symptoms. Limited 
attention has been given to the effect of 
dietary amino acid sources on zinc content 
of body tissues, on the chemical composi
tion of bone, or on the relative severities of 
the different symptoms of zinc deficiency.

The effect of several other dietary vari
ables on zinc availaibility for the chick have 
also been studied. O’Dell and Savage (3 )  
and Savage et al. (4 )  reported that phytic 
acid, which occurs in isolated soy protein, 
decreased the availability of zinc from 
either a casein or soy protein diet. Likuski 
and Forbes (5 )  obtained evidence that 
phytic acid also decreased zinc availability 
from diets containing free amino acids but 
no protein.

Other workers have studied the interrela
tionships between zinc and other dietary 
components. These include calcium, 
phosphorus, copper, cadmium, vitamin D,

molybdenum and various chelating agents 
such as ethylenediaminetetraacetic acid 
(ED TA). A recent discussion of several 
of these interrelationships has been pub
lished (6 ) .

The studies to be reported were con
ducted with chicks to determine whether 
dietary amino acid source affected the na
ture of the zinc-deficiency syndrome and 
the distribution of zinc within the body. 
The effects of several other dietary vari
ables, including minerals, phytic acid, vita
min D and a chelating agent, on the amino 
acid-to-zinc relationship were also ascer
tained.

MATERIALS AND METHODS
Three experiments were conducted with 

day-old New Hampshire X Single Comb * 1 2 3
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TABLE 1
Composition of the basal diets

Soy
protein

Casein
hydrolysate

Egg
white

9 9 9
Glucose monohydrate 1 652.44 605.24 613.19
Casein hydrolysate (acid, salt-free) 2 — 250.00 —
Soybean protein 3 225.00 — —
Sprayed dried egg white 2 — — 267.00
Corn oil 50.00 50.00 50.00
Choline chloride 2.00 2.00 2.00
Mineral mix 4 59.96 59.96 59.96
Tryptophan — 2.20 —
Glycine 2.00 15.00 3.00
Arginine — 6.00 0.25
Methionine 5.00 6.00 —
Vitamin A mix 5 1.00 1.00 1.00
Biotin mix 6 — — 1.00
a-Tocopheryl acetate 0.10 0.10 0.10
Vitamin mix 7 2.50 2.50 2.50

Total 1000.00 1000.00 1000.00

1 Cerelose, Corn Products Company, New York.
2 General Biochemicals, Chagrin Falls, Ohio.
3 ADM C-l Assay Protein, Archer-Daniels-Midland, Cincinnati.
4 The mineral mix contained: (in grams) CaC03, 15; K 2H P O 4, 9; Na2HP04, 7.3; Ca3(P04)2, 14; 

MgS04, 2.44; NaCl, 8.9; Fe2(S04)3-6H20 , 0.28; MnS04 H20, 0.42; KI, 0.04; CuS04-5H20, 0.02; 
glucose, 2.56.

5 The vitamin A mix contained vitamin A cone (250,000 units/g, Chas. Pfizer and Company, 
New York), 1.0 g, and sucrose, 24.0 g to provide 10,000 IU/kg of diet.

6 The biotin mix contained biotin, 0.1 g and glucose monohydrate, 99.9 g.
7 The vitamin mix contained: (in mg) thiamine-HCl, 100; niacin, 100; riboflavin, 16; Ca pan

tothenate, 20; vitamin B12 (0.001% triturate), 20; pyridoxine-HCl, 6; biotin, 0.6; folic acid, 0.4; 
inositol, 100; menadione, 5; and vitamin D3 concentrate (Vita Plus Corporation, Madison, Wisconsin), 
1 g (1500 ICU); and glucose monohydrate, 1.12 g.

White Leghorn chicks without segregation 
according to sex. The birds were allotted 
at random, each group containing 11 or 12 
in experiment 1, and 10 or 11 in experi
ments 2 and 3, and placed in a stainless 
steel battery at 37° to 4 0 °. Feed and dis
tilled water were provided ad libitum in 
aluminum troughs.

The compositions of the basal isolated 
soybean protein (soy protein), egg white, 
and casein hydrolysate diets are shown in 
table 1. Feed was mixed every 2 weeks 
and stored in a refrigerator until fed.

In experiment 1 (11 groups), 5 groups 
of chicks were fed the casein hydrolysate 
diet with zinc supplementation of zero, 5, 
10, 20 and 40 ppm. Five groups were fed 
the soy protein diet with zinc supplementa
tion of zero, 5, 10, 20 and 40 ppm. All 
zinc was added in the form of zinc oxide. 
One group of chicks was fed a practical-type 
corn-oats-soybean meal diet.4 The basal 
soy protein diet contained by analysis 6.3 
ppm zinc, and the basal casein hydrolysate 
diet, 1.8 ppm zinc on an air-dried basis.

In experiment 2 (20 groups), 3 groups 
of chicks were fed the casein hydrolysate 
diet with zinc supplementation of zero, 5 
and 20 ppm. Four groups were fed the soy 
protein diet with zinc supplementation of 
zero, 5, 40 and 80 ppm zinc. Eight addi
tional groups were fed the soy protein diet 
containing 5 ppm supplemental zinc and 
an additional supplement to provide, re
spectively: 5 ppm Cu (CuS04*5H20 ) ,  80 
ppm Cu (CuSC>4-5H20 ) ,  136 ppm Mn 
(M nSO rtbO ), 3000 ICU vitamin Ds/kg, 
cod liver oil (3000 ICU vitamin D s/kg), 
500 ppm hydroxyethylethylenediaminetri- 
acetic acid (H EDTA), 59.96 g additional 
mineral m ix/kg (table 1 ), and a trace min
eral mixture containing: (in ppm) Mo 
((NH-OeMoTOo-HEbO), 3; F (N aF ), 2; Br 
(KBr), 10; W  (N a2W 0 4-2H20 ) ,  3; Se 
(N a2Se0 3 -5H20 ), 2; Ba (BaCOs), 50;

4 Composition of the practical-type diet (in per 
cent): ground corn, 42; ground oats, 10; wheat mid
dlings, 10; alfalfa meal, 5; meat scraps, 5; soybean 
oil meal, 20; iodized salt, 0.5; fish meal, 5; chick size 
oyster shells, 1; granite grit, 1; and supplements pro
viding vitamin D (600 ICU/kg diet), vitamin A 
(1600 IU/kg diet), riboflavin (4.4 mg/kg diet), vita
min Bi2 (6.5 fig/kg diet), penicillin (3.2 mg/kg diet), 
and MnS04 (0.22 g/kg diet), 0.5.
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B (H 3B 03), 10; Cd (CdCl»-2% H oO), 1; Cr 
(K.,Cr04), 2; Co ( 2CoC0 3■ 3C o(O H )2, 2; 
As (N a ,H A s0 4-7H .,0), 1; Sr (SrC03), 50 
and V (V S 0 4-7H .,0 ), 3. Two groups were 
fed the casein hydrolysate diet with 0.5%  
phytic acid/kg (1 .25%  commercial phytic 
acid),5 the same amount present in isolated 
soybean protein (3 ) , and with zinc supple
mentation of 5 and 20 ppm. The commer
cial phytic acid was analyzed by the method 
of Holt (7 ) , and was found to be 40%  
phytic acid. Two groups of chicks were fed 
the soy protein diet with zinc supplementa
tion of zero, and 5 ppm, and in which the 
soy protein had been autoclaved for 15 min
utes at 120°. The last group of chicks was 
fed a corn-oats-soybean meal practical-type 
diet.6 In this experiment, the basal soy pro
tein diet analyzed 7.3 ppm and the casein 
hydrolysate diet analyzed 1.2 ppm zinc on 
an air-dried basis.

In experiment 3 (10 groups), 2 groups 
of chicks were fed the soy protein diet with 
zinc supplementation of 5 and 40 ppm. 
Three groups were fed the egg white diet 
with zinc supplementation of zero, 5 and 20 
ppm and 3 groups were fed the egg white 
diet with 0 .4%  phytic acid (1 .0%  commer
cial phytic acid) and with zinc supplemen
tation of zero, 5 and 20 ppm. Two groups 
of chicks were fed the soy protein diet con
taining 5 ppm supplemental zinc and an 
additional 0 .5%  inorganic phosphorus and
15,000 ICU vitamin D3/k g , respectively. 
The basal egg white diet analyzed 2.1 ppm 
zinc and the soy protein diet with 5 ppm 
supplemental zinc analyzed 12.4 ppm zinc 
on an air-dried basis.

During the course of the experiment, the 
chicks were weighed weekly and observed 
for abnormalities. When the chicks were
4 to 5 weeks of age, leg scores and body 
weights were taken. The chicks were then 
immobilized with ether and decapitated. 
In experiment 1, blood serum, liver, femur, 
heart, wing feathers, and skin from the 
back of each chick were removed for analy
sis. In experiment 2 and 3, only the femurs 
and tibias were removed for analysis. All 
tissues were stored at — 8° until they were 
analyzed.

Leg scores were assessed at the time the 
chicks were killed (1 indicated normal and
5 indicated very abnormal legs with ex
tremely shortened and thickened bones, and

with hocks twisted and swollen so that the 
chick could hardly walk).

Diameter and length measurements of 
femurs and tibias were made by removing 
the flesh from the bone by rubbing with 
cheesecloth and measuring the smallest di
ameter and the largest length with microm
eters. Since differences due to treatment 
on the tibia and femur data were similar, 
only the femur data are presented in this 
report.

In preparing the samples for zinc analy
sis, flesh was removed from the bone by 
rubbing with cheesecloth. In experiment 3, 
the bone ends were analyzed separately 
from the shaft of the bone. One end was 
defined as one-sixth of the length of the 
whole bone. Liver, muscle, skin and heart 
were analyzed as obtained from the chick. 
The feathers were washed in deionized 
water before zinc analysis to remove ad
hering foreign material.

After drying at 110° and ashing at 600°, 
each sample was dissolved in redistilled 
2 n  HC1 and diluted to a known volume 
with deionized water. The zinc content of 
each sample was obtained by using an 
atomic absorption spectrophotometer.7 A 
standard curve, plotting parts per million 
of zinc as the abcissa and the percentage 
absorption as the ordinate was used to get 
the zinc content of each sample. The re
sults obtained compared well with those 
obtained by the method of Vallee and Gib
son (8 ) . Statistical analysis was by Dun
can’s multiple range test for unequal repli
cation (9 ) .

RESULTS AND DISCUSSION

Comparison of soy protein, casein hy
drolysate and egg white as amino acid 
sources. Each of the diets, unless supple
mented with zinc, caused severe zinc de
ficiency as assessed by growth rate (table
2 ). However, maximal growth was greater 
with the soy protein diet than with the 
casein hydrolysate or egg white diets.

Although it was expected that the symp
toms of zinc deficiency in chicks fed amino 
acids from different sources would be alike, 
this was not the case (see fig. 1). Zinc- 
deficient chicks fed the soy protein diet had

5 General Biochemicals, Chagrin Falls, Ohio.
6 See footnote 4.
7 Model 214, Atomic Absorption Spectrophotometer, 

Perkin-Elmer Corporation, Norwalk, Connecticut.
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Fig. 1 The effect of isolated soy protein versus casein hydrolysate on the zinc requirement of 
chicks. I A. A representative chick from each group fed the casein hydrolysate diet with increasing 
levels of zinc from left to right (2, 7, 12, 22 and 42 ppm ). Note that all chicks stand. IB. A repre
sentative chick from each group fed the soy protein diet with increasing levels of zinc from left to 
right (7, 12, 17, 27 and 47 ppm ). Note that chicks fed the lowest 3 levels of zinc chose not to stand.

the symptoms described by O’Dell et al.
(1 0 ) ; however, the chicks fed casein hy
drolysate or egg white diets differed notice
ably in 3 respects. These chicks had more 
severe keratosis with open sores and bleed
ing. Also, there was a higher mortality 
rate with losses as high as 80%  (table 2 ). 
The most striking difference was that the 
chicks fed the low zinc casein hydrolysate 
or egg white diets did not show leg abnor
malities (see figs. 1 and 2 ) . The chicks 
walked normally, and the leg bones were 
not shortened nor thickened. There was

no swelling of the hock. Length-to-width 
ratios of femurs and leg scores (table 2 )  
and X-ray radiographs verified the differ
ence in gross bone structure. Compared 
with chicks fed zinc-deficient soy protein 
diets, chicks fed the zinc-deficient casein 
hydrolysate or egg white diets had sig
nificantly lower leg scores and signifi
cantly higher femur length-to-width ratios 
(P <  0 .05).

From these observations, it appears that 
isolated soybean protein contributes a com
plicating factor which, in addition to de-
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Fig. 2 Effect of isolated soy protein versus casein hydrolysate on the leg development of zinc- 
deficient chicks. 2A. The shorter and thicker leg bones, and the swollen hocks of a zinc-deficient 
chick fed the soy protein diet with 12 ppm zinc. 2B. A normal leg of a chick fed the casein hydrol
ysate diet with 12 ppm zinc. Both chicks were selected to be the same size to show the difference in 
bone length and width. The right picture, although not one of a zinc-deficient chick, is a good example 
of the appearance of the legs of chicks fed the zinc-deficient casein hydrolysate diet.

creasing availability of dietary zinc, inhibits 
the utilization of zinc in bone formation, 
for in all other symptoms, chicks fed the 
casein hydrolysate or egg white diets 
showed as severe or more severe symptoms 
of zinc deficiency.

Analyses of femurs or tibias also demon
strated the marked effect of dietary amino 
acid source on bone formation. The con
centration of zinc in bones (table 3) was 
much less at every level of zinc supple
mentation in the chicks fed soy protein. 
Even at the 40-ppm supplemental zinc 
level, the chicks fed the soy protein diet had 
much lower zinc concentrations in their 
femurs or tibias than did the chicks fed the 
casein hydrolysate diets or egg white diets.

Data of table 3 indicate that to reach a 
plateau in zinc concentration in the tibias 
or femurs of the chick, about 10 ppm sup

plemental zinc (12  ppm total zinc) was 
needed in the casein hydrolysate diet and 
40 ppm supplemental zinc (47  ppm total 
zinc) in the soy protein diet.

The amino acid source also affected the 
gross composition of bone (table 3 ). The 
chicks fed casein hydrolysate had a higher 
percentage of ash (fat-free, dry basis) and 
of fat (fresh basis) and a lower percent
age of water in their femurs than did the 
chicks fed the soy protein diet at every level 
of zinc supplementation. These differences, 
especially the percentage of water, were 
probably partially the result of the abnor
mal swollen hocks. From radiographs, it 
appeared that the ends of the tibias from 
chicks fed the soy protein diet were less 
calcified when compared with those from 
chicks fed the casein hydrolysate diet. 
With both diets, increments of dietary zinc
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TABLE 4
Zinc content of the liver, heart, muscle, skin, feathers and blood serum from chicks fed amino acids 

from different sources and several levels of zinc

Amino acid 
source

Dietary
zinc Liver Muscle Heart Skin

Feather
Serum

Outer Inner
ppm ppm ppm ppm ppm ppm ppm g/ml

Casein hydrolysate 2  1 04 ab 2,3 5 7 »  3 1 0 3 ” 3 7 4  b 3 146 » 3 75 » 3 0.54
7 72 flbcd — — — 125 » 106 *>"* 0.58

1 2 80 cde — — — 151 » 132 d» 1.07
2 2 7 0  abede — — — 14 2» 141 * 1.72
42 89 » 47  a 76 » 36 » 145 » 141 » 1.43

Soy protein 7 1 67 55 » 95 b 4 2 » 165 » 6 6  » 0.49
1 2 65 “b — — — 155 » 83 »b 0.53
17 65 »» — — — 144 » 92 »•» 0.46
27 7 3  bede — — — 154 » 1 2 2  de 1.25
47 83 de 38 » 7 2 » 30 » 18 9» 126 d» —

Practical-type diet 4 4 0  1 8 7 » 53 » 6 7 » 33 » 134 » 116 cd' 1.58

1 Z i n c  c o n t e n t  b y  a n a ly s i s  o f  d i e t  w i t h  n o  s u p p l e m e n t a l  z i n c .
2 V a lu e s  f o l l o w e d  b y  t h e  s a m e  le t t e r s  w i t h i n  t h e  s a m e  c o l u m n  a r e  n o t  s i g n i f i c a n t ly  d i f f e r e n t  ( P  >  0 . 0 5 )  f r o m  

e a c h  o t h e r .
3 D r y - w e ig h t  b a s is .
4 S e e  f o o t n o t e  4  i n  t h e  t e x t  f o r  c o m p o s i t i o n  o f  t h e  p r a c t i c a l - t y p e  d ie t .

increased bone moisture, generally de
creased bone fat, but had no consistent 
effect on bone ash (fat-free, dry basis).

The zinc content of the livers (table 4) 
increased somewhat with increased dietary 
zinc but was not consistently affected by 
dietary amino acid source.

Dietary amino acid source and amount 
of dietary zinc had little or no effect on the 
zinc content of muscle, heart, skin, or outer 
portion of the wing feather (table 4 ) . One 
exception was that the skin from chicks fed 
the unsupplemented casein hydrolysate diet 
was actually significantly higher (P <  0 .05)  
in zinc than that for all other groups tested. 
The zinc content of the inner portion of the 
wing feather (the portion which developed 
after the chick was fed its respective diet) 
was less in the chicks fed the soy protein 
diet at every level of zinc supplementation, 
and was substantially increased by incre
ments of dietary zinc. Results on blood 
serum zinc could not be subjected to sta
tistical analysis as composite samples were 
analyzed. It appears that, in general, zinc 
content of blood serum was higher for 
casein hydrolysate than for soy protein at 
comparable dietary zinc levels. The amount 
of zinc in blood serum increased with diet
ary zinc additions with an abrupt increase 
apparently occurring at about the minimal 
level of dietary zinc resulting in nearly 
maximal growth.

At comparable dietary zinc levels, the 
zinc content of bone, and to some extent,

the part of the feather formed after the 
chick was fed its respective diet, depended 
upon whether the dietary amino acid source 
was isolated soybean protein, casein hy
drolysate, or egg white. Dietary amino acid 
source had little effect on the zinc content 
of the soft tissues of the zinc-deficient chick, 
or on the nature of many of the zinc- 
deficiency symptoms. Because soy protein 
in the low zinc diets resulted in chicks with 
abnormally formed bones with smaller 
length-to-width ratios, lower zinc and ash 
content, and higher water content, it is con
cluded that soy protein adds a complicating 
factor in zinc deficiency which adversely 
affects bone formation.

Effect of certain dietary supplements on 
the relationship between dietary amino acid 
source and zinc-deficiency symptoms. In 
an attempt to assess the nature of the com
plicating factor in soy protein which ad
versely affected bone formation in the zinc- 
deficient chick, a number of supplements 
were added to diets containing different 
amino acid sources, and the effects on the 
leg bones were observed. Of the supple
ments tested, the following had no effect on 
the zinc-deficient chick in the criteria tested 
(i.e., body weight, leg scores, femur length- 
to-width ratio, zinc content of tibias, table
5 ) : 5 ppm copper, 136 ppm manganese, 
3000 ICU vitamin Ds/kg, 15,000 ICU vita
min Ds/kg, cod liver oil (3000 ICU vitamin 
Da/kg), the trace mineral mix, and 0.5%  
inorganic phosphorus.
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Eighty parts per million of copper added 
to the soy protein diet appeared to alleviate 
slightly the bone disorder in the zinc- 
deficient chick. Although body growth 
(table 5 ) due to the 80-ppm copper treat
ment was not significantly different than 
that of the chicks fed the control diet (soy 
protein diet containing 12 ppm zinc), there 
was a significant increase (P <  0 .05) in 
the length-to-width ratio of the tibias (data 
not presented). Moreover, data of table 5 
show that leg score and the length-to-width 
ratio of the femur were improved by copper 
(3 .8  compared with 4.2 and 9.8 compared 
with 8.7, respectively). However, these dif
ferences were not significant. Perhaps 
copper eliminated some of the zinc-compli
cating factor present in the soy protein diet 
by reacting with the factor itself, thus 
making the factor unavailable to react with 
zinc.

Doubling the mineral mix in the soy pro
tein diet containing 12 ppm zinc resulted 
in a significant increase (P <  0 .05) in the 
leg score of chicks (table 5 ) . Although not 
significant, average body weight and zinc 
content of the tibias were less than those 
of chicks fed the control diet. This increase 
in the severity of zinc-deficiency symptoms 
was probably due to the additional calcium 
in the diet (6 ) .

Adding HEDTA to the soy protein diet 
resulted in an expected (1 1 ) beneficial 
effect. Body growth, length-to-width ratio 
of the femur, leg score, and zinc content of 
the tibias were all significantly improved 
(P <  0 .05) in chicks fed HEDTA when 
compared with the chicks fed the control 
diet (table 5 ). Although the bones from 
chicks fed HEDTA appeared normal, the 
zinc content of the tibias was significantly 
lower (P <  0 .05) than that of the tibias 
from the chicks fed the soy protein diet 
with 47 ppm zinc. The beneficial effect of 
HEDTA was most likely due to the in
creased availability of zinc present in the 
diet as postulated by Vohra and Kratzer
(1 1 ). A chelating agent, such as HEDTA, 
which has a proper zinc stability constant 
can presumably remove zinc from the un
available zinc complex with soy protein and 
form a complex from which the chick can 
readily obtain zinc. The beneficial effect is 
the result of the increased absorption of 
zinc. However, because the zinc content of

the tibias from the chicks fed HEDTA was 
much less than that of the tibias from 
chicks fed the soy protein diet with 47 ppm 
zinc, it is possible that HEDTA may also 
improve zinc metabolism in some way dur
ing bone formation.

Using autoclaved soy protein had no sig
nificant effect upon the zinc-deficient chick 
(table 5 ) . However, there was a tendency 
for improvement in the average weight of 
the chick, and an increase in zinc content 
of tibias. Kratzer et al. (1 2 ) observed that 
autoclaving soy protein significantly in
creased the availability of zinc for the 
turkey poult. However, they autoclaved soy 
protein at 120° for 30 minutes instead of 
the 15 minutes used in this investigation. 
It appears that 15 minutes of autoclaving 
did not destroy the complicating factor 
present in the soy protein. Lease et al. (1 3 )  
reported that autoclaving for 30 minutes 
did not always destroy the zinc-complicating 
factor present in sesame meal.

The addition of 0 .5%  phytic acid to the 
casein hydrolysate diet, and the addition of 
0.4%  phytic acid to the egg white diet 
which provided a concentration of phytin 
phosphorus of approximately 0 .14%  and 
0 .1 1 % , respectively, had little effect upon 
the chick whether it was zinc-deficient or 
not (table 5 ). In external appearances, 
including legs, there was little difference 
between the chicks fed the phytic acid and 
those that were not. Chicks fed phytic acid 
tended to weigh less at the 7-ppm zinc level 
with the casein hydrolysate diet, and less at 
the 2 and 7 ppm zinc level with the egg 
white diet, but the differences were not sig
nificant. With the exception of the length- 
to-width ratio of femurs from chicks fed 
the casein hydrolysate diet with 22 ppm 
zinc and supplemental phytic acid, which 
was significantly less (P  <  0 .05) than that 
of the chicks fed the casein hydrolysate diet 
with no additional phytic acid and with 22 
ppm zinc, there was no effect of phytic 
acid on the length-to-width ratios of the 
femurs, or on the leg scores. There was no 
significant effect upon the zinc content of 
the tibias when chicks were fed phytic acid 
in a casein hydrolysate diet. Adding phytic 
acid to the egg white diets resulted in a sig
nificant decrease (P <  0 .05) in the zinc 
content of both the ends and the shafts of
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the tibias of chicks fed 22 ppm zinc, but 
not of chicks fed 2 or 7 ppm zinc.

These results, especially the growth data, 
do not agree well with the results of Likuski 
and Forbes (5 ) ,  or of O’Dell and Savage
(3 ) . These workers reported a significant 
decrease in the weight of chicks when fed 
phytic acid in an amino acid or casein diet, 
and thus concluded that zinc was less avail
able for the chick when phytic acid was 
present in the diet. There were indications 
in the data of this experiment that phytic 
acid did decrease the availability of zinc, 
but it was not to any great extent. Perhaps 
not enough phytic acid was added to the 
diets, because, in reviewing the literature, 
no evidence was found that phytic acid, 
added to an animal protein or amino acid 
diet at the level found in isolated soy pro
tein diets, had as great an effect on zinc 
availability as did the complicating factor 
in soy protein. In addition, no report was 
found in which it was shown that phytic 
acid added in any amount to an amino acid 
or casein diet resulted in chicks with the 
bone disorder present in chicks fed a zinc- 
deficient isolated soy protein diet. Much 
evidence indicates that phytic acid does re
duce the availability of zinc for chicks, but 
it appears that soy protein contains a com
plicating factor in addition to phytic acid, 
which affects zinc metabolism in some way, 
especially in bone formation. Effects of 
this factor can be eliminated by the addi
tion of enough zinc or a chelating agent 
such as HEDTA, and perhaps can be alle
viated by the addition of large amounts of 
copper to the diet.
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Effect of Some Dietary Synthetic and Natural 
Chelating Agents on the Zinc-deficiency 
Syndrome in the Chick 1,2

F. H. NIELSEN, M. L. SUNDE and  W. G. HOEKSTRA 
Department of Biochemistry, University of Wisconsin, 
Madison, Wisconsin

ABSTRACT The objective of these studies was to assess the effects of some syn
thetic and natural zinc-binding agents on the zinc-deficiency syndrome in chicks fed 
diets containing isolated soybean protein. Synthetic chelating agents EDDA (zinc 
stability constant 11.10), HEDTA (14.50), EDTA (16.50), and DTP A (18.14), at 1.8 
mmoles/kg diet, and natural chelating agent cysteine (18.20) at 0.5% of the diet, 
alleviated all zinc-deficiency symptoms, which included poor growth, poor feathering, 
low length-to-width ratios of femurs, low zinc content of tibias and leg abnormalities. 
HEIDA (8.57) slightly improved the growth, feather score and leg score. Supplemental 
histidine (12.88) at 0.5% of the diet alleviated the bone disorder; however, it did not 
improve growth or increase the zinc content of bone. CDTA (18.67) substantially de
pressed growth of zinc-deficient chicks, but the effect was not statistically significant. 
Synthetic chelating agents DHEG (5.36), IDA (7.02) and EBONTA (11.00), and 
natural chelating agents xanthurenic acid, kynurenic acid and anthranilic acid (20.93), 
at 1.8 mmoles/kg diet, and glutamic acid (9.46), cystine and tryptophan (9.30) at 
0.5% of the diet had no effect on the zinc-deficiency syndrome. All chelating agents 
with stability constants for zinc between 11.10 and 18.20, except histidine, overcame all 
zinc-deficiency symptoms, whereas histidine alleviated only bone and, to some extent, 
feather defects.

Kratzer et al. (1 )  demonstrated that the 
addition of ethylenediaminetetraacetic acid 
(EDTA) to a diet containing isolated soy
bean protein decreased the zinc require
ment of turkey poults. O’Dell and Savage
(2 )  reported that phytic acid decreased the 
availability of zinc in casein diets for chicks 
and later they (3 )  showed that EDTA 
added with phytic acid counteracted the 
detrimental effect of phytic acid. Vohra 
and Kratzer (4 )  tested the influence of 
various chelating agents on the availability 
of zinc for turkey poults. Chelates with 
zinc stability constants ranging from 5.3 
to 18.8 were tested for growth-promoting 
activity in poults fed a zinc-deficient diet 
containing isolated soybean protein. These 
investigators reported that, generally, che
lating agents with stability constants be
tween 13 and 17 were most satisfactory 
for improving the growth rate, with the 
optimum being approximately 14.5.

Although effects of many synthetic che
lating agents on mineral deficiencies have 
been studied, little is known of the effects 
of natural chelating agents such as histi
dine and cysteine. These should be studied

because they are efficient binders of zinc. 
Weinberg (5 )  has postulated that natural 
products will be found which are active in 
a wide variety of biosynthetic processes pri
marily because of their ability to combine 
with a specific metal at a critical intracel
lular site. Another indication that zinc- 
histidine and zinc-cysteine complexes may 
play an important role in the animal body is 
that Weitzel et al. (6 , 7) showed that the 
tapetum lucidum from the eyes of the dog, 
fox, and seal contained large amounts of 
zinc which was in a zinc-cysteine hydrate 
form. Weitzel and co-workers (8 , 9) have 
also demonstrated the preparation of zinc- 
histidyl peptides and zinc complexes with 
histidine and histidinamide. They noted 
that many of the zinehistidyl peptides were 
readily soluble in water and resistant to 
hydrolysis in solution. * 1 2

R e c e i v e d  f o r  p u b l i c a t i o n  N o v e m b e r  2 9 ,  1 9 6 5 .
1 P u b l i s h e d  w i t h  t h e  a p p r o v a l  o f  t h e  D i r e c t o r  o f  t h e  

W i s c o n s i n  A g r i c u l t u r a l  E x p e r im e n t  S t a t i o n ,  M a d i s o n .  
S u p p o r t e d  i n  p a r t  b y  P u b l i c  H e a l t h  S e r v i c e  R e s e a r c h  
g r a n t  n o .  A M -0 5 6 0 6  f r o m  t h e  N a t i o n a l  I n s t i t u t e  o f  
A r t h r i t i s  a n d  M e t a b o l i c  D is e a s e s ,  b y  a  P r e d o c t o r a l  
U S P H S  N I H  F e l l o w s h i p  n o .  I -F I -G M -2 4 ,2 6 5 -0 1  a n d  b y  
a  U S P H S  T r a i n i n g  G r a n t  n o .  5 T I  C H  2 3 6 -0 4 .

2 T h is  w o r k  i s  p a r t  o f  a  M .S . t h e s i s  p r e p a r e d  b y  the 
s e n i o r  a u t h o r .

J. N u t r it io n , 8 9 : ’66 35
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T A B L E  1

Composition of basal diet

Glucose monohydrate 1
9

652.44
Soybean protein 2 225.00
Corn oil 50.00
Choline chloride 2.00
Mineral mix 3 59.96
Glycine 2.00
Methionine 5.00
Vitamin A mix 4 1.00
a-Tocopheryl acetate 0.10
Vitamin mix 5 2.50

Total 1000.00
1 C e r e lo s e ,  C o r n  P r o d u c t s  C o m p a n y ,  N e w  Y o r k .
2 A D M  C - l  A s s a y  P r o t e i n ,  A r c h e r - D a n ie l s - M i d l a n d ,  

C i n c i n n a t i .
3 T h e  m i n e r a l  m i x  c o n t a i n e d :  ( i n  g )  C a C 0 3, 1 5 ;  

K 2H P 0 4, 9 ;  N a 2H P 0 4, 7 .3 ;  C a 3 ( P 0 4 ) 2, 1 4 ;  M g S 0 4, 2 .4 4 ;  
N a C l ,  8 .9 ;  F e 2( S 0 4 ) 3 -6 H 20 ,  0 .2 8 ;  M n S 0 4 -H 20 ,  0 .4 2 ;  
K I ,  0 .0 4 ;  C u S 0 4-5 H 20 ,  0 .0 2 ;  a n d  g l u c o s e ,  2 .5 6 .

4 T h e  v i t a m i n  A  m i x  c o n t a i n e d  v i t a m i n  A  c o n e  
( 2 5 0 , 0 0 0  u n i t s / g ,  C h a s .  P f i z e r  a n d  C o m p a n y ,  N e w  
Y o r k ) ,  1 .0  g ,  a n d  g l u c o s e  m o n o h y d r a t e ,  2 4 .0  g  t o  
p r o v i d e  1 0 ,0 0 0  I U / k g  d ie t .

5 T h e  v i t a m i n  m i x  c o n t a i n e d :  ( i n  m g )  t h i a m in e -  
H C 1 ,1 0 0 ; n i a c i n ,  1 0 0 ;  r ib o f l a v i n ,  1 6 ;  C a  p a n t o t h e n a t e ,  
2 0 ;  v i t a m in  B i 2 ( 0 .0 0 1 %  t r i t u r a t e ) ,  2 0 ;  p y r i d o x i n e -  
H C 1 , 6 ;  b i o t i n ,  0 .6 ;  f o l i c  a c i d ,  0 .4 ;  i n o s i t o l ,  1 0 0 ;  
m e n a d i o n e ,  5 ;  a n d  ( i n  g )  v i t a m i n  D 3 c o n e  ( V i t a  P lu s  
C o r p o r a t i o n ,  M a d i s o n ,  W i s c o n s i n ) ,  1 g  ( 1 5 0 0  I C U ) ;  
a n d  g l u c o s e  m o n o h y d r a t e ,  1 .1 2  g.

The objective of the present investigation 
was to compare the effect of various natu
ral and synthetic chelating agents on the 
zinc-deficiency syndrome in chicks fed an 
isolated soybean protein diet.

MATERIALS AND METHODS
Two experiments were conducted with 

day-old New Hampshire X Single Comb 
White Leghorn chicks without segregation 
according to sex. The birds were distrib
uted at random into groups of 10 each and 
placed in a stainless steel battery at 37° to 
4 0 °. Feed and distilled water were pro
vided ad libitum in aluminum troughs. 
Feed was mixed every 2 weeks and stored 
in a refrigerator until it was fed. The com
position of the basal isolated soybean pro
tein diet (soy protein) is shown in table 1. 
The basal diet with 5 ppm supplemental 
zinc (control diet) analyzed 12.4 ppm zinc 
on an air-dried basis. In experiment 1, 1.8 
mmoles of the following chelating agents3 
were each added to a kilogram of diet 
(symbol and zinc stability constant ( 4 ) ) ,  
N,N-di[2-hydroxyethyl] glycine, Na salt 
(DHEG, 5 .3 6 ); iminodiacetic acid salt 
monohydrate (IDA, 7 .0 2 ); [2-hydroxyethyl- 
imino] diacetic acid (HEIDA, 8 .5 7 );

ethylenediamine [ di ( o-hydroxyphenylacetic 
acid)] (EDDHA, 9 .2 6 ); [ethylenebis(oxy- 
ethylenenitrilo)] tetraacetic acid (EBONTA,
11 .00); ethylene-N-N'-diacetic acid (EDDA, 
11.10); hydroxyethylethylenediaminetria- 
cetic acid (HEDTA, 14 .50); ethylenedia
mine tetraacetic acid (EDTA, 16 .50), di- 
ethylenetriaminepentaacetic acid (DTPA, 
18.14), trans-1,2, diaminocyclohexane, 
N,N,N',N'-tetraacetic acid (CDTA, 18.67). 
For comparison purposes, one group of 
chicks was fed the soy protein diet which 
had 40 ppm supplemental zinc (total 47 
ppm zinc).

In experiment 2, the following chelating 
agents were each added to 2 diets— one diet 
was the basal diet plus 5 ppm supplemental 
zinc, the other, basal diet plus 80 ppm sup
plemental zinc; (symbol and stability con
stant if known (10, 1 1 )) 1.8 mmoles of 
anthranilic acid (AA, 2 0 .9 3 ); xanthurenic 
acid (X A ); kynurenic acid (K A ); and 
hydroxyethylethyenediaminetriacetic acid 
(HEDTA, 14 .50); or, 5.0 g/kg of diet of 
tryptophan (Try, 9 .3 0 ); cysteine (CySH, 
18.20); cystine (C ys); histidine (His, 
12.88); and glutamic acid (Glu, 9 .46). 
For controls, one group of chicks was fed 
the basal diet plus 5 ppm supplemental 
zinc; another, basal diet plus 80 ppm sup
plemental zinc.

During the course of the experiments, 
the chicks were weighed weekly and ob
served for abnormalities. When the chicks 
were 4 weeks of age, leg and feather scores, 
and body weights were taken. Then the 
chicks were decapitated after immobiliza
tion with ether. Both tibias and femurs 
were removed for analysis and stored at 
— 8° until they were analyzed. Legs were 
scored using a scale of 1 to 5 as described 
previously (1 2 ) . Feathers were also scored 
using a scale of 1 to 5 in which one indi
cated normal feathers and five indicated 
very abnormal feathers with brittle and 
broken rachises, and with barbules or bar- 
bicels which did not function properly so 
that the feathers had a very ragged ap
pearance. * 33

3 T h e  c h e l a t i n g  a g e n t s  u s e d  i n  e x p e r i m e n t s  1 a n d  2  
w e r e  o b t a i n e d  f r o m  t h e  f o l l o w i n g  s o u r c e s :  D H E G , 
E D D H A  a n d  E D D A ,  K  a n d  K  L a b o r a t o r y ,  I n c . ,  J a m a i c a
3 3 ,  N e w  Y o r k ;  I D A ,  H E I D A ,  E B O N T A ,  a n d  E D T A ,  
E a s t m a n  O r g a n i c  C h e m i c a l s ,  R o c h e s t e r ,  N e w  Y o r k ;  
H E D T A ,  D T P A ,  C D T A , X A  a n d  K A , A l d r i c h  C h e m i c a l  
C o m p a n y ,  I n c . ,  M i l w a u k e e ,  W i s c o n s i n ;  A  A ,  T r y ,  
C y S H , C y s ,  H is  a n d  G lu ,  G e n e r a l  B i o c h e m i c a l s ,  
C h a g r in  F a l l s ,  O h io .
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Bone measurements were made by re
moving the flesh from the tibias and femurs 
by rubbing with cheesecloth and measuring 
with micrometers the widest and narrowest 
dimensions of the bone shaft and bone 
length. Since other ratios obtained showed 
similar effects of the various diets, only the 
length-to-narrowest width ratios of the 
femurs are presented.

Bone samples were prepared and an
alyzed for zinc as described previously
( 1 2 )  . Statistical analysis was by Duncan’s 
multiple range test for unequal replication
( 1 3 )  .

RESULTS AND DISCUSSION
Experiment 1. Effect o f various syn

thetic chelating agents. The data in table

T A B L E  2

Body weights, feather scores, leg scores, length-to-narrow width ratios (L/NW) of femurs, and zinc 
content of tibias at 4 weeks of chicks fed a soy protein diet with synthetic and natural

chelating agents

Chelating Zinc
supple
mented

Body Feather Leg L/NW
femur
ratio

Zinc in tibias
agent weight score score Ends Shafts

ppm 9
Experiment i

ppm 1 ppm 1

None 5 2 141(0) 3 >»“ 4.3 a5 4.5 a 5 9.1 ab 33 a 45 a
None 40 2 8 4 (1 0 )d 1.2 » 1.2 c 11.6 ad 97 a 186 d
DHEG(5.36) 6'7 5 143(10) ab 3.9 a 4.1 ab 9.4 ab 41 a 60 a
IDA (7.02) 7 5 139(0) ab 4.3 a 4.0 ab 9.1 ab 35 a 45 a
HEIDA (8.57) 7 5 1 9 1 (0 )7 2.8 » 3.5 b 9.5 ab 36 a 51 a
EDDHA(9.26) 7 5 156(70) aba 3.0 ab 2.3 a 11.2 ad 42 ab 66 a
EBONTA( 11.00) 7 5 167(10) ba 4.1 a 4.3 a 8.6 a 37 a 50 a
E D D A (ll.lO ) 7 5 2 5 6 (3 0 )d 1.7 » 1.4 « 11.8 d 55 ba 97 b
HEDTA( 14.50) 7 5 2 9 1 (0 )d 1.5 ' 1.3 a 10.8 ad 70 d 132 a
EDTA( 16.50) 7 5 2 8 0 (3 0 )d 1.6 » 1.3 » 11.3 ad 74 d 131 a
DTPA( 18.14) 7 5 2 8 3 (3 0 )d 1.6 « 1.1 a 11.3 ad 58 a 100 b
CDTA( 18.67)7 5 1 0 2 (4 0 )a 4.8 a 4.3 ab 10.2 ba 36 a 54 a

Experiment 2
None 5 137(10) ab 4.0 a 4.2 ab Q 2 abc 32 a
None 80 278(0) da 1.5 a 1.3 a 11.7 ®h 142 a
Try(9.30) 8 5 141(0) ab 4.5 a 4.9 a 8.6 a 32 a
Try (9.30) 8 80 292(0) af 1.5 a 1.3 a 11.5 8h 148 af
A A (20.93) 7 5 1 7 0 (0 )b 4.1 a 4.3 ab 8.9 ab 30 a
AA( 20.93) 7 80 318(0) ’s 1.4 <= 1.1 a 11.6 8h 137 a
XA 7 5 137(0) ab 4.3 a 4.2 b 9̂ 4 bed 33 a
X A 7 80 2 9 2 (0 )af 1.3 a 1.4 a 11.9 » 142 a
K A 7 5 149(0) ab 4.5 a 4.6 ab 8.8 ab 30 a
K A 7 80 298(0) ef8 1.8 a 1.5 da 11.0 fs 141 a
CySH( 18.20) 8 5 2 2 8 (0 )a 1.7 a 2.3 a 10.1 da 45 »
CySH( 18.20) 8 80 3 2 8 (1 0 )a 1.6 8 1.2 6 11.8 8h 186 «
Cys 8 5 146(0) ab 4.1 a 4.1 » 9.3 abc 31 a
Cys 8 80 305(0) 1.4 = 1.2 a 11.2 Bb 158 f
His( 12.88) 8 5 156(0) ab 2.9 » 2.1 ad 10.4 af 35 ab
His( 12.88) 8 80 315(0) 1.4 a 1.3 a 11.5 b» 179 b

HEDTA( 14.50) 7 5 2 5 9 (0 )d 1.4 « 1.2 a 11.7 8b 95 a
HEDTA(14.50) 7 80 305(0) af8 1.6 a 1.1 a 11.4 b» 157 ‘
Glu Í 9.46) 8 5 1 3 6 (0 )a 4.5 a 4.2 b g  y  ede 32 a
Glu(9.46) 8 80 3 2 5 (0 )8 1.4 ' 1.3 a 11.4 B» 125 d

1 F a t - f r e e ,  d r y  b a s i s .
2 D ie t  c o n t a i n e d  a  t o t a l  o f  1 2  p p m  z i n c  b y  a n a ly s i s .
3 M o r t a l i t y  r a t e  i n  p e r  c e n t .
4 F o r  e a c h  e x p e r i m e n t  v a l u e s  w i t h i n  a  c o l u m n  f o l l o w e d  b y  t h e  s a m e  le t t e r s  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

(P <  0 . 0 5 )  f r o m  e a c h  o t h e r .
5 1 =  n o r m a l ;  5  =  v e r y  a b n o r m a l .  _ . . . _ _ _ _ _
6 S t a b i l i t y  c o n s t a n t  f o r  z i n c ,  i f  k n o w n ,  i n d i c a t e d  i n  p a r e n t h e s i s .  M e a n i n g s  o f  a b b r e v i a t i o n s :  D H E G , N ,N -  

d i [ 2 - h y d r o x y e t h y l ] g l y c i n e ,  N a  s a l t ;  I D A ,  i m i n o d i a c e t i c  a c i d  s a l t  m o n o h y d r a t e ;  H E I D A ,  [ 2 -h y d r o x y e t h y l im m o J -  
d i a c e t i c  a c i d ;  E D D H A ,  e t h y l e n e d i a m in e  ( d i ( o - h y d r o x y p h e n y l a c e t i c  a c i d ) ) ;  E B O N T A ,  [ e t h y le n e b i s  ( o x y e t h y l e n e -  
n i t r i l o )  1 t e t r a a c e t i c  a c i d ;  E D D A ,  e t h y l e n e - N ,N '- d ia c e t i c  a c i d ;  H E D T A ,  h y d r o x y e t h y l e t h y l e n e d i a m m e t n a c e t i c  
a c i d ;  E D T A ,  e t h y l e n e d i a m in e t e t r a a c e t i c  a c i d ;  D T P A ,  d i e t h y l e n e t r i a m i n e p e n t a a c e t i c  a c i d ;  C D T A ,  t r a n s -1 ,2 -  
d i a m i n o c y c l o h e x a n e ,N ,N , N ' ,N '- t e t r a a c e t i c  a c i d ;  T r y ,  t r y p t o p h a n ;  A A ,  a n t h r a n i l i c  a c i d ;  X A ,  x a n t h u r e n i c  
a c i d ;  K A ,  k y n u r e n i c  a c i d ;  C y S H , c y s t e i n e ;  C y s ,  c y s t i n e ;  H is ,  h i s t i d i n e ;  G lu ,  g l u t a m ic  a c i d .

7 1 .8  m m o le s  a d d e d / k g  o f  d ie t .
8 F i v e  g r a m s  a d d e d / k g  o f  d ie t .
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2 indicate that chelating agents DHEG 
(5 .3 6 ) , IDA (7 .02 ) and EBONTA (11 .00)  
had no significant effect upon the growth 
of zinc-deficient chicks fed the soy protein 
diet. HEIDA (8 .57 ) significantly increased 
(P <  0 .05) growth; however, the final aver
age weight was significantly less (P <  0 .05) 
than that of chicks fed the diet with 40 ppm 
supplemental zinc. Addition of EDDA 
(1 1 .1 0 ), HEDTA (1 4 .5 0 ), EDTA (16 .50 )  
or DTPA (1 8 .1 4 ) to the diet had a pro
nounced effect upon the growth of the zinc- 
deficient chicks (growth not significantly 
different from that of chicks fed 40 ppm 
supplemental zinc). CDTA (1 8 .6 7 ) de
pressed growth of zinc-deficient chicks sub
stantially but the difference was not statisti
cally significant according to the analysis 
used. High mortality was observed in 
chicks fed EDDHA (9 .3 6 ) and thus, it was 
difficult to interpret results obtained with 
these chicks. Some of these results differed 
from those obtained by Vohra and Kratzer
(4 )  with turkey poults. These workers re
ported: (a ) a slight growth response to 
EBONTA (no significant response was ob
tained in this investigation); (b ) that 
DTPA gave an inferior growth response in 
comparison with EDTA (in this experiment, 
the growth response was comparable); 
(c ) that a definite peak growth response 
was obtained with chelating agents with a 
stability constant of approximately 14.50 
(the response appeared to be the same over 
a range of stability constants from 11.10 to 
18.17 in this experiment with a slight, but 
nonsignificant peak at 14.50; and (d ) an 
“effective” range of stability constants of 
13 to 17 (this experiment indicates that 
with chicks, 11.10 to 18.14 is an “effective” 
range). Some of the differences may be 
attributed to Vohra and Kratzer having 
used turkey poults, whereas in the present 
investigation, chicks were used.

The effect of these various chelating 
agents, except that of CDTA, on feather 
and leg scores, and length-to-width ratios 
of femurs corresponded with the effect on 
growth (table 2 ) . CDTA (1 8 .67 ) added 
to the low zinc diet did not depress the leg 
score, nor the length-to-width ratio of the 
femurs as it apparently did growth.

Stability constant was correlated with the 
effect a chelator had on the zinc content of 
the ends and shafts of the tibias. As shown

in table 2, chelating agents DHEG, IDA, 
HEIDA, EDDHA and EBONTA with stabil
ity constants ranging from 5.38 to 11.00 and 
CDTA with a constant of 18.67 had no sig
nificant effect upon the zinc content of the 
tibias. In the case of HEIDA, this is in 
contrast with the beneficial effect it had on 
growth. EDDA (11 .10 ) or DTPA (1 8 .1 4 )  
in a zinc-deficient diet for chicks resulted 
in tibias which were significantly lower 
(P <  0 .05) in zinc content than those fed 
HEDTA (1 4 .5 0 ) or EDTA (1 6 .5 0 ). How
ever, chicks fed any chelating agent in the 
zinc-deficient diet (total 12 ppm zinc) had 
significantly less (P <  0 .05) zinc in the 
tibia ends and shafts than did chicks fed 
40 ppm supplemental zinc (total 47 ppm 
zinc). While a chelating agent with a sta
bility constant of approximately 14.50 to 
16.50 was apparently needed for maximal 
concentration of zinc in bone, in all other 
criteria tested a chelating agent with a sta
bility constant from 11.10 to 18.14 would 
suffice.

Nielsen et al. (1 2 ) have shown that in 
order to largely overcome the bone disorder 
in chicks fed a zinc-deficient isolated soy
bean protein diet, at least 20 ppm supple
mental zinc had to be added to the diet to 
make a final concentration of approximately 
27 ppm zinc. This resulted in a bone zinc 
concentration of 86.4 ppm on the fat-free, 
dry basis, which is approximately equal to 
the whole tibia zinc concentration of the 
chicks fed DTPA (18 .14) or EDDA (1 1 .10 )  
in this experiment. Apparently the bone 
disorder present in zinc-deficient chicks is 
overcome by the chelating agent making 
enough zinc available for the bone so that 
proper metabolic processes can take place 
even in the presence of the soy protein 
“complicating factor” described by Nielsen 
et al. (1 2 ) . This “complicating factor” 
caused a bone disorder characterized by a 
low concentration of bone zinc in chicks fed 
soy protein diets, but not in chicks fed 
casein hydrolysate or egg white diets. A 
final zinc concentration in fat-free, dry 
bone of at least 70 to 80 ppm was necessary 
to prevent the bone disorder. The increased 
availability of zinc due to chelating agents 
is perhaps the result of increased intestinal 
absorption of zinc as described by Vohra 
and Kratzer (4 ) . However, this does not 
eliminate the possibility that the chelating
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agents are improving the utilization of zinc 
in the metabolic process of bone formation 
by interfering in some way with the “com
plicating factor.”

Experiment 2. Effect of various natural 
chelating agents. Tryptophan, anthranilic 
acid, xanthurenic acid, kynurenic acid, glu
tamic acid, and cystine in the amounts 
tested had no effect upon leg and feather 
scores, growth, length-to-width ratios of the 
femurs, or zinc content of the tibias in 
chicks fed the zinc-deficient soy protein diet 
( table 2 ).

Both cysteine and histidine added at 
0.5%  of the diet had pronounced effects on 
the zinc-deficient chick (chemical analysis 
showed that both supplements were essen
tially devoid of zinc). Cysteine signifi
cantly increased (P <  0 .05) growth and 
zinc content of the tibias. However, final 
body weight and bone zinc content was sig
nificantly less (P <  0 .05) than that of 
chicks fed the basal diet supplemented with 
80 ppm zinc or with 80 ppm zinc and 0 .5%  
cysteine.

The addition of cysteine improved 
feather formation of chicks fed the zinc- 
deficient diet so that the feather score was 
not significantly different from that of 
chicks fed the basal diet supplemented with 
80 ppm zinc or 80 ppm zinc plus cysteine.

Cysteine also definitely alleviated the 
bone disorder present in zinc-deficient 
chicks fed the isolated soybean protein diet. 
Cysteine significantly decreased the leg 
score, and increased the length-to-narrow 
width ratio of the femurs (P <  0 .05). 
However, the length-to-narrow width ratio 
of the femurs was significantly less, and 
the leg score was significantly greater 
(P <  0 .05) than those of the chicks fed 
80 ppm supplemental zinc with or without 
supplemental cysteine.

Zinc-deficiency symptoms were allevi
ated, but not completely overcome by the 
cysteine supplement. This was in contrast 
with the effects of some of the synthetic 
chelating agents. Possibly, despite the pre
cautions taken, cysteine was partially con
verted during storage of the diets to cystine 
which had no effect upon the zinc-deficient 
chick (fig. 1 ), and therefore, insufficient 
cysteine was present to completely over
come zinc-deficiency symptoms.

Compared with cysteine, histidine had a 
different effect upon the zinc-deficient 
chick. Histidine did not significantly im
prove growth (fig. 2 and table 2 ) of chicks 
fed the zinc-deficient soy protein diet, but 
did improve somewhat (P <  0 .05) the 
feather score (it was still significantly 
higher (P <  0 .05) than that of chicks fed 
80 ppm supplemental zinc with or without 
additional histidine). Histidine also had a 
definite beneficial effect upon the bone dis
order observed in chicks fed the zinc- 
deficient soy protein diet. In external ap
pearance, 8 out of 10 chicks walked with a 
normal gait. They had no swollen hocks, 
and the shortening and thickening of the 
leg bones were alleviated (fig. 3 ). Leg 
scores were significantly decreased by histi
dine (P <  0 .0 5 ); however, they were sig
nificantly higher (P <  0 .05) than those of 
chicks fed 80 ppm supplemental zinc or 
80 ppm supplemental zinc and 0 .5%  sup
plemental histidine. Histidine in the low 
zinc diet also significantly increased 
(P <  0 .05) the length-to-narrow width 
ratio of the femurs, but the ratio was sig
nificantly less (P <  0 .05) than that of 
chicks fed 80 ppm supplemental zinc with 
or without additional histidine. The growth 
stimulation resulting from supplemental 
histidine in chicks fed 80 ppm supple
mental zinc (P <  0.05, table 2 ) suggests 
that this amino acid may, for some reason, 
be limiting in the soy protein diet.1

Unexpectedly, although histidine largely 
overcame the bone disorder, it had little or 
no effect on tibia zinc content (table 2 ). 
With such a pronounced improvement in 
the legs of the zinc-deficient chicks in the 
presence of such a small increase in bone 
zinc content, it appears that histidine or a 
histidine metabolite in some way counter
acts the “complicating factor” which causes 
the bone disorder in chicks fed zinc-deficient 
soy protein diets. The soy protein diet used 
apparently met the NRC (1 4 ) requirement 
of 0 .30%  histidine for starting chicks as it 
contained 0 .52%  histidine (calculated). 
This is comparable to casein hydrolysate 
and egg white diets described previously
(1 2 ) which contained 0 .78%  and 0 .50%

4 W h i l e  t h e  e f f e c t s  o f  h i s t id i n e  o n  t h e  b o n e  a b 
n o r m a l i t i e s  o f  c h i c k s  f e d  s o y  p r o t e in  d ie t s  h a v e  b e e n  
c o n f i r m e d  i n  s u b s e q u e n t  e x p e r i m e n t s ,  t h e  a p p a r e n t  
g r o w t h  s t im u l a t i o n  d u e  t o  h i s t id i n e  h a s  n o t  b e e n  
c o n f i r m e d .
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Fig. 1 The effect of cysteine and cystine on zinc-deficient chicks. The chicks on the left were 
fed 0.5% supplemental cysteine with 5 ppm supplemental zinc. The chicks on the right were fed 0.5% 
supplemental cystine with 5 ppm supplemental zinc. The chicks are representative of larger groups 
of 10 chicks each. Note the marked improvement in growth and leg development of chicks fed 
cysteine.

Fig. 2 Effect of histidine on zinc-deficient chicks fed a soy protein diet. The chicks on the left 
were fed 0.5% histidine with 5 ppm supplemental zinc in a soy protein diet. The chicks on the right 
were fed the soy protein diet with 5 ppm supplemental zinc, but without supplemental histidine. 
Notice that the chicks fed histidine had essentially normal legs. The chicks fed no additional histidine 
showed severe leg abnormality (swollen hocks and shortened and thickened leg bones) and chose not 
to stand. Also notice that there is no difference in the size of the chicks. The chicks are repre
sentative of larger groups of 10 chicks each.
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Fig. 3 Effect of zinc on zinc-deficient chicks fed a soy protein diet with supplemental histidine. 
The chicks on the left were fed 0.5% histidine with 5 ppm supplemental zinc in a soy protein diet. 
The chicks on the right were fed 0.5% histidine with 80 ppm supplemental zinc in a soy protein 
diet. Note the growth stimulation from zinc, and that neither group shows abnormal legs. The chicks 
are representative of larger groups of 10 chicks each.

histidine (calculated), respectively. There
fore, histidine content might possibly ex
plain the effect of the casein hydrolysate 
diet (1 2 ) but such an explanation would 
not appear to apply to the egg white diet. 
It is presently not understood why histi
dine, although it apparently has a zinc sta
bility constant in the beneficial range, does 
not alleviate the growth defect of zinc de
ficiency in chicks. Possibly the way in 
which amino acids such as histidine and 
cysteine are bound in the protein has im
portant effects on mineral availability and 
metabolism. Investigations are underway 
to further characterize the effect of histi
dine on bone formation in chicks fed low 
zinc soy protein diets.

HEDTA again produced the expected 
results. HEDTA significantlv increased 
(P <  0 .05) growth, length-to-width ratios 
of the femurs, and zinc content of the tibias 
and decreased feather and leg scores of 
chicks fed the zinc-deficient soy protein diet 
(table 2 ). However, HEDTA-fed chicks 
had significantly less (P <  0 .05) zinc in 
the tibias and significantly lighter final body 
weight than chicks fed the diet with 80 ppm 
supplemental zinc with or without addi

tional HEDTA. The higher amount of zinc 
in tibias from chicks fed 80 ppm supple
mental zinc was expected as Nielsen et al. 
(1 2 ) have shown that the zinc content in 
tibias increases with the increase of avail
able dietary zinc up to a certain level. How
ever, no explanation for the lower growth 
response can be offered. In all other ex
periments conducted in this laboratory, 
chicks fed HEDTA with only 5 ppm supple
mental zinc in a soy protein diet grew as 
well or better than chicks fed instead an 
additional 40 or 80 ppm zinc.

An unexpected, but unconfirmed, result 
was that chicks fed 80 ppm supplemental 
zinc plus 0.5%  glutamic acid had signifi
cantly less (P <  0 .05) zinc in their tibias 
than did chicks fed 80 ppm supplemental 
zinc alone. Also, growth rate was signifi
cantly higher (P <  0 .05) in the chicks fed 
supplemental glutamic acid with adequate 
zinc.
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Use of the Hysterectomy-obtained SPF Pig for 
Nutritional Studies of the Neonate * 1
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ABSTRACT Facilities and procedures were developed for use of the hysterectomy- 
obtained SPF (specific pathogen free) baby pig in routine nutritional studies from 
birth under essentially disease-free conditions. This provides an animal which can be 
used for nutritional studies in the neonatal period as well as in later stages of growth 
and development. SPF pigs fed a simulated sow’s milk formula in these special 
facilities gained weight and grew as well as has been reported for normally born 
and suckled pigs.

A newborn laboratory animal that could 
be used routinely for nutritional studies 
from the day of birth would offer much 
toward gaining an understanding of the 
effects of early nutrition on growth and de
velopment in the human. However, the 
choice of a newborn animal which can be 
used for such exploratory research is lim
ited. The rat is difficult to handle and feed 
as a newborn, and soon becomes intolerant 
to lactose, the principal carbohydrate in in
fant formulas. The monkey and dog are 
also difficult to feed from birth and require 
extensive breeding colonies and facilities 
which are usually prohibitive in cost. Until 
recently, the pig also was not available for 
study early in life because of problems of 
early feeding and incidence of infection.

With the increased use of SPF (specific 
pathogen free) swine for routine raising of 
pigs, numerous SPF laboratories have been 
established for delivery of pigs by hysterec
tomy under sterile conditions. Such baby 
pigs can be produced regularly in conjunc
tion with a large-scale controlled breeding 
program, thereby providing a uniform 
strain for experimental studies. The size 
of the animal, the ease with which it can 
be handled, and the development of special 
facilities to prevent the many low-grade in
fections which often occur in animal col
onies, support the use of the SPF pig as a 
newborn animal for nutritional research.

The present report describes facilities 
and procedures which have been developed 
to use the hysterectomy-obtained SPF baby 
pig as a laboratory animal for nutritional 
studies.

FACILITIES AND PROCEDURES
Facilities were designed to use up to 

20 SPF baby pigs in each experiment. 
These2 were obtained by hysterectomy on 
the 112th day of gestation (2  days prior 
to full term) from 2 or 3 sows of a 
Hampshire-Yorkshire cross, specially mated 
for delivery on the same date. The tech
nique of Young et al. (1 )  was used, in 
which the total uterus, with the pigs 
in utero, was aseptically removed from the 
anesthetized sow and passed through a dis
infectant solution into a sterile delivery 
hood. Within the hood, the pigs were re
moved from the uterus, the umbilical cords 
tied and the pigs placed in previously ster
ilized transfer cases. Each transfer case 
was covered with a sterile canvas bag when 
removed from the hood.

Transportation unit. Since a trip of 2 
hours or more was necessary to transport 
the pigs by air or truck to the Research 
Center, an aluminum transportation unit3 
was designed to provide warm circulating 
air and maintain sterile conditions (fig. la ) . 
This self-contained unit consisted of the 3 
transfer cases and an outside transport case 
which contained a thermostatically con
trolled heated-air supply system.

The transfer case (fig. lc )  was designed 
to fit the supplier’s delivery hood. Each 
case contained a removable flexible canvas

R e c e i v e d  f o r  p u b l i c a t i o n  D e c e m b e r  1 3 ,  1 9 6 5 .
1 A  p r e l i m i n a r y  r e p o r t  o f  t h e s e  s t u d ie s  w a s  g i v e n  a t  

t h e  4 9 t h  A n n u a l  M e e t in g  o f  t h e  F e d e r a t i o n  o f  A m e r 
i c a n  S o c i e t ie s  f o r  E x p e r im e n t a l  B i o l o g y ,  A t l a n t i c  C it y ,  
N e w  J e r s e y ,  1 9 6 5 .

2 O b t a in e d  f r o m  P u r e -F o r -S u r e ,  F l o r a ,  I n d i a n a .
3 A  m o r e  d e t a i l e d  d e s c r ip t i o n  o f  t h i s  u n i t  w i l l  b e  

m a d e  a v a i l a b l e  u p o n  r e q u e s t .

J. N u t r it io n , 8 9 :  ’66 43
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Fig. 1 Transportation unit: ( l a )  Complete unit with transfer cases in place; ( l b )  power 
supply, and ( l c )  transfer case and inner liner which holds 7 pigs. The blood seen on the 
inner liner is from umbilical bleeding which sometimes occurs during shipping because of 
the activity of the pigs crowded together.

inner liner divided into compartments for 
7 pigs to protect the pigs during shipment, 
and a thermostat for controlling the tem
perature of the air which was blown through 
bacteriological filters4 located on the ends 
of the case.

The transport case held the 3 transfer 
cases (see fig. la )  permitting the shipment 
of 21 baby pigs. The transfer cases, cov
ered with canvas bags, were attached by

4 A m e r i c a n  A i r  F i l t e r  M e d i a ,  5 0  F G , A i r  F i l t e r  
S u p p ly  C o m p a n y ,  L o u i s v i l l e ,  K e n t u c k y .
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Fig. 2 Animal room: (2a ) View from outside window; (2b ) includes view of anteroom.

adaptors in the unit to an air manifold. 
Outside air was swept into the manifold 
which contained 3 sets of small lamps, each 
of which heated the air going into one of 
the cases. This unit provided 9 to 12 air 
changes/hour and maintained temperature 
at 34° to 35°. The unit was powered by 
a 12-volt storage battery (fig. 1) which 
supplied sufficient power for about 5 hours.

Animal rooms. Each animal room con
sisted of a main room (fig. 2a) and an 
anteroom (fig. 2b) for changing clothes.

The room was prepared for the pigs a 
few days before starting the experiment. 
The room and cages were aseptically 
cleaned with a germicidal detergent1 and

5 Vesphene, Vestal Laboratories, St. Louis.
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all the equipment necessary to last through
out the experiment was put in place, i.e., in
cubators and canned formulas were placed 
in the animal room, and autoclaved cloth
ing packs and boots in the anteroom. The 
rooms were sealed, dampers in the air con
ditioning system were closed, and the rooms 
fumigated with formaldehyde (dispersed 
by a fog generator6) using 35.3 ml of 
formaldehyde/m3 of space. After 24 hours, 
the dampers were opened and the room 
aerated for at least 24 hours before use.

The air conditioning of each room was 
controlled individually, and conditions 
could be varied as desired. At the start of 
the experiment the temperature was set at 
35° and 50%  relative humidity. The tem
perature was lowered by 3.5° increments to 
24° during the first 4 weeks of each experi
ment. To avoid contamination, the pres
sure in all of the rooms was maintained 
slightly higher than the environmental pres
sure so that air swept out of the rooms 
when doors were opened.

Twenty individual disposable cardboard 
incubators7 in each room (seen in place in 
fig. 2a) were used to hold the pigs during 
the first 7 days of life. Each had an obser
vation glass on top, an opening for a food 
cup in front, and was connected to an 
overhead exhaust system by plastic tubes. 
Air was pulled into the incubator through 
the air filter8 9 on the front to provide 12 air 
changes/hour. The room also had 20 indi
vidual metal cages beneath the incubators 
(fig. 2a) which were used to house the pigs 
after the first week. These had open mesh 
floors and stainless steel food cups which 
could be locked in front of the cage.

The technicians who cared for the pigs 
changed clothes in the anteroom, putting 
on clean coveralls and rubber boots as well 
as disposable hats, masks, and gloves. 
They also stepped into a disinfectant0 pan 
when entering and leaving the animal 
room.

Receiving the pigs. When the pigs 
were received, they were aseptically trans
ferred into the animal room by the follow
ing procedure: The canvas bag was slipped 
off the transfer case as it was passed into 
the anteroom, a technician within the ante
room removed the lid, and another tech
nician in the animal room reached through 
the doorway and removed the pigs from the

transfer case. Once in the animal room, 
the pigs were sorted on the basis of weight, 
sex, and litter; initial blood samples were 
taken from the ear and the animals placed 
in the incubators.

The pigs were fed canned liquid for
mulas 3 times daily; at 7 :0 0  and 11 :3 0  a m  

and 5 :0 0  p m . The volume of formula al
lotted to each pig was determined on an 
individual basis. This was estimated at 
each feeding by considering the condition 
of the animal, and how well his previous 
feeding was consumed. The pigs obtained 
their water requirements from the liquid 
formulas that were used. After the pigs 
were moved to the metal cages, 50 ml of 
distilled water were also allowed at each 
feeding. If a pig started to drink much of 
this, it usually indicated that the amount 
of formula should be increased. By these 
techniques, the feeding of the pigs appeared 
to be essentially on an ad libitum basis.

Other facilities. In the above facilities 
studies on baby pigs could be conducted 
for approximately 8 weeks of age. Adja
cent animal rooms of similar size and de
sign, but containing individual floor pens, 
were also available for study of further 
growth and development after 4 to 8 weeks.

R E S U L T S

The gross composition of the formulas 
used in this study is compared with pub
lished data on sow’s milk (2 )  shown in 
table 1. Formula A was a commercially 
available formula10 for feeding SPF pigs 
and formula E was prepared in our labo
ratory to more closely approximate sow’s 
milk, especially in caloric density. Both 
contained skim milk, casein, vegetable fats, 
lactose, vitamins and minerals. The vita
min and mineral levels used in making for
mula E are shown in the footnote in table 1. 
These were based on the best estimate of 
the pigs’ needs as determined from the cur
rent literature.

Table 2 shows the weight gains obtained 
in the present study with these formulas 
and weight gains of normally suckled pigs 
of the same strain, as well as literature

6 C h a l l e n g e r  F o g  G e n e r a t o r ,  Z  &  W  M a n u f a c t u r i n g  
C o r p o r a t i o n ,  W i c k l i f f e ,  O h io .

7 F t . D o d g e  C o n t a in e r  C o r p o r a t i o n ,  F t . D o d g e ,  I o w a .
8 S e e  f o o t n o t e  4.
9 N o lv a s a n ,  F t . D o d g e  L a b o r a t o r i e s ,  F t . D o d g e ,  I o w a .
10 S P F - la c ,  T h e  B o r d e n  C o m p a n y ,  N e w  Y o r k .
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T A B L E  1

Major constituents of formulas A, E, and sow’s milk

Formula A Formula E  1 S o w ’ s m i l k  2

Solids, g/liter 151 205 196
Protein, g/liter 52 6 6 61
Fat, g/liter 54 79 73
Carbohydrate, g/liter 37 53 53
Ash, g/liter 8.2 6 . 8 9.8

Kilocalories/liter 840 1185 1110

Caloric distribution
Protein, % 25 22 22
Fat, % 58 60 59
Carbohydrate, % 17 18 19

1 F o r m u l a t e d  t o  c o n t a i n  t h e  f o l l o w i n g  v i t a m i n  a n d  m i n e r a l s / l i t e r  o f  f o r m u l a :  ( i n  I U )  v i t a m i n  A ,  
1 0 0 0 ;  v i t a m i n  D , 1 0 0 ;  d - a - t o c o p h e r o l ,  2 ;  ( i n  m g )  a s c o r b i c  a c i d ,  5 0 ;  t h i a m in e ,  0 .8 ;  r ib o f l a v i n ,  2 ;  
p y r i d o x i n e ,  0 .6 ;  p a n t o t h e n i c  a c i d ,  5 ;  c h o l i n e ,  3 0 0 ;  n i a c i n ,  8 .0 ;  f o l i c  a c i d ,  0 .0 5 ;  a n d  v i t a m in  B 12, 0 .0 0 5 ;
( i n  g )  c a l c i u m ,  2 ;  p h o s p h o r u s ,  1 .4 ;  c h l o r i n e ,  1 .0 ;  p o t a s s i u m ,  1 .5 ;  s o d i u m ,  0 .6 ;  ( i n  m g )  m a g n e s i u m ,
1 5 0 ;  i r o n ,  2 5 ;  c o p p e r ,  3 ;  m a n g a n e s e ,  1 0 ;  i o d i n e ,  0 .2 ;  a n d  z i n c ,  15 .

2 C a l c u l a t e d  f r o m  a n  a v e r a g e  o f  P e r r i n ’ s d a t a  ( 2 )  a s s u m i n g  a  s p e c i f i c  g r a v i t y  o f  1 .0 4 2 9 .

T A B L E  2

Comparison of weekly weight gains of pigs normally born and suckled, with hysterectomy-obtained
formula-fed pigs

N o r m a l l y  b o r n ,  s u c k l e d
H y s t e r e c t o m y -o b t a in e d ,  f o r m u l a - f e d

F o r m u l a  A F o r m u l a  E

B r e e d  o f  p ig s  
a n d  r e f e r e n c e D u r o c  ( 3 )

W e s s e x  
S a d d le b a c k -  
L a r g e  W h i t e  

c r o s s  ( 4 )

H a m p s h i r e -  
Y o r k s h ir e  

c r o s s  1
H a m p s h i r e - Y o r k s h i r e  c r o s s  

( p r e s e n t  s t u d y )

N o .  o f  a n i m a l s 1 2 9 6 ( f r o m  
8 5  l i t t e r s ) 25 9 8

Birth wt, kg 1.3 1 .6 1 .6 1.0 1.0

Cumulative wt gain, kg
Week 1 1.0 1.6 1 .1 0 . 7 0.7
Week 2 2.3 3.2 2.4 1.9 2.4
Week 3 3.6 5.0 4.0 3.7 4.4
Week 4 4.8 6 . 6 6 . 0 ±  1 .1  2 5.8 ±  0.9 7.4 ±1 .2

4-week formula intake, liters 34.8 33.2
1 D a t a  w e r e  s u p p l i e d  b y  D r .  a n d  M r s .  S . F . S h i p s i d e s ,  F lo r a ,  I n d i a n a .
2 S D .

values for other normally born and suckled 
pigs. In 4 weeks the pigs gained 5.8 kg 
and 7.4 kg with formulas A and E, respec
tively. Pigs of the same Hampshire- 
Yorkshire strain born and raised on a clean 
SPF farm gained 6 kg in 4 weeks, when 
normally suckled and allowed creep feed 
(containing antibiotics) during the latter 
2 weeks. Similarly, Duroc pigs (3 )  which 
were only nursed gained 4.8 kg and W es
sex Saddleback-Large White cross (4 )  pigs 
gained 6.6 kg.

DISCUSSION
The SPF baby pig offers much promise 

as a laboratory neonate for nutritional

studies. In addition to its physiologic and 
metabolic similarity to man, the litter size, 
ability to feed itself from birth, and ease of 
handling experimentally makes the baby 
pig quite useful. The present report shows 
that facilities and procedures can be devel
oped which allow one to maintain animals 
which never received colostrum in an es
sentially disease-free state so that nutri
tional studies can be conducted routinely 
without the contamination and infection 
which often occur in pigs.

Antibiotics and y-globulin were not given 
to these animals, since they might alter the 
results and interpretation of nutritional 
studies. The success of the techniques de-
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scribed was shown by good growth of the 
pigs, and by the fact that there was a low- 
grade infection in only one of the 12 experi
ments conducted thus far. The cardboard 
incubators used during the first 7 days ap
parently gave the pigs extra protection 
against airborne infections.

Weight gains of pigs raised under these 
conditions appeared to be as good as those 
observed in pigs raised under natural con
ditions. The higher weight gain obtained 
with formula E as compared with that 
found with formula A was probably due 
mainly to the higher caloric density of for
mula E, since the volumes of formula con
sumed by the 2 groups were approximately 
the same. Comparisons with data on nor
mally suckled pigs suggest that during the 
first week, slightly faster rates of weight 
gain may be obtained with nursed pigs 
than with formula-fed pigs. This slower 
weight gain in the formula-fed pigs may 
be due in part to their delivery 2 days 
earlier, the trauma of hysterectomy and 
transportation, and the feeding of formula 
only 3 times daily. However, in succeed
ing weeks, the formula-fed pigs gained as 
well as those which were suckled.

The techniques and procedures pre
sented here show that the SPF pig can be 
utilized as a research animal for nutritional 
studies during the first few weeks of life. 
Its size and availability permit the determi
nation of body composition and the meas
urement of many biological parameters. It

should provide much useful information on 
the nutrition of the newborn, and the effect 
of early nutrition on growth and develop
ment.
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Nashville, Tennessee

ABSTRACT While seeking methods capable of determining the cystine nutriture 
of animals, it was found that the addition of L-cystine to diets made with purified soy
bean protein resulted in an increased production of I4C02 from labeled methionine when 
compared with animals not receiving cystine. A similar enhancement of C 02 produc
tion occurred if  unheated soybean meal was fed, rather than heated meal, or if 
purified soybean trypsin inhibitor was given orally to rats maintained with either the 
heated or unheated meal. It is proposed that both cystine and trypsin inhibitor 
diminish the conversion of methionine to cysteine through the cystathionine pathway. 
Two mechanisms of soybean trypsin inhibitor action are proposed, one an interference 
with the incorporation of cystine into protein which increases the body pool of 
cystine which represses cystathionine synthase and the other, an interference of 
soybean trypsin inhibitor directly with cystathionine synthase.

While the mechanisms of the metabolism 
of amino acids are well known, it is difficult 
or impossible to detect and characterize a 
deficiency of any specific amino acid. The 
available methods based on measurement 
of nitrogen balance or growth are cumber
some and nonspecific. The multiple func
tions of the essential sulfur amino acids, 
cystine and methionine, suggest that it may 
be possible to develop a specific measure of 
deficiency for them. Studies of the sulfur 
amino acids are especially relevant because 
they are commonly encountered, limiting 
nutrients in human diets (1 ) . The present 
experiments were conducted with animals 
made cystine-deficient either by feeding a 
diet low in the essential sulfur-containing 
amino acids or by combining such a diet 
with agents which increase the sulfur re
quirement by requiring cysteine for meta
bolic clearance.

Kwong and Barnes (2 )  have proposed 
that the magnitude of the production of 
CO2 from methionine is related to cystine 
nutriture. They reported that growing rats 
receiving adequate cystine released less 
14C 0 2 from administered methionine-2-14C 
than did animals deficient in cystine. W e  
were not able to confirm this observation 
and found instead that the deficient rats 
converted less of the labeled methionine to 
CO2. The studies were extended with ani
mals maintained in conditions identical 
with those described by Kwong and Barnes.

This involved the use of diets containing 
unheated soybean protein which added the 
complicating uncertainty of the influence 
of antitrypsin action. The history and 
status of soybean antitrypsin (SAT) 
have been summarized by Rackis (3 ) .  
SAT consistently produces an impairment 
of absorption of nitrogen and pancreatic 
hypertrophy which is associated with an in
crease of pancreatic secretion. It is not 
established whether SAT also impairs some 
endogenous, anabolic phase of nitrogen me
tabolism and of sulfur amino acid metabo
lism in particular, although Kwong and 
Barnes (2 )  have proposed that SAT de
creases the incorporation of sulfur amino 
acids into protein. W e found that SAT, 
like cystine feeding, enhanced the produc
tion of C 0 2 from methionine. These data 
suggest that SAT interferes with the utiliza
tion of sulfur amino acids.

EXPERIMENTAL
Three methods for producing cystine de

ficiency were used. A basal diet, made 
with purified soy protein4 was used to pro-

Received for publication November 15, 1965.
1 Supported by Grant no. HE 03926 o f the U. S. 

Public Health Service and by the American Heart 
Association.

2 A portion o f this work was presented by A. B. 
Frost as partial fulfillment o f the requirements for 
the degree o f Doctor o f Philosophy at Vanderbilt 
University.

3 Career Investigator, National Heart Institute, Na
tional Institutes o f Health, K56-HE8288.

4 C-l Assay Protein, Skidmore Enterprises, Cincin
nati, Ohio.
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duce a marginal deficiency of cystine and 
methionine (table 1). L-Cystine was in
cluded at a level of 0 .4%  in the diets fed 
control animals. The addition of 0 .75%  
cholic acid to the basal diet enhanced the 
cystine deficiency. The addition of 0 .75%  
bromobenzene to the basal diet produced an 
even more severe deficiency. Animals fed 
according to one of these 3 regimens and 
appropriate control groups were studied.

TABLE 1
Composition of cystine-deficient diet

%
Isolated soybean protein 1 15
Sucrose 64
Non-nutritive fiber 2 5
Hydrogenated vegetable oil 3 10
Salt mixture 4 4
Vitamin mixture 5 2

1 C-l Assay Protein, Skidmore Enterprises Company, 
Cincinnati.

2 Alphacel, Nutritional Biochemicals Corporation, 
Cleveland.

3 Crisco, Procter and Gamble Company, Cincinnati.
4 Formulation o f Hubbell, R. B., L. B. Mendel and 

A. J. Wakeman 1937 A new salt mixture for use 
in experimental diets. J. Nutrition, 14: 273; obtained 
as HMW Salt Mixture from  Nutritional Biochemicals 
Corporation.

5 Prepared from  individual vitamins to supply per 
100 g diet: (in  m illigram s) thiamine HC1, 2; ribo
flavin, 2; pyndoxine, 2; Ca pantothenate, 6; niacin, 
6; p-aminobenzoate, 10; inositol, 10; biotin, 0.04; 
folate, 0.2; vitamin B12, 0.003; menadione, 0.045; vita
m in A, 5.3; vitamin D2 , 1; a-tocopheryl acetate, 12; 
and choline chloride, 150.

In the first series of experiments 36 
male, weanling, rats of the Sprague-Dawley 
strain were fed the basal deficient diet for 
4 weeks. Cholic acid was then added to 
the diet of 12 rats and six of these received 
L-cystine as well. Another 12 rats received 
bromobenzene and six of these also re
ceived L-cystine. Six of the remaining rats 
were continued with the basal diet and the 
other six received the basal diet with added 
L-cystine. Thus there were 3 deficient 
groups each with L-cystine-fed controls. 
After another month on these regimens the 
animals were fasted for 16 hours and in
jected intraperitoneally with 1 pc/kg body 
weight of either DL-methionine-l-14C, spe
cific activity 3.7 mc/m m ole, or DL-methio- 
nine-2-14C, specific activity 10.0 m e / 
mmole. The injected animals were placed 
at once in individual respiration cham
bers which allowed collection of the ex
pired carbon dioxide. Air was drawn 
through the chamber at a rate of 1 liter/ 
minute. Carbon dioxide was absorbed

with the ethanolamine-ethylene glycol 
monomethyl ether system of Jeffay and 
Alvarez (4 ) . Radioactivity of the C 0 2 col
lected was determined by counting an 
aliquot of the absorbant in a liquid scintil
lation system. The collections were con
tinued for 6 hours and the absorbers were 
sampled hourly.

In the second series of experiments 24 
male, weanling rats of the Holtzman strain 
were fed diets similar to those used by 
Kwong and Barnes (table 2 ) . Half of the 
animals fed each diet, heated and un
heated, received a supplement of 0 .4%  
L-cystine in the diet. The animals were 
fed the diets for 15 days before being given 
intraperitoneal radioactive methionine fol
lowing a 16-hour fast. In certain experi
ments, as indicated, the rats received, by 
stomach tube, 50 mg of Kunitz-type crys
talline soybean trypsin inhibitor5 in one 
milliliter of water 2 hours prior to injection 
of the labeled methionine.

TABLE 2
Composition of diets made with soybean meal

Diet
Unheated Heated 
soybean soybean

% %
Raw soybean meal 1 50 —
Heated soybean m eal2 — 40
Dextrose 3 29 39
Salt mixture 4 4 4
Hydrogenated vegetable o i l3 15 15
Vitamin mixture 6 2 2

1 Central Soya Company, Chicago.
2 Autoclaved at 107° for 30 minutes.
3 Cerelose, Corn Products Company, Argo, Illinois.
4 Hubbell et al. J. Nutrition, 1 4 :  273, 1937.
5 Crisco, Procter and Gamble Company, Cincinnati.
6 See table 1, footnote 5.

RESULTS
Series 1 —  Animals fed diets made ivith 

assay protein. The growth responses of 
the animals are a crude reflection of 
cystine-methionine nutriture with these con
ditions (fig. 1). With each of the 3 treat
ment variations the control groups fed 
L-cystine showed significantly (P <  0.05) 
greater growth after one month of receiving 
the supplemented diets and the differences 
steadily increased.

The cumulative, hourly production of 
radiocarbon dioxide, expressed as percent-

5 K u n itz  T y p e  f r o m  M a n n  R e s e a r c h  L a b o ra to r ie s ,
N e w  Y ork .
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Fig. 1 Growth curves for rats fed assay pro
tein (A P) diets. All the rats were maintained 
with assay protein diets with no supplement for 
the first month and then transferred to the diets 
indicated. The levels of supplement were: 
L-cystine, 0.4% ; cholic acid, 0.75% ; bromoben- 
zene, 0.75% . The points are means for 6 animals.

age of administered dose, of animals fed 
the basal diet or basal plus L-cystine diet 
following injection with methionine-l-14C is 
shown in table 3. The animals supple
mented with L-cystine showed significantly 
greater 14C02 production at each sampling 
interval. The 6-hour recovery of labeled 
carbon dioxide for all treatment groups 
following injection of methionine-1-14C is 
shown in table 4. For each of the dietary

variations the 14COa production was signifi
cantly (P <  0 .05) higher in the animals 
receiving the L-cystine supplement. Both 
cholate and bromobenzene lowered the con
version of labeled methionine to C 0 2 
(table 4 ) .

This enhancement of 14CC>2 production 
from methionine-1-14C in L-cystine-supple- 
mented animals was not found by Kwong 
and Barnes (2 ) ,  who, however, used 
methionine-2-14C. A supply of methionine 
labeled in the second carbon atom was ob
tained for trials with another group of 
animals prepared similarly to determine 
whether the position of the label was ac
counting for the differences. Results for the 
various diet groups following intraperito
neal injection with methionine-2-14C are 
shown in table 5. As with the carboxyl- 
labeled methionine, the L-cystine-supple- 
mented animals in each of the 3 dietary 
divisions showed a significantly greater pro
duction of labeled carbon dioxide. The 
position of the isotopic label did not influ
ence the result.

Series 2 —  Animals fed diets made with 
heated and unheated soybean meal. Since 
Kwong and Barnes (2 )  had used diets 
made with raw soybean meal which con
tains SAT, it might be supposed that the 
presence of SAT would lead to the different 
response obtained by these authors. For 
the examination of an antitrypsin effect the 
6-hour recovery of labeled carbon dioxide 
from animals fed either heated or unheated 
soybean diets with and without L-cystine 
was determined (table 6 ). The L-cystine 
supplement did not significantly increase 
the production of labeled CO2 in these ani-

TABLE 3

Recovery of methionine-1-UC as ,4C 02 in rats fed assay protein diets

Cumulative recovery
P values 1Hours Assay protein Assay protein 

+  L-cystine
% administered dose

1 5.11 ± 0.39 2>3 9.70 ±0.43 <  0.01
2 11.46±0.75 17.63 ±0.75 <  0.01
3 14.66 ±  0.78 21.27 ±  0.81 <  0.01
4 16.64±0.77 25.08 ±0 .97 <  0.01
5 18.09 ±0.76 28.49 ±  1.24 <  0.01
6 20.11 ±0.80 30.12 ±  1.22 <  0.01

1 Probability that the observed difference between groups might occur by chance using Student’s
t test.2 Mean ±  s e .

3 Six animals were in each diet group.
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TABLE 4
Recovery of methionine-1 -14C as 14C02 in T a ts  fed 

cystine-deficient diets containing 
cysteine diverters

Diet
Six-hour

cumulative
recovery

% administered dose
Assay protein 20.1 ± 0 .8  *'2
Assay protein +  L-cystine 30.1 ±1 .2
Assay protein+ cholate 19.2 ±  0.8
Assay protein -f- cholate

+  L-cystine 22.9 ±0 .8
Assay protein +  bromobenzene 12.2 ±0 .5
Assay protein +  bromobenzene

+  L-cystine 18.5 ±0 .6
1 Mean -+■ s e .
2 Six animals in each diet group.

TABLE 5
Recovery of methionine-2-14C as 14C02 in rats fed

cystine-deficient diets

Six-hour
Diet cumulative

recovery
% administered, dose

Assay protein 13.05±0.98 us
Assay protein +  L-cystine 23.03 ±4.06
Assay protein +  cholate 15.92 ±  3.19
Assay protein +  cholate

+  L-cystine 21.18 ±  4.38
Assay protein +

bromobenzene 9.33 ±  1.01
Assay protein-)-

bromobenzene
+  L-cystine 15.54 ±  1.39

1 Mean ±  s e .
2 Seven animals in each diet group.

TABLE 6
Recovery of 14COo from methionine-2-14C in rats 

fed diets made with soybean meal with and 
without L-cystine supplements

Diet
Six-hour

cumulative
recovery

% administered dose
Unheated soybean meal 21 .0± 1.7
Unheated soybean meal

+  L-cystine 22.9 ± 1 .2
Heated soybean meal 16.6 ±  0.8
Heated soybean meal

-(-L-cystine 18.7 ±1 .9
1 Mean ± s e .
2 Six animals in each diet group.

mals receiving large amounts of protein in 
the diet. The diets contained about 20 to 
25%  protein. However, the animals re
ceiving the unheated soybean diet did show 
an increase in production of 14C02 when 
compared with those animals receiving the 
heated diet (P <  0 .05).

Since the major difference between the 
2 diets is the absence of SAT from the 
heated diet, the effect of purified trypsin in
hibitor administered to animals fed the 2 
diets was examined. Crystalline soybean 
trypsin inhibitor,6 50 m g/rat, was adminis
tered orally 2 hours before the labeled 
methionine. This treatment was found to 
significantly increase the production of 
radiocarbon dioxide in all diet groups 
(table 7 ).

These experiments consistently showed 
that the administration of SAT, or of

6 See footnote 5.

TABLE 7
Recovery of l4C02 from methionine-2-14C in rats fed diets made with soybean meal

and given trypsin inhibitor

Diet Oral 
trypsin 

inhibitor 1
Six-hour

cumulative
recovery

P values 2

% administered dose
Unheated soybean _ 21.0 ±  1.7 3’4 < 0.05

+ 26.8 ±2 .7
Unheated soybean-(-L-cystine — 22.9± 1.2 < 0.05

+ 28.5 ±2 .3
Heated soybean — 16.6±0.8 < 0.05

+ 19.0 ±  1.0
Heated soybean -+- L-cystine — 18.7 ±  1.9 < 0.05

+ 24.6 ±2 .6
1 50 m g/anim al orally 2 hours before labeled methionine.
2 Probability that the observed difference between groups might occur by chance using Student’s
CSl.
3 Mean +  s e .
4 Six animals in each diet group.
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L-cystine to deficient animals, produced an 
increased conversion of methionine to car
bon dioxide. Cystine deficiency regularly 
impaired this conversion.

DISCUSSION
These results cannot be explained by the 

hypothesis of Kwong and Barnes (2 )  pro
posing that SAT causes cystine deficiency 
which then enhances the conversion of 
methionine to cystine. In view of the ob
servation of Kato et al. (5 )  of an inhibitory 
action of dietary cystine on cystathionine 
synthase activity, it might be expected that 
animals receiving supplemental dietary 
cystine would show depressed conversion 
of methionine to cysteine. However, we 
find that cystine administration enhances 
the yield of either the first or second carbon 
of methionine as CO2. The greater yield of 
14C 0 2 in animals fed either L-cystine or 
SAT suggests that methionine is catabo- 
lized more quickly under these circum
stances by routes other than through 
cystathionine leading to cystine. It appears 
unlikely that these alternate pathways 
would provide an increased rate of catabo
lism of methionine unless cystine and SAT, 
in addition to inhibiting the cystathionine 
synthase pathway, also stimulate or poten
tiate some other methionine-catabolizing 
pathway such as the deamination of methi
onine to a-keto-y-methiolbutyric acid. Such 
an action is not demonstrated.

It was consistently observed in animals 
maintained with diets made with soybean 
meal that either feeding an unheated diet,
i.e., containing SAT, or the addition of SAT 
separately increased the production of 14COa 
from labeled methionine. The animals re
ceiving unheated diets or SAT behaved, 
with respect to the 14CC>2 production from 
methionine, as though they had received 
supplemental cystine. This observation 
might be explained in several ways.

The utilization of cystine for protein syn
thesis may be blocked by SAT leading to 
an accumulation of cystine. Kwong and 
Barnes (2 )  reported that the addition of 
L-cystine to diets made with soybean meal 
gave improvement of growth of rats only in 
the instance of the diets made with the un
heated protein. Since the cystine content 
of both diets was the same, they suggested 
that feeding unheated soybeans must have 
increased the requirement of the animals

for cystine and that animals fed an un
heated soybean diet containing trypsin 
inhibitor would be effectively cystine- 
deficient. The authors hypothesized that 
this deficiency might be caused by a block 
in tissue utilization of cystine for protein 
synthesis in the presence of trypsin inhibi
tor. In such a “deficiency” the body pool 
of cystine could be paradoxically high. 
Thus an animal which by growth studies 
appeared to require cystine might behave 
as though it had an excess when examined 
for methionine conversion, as did the ani
mals examined here.

Alternatively SAT may interfere directly 
with the conversion of methionine to cys
tine. A block in the methionine to cystine 
pathway would mimic the feedback inhibi
tion reported by Kato et al. (5 )  to be pres
ent when cystine is fed to animals. Thus 
the animals fed SAT would respond as 
though they had received cystine, i.e., they 
would produce more 14C02 from labeled 
methionine, not being able to carry methio
nine through the cystathionine pathway. 
If methionine storage is limited, it would 
be catabolized by alternate channels, re
cently summarized ( 6 ), and the CO2 pro
duction rate would reflect this. By either 
hypothesis, shown schematically in figure 2 , 
a defect in tissue utilization of cystine or a 
block in the conversion of methionine to 
cystine, the feeding of unheated soybeans 
or trypsin inhibitor should enhance produc
tion of 14C 0 2 from labeled methionine, a 
result which was observed here.

The first explanation would be supported 
by finding an increased body pool of cystine 
in the presence of SAT, the second by dem
onstration of an effect of SAT on the methi-
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Fig. 2 Postulated actions of soybean trypsin 
inhibitor on methionine metabolism.
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onine-cataboUzing enzymes and perhaps an 
accumulation of intermediates in the cysta
thionine pathway after a methionine load.

The data of Kato et al. (5 )  have sug
gested that cystine, and to a lesser extent 
cysteine, combines in vitro with a protein to 
form an inhibitor of cystathionine synthase. 
It may be that trypsin inhibitor, or a peptide 
from the inhibitor is, preformed, a sub
stance with an action similar to that of 
cystine on cystathionine synthase. If that 
were true, SAT should not lead to an in
crease of the body pool of cystine. If SAT 
blocks cystine utilization, the inhibition of 
cystathionine synthase may be secondary to 
cystine excess, as it is with cystine feeding. 
In either instance this mechanism of trypsin 
inhibitor action implies that an intermedi
ate in the cystathionine pathway may accu
mulate after either trypsin inhibitor or 
cystine supplements in the presence of a 
methionine load. Thus homocystinuria

may be expected to occur. These hypoth
eses are being investigated.
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Effect of Deficiencies of «-Tocopherol, Retinol and 
Zinc on the Lipid Composition of Rat Testes
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ABSTRACT To determine whether lipid changes noted previously in a-tocopherol- 
deficient rat testes were specific for vitamin E, a comparison was made with testes 
in deficiencies of retinol or zinc. Testicular degeneration was produced in rats fed 
purified diets deficient in either a-tocopherol, retinol or zinc for 12 to 19 weeks. Total 
lipid was reduced in testes in all 3 deficiencies with decreased amounts of phospho
lipid accounting for most of the change. a-Tocopherol-deficient testes had the lowest 
phospholipid content. The proportion of 20:4 w6 was twice normal in a-tocopherol- 
deficient testes, moderately increased in zinc deficiency and unchanged in retinol 
deficiency; 22:4 a-6 increased only in a-tocopherol deficiency. The proportion of 
22:5w6 was about two-thirds of normal in retinol and zinc-deficient testes but only 
one-third normal in a-tocopherol-deficient tissue. Dietary selenium had no effect on 
testes composition either in the presence or absence of a-tocopherol.

The relatively high content of polyunsat
urated fatty acids in testis ( 1 , 2 ) led us to 
an initial study of the lipid composition of 
this tissue from «-tocopherol (vitamin E )- 
deficient rats (3 ) . Marked changes were 
produced by vitamin E deficiency —  a re
duction in phospholipid to about one-half 
normal, a sharp decrease in the docosapen- 
taenoic acid and increases in eicosatetrae- 
noic and docosatetraenoic acids. Since the 
rat testis damaged by a lack of vitamin E 
shows primarily a degeneration and loss of 
germinal epithelium, pathology which is 
not unique to this vitamin deficiency, it 
was of interest to determine whether testic
ular damage produced by other nutritional 
deficiencies would result in similar lipid 
changes. In this study, the effects of two 
other deficiencies in which testicular atro
phy has been described, vitamin A (4 )  and 
zinc (5 ) ,  are compared with those from 
vitamin E deficiency.

EXPERIMENTAL
Weanling rats were of the Holtzman * 1 or 

Sprague-Dawley2 strain. The animals were 
caged individually in stainless steel sus
pended cages at a room temperature of 
23 ±  1°, and food and water were supplied 
ad libitum. Body weights were recorded 
weekly.

Two vitamin E-deficient diets for rats 
differed only in the protein source. One,

diet R-8 , contained 20%  of isolated soy pro
tein3 and 0 .3%  of DL-methionine. The 
other, R - l l ,  contained 22%  of vitamin- 
free casein.4 The remainder of the diets 
was the same and contained: (in per cent) 
salt mixture of Fox and Briggs ( 6 ), 6 ; 
stripped lard,5 6 5; vitamin mix in sucrose, 2; 
sucrose, to make 100. The vitamin mix
ture provided/kg of diet: (in milligrams) 
thiamine-IICl, 15; riboflavin, 15; pyridox- 
ine-HCl, 15; Ca pantothenate, 45; niacin, 
50; choline chloride, 1000; folic acid, 2; 
biotin, 1 ; 2-methyl-1,4-naphthoquinone, 1 ; 
vitamin B12, 0 .03; vitamin D3, 0.075. In 
addition, 6.3 mg of stabilized retinyl ace
tate“ were added /k g  and 0.1 ppm of 
selenium as sodium selenate.

Testis damage from retinol (vitamin A 
alcohol) deficiency was produced with a 
diet containing retinoic acid (vitamin A 
acid). This compound permits normal 
body growth but will not maintain testicu
lar function (7 ) . By this means, the com
plicating effects of general inanition in 
acute vitamin A deficiency are avoided. 
The basal depletion diet was R -ll  with

Received for publication January 3, 1966.
1 Holtzman Company, Madison, W isconsin.
2 Sprague-Dawley Company, Madison, Wisconsin.
3 ADM Assay Protein C-l, Archer-Daniels-Midland, 

Minneapolis.4 General Biochemicals, Chagrin Falls, Ohio.
5 Distillation Products Industries, Rochester, New 

York.
6 Nopcay 20, Type V, Nopco Chemical Company, 

Newark, New Jersey.
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retinyl acetate omitted and with additions 
of 50 m g/kg each of di,a-tocopherol and 
dZ,«-tocopheryl acetate and of 0 .0 2 % eth- 
oxquin.7 Supplements of retinoic acid and 
retinyl acetate were added to the diets of 
2 groups as indicated below. After 7 weeks, 
the stripped lard in this diet was replaced 
by 4%  cottonseed oil8 since the lard con
tained sufficient vitamin A activity to per
mit slow growth of the unsupplemented 
rats. This diet was designated R-9.

To produce zinc deficiency, diet R-8 was 
prepared omitting zinc carbonate from the 
salt mixture and adding 200 m g/kg of 
dl,a-tocopheryl acetate.

For histological examination, a portion 
of each testis was fixed in Bouin’s solution, 
dehydrated with 70%  ethanol and sections 
stained with hematoxylin and eosin. Eval
uation of the degree of damage was made 
according to the scale of Mason ( 8 ). The 
remainder of the testis was frozen at — 2 0 ° 
until analyzed. For chemical analysis, the 
tissue was extracted with chloroform-meth
anol ( 2 :1 )  by the procedure of Folch et al.
(9 )  using a high-speed, blade-type ho- 
mogenizer. Aliquots of the extracts were 
analyzed for total lipid, total cholesterol and 
phosphorus as described previously ( 2 ). 
In the early series of experiments, total 
lipid was determined gravimetrically. This 
procedure gave slightly higher values than 
did the chromic acid oxidation ( 1 0 ) subse
quently used. Fatty acids were analyzed

by gas-liquid chromatography using a 200 
cm X 4 mm column of 15% ethylene glycol 
succinate on Chromosorb W  at 180°. De
tailed conditions and the method of identi
fication and quantification of peaks have 
been reported previously (2 , 11). Poly
unsaturated fatty acids derived from lin- 
oleic acid are indicated as M6 according to 
the number of terminal carbon atoms after 
the last double bond.

RESULTS
a-Tocopherol-deficient rat testis. A de

crease in the weight of the testes was first 
noted after 14 to 16 weeks of depletion. At 
this time, the total lipid content had not 
changed, although the phospholipid was 
slightly reduced (table 1). By 19 weeks, 
when the weight of the testes was about 
one-half normal, total lipid was down sig
nificantly with the loss accounted for en
tirely by the phospholipid fraction. After 
28 weeks, when the testes were less than 
one-half normal weight, the phospholipid 
had decreased to about 60%  of that for the 
control tissue. By 32 weeks, phospholipid 
was less than one-half that of the control 
testes. Cholesterol was not altered by the 
deficiency.

In several experiments diet R-8 was fed 
with 0.1 ppm of selenium as sodium

7 l,2-Dihydro-6-ethoxy-2,2,4-trimethyl-quinoline, M on
santo Chemical Company, St. Louis.

8 Wesson Oil, Wesson Sales Company, Fullerton, 
California.

TABLE 1
Lipid composition of a-tocopherol-deficient rat testis

Diet No.
weeks

N o.
rats

Body
wt

Testes
wt

Total 
lip id  1 P hospholip id Total

cholesterol

9 9 m g / g m g / g m g / g

Experiment 1 2
With vitamin E 3 1 4 -1 6 3 4 0 9  ± 3 3 3 .1 7  ±  0 .1 6 2 2 .9  ± 0 . 6 14.8  ±  0 .2 2 .4  ± 0 .1
Without vitamin E 1 4 -1 6 5 3 6 5  ± 1 6 1.81 ±  0 .1 7 2 2 .9 ±  1.5 11 .4  ±  0 .6 2 .3  ± 0 .1
Without vitamin E 19 4 4 1 8  ±  2 0 1 .4 9  ± 0 .3 0 17 .7  ± 1 . 4 8.6 ± 1 .1 2 .4  ± 0 .1

Experiment 2  4
With vitamin E 28 6 3 8 9  ± 2 1 3 .2 5  ±  0 .1 2 2 1 .7  ±  0 .8 12.0  ±  0 .3 2 .4 +  0 .2
Without vitamin E 28 6 371  ± 1 4 1 .5 3 ± 0 .1 3 1 5 .4  ± 1 . 0 7 .2  ± 0 . 6 2.2 ± 0 . 2

Experiment 3 4
With vitamin E 3 2 5 4 3 5  ± 1 9 3 .1 0  ±  0 .0 7 2 2 .4  ± 1 . 2 11.8  ±  0 .7 ___  5

Without vitamin E 32 6 3 6 2  ± 2 4 1 .63  ± 0 .1 1 14 .4  ± 0 . 7 5 .0  ± 0 . 3 —
1 Gravimetric determination (see text).
2 Fed diet R-8. Values are means ± s e .
3 200 mg dl,a-tocopheryl acetate/kg.
4 Fed diet R-8 but with 15% protein. One-half o f the rats in each group o f these experiments received 0.1 

ppm selenium in  the diet. Since there were no observed effects o f the selenium, the —Se and +Se groups were combined.
5 Values not determined.
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selenite. In the absence or presence of 
«-tocopherol, selenium had no effect on the 
condition of the testes nor on the lipid com
position (table 1). Fatty acid content also 
was unaffected (data not presented).

An example of the lipid changes in the 
early stages of «-tocopherol deficiency was 
provided by rats in which one testis was 
small and had markedly damaged germinal 
epithelium, whereas the partner testis was 
normal in size and histology (table 2 ). 
(This is a rare phenomenon since paired 
testes are usually very similar in weight 
and histology ( 9 ) ) .  There was no decrease 
in phospholipid in the damaged testis of rat 
no. 7, which was depleted for 16 weeks, but 
in rat no. 18, depleted for 20 weeks, the 
phospholipid of the small testis was about 
65%  of the normal value (14 to 15 m g /g ). 
In rat no. 14, in which both testes were 
damaged, the phospholipid was only slightly 
depressed. From a variety of data such as 
that in tables 1 and 2 , it was apparent that 
the phospholipid decrease did not correlate 
well with the extent of injury to the germi
nal epithelium during the early onset of 
testicular degeneration. When the degen
eration was prolonged, e.g., beyond 22 
weeks, the phospholipid was always about 
one-half normal.

Table 2 also illustrates the changes in the 
C-20 and C-22 polyunsaturated fatty acids 
reported previously (3 ) . In both rats 7 
and 18 the 2 2 :5  a>6 was lower in the small 
testis but the difference was not marked in 
rat no. 7. «-Tocopherol deficiency also in
creased 20:4 u,6 and 22:4 <u6 although the 
right testis of no. 14 did not show these 
changes. As with the phospholipid, a direct 
correlation between the alterations in these

3 fatty acids and the degree of germinal 
epithelial damage was not always consist
ent during the first few weeks of testicular 
damage but when stage 5 (loss of most 
of the germinal epithelium) had persisted 
for several weeks, a consistent pattern 
developed.

Retinol-deficient rat testis. As noted 
above, by feeding retinoic acid a specific 
lesion of the testis is produced without com
plications from inanition as occurs in clas
sical vitamin A deficiency. The rats listed 
in table 3 that received neither retinol nor 
retinoic acid were chronically deficient in 
vitamin A for 7 weeks, at which time they 
were changed to a rigorously vitamin A-free 
diet. Body weight loss ensued in 2 to 3 
weeks, when they were killed. Weights of 
the testes were one-half those of the control 
(retinol) rats and all had moderate-to- 
severe degeneration of the germinal epithe
lium. Rats maintained with retinoic acid 
for 3 to 14 weeks had testes weights which 
were proportionately smaller with respect 
to body weight. There were slight de
creases in total lipid and in phospholipid 
in the 8-week group, but after 14 weeks a 
marked increase in both lipid fractions oc
curred. The difference indicates an accu
mulation of triglyceride.

Fatty acid analyses of the testes (table 4 )  
revealed some similarities between the non- 
supplemented rats and those receiving reti
noic acid for 8 weeks. Linoleic acid was 
considerably lower in the former group, but 
20:4 o ) 6 ,  22:4 o ) 6  and 22:5 o > 6  were about 
the same in the 2 types of vitamin A-defi- 
cient testes. Compared with the control 
rats fed retinol, the 2 2 :5  0)6 was decreased 
about one-third in the 8-week-deficient tis-

TABLE 2
Composition of individual testes from a-tocopherol-deficient rats

Rat
n o .1

Testis
wt

P hospho
lip id

% o f  total fa tty  acids 

20:4  oj6 2 2 :4  a>6 2 2 :5  w6
H istologica l 

score 2

9 m g / g

7 L 0 .6 5 13.9 2 0 .9 3 .9 11.7 4 - 5
7 R 1 .50 14.1 13.0 1.5 15.8 0-2

18 L 0 .7 3 9 .4 22.0 3 .5 5 .7 5
18 R 1.58 12.3 18.4 2.1 20.1 0-1

14 L 0 .9 7 11.3 22.6 4 .8 3 .9 5
14 R 0 .9 7 11.4 12.2 2 .3 2.0 5

1 Depletion times: no. 7, 16 weeks; nos. 14 and 18, 20 weeks. L =  left testis, R =  right testis. 
Rats fed diet R-8.

2 According to Mason ( 8 ) ;  0 =  normal, 5 =  severe degeneration o f germinal epithelium.
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TABLE 3
Effect of retinol deficiency on the lipid composition of rat testes

Vitamin A 
in diet

No.
rats

No.
weeks 1

Body
wt

Testes
wt

Histo
logical 
score 2

Total
lipid

Phospho
lipid

Total
cholesterol

mg/kg 9 9 mg/g mg/g mg/g
None 4 2-3 249 ± 2 2 1.71 ±  0.12 3-5 16.4± 1.4 12.1 ± 1 .4 2.6 ±0 .1
Acid, 20 3 3 380 ± 7 1.52± 0.30 3-5 17.7 ±2.1 12.8 ±0 .9 2 .3±0 .1
Acid, 20 3 8 414 ± 3 0 1.41 ±0 .05 4-5 14.0 ±0 .5 10.1 ± 0 .2 2.3 ±0 .1
Acid, 20 5 14 484 ± 1 7 1.59±0.12 5 26.8 ±1 .2 14.4 ± 0 .7 3.1 ±0 .2
Alcohol,3 6 3 3 401 ±  17 3.31 ±  0.15 0 15.1 ±  0.4 4 14.5 ±  0.8 1.7 ±0 .1
Alcohol, 6 3 8 406 ±1 4 3.36±0.03 0 18.2 ±0 .3 13.1 ± 0 .5 2.1 ± 0 .0
Alcohol, 6 2 14 497 ± 1 2 3.46 ±0 .06 0 17.8 ±0 .0 14.2±0.6 2.0±0.1

1 Number o f weeks fed the vitamin A-free diet (R 9 ) follow ing 7 weeks o f feeding a vitamin A-low diet ( R l l ) .  
Supplements were fed from  the start o f the experiment. Values are means ±  s e .

2 See footnote to table 2.
3 As stabilized retinyl acetate.4 Apparent absence o f triglyceride due to variation in methods.

TABLE 4
Fatty acid composition of retinol deficient rat testes 1

Fatty
acid

Dietary supplement
None Retinoic acid Retinol 2
2-3

weeks
8

weeks
14

weeks
8 and 14 

weeks

16 aid. 1.7±0.3 0.7 ±0 .2 1.5 ±0 .2 1.7±  0.3
16:0 30.7 ±  0.4 26.7 ±  3.0 24.5±2.6 32.1 ±0 .9
16:1 2.9 ± 0 .4 2.0 ±0 .9 6.8 ±1 .0 3.3 ±0 .4
18:0 7.4 ±0 .4 9 .5 ±  1.2 7.8 ±0 .9 5.3 ±0 .3
18:1 23.2 ±1 .5 27.0 ±0 .3 31 .0± 2.0 20.2 ±1.1
18:2 u>6 3.5 ±0 .3 6.5±0.1 8.3 ±0 .7 5.1 ± 0 .4
20:4 w6 15.3 ±  0.7 14.6 ±0 .8 11.7 ±  1.1 13.3 ±0 .7
22:4 w6 2.0 ±0.1 1.8 ±  0.2 1.3 ±0 .1 1.4 ±  0.1
22:5 a>6 11.6±0.3 10.1 ±  1.8 5 .7 ±  1.1 15.5 ±  0.9

1 Values are means ±  s e  expressed as percentage o f total fatty acids. Acids present at less than 
1% are not shown. Numbers o f animals are the same as in table 3.

2 Since the data from  the 8- and 14-week groups were similar, they are combined.

sues. The accumulation of triglyceride in 
the testes of rats fed retinoic acid for 14 
weeks must be considered in interpreting 
the changes in proportions of fatty acids at 
this time period. The apparent decrease of 
2 2 :5  co6 from 10.1% at 8 weeks to 5.7%  
at 14 weeks does not represent an absolute 
decrease in the amount of this fatty acid, 
but rather a dilution due to the additional 
fatty acids, not polyunsaturated, from the 
increased triglyceride. A similar explana
tion can also be given for the decrease in 
2 0 :4  <06.

Zinc-deficient rat testis. In 2 separate 
experiments, zinc deficiency was mani
fested by a slow growth rate after only 2 or 
3 weeks of feeding the diet. Varying de
grees of alopecia occurred in many of the 
rats and all had soft, fine-textured hair. 
In the first experiment, testes from 2 rats 
were analyzed after 3, 5 and 7 weeks.

Although the testes were about one-half the 
weight of the control testes, and had 
marked degeneration of the germinal epi
thelium, no significant variations in lipid 
composition were noted. The second ex
periment was therefore continued for a 
longer period and the control rats were pair- 
fed to the deficient rats. Analyses of the 
testes at intervals of 6 , 9, 12 and 15 weeks 
(table 5 ) showed that by 9 weeks the 
weights of the testes from the deficient rats 
were less than one-half of those of the con
trols, and this relationship continued until 
15 weeks. There was a moderate increase 
in total lipid in the deficient testes at 6 
weeks, primarily as triglyceride. At all sub
sequent periods, total lipid and phospho
lipid in deficient testes were slightly lower 
and cholesterol slightly higher than in nor
mal testes. As noted by Millar et al. ( 5 ) ,  
pair-feeding of the control rats did not in
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any way alter the testes from those of rats 
fed ad libitum.

Analyses of the testicular fatty acids re
vealed that after the sixth week the pattern 
for the deficient or control tissues did not 
change significantly. Thus, only the data 
from the combined 12 and 15 week periods 
are given in table 6. The most apparent 
difference in the zinc-deficient testis was a 
moderate decrease in 2 2 :5  („6.

DISCUSSION
To facilitate comparison of the testis 

lipid composition in the 3 deficiencies, rep
resentative data have been compiled in 
table 6. These data were selected to repre
sent periods of chronic deficiency, i.e., the 
animals were permitted to Uve a prolonged 
time after the testes were known to be dam
aged. These periods were approximately: 
a-tocopherol, 5 weeks; retinol, 5 weeks;

TABLE S
E ffect o f z in c  deficiency on the l ip id  com position  o f ra t testes 1

Zinc No. No. 
addition rats weeks

Body
wt

Testes
wt

Total
lipid Phospholipid Total

cholesterol
mg/kg 9 9 mg/g mg/g mg/g

None 3 6 117±8 1.39± 0.17 20.2 ±0 .6 12.3 ± 0 .5 1.85±0.11
75 2 3 6 136 ± 1 2.03 ±0 .40 15.7±0.7 11.6± 0.5 1.60±0.11

None 3 9 134 ± 2 3 1.35± 0.18 17.8 ±0 .9 11.7 ±1 .2 2.15 ±  0.08
75 3 9 155 ± 4 2 .81±  0.14 18.0±0.1 13.9 ±0 .2 1.77 ±0.02

None 2 12 165 ± 2 2 1.32± 0.21 17.0± 1.6 12.6±0.1 2.45 ±0.50
75 2 12 183 ± 2 3.07±  0.09 18.6 ±1 .4 14.6 ±0 .3 1.87 ±  0.00

None 2 15 197 ±  13 1.44 ±0 .01 16.0±2.9 11.2±2.0 1.96 ±0.27
75 2 15 187±3 2.97±  0.19 17.5 ±0 .4 13.3 ±0 .2 1.85 ±  0.05

Avg of weeks 9, 12 and 15:
None — 1.37 ±  0.21 17.0 ±  2.3 11.8 ±  1.7 2.18 ±  0.38
75 — 2.93 ±  0.21 18.0 ±  1.0 13.9 ±  0.6 1.82±0.07

1 Values are means -+- s e . Rats fed diet R-8.
2 Added as zinc carbonate. Supplemented rats were pair-fed. .Rats fed ad libitum weighed 226 + 9 g at

6 weeks.

TABLE 6
Summary of lipid and fatty acid composition of testes from normal, a-tocopherol,

retinol and zinc-deficient rat testes 1

a-tocopherol- Retinol- Zinc-
deficient deficient2 deficient

No. of rats 4 4 4 4
Age, weeks 3 12-15 19 15 12-15
Wt of testes, g 3.02 ±0.09 1.49 ±0.30 1.41 ±0 .05 1.38;±0.10
Total lipid, m g/g 18.1 ±0 .7 17.7 ± 1 .4  4 14.0 ±0 .5  16.5 ± 1 .4
Phospholipid, m g/g 13.9 ±0 .4 8.6 ±1 .1 10.1 ±0 .2  11.9 ±1 .0
Cholesterol, m g /g 1.8 ± 0 .0 2.4 ±0 .1 2.3 ±0 .1  2.2 ±0 .1

Fatty acids
16 aid. 1.6 ±0 .4 0.8 ±0 .2 0.7 ± 0 .2  0.9 ± 0 .2
16:0 33.0 ± 0 .9 25.2 ±0 .5 26.7 ±3 .0  30.6 ± 2 .5
16:1 2.1 ±0 .4 3.2 ±0 .4 2.0 ± 0 .9  1.8 ± 0 .5
18:0 5.6 ±0 .2 9.8 ±0 .7 9.5 ± 1 .2  8.7 ±0 .8
18:1 20.8 ±2 .0 22.1 ±1 .9 27.0 ± 0 .3  19.9 ± 2 .4
18:2 a>6 2.6 ±0.1 3.4 ±0 .1 6.5 ±0 .1  2.9 ±0 .1
20:4 «6 12.9 ±0 .5 24.3 ±1 .1 14.6 ±0 .8  17.8 ±0 .6
22:4 «6 1.3 ±0.1 3.8 ±0 .2 1.8 ± 0 .2  2.1 ± 0 .2
22:5 a>6 17.3 ±1 .0 5.3 ± 0 .9 10.1 ±1 .8  12.4 ± 0 .7

1 Values are means ± s e .
2 This diet contained retinoic acid, 20 m g/kg. The fat was 4%  o f cottonseed oil; the diets o f the 

other groups contained 5% o f stripped lard.
3 Post-weaning.
4 This value determined gravimetrically (see text).
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zinc, 6 to 9 weeks. This was done because 
it was found that the lipid changes in the 
«-tocopherol-deficient testis became more 
pronounced as the deficiency progressed 
(table 1). Since deficiencies of retinol and 
zinc can be produced in a much shorter 
time than for «-tocopherol, the comparison 
of an acute versus a chronic deficiency 
would probably not be valid. Because of 
the accumulation of triglyceride in the 
testes of rats fed retinoic acid for 14 weeks, 
noted above, the testes from the 8-week 
period have been used in making compari
sons. Typical histological pictures of the 
testes in the 3 deficiencies at the above time 
periods are shown in figures 2, 3 and 4.

The testes in all 3 deficiencies had re
duced amounts of phospholipid, most pro
nounced in the case of «-tocopherol where 
the values were about 60%  of normal. 
The retinol-deficient testes at 8 weeks had 
about 75%  of the normal amount of phos
pholipid, whereas the zinc-deficient testes 
had only a slight reduction in phospholipid 
(table 6 ).

Changes in polyunsaturated fatty acids 
were characteristic for each of the deficien
cies. The most pronounced alteration in 
the «-tocopherol-deficient testis was the de
crease in 2 2 :5  w6 to about one-third the 
normal amount and an increase in 2 0 :4  w6 
to twice normal. In retinol deficiency, al
though there was a decrease in 2 2 :5  (U6 , it 
was not as great as for «-tocopherol and the 
2 0 :4  «6 did not change. In the zinc- 
deficient tissue there was a slight reduction 
in 2 2 :5  o)6 and a moderate increase in 2 0 :4  
o i 6 .  The apparent increase in 1 8 :2  «,6 in 
the retinol-deficient testes was probably due 
to the higher linoleic acid content of the 
diet (2 .0%  vs. 0 .5%  in the lard-containing 
diets). In contrast with other tissues, the 
linoleic acid content of testis varies only 
slightly with changes in dietary linoleate 
except when the dietary level is increased 
several fold ( 2 ).

One unique change in the fatty acid pat
tern of the «-tocopherol-deficient testis is a 
two- to threefold increase in 2 2 :4  «¡6 ( 3 ). 
This fatty acid increased slightly in zinc 
deficiency but it was not affected by retinol 
deficiency.

The biochemical significance of these 
changes in phospholipid and in polyunsat

urated fatty acids as related to vitamins A  
and E or zinc can only be speculated upon 
at this time. Although there is a distinct 
difference in the pathology of the lesions in 
the early stages of deficiencies of vitamins 
A and E, Mason (4 )  stated that “in ad
vanced stages of A-deficiency the testes 
often become more or less indistinguish
able in their histology from advanced 
E-deficiency.” A histological comparison 
of testes in vitamin E and zinc deficiencies 
has not been made, but the evidence indi
cates that the pathology in the 2 conditions 
is similar9 (figs. 2 and 4 ) . In all 3 de
ficiencies there is a loss of germinal epithe
lium; thus, the changes in chemical com
position could be due primarily to a loss of 
this portion of the tubules. Since the 
tubules make up about 90%  of the fresh 
weight of the rat testis ( 1 2 ), it is not likely 
that the interstitial cells make a significant 
contribution to the analyses of the total 
testis.

The fact that the decrease in 2 2 :5  w6 
was considerably greater in the «-tocoph
erol-deficient testis than in either the 
retinol- or zinc-deficient testes suggests a 
specific relationship between this fatty acid 
and «-tocopherol. If there was a general 
peroxidative loss of polyunsaturated fatty 
acids due to an antioxidant deficiency, 
2 2 :4  w6 and 2 0 :4  «>6 would also be ex
pected to decrease. The observed increase 
in these 2 fatty acids may indicate a block 
in their further conversion to 2 2 :5  o)6 . An 
alternative consideration proposed by Bern- 
hard et al. (1 3 ) is that vitamin E exerts a 
regulatory effect on the formation of 2 0 :4
o)6 and recent work of Horwitt (1 4 ) sup
ports this hypothesis. Since a moderate 
increase in 2 0 :4  0)6 was observed in the 
zinc-deficient testis, as well as a decrease 
in 2 2 :5  o)6 , it appears that «-tocopherol and 
zinc deficiencies may to some extent medi
ate their effects through a similar mecha
nism.
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PLATE 1

1 Testis from a normal rat fed diet R-9 with adequate a-tocopherol and 
retinol for 8 weeks. H & E. X 79.

2 Testis from a rat deficient in a-tocopherol for 19 weeks. According to 
Mason ( 8 ), this represents “ . . . stage 5, . . . with reduction in tubule 
size and almost complete removal of germ cells leaving only a fibrous 
Sertoli syncytium.” H & E. X 79.

3 Testis from a retinol-deficient rat fed retinoic acid for 8 weeks. Similar 
to that described by Mason ( ( 8 ), figs. 9 and 11) for vitamin A 
deficient testes “ in an advanced stage of degeneration (55-90 days),— 
a greatly reduced size of the tubules with retention of one or two 
layers of residual germ cells.” The vacuolation noted by Howell et al. 
(7 )  is also apparent. H 8c E. X 79.

4 Testis from rat deficient in zinc for 15 weeks. Note the similarity with 
the a-tocopherol-deficient testis (fig. 2 ). H 8c E. x  79.
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Essential Fatty Acid Requirement of Young Swine * 1
R. F. SEWELL a n d  L. J. McDOWELL
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Athens, Georgia

ABSTRACT Uncastrated male pigs, 3 weeks of age, were fed purified diets con
taining 6 levels of linoleic acid. One testicle and a sample of scrotal fat were removed 
by orchiectomy at 5 and 10 weeks to provide biopsy tissue for gas-liquid chromato
graphic analysis of fatty acid composition. Marked alteration in tissue fatty acids was 
evident after 5 weeks and these differences were accentuated at 10 weeks. A pro
gressive depression of the dienoic and tetraenoic fatty acids occurred, with a cor
responding elevation of the trienoic fatty acids, as the dietary level of linoleic acid 
was decreased. Extensive dermal lesions, typical of EFA deficiency, were observed 
on all pigs in the group receiving the basal diet. Dermal lesions were also ob
served in the groups receiving linoleic acid as 0.25 and 0.50% of the dietary 
calories. Feeding linoleic acid as 1.0% of the dietary calories either prevented or 
remitted the dermal symptoms, or both. Weight gain was not significantly affected 
by dietary linoleate level. A plot of the triene-to-tetraene ratio versus the dietary lino- 
leate level indicates that the linoleic acid requirement of the young pig is not more 
than 2 .0% of the dietary calories.

The linoleic acid requirement of swine 
has been estimated, using tissue fatty acid 
which showed changes in polyunsaturated 
fatty acid (PUFA) concentrations that were 
characteristic of essential fatty acid (EFA) 
deficiency (1 , 2 ) . Using the triene-to- 
tetraene ratio as an index, the linoleate re
quirement of swine was found to be equiva
lent to that of the rat when expressed as a 
percentage of the total caloric intake. Since 
the swine used in these experiments failed 
to develop dermal lesions, characteristic of 
EFA deficiency, no attempt was made to re
late the linoleate requirement to gross skin 
lesions.

in recent studies, gross dermal lesions 
have been produced in young swine fed 
EFA-deficient diets in addition to the altera
tion of tissue PUFA typical of EFA de
ficiency (3 ) . It was the purpose of the 
present study to determine the linoleic acid 
requirement of young swine, using observa
tions on gross dermal lesions as well as 
variations in tissue PUFA as criteria of 
adequacy.

EXPERIMENTAL
Thirty-six crossbred uncastrated male 

pigs were removed from their dams at 3 
weeks of age, weighing an average of 6.4 
kg. The pigs were assigned to groups of 
6 pigs each on the basis of litter and initial 
weight, with the groups being allotted at

T A B L E  1

Composition of basal diet

%
Casein 17.88
Glucose monohydrate 75.60
Cellulose 1 3.00
Defluorinated phosphate 2.10
Minerai mixture 2 1.14
Vitamin mixture 3 0.28

1 S o lk a  F lo e , B ro w n  C o m p a n y , C h ica g o .
2 S u p p lie d  th e  f o l l o w in g  q u a n t it ie s /k g  o f  d ie t :  ( i n  

g r a m s )  N a C l, 2 .9 9 ; K 2H P 0 4, 2 .2 2 ; KC1, 3 .8 3 ; M g C 0 3, 
1 .5 2 ; F e S 0 4 -7 H 20 ,  0 .5 5 ; ( i n  m i l l ig r a m s )  M n S 0 4 H 2 0 , 
1 3 5 ; C o C l2, 2 6 ; C u S 0 4, 5 .5 0 ; Z n C 0 3, 5 0 ; a n d  K I, 3 .0.

3 S u p p lie d  th e  f o l l o w in g  q u a n t it ie s /k g  o f  d ie t :  ( i n  
I U )  v ita m in  A , 6 6 0 0 ; v ita m in  D 2, 1 7 6 0 ; a -to co p h e r y l 
a ce ta te , 2 2 ; ( i n  m i l l ig r a m s )  m e n a d io n e ,  4 .4 0 ; a s c o r b ic  
a c id ,  5 5 ; th ia m in e -H C l, 5 .5 ; r ib o fla v in , 11 ; C a  p a n 
to th e n a te , 2 2 ; n ia c in ,  6 6 ; c h o l in e  c h lo r id e ,  1 1 0 0 ; v  
a m in o b e n z o ic  a c id , 18 ; in o s ito l ,  198 ; p y r id o x in e -H C l,  
5 .5 0 ; s t r e p to m y c in  s u lfa te , 2 2 ; c h lo r t e t r a c y c lin e ,  2 2 ; 
a n d  ( i n  m ic r o g r a m s )  b io t in , 6 6 ; f o l i c  a c id , 4 4 0 ; a n d  
v ita m in  B 1 2 , 44 . A n  a n t io x id a n t  ( e t h o x y q u in )  w a s  
a d d e d  a t a le v e l  o f  0 .0 1 2 5 %  to a ll  d iets .

random to treatment. Each group was 
placed in a pen with an expanded metal 
floor and equipped with an automatic 
waterer and feeder.

A casein-glucose monohydrate basal diet 
as shown in table 1 was used in the experi
ment. Total lipid content of the basal diet 
by analysis was 0 .18%  , with only a trace of 
linoleic acid being present. Corn oil was 
added to the basal diet in varying amounts 
to obtain the following levels of linoleic

R e c e iv e d  f o r  p u b lic a t io n  D e ce m b e r  11, 1965.
1 J o u rn a l p a p e r  n o . 4 6 2  o f  th e  C o lle g e  E x p e r im e n t

S ta tion , U n iv e rs ity  o f  G e o rg ia , C o lle g e  o f  A g r ic u ltu re
E x p e r im e n t  S ta tion s .

64 J .  N u t r i t i o n , 8 9 :  ’ 6 6
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acid expressed as a percentage of the die
tary calories: zero, 0.25, 0.50, 1.0, 2.0 and 
4.0. These various levels of linoleic acid 
formed the 6 treatments studied.

When the pigs had received the various 
diets for a period of 5 weeks, an orchiec
tomy was performed on each pig in which 
the left testicle and a sample of scrotal fat 
were removed and immediately frozen until 
analysis for constituent fatty acids could 
be performed by gas-liquid chromatography. 
The remaining testicle and a scrotal fat 
sample were obtained from each pig for 
fatty acid analysis after they had received 
the experimental diets for a period of 10 
weeks.

The lipid components were extracted 
from the tissue samples using the method 
of Folch et al. (4 )  and the methyl esters 
were prepared. Analyses of the fatty acid 
methyl esters were performed on a hydro
gen flame ionization detector-type gas-liquid 
chromatographic apparatus using diethyl
ene glycol succinate polymer as the partici
pating agent. Identification of the fatty 
acid esters was by the use of standards 
obtained from Hormel Institute, Austin, 
Minnesota. Standards were chromato
graphed to determine retention time of the 
various fatty acids. Quantitative results 
agreed with the stated composition data 
with a relative error of less than 2 % for 
major components ( >  1 0 % of total mix
ture) and less than 6 % for minor compo
nents ( <  1 0 % of total mixture).

Individual weights were obtained on the 
pigs at 2-week intervals and group feed 
consumption was recorded.

Statements of significance are based on 
results of analysis of variance of data col
lected.

RESULTS AND DISCUSSION
No significant differences were noted in 

daily weight gains between any of the 
treatment groups over the 10-week experi

mental period. Data presented in table 2 
show that weight gains of pigs receiving 
the higher levels of linoleic acid were 
slightly greater than those fed the lower 
levels. The absence of a marked effect on 
weight gains with pigs fed EFA-deficient 
diets corroborates earlier results (3 ) . It is 
possible that a more pronounced variation 
in weight change might have occurred had 
the pigs been maintained with the EFA- 
deficient diets for a longer period of time.

The efficiency of feed utilization was in
creased as the linoleic acid content of the 
diet was increased. At least a part of this 
increase is due to a slightly greater caloric 
density of the diets containing the higher 
levels of linoleic acid. However, since an 
increase in metabolic rate has been re
ported to be an early symptom of EFA- 
deficiency in the rat (5 ) , it may be that 
this effect also exerted some influence.

Dermal lesions, typical of EFA-defieiency, 
were observed in the pigs fed the low fat 
basal diet after 6 to 7 weeks on experiment 
and had increased in severity by the time 
the experiment was terminated at 10 weeks. 
Dermal lesions were also observed among 
the pigs receiving linoleic acid as 0.25 and 
0.5%  of the dietary calories. No skin le
sions were present among the pigs receiv
ing 1 .0 % or more of the dietary calories as 
linoleic acid. A scaly, dandruff-like des
quamation of the skin over the dorsal sur
face was the first noticeable symptom. 
Later, a brownish, gummy exudate ap
peared around the ears, axillary spaces and 
under the flanks. Skin eruptions were also 
present about the ears, axillary spaces and 
flanks in the severest cases.

Highly significant differences were found 
in the fatty acid composition of the testis 
tissue obtained from pigs fed the various 
levels of linoleic acid. These differences 
were quite evident in the analyses of the 
testis tissue taken after the experimental 
diets had been fed for 5 weeks, but became

TABLE 2
Effect of linoleic acid level on weight gain and feed utilization 1

Dietary linoleate, 2 
% of calories 0.00 0.25 0.50 1.00 2.00 4.00

Daily gain, kg 0.44 0.46 0.43 0.48 0.50 0.51
Feed/gain 2.71 2.33 2.33 2.27 2.14 2.05

1 Six pigs/group.
2 Supplied as corn oil.
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more pronounced by the end of the 10- 
week experimental period. Consequently, 
only the 10-week data are presented here. 
The fatty acid analysis data for the testis 
tissue obtained after 10 weeks on experi
ment are presented in graphical form in 
figures 1 and 2 so that the relationships of

Fig. 1 Influence of varying levels of dietary 
linoleic acid provided as corn oil on the linoleic 
(1 8 :2 ), arachidonic (2 0 :4 ), eicosatrienoic (20 :3 ) 
and oleic (1 8 :1 ) acid content of testes tissue 
from young swine.

Fig. 2 Influence of varying levels of dietary 
linoleic acid provided as corn oil on the palmi- 
toleic (16 :1 ), docosapentaenoic (22 :5 ) and do- 
cosahexaenoic ( 22:6 ) acid content of testes 
tissue from young swine.

the response curves for the various fatty 
acids as influenced by dietary linoleate level 
can be seen clearly.

Figure 1 shows that as the level of lin
oleic acid was increased in the diet there 
was a highly significant progressive in
crease in the dienoic and tetraenoic fatty 
acids with a corresponding decrease in the 
trienoic fatty acids. The oleic acid (1 8 :1 )  
content of the testis tissue decreased pro
gressively as the dietary linoleate level was 
increased.

A highly significant decrease in the pal- 
mitoleic acid (1 6 :1 )  content of the testis 
tissue as the dosage level of linoleic acid 
was increased may be observed in figure 2 . 
There was also an increase in the content 
of docosapentaenoic (2 2 :5 )  and docosa- 
hexaenoic ( 2 2 : 6 ) acids as the level of corn 
oil was increased in the diet. Linolenic 
acid, by analysis, constituted 2 .14%  of 
the fatty acids in the corn oil used, so 
that as the corn oil was increased in the 
diet to raise the linoleate level, the lino- 
lenate level was also increased proportion
ally. It is not known whether these 22- 
carbon acids are members of the linoleate 
or linolenate families, since their struc
ture was not determined.

The diminished levels of dienoic and 
tetraenoic fatty acids and elevated trienoic 
fatty acids at the low levels of linoleate in
take are characteristic of EFA deficiency 
reported for various species (6 —9 ). The 
relationship between these 3 fatty acids 
was reversed rapidly as the level of linoleic 
acid was increased in the diet up to 2 .0 % 
of the dietary calories. Increasing the die
tary linoleate level beyond this point re
sulted in only negligible changes in the 
arachidonic and eicosatrienoic acid content 
of the tissue lipids.

The fatty acid content of the adipose 
tissue obtained from the scrotum is shown 
in table 3. There was a highly significant 
increase in linoleic acid content of the 
scrotal fat as the level of dietary linoleate 
was increased. No significant variations 
were found in any of the other fatty acids 
studied.

A negative correlation between the triene 
and tetraene fatty acid fractions is clearly 
evident from these data (fig. 1 ) and this 
relationship is related to dietary linoleate. 
The triene-to-tetraene ratio has been used
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T A B L E  3

Fatty acid composition of scrotal fat at 10 xveeks

Fatty Dietary linoleate, % of calories
acid 0 0 .25 0 .50 1.00 2 .00 4 .0 0

14:0 1.81 1.84
% total fatty acids 
1.74 1.86 1.78 2.03

16:0 23.46 23.10 21.56 23.58 21.24 22.15
16:1 9.36 9.24 9.80 8.11 9.05 8.84
18:0 8.72 8.82 8.50 9.37 8.36 8.33
18:1 52.52 51.93 52.43 50.38 51.28 47.91
18:2 1 2.64 3.27 4.09 4.26 6.16 8.91
18:3 1.12 1.23 1.34 1.28 1.66 1.21

h i g h l y  s ig n if ic a n t  d i f fe r e n c e  d u e  to  tr e a tm e n t  ( P  <  0 .0 1 ) .

Fig. 3 Relationship of triene-to-tetraene ratio 
of testes tissue from young swine fed varying 
levels of dietary linoleic acid.

to estimate minimal EFA requirements 
(1 , 2, 10). Consequently, a curve was 
constructed from a plot of the triene-to- 
tetraene ratio versus the dietary linoleate 
level as shown in figure 3. The ratio de
creased markedly as the dietary level of 
linoleate was increased from zero to 1 .0 % 
of the dietary calories, with only a slight 
decrease occurring beyond this level of lin
oleate intake. It therefore appears from 
these data that the requirement for linoleic 
acid in the 3-week-old male pig is not 
greater than 2 .0 % of the dietary calories. 
Linoleic acid fed as 1.0%  of the dietary 
calories appears to be approaching ade
quacy under these conditions, since this 
level clearly prevented the occurrence of 
dermal lesions. The triene-to-tetraene ratio 
at the 1 .0 % level of linoleate intake was 
0.38, which is comparable to the figure of 
0.4 that has been suggested by Holman
( 1 0 ) as being the point at which the mini
mal linoleate requirement of the rat has 
been met. These observations are in gen

eral agreement with previously reported 
estimates for the pig ( 1 ) and rat ( 1 0 ).

To determine whether linoleic acid alone 
would cure the dermal manifestations of 
EFA-deficiency produced in this study, the 
pigs that had received the low fat basal 
diet for 10 weeks and showed severe der
mal lesions were divided into 2 groups. 
One group of 3 pigs was fed the basal diet 
plus methyl linoleate as 1 .0 % of the diet
ary calories. The other group was fed the 
basal diet plus methyl oleate as 1 .0 % of 
the dietary calories. The methyl linoleate 
used was, upon analysis, 98 .7%  pure with 
the contaminant being almost entirely 
methyl oleate. Analysis of the methyl 
oleate showed a purity of 94.3%  with 
traces of myristic and palmitoleic acids 
present. The pigs were fed these diets for 
31 days of the post-experimental period. 
At the end of this time the dermal lesions 
had been completely remitted among the 
pigs receiving the diet containing linoleic 
acid, whereas no observable changes had 
occurred in the dermal manifestations 
among the pigs fed the diet containing 
oleic acid. Data presented in table 4 show 
that pigs receiving the linoleic acid diet also 
gained at a slightly faster rate and had 
greater efficiency of feed utilization than

T A B L E  4

Performance of EFA-deficient pigs fed either 
linoleic acid or oleic acid as 1% of 

dietary calories 1

Methyl Methyl
linoleate oleate

Daily gain, kg 0.69 0.55
Feed/gain 3.02 3.17

1 T h re e  p ig s /g r o u p ;  p ig s  h a d  r e c e iv e d  E F  A -d e fic ie n t  
d ie t  f o r  10 w e e k s  p r io r  to  b e in g  f e d  th ese  d ie ts , w h ic h  
w e re  s u p p lie d  f o r  31 d a y s .
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pigs receiving oleic acid. Thus, linoleic 
acid per se apparently is adequate in remit
ting the symptoms of EFA deficiency in the 
Pig-
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Effect of Diets Marginal in Methionine and Choline
with and without Vitamin BI2 on
Rat Liver and Kidney 1,2

PAUL M .  NEWBERNE a n d  VERNON R. YOUNG 
Department of Nutrition and Food Science, Massachusetts 
Institute of Technology, Cambridge, Massachusetts

ABSTRACT The effects of diets marginal in methionine and choline, without 
cystine, and with varying vitamin B12 were investigated in rats for a period of 6 months. 
Weight gains were slower for the first 12 weeks in rats fed the diets low in methionine 
and choline but at 6 months these values were equal to or higher than the control 
groups. A high proportion (87 to 9 0 % ) of the rats fed the low methionine and low 
choline diets showed striking microscopic lesions in the inner cortex of the kidney 
and non-calcified, mucoid structures in the urinary bladder. Addition of methionine, 
choline and vitamin B12 to the diet prevented all abnormalities. The liver was histo
logically normal and unaffected by the low methionine and low choline intake. Total 
plasma proteins and single fractions were unaffected except for a decrease in 7 -globulin 
in rats fed the low methionine, low choline diet.

It is often assumed that diets which 
support reasonable increments in growth 
and permit attainment of a mature weight 
within the normal range for a given species 
are adequate for functional and morpho
logic normality. However, it is recognized 
that increased longevity has been associated 
with retardation of growth and sexual ma
turity (1 , 2 ) . Much of the research con
cerned with diet adequacy has been limited 
to relatively short periods of time with em
phasis on gain in body weight and selected 
biochemical parameters. A majority of the 
material in this area of nutritional research 
has gone without adequate histologic as
sessment.

A few studies have dealt with the acute 
effects of methionine deficiency ( 3 -5 )  but 
there appears to be a singular lack of 
studies relative to the feeding of marginal 
levels of sulfur-containing amino acids over 
prolonged periods of time. Since these 
amino acids are often limiting in diets con
sumed by population groups, particularly in 
the technologically underdeveloped coun
tries, it seemed worthwhile to test the effect 
of diets marginal but not devoid in methio
nine and choline —■ without cystine —  on 
the growth and development of the rat. 
Vitamin B12 content of the diets was varied 
as was methionine and choline; in one 
group, sulfur as ammonium sulfate was 
added on a molar basis equivalent to that

contributed by the basal diet supplemented 
with 0 .6%  methionine. Results of 2 trials, 
each of 6 months duration, are presented 
in this report.

MATERIALS AND METHODS
Weanling male rats of the CD strain3 

were used in both experiments. Animals 
were caged individually in screen-bottom 
metal cages and kept at 21 to 2 7 °. The 
diets and water were supplied ad libitum. 
Composition of the diets used in the studies 
is shown in table 1. Isolated soybean pro
tein,4 was used as the source of protein 
because of its low methionine content ( ap
proximately 1 .0 % ) and its lack of cystine. 
Methionine and choline were added to the 
basal diets at levels previously shown ( 6 ) 
to support adequate weight gains. A group 
fed a 2 0 % casein diet was also included in 
each trial to act as a further control. Diets 
were mixed weekly and stored at 4 ° . Body 
weights were recorded at weekly intervals. 
Blood was withdrawn by cardiac puncture 
under light ether-anesthesia at time of kill- * 1 2 3 4

R e c e iv e d  f o r  p u b lic a t io n  J a n u a ry  3 , 1966.
1 T h is  in v e s t ig a t io n  w a s  su p p o r te d  b y  P u b lic  H ea lth  

S e rv ice  R e s e a rc h  G ra n t n o . A M -7 1 3 6  f r o m  th e  N a 
t io n a l In s titu te s  o f  H e a lth  a n d  b y  a g ra n t  f r o m  th e  
S m ith , K lin e  a n d  F r e n c h  F o u n d a t io n .

2  C o n tr ib u t io n  n o . 769  f r o m  th e  D e p a r tm e n t  o f  
N u tr it io n  a n d  F o o d  S c ie n ce , M a ssa ch u se tts  In s titu te  
o f  T e c h n o lo g y ,  C a m b r id g e , M a ssa ch u se tts .

3 O b ta in e d  f r o m  C h a r le s  R iv e r  B r e e d in g  F a rm s, 
B r o o k lin e , M a ssa ch u se tts .

4 O b ta in e d  f r o m  C e n tra l S oy a  C o m p a n y , C h ica g o .

J. N u t r it io n , 8 9 : ’ 66 69
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T A B L E  1

Dietary ingredients

Diet number
1 2 3 4 5 6 7

% of diet % of diet % of diet % of diet % of diet % of diet % of diet
Casein — — — — — — 20.0
Isolated soybean protein 20.0 20.0 20.0 20.0 20.0 20.0 —
Sucrose 67.8 67.8 67.6 67.6 66.8 66.8 67.7
Soybean oil 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Salt mix 1 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Vitamin mix 2 2.0 2.0 2.0 2.0 2.0 2.0 2.0
DL-Methionine 0.1 0.1 0.1 0.3 0.6 0.6 0.0
Choline 3 0.1 0.1 0.3 0.1 0.6 0.6 0.3
Vitamin B12, /xg/100 g diet 0.0 5.0 5.0 5.0 0.0 5.0 5.0

1 W e s s o n , L . G . 1 93 2  A  m o d if ic a t io n  o f  th e  O sb o rn e -M e n d e l sa lt  m ix tu re  c o n ta in in g  o n ly  in o r g a n ic  c o n 
s titu en ts . S c ie n c e , 7 5 :  339 . P u rc h a se d  f r o m  N u tr it io n a l  B io c h e m ic a ls  C o r p o r a t io n , C le v e la n d .

2 T h e  v ita m in  p r e m ix  in  s u cro s e  c a r r ie r  c o n ta in e d  th e  f o l l o w in g  in  m g /1 0 0  g  d ie t :  th ia m in e -H C l,  1 .6 ; p y r i-  
d o x in e -H C l,  1 .6 ; r ib o fla v in , 1 .6 ; C a  p a n to th e n a te , 4 .0 ; n ic o t in a m id e ,  1 .2 ; f o l i c  a c id ,  0 .5 ; in o s it o l ,  2 5 .0 ; m e n a 
d io n e , 1 .0 ; v ita m in  E  (  d l-a -to co p h e ry l a c e t a t e ) ,  1 1 .0 ; v ita m in  A , 2 3 0 0  U SP  u n it s ;  v ita m in  D 2, 2 3 0  U SP  u n its .

3 A d d e d  to th e  d ie t  as a w a te r  s o lu t io n  in  th e  c o n c e n t r a t io n s  in d ica te d .

ing. Total plasma protein was determined 
with the aid of a Goldberg refractometer 
(7 )  and fractionated electrophoretically on 
cellulose acetate strips in Coleman cham
bers. Necropsy was performed on all ani
mals at time of killing, with tissues pre
served in appropriate fixatives for paraffin 
embedding and microscopic study. All sec
tions were stained routinely with hematoxy
lin and eosin; selected sections were stained 
with Alcian blue-Periodic Acid Schiff (PAS) 
and with alkaline tetrazolium for protein- 
bound disulfide bonds ( 8 ). The von Kossa 
stain was used for identification of calcium.

RESULTS
Table 2 summarizes the body weights of 

the various dietary groups on both trials 
during the 6-month period of study. Dur
ing the early period of study, when most 
rapid gain was expected, the low methio- 
nine-low choline groups gained weight 
more slowly than the other dietary groups. 
However, by 6 months the average body 
weight of the low methionine-low choline 
groups was not significantly different from 
that of the group fed a 2 0 % casein diet. 
A decrease in body weight occurred in ani
mals fed the high methionine-choline diet, 
with or without vitamin B12, during the 
period between 3 and 6 months. The rea
son for this result is not clear.

Total plasma protein did not vary appre
ciably among the various groups after they 
had received the diet for 6 months (table
3 ) . The only consistent difference among

groups was in the reduced y-globulin in rats 
fed diets low in methionine and choline, 
with or without vitamin B12. Although 
albumin varied, no consistent alterations 
could be attributed to any of the dietary 
treatments.

At necropsy all animals appeared normal 
grossly with no evidence of Uver or kidney 
damage. Firm, greyish-white mucoid struc
tures, varying in size from 2 mm to about
1.0 cm in diameter, were observed in the 
urinary bladder of some of the animals. 
They were not calcified but were firm and 
rubbery in the fresh state; they cut without 
fragmenting when processed in paraffin 
blocks.

The liver was normal on gross and 
microscopic examination in all groups; sec
tions stained with hematoxylin and eosin 
or frozen sections stained with oil red O 
did not show fatty infiltration in the low 
methionine-low choline groups. Although 
the kidneys appeared normal on gross ob
servation, microscopically there was a 
striking lesion involving most of the inner 
cortex (fig. 1) in rats fed diets 1 -5 . Fig
ure 2 is a photograph of a section taken 
from an animal fed the high methionine- 
choline diet (diet 6 ). Compare this with 
figures 3 and 4 which illustrate hyper
trophic and degenerate epithelium observed 
in kidneys of rats fed diets 1 -5 ; figures 2 -4  
are the same magnification. The lumen of 
many of the tubules contained material his- 
tochemically identical to the mucoid struc
tures found in the urinary bladder of some
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animals. Occasional mineralized casts were 
observed in some of the renal tubules. The 
mucoid structures (fig. 5 ) seen in the uri
nary bladder were largely homogeneous 
with some focal granularity. They stained 
red with eosin, negative with the von Kossa 
stain for calcium and positive with PAS 
and disulfide stains. This placed them in 
the category of glycoproteins, but they were 
not identified further.

Table 4 fists the incidence of kidney le
sions and occurrence of urinary bladder 
structures in the various dietary groups. 
Rats fed the low methionine-low choline 
diets (diets 1 -3 )  showed the highest inci
dence of kidney lesions (87 to 90%  ). Sup
plementation of the low methionine diet 
with 0 .3%  choline (diet 3) reduced slightly 
the incidence of kidney lesions but had no 
effect on the presence of urinary bladder 
structures (diets 2 and 3 ). However, main
tenance of the low choline intake together 
with a moderate methionine (0 .3%  ) sup
plementation (diet 4 ) markedly reduced 
the incidence of kidney lesions, with ap
proximately 16% of the animals showing 
lesions. A further significant decrease was 
noted when the diets were supplemented 
with 0 .6 % methionine and 0 .6 % choline 
(diet 5 ) , but normal renal morphology and 
absence of urinary bladder structures was 
observed only after the addition of vitamin 
B12 to the diet (diet 6 ). Addition of am
monium sulfate (diet la )  to supply sulfur 
equivalent to that in diets 5 and 6 did not 
reduce the incidence of kidney lesions or 
urinary bladder structures below that ob
served with diet 1. Urinary bladder struc
tures appear to be related to kidney dam
age. They were reduced in number by 
feeding a moderate methionine diet and 
were completely absent with diets 5 and 6 
(high methionine) and with the control 
casein diet.

DISCUSSION

Results of these experiments indicate 
that rats can survive and appear clinically 
normal when fed diets marginal in sulfur- 
containing amino acids, yet bear significant 
pathologic lesions which are not grossly 
visible. Normal liver morphology in ani
mals fed the low methionine-low choline 
diet was unexpected. However, Sidransky 
and co-workers (5 )  have shown that rats
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TABLE 4
Incidence of kidney lesions and urinary bladder structures in rats fed diets for 6 months varying 

in methionine, choline, vitamin Bn and (NHriiSOj

Diet
no. Treatment

Kidney lesions 
No. %

Urinary bladder 
structures

No. %

i Low methionine-low choline 27/30 90 19/30 63
la Low methionine-low choline +  

(NH O 2SO4 18/20 90 12/20 60
2 Low methionine-low choline+  

vitamin B12 34/39 87 8/39 20

3 Low methionine-moderate choline +  
vitamin B12 7/9 78 3 /9 33

4 Moderate methionine-low choline +  
vitamin B12 2/12 16 1/12 8

5 High methionine-high choline 2/30 7 0/30 0

6 High methionine-high choline+  
vitamin B12 0/40 0 0/40 0

7 Casein control 0/36 0 0/36 0

fed diets containing 0 .1 2 % methionine and 
0.25%  choline do not develop fatty livers in 
comparison with rats fed a similar diet but 
devoid of choline. Furthermore, it appears 
that in the studies of these investigators 
choline was more critical than methionine 
in the development of severe pathological 
lesions in the liver with diets low in methio
nine. It may reasonably be assumed there
fore that the lipotropism of the low methio
nine and low choline diet under our 
conditions is the result of an adequate 
endogenous biosynthesis of choline. It is 
also noteworthy that the present study in
volved use of male rats and that the force- 
feeding of choline-containing diets devoid 
of methionine for 3 to 6 days induces fatty 
liver in adult females but not in males (9 ) .  
That a relatively normal liver was main
tained in the rats fed diets 1 to 3 is also 
supported in part by the ability of these 
animals to synthesize normal amounts of 
albumin. These observations may be mis
leading insofar as the long-term welfare of 
the animal is concerned; the reticulo
endothelial system was unable to supply 
normal amounts of y-globulin and the 
integrity of the renal tubules was com
promised.

Urolithiasis is not uncommon in domestic 
farm animals ( 1 0 ) and it has been re
ported in rats by a number of investigators.

Van Reen et al. (11 )  have shown that a 
strain of rats (NM RI-D) used in their labo
ratory is particularly susceptible to forma
tion of kidney and bladder stones, composed 
predominantly of calcium citrate, when fed 
a diet of 15% casein and 4%  of Hubbell, 
Mendel and Wakeman salt mix ( 12).  They 
were able to prevent stone formation by in
creasing the protein level to 30%  with 
either casein or soybean protein or by sup
plementation with both methionine and 
lysine. They postulate an effect of acidic 
groups as a primary factor in preventing 
stone formation.

We were unable in our studies to demon
strate calcium histochemically in the struc
tures observed. Thus it appears that these 
structures were different in chemical com
position from those usually reported as 
renal or urinary bladder calculi. Evidence 
suggests that both the structures in the 
bladder and the material in the lumen of 
some renal tubules resulted from secretion 
or excretion, or both, by damaged renal 
tubules.

The lesion in the kidney tubule requires 
further study. Bizarre cells such as those 
observed in this study are sometimes ob
served in a variety of conditions as isolated 
single cells or as small groups of cells as
sociated with a damaged segment of the 
nephron. The extent of the lesion in this
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study was much greater than any previ
ously observed in rats in our laboratory. 
Descriptions of lesions of this nature and 
magnitude, associated with dietary treat
ment, were not found in the accessible 
literature.

The induction of these lesions appears to 
be related most critically to the low methio
nine content of the diet since methionine 
supplementation prevented their occur
rence to the greatest degree. However, the 
choline content of the diet also appears to 
be important. The fact that the addition 
of methionine, choline and vitamin B12 pre
vented the development of a pathologic 
kidney suggests a relationship to methyl 
group or 1-carbon metabolism.

It seems unlikely that these lesions are 
a result of lack of acidic groups since addi
tion of ammonium sulfate had no allevi
ating effect. Renal lesions commonly asso
ciated with choline deficiency are of a 
different nature (13 )  than those seen in 
this investigation.

The urinary bladder structures may have 
resulted from the renal excretion of an ab
normal or incomplete protein, in quantities 
sufficient for it to accumulate, as a result 
of limiting dietary sulfur amino acids and 
of choline.

The possibility of a toxic factor has not 
been overlooked, and approaches to answer 
both the question of identity of the material 
and its pathogenesis are now underway in 
our laboratories.
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PLATE 1
E X P L A N A T IO N  O F F IG U R E

1 Section of kidney from rat fed low methionine-low choline diet without 
vitamin B12 for 6 months. Lesions in tubules are visible at this rela
tively low magnification. The upper border of photograph is at the 
junction of the outer and inner cortex; the lower margin joins the 
medulla. The lesions encompass the entire inner cortical zone. Some 
tubules contain precipitated material in the lumen (arrows). H & E. 
X 89.
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E X P L A N A T IO N  O F F IG U R E S

2 Section of kidney from rat fed casein control diet (no. 7) for 6 
months. Tubular epithelium is normal. H & E. X 383.

3 Section of kidney from rat fed low methionine-low choline diet (no. 1) 
for 6 months. Note degenerative changes in tubular epithelium and 
bizarre shape of most of the nuclei. H & E. X 383.
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4 Section of kidney from rat fed low methionine-low choline diet plus 
vitamin B12 (no. 2 ) for 6 months. Lesions are identical to those seen 
in figure 3 except that one of the nuclei has an intranuclear inclusion- 
type structure (arrow). These structures were commonly seen in 
kidneys of all animals with the more generalized renal lesion. H & E. 
X 383.

5 Mucoid structure in bladder of rat fed low methionine-low choline 
diet (no. 1) for 6 months. Some areas are homogeneous while others 
are granular and vacuolated. Fragmentation, a finding common to 
mineralized calculi, did not occur as a sectioning artifact in structures 
seen in this study. H & E. X 71.

PLATE 3
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Effect of Amino Acid Imbalance on the Fate 
of the Limiting Amino Acid * 1

A. YOSHIDA,2 P. M-B. LEUNG, Q. R. ROGERS a n d  A. E. HARPER 
Department of Nutrition and Food Science, Massachusetts Institute 
of Technology, Cambridge, Massachusetts

ABSTRACT The fate of the most limiting amino acid (i.e., tracer quantities of 
threonine-U-14C or histidine-U-14C ) was studied in rats fed a single meal of a low 
protein diet in which an amino acid imbalance had been created by the addition of an 
amino acid mixture devoid of threonine or histidine. The amino acid imbalances did 
not increase the rate of oxidation of labeled amino acids as indicated by measurement 
of radioactivity in expired carbon dioxide; they did not result in enhanced excretion 
of radioactivity in urine or feces; nor did they result in enhanced incorporation of 
radioactivity into liver glycogen or fat. The accumulated evidence indicated that amino 
acid incorporation into liver proteins was enhanced by the amino acid imbalances. 
Incorporation into other tissue proteins was not depressed, and total retention of label 
in carcass was slightly greater as a result of the imbalance. On the basis of these 
and other observations, a hypothesis was formulated to explain the effects of amino 
acid imbalances. It is suggested that an imbalance leads to more efficient incorporation 
of the growth-limiting amino acid into tissues with the result that its concentration 
in blood plasma decreases within a few hours after ingestion of the imbalanced meal. 
This phenomenon, which resembles the response of an animal to a severely deficient 
diet — a protective response — results in a signal to an appetite-regulating center 
indicating that the diet is much more deficient than it actually is. Food intake is 
subsequently depressed and the food intake depression results in retarded growth.

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

Ten years ago, Salmon (2 , 3 ) postulated 
that the addition of an incomplete mixture 
of amino acids to a low protein diet might 
increase the catabolism of all amino acids 
and, hence, result in increased destruction 
of the amino acid in shortest supply in the 
diet (limiting amino acid). To test this 
hypothesis which would explain the growth
depressing effect of an amino acid imbal
ance, 2 groups of workers studied the 
metabolism of isotopically labeled trypto
phan in rats fed a low protein diet lack
ing niacin and to which threonine had been 
added to create an amino acid imbalance. 
Florentino and Pearson (4 )  obtained re

sults supporting the hypothesis, whereas 
Wilson et al. (5 )  found no indication of 
increased catabolism of tryptophan, the 
limiting amino acid in the diet used. The 
rats used in these experiments had been 
fed the imbalanced diet for a week or more 
and showed a depressed rate of growth. As 
the growth depression is mainly the result 
of low food intake ( 6 -9 ) ,  it is difficult in 
experiments conducted under such condi
tions to distinguish between metabolic 
changes due directly to the amino acid im
balance and those due to low food intake. 
The initial metabolic effects of an amino 
acid imbalance should be detectable before, 
or at least at the same time as, the food 
intake of the experimental animals is af
fected; hence experiments of relatively 
short duration appear to be needed to re
solve the dilemma posed by these disparate 
results.

R e c e iv e d  f o r  p u b lic a t io n  J a n u a ry  2 2 , 1966.
1 T h is  in v e s t ig a t io n  w a s  su p p o r te d  in  p a rt  b y  P u b lic  

H e a lth  S e rv ice  R e s e a rc h  G ra n t n o . A M -0 5 7 1 8  f r o m  the 
N a t io n a l  In s titu te  o f  A r th r it is  a n d  M e ta b o l ic  D ise a se s  
a n d  in  p a rt  b y  a g ra n t  f r o m  th e  N u tr it io n  F o u n d a t io n , 
In c .,  N e w  Y ork .

2 I n te r n a t io n a l  P o s td o c to r a l  R e s e a rc h  F e l lo w  o f  N a 
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A decrease in the concentration of the 
limiting amino acid in blood plasma is one 
of the earliest biochemical changes ob
served in rats fed an amino acid-imbalanced 
diet (10, 11), and the possibility of a close 
relationship between the regulation of food 
intake and plasma amino acid pattern has 
been suggested (9 , 12, 13). Increased ca
tabolism of the limiting amino acid could 
account for this type of change in the 
plasma amino acid pattern. In addition, 
the extra amino acids added to create an 
imbalance might interfere with absorption 
of the limiting amino acid from the gastro
intestinal tract, with uptake of the limiting 
amino acid from body fluids into tissues, or 
with synthesis of protein in the tissues.

In an effort to determine the metabolic 
basis for the gross effects of an amino acid 
imbalance and for the reduction in the con
centration of the most limiting amino acid 
in blood plasma, the metabolic fate of 
14C-labeled limiting amino acids was stud
ied in rats immediately after they had in
gested equal quantities of a balanced or an 
imbalanced diet.

EXPERIMENTAL PROCEDURE
Young adult male rats of the Sprague- 

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

T w o  a m in o  a c id  im b a la n c e s  w e re  s tu d 
ie d :  a th r e o n in e  im b a la n c e ,  a n d  a h is t id in e  
im b a la n c e . T h e s e  im b a la n c e s  w e re  p r o 
d u c e d  b y  a d d in g  a m ix tu r e  o f  in d is p e n s a b le  
a m in o  a c id s  la c k in g  e ith e r  th r e o n in e  o r  h is 
t id in e  to  a  lo w  p r o te in  b a s a l d ie t. T h e  
b a s a l d ie t u se d  in  th e  s tu d y  o f  th e  th r e o n in e  
im b a la n c e  c o n t a in e d : ( i n  p e r  c e n t )  c a s e in , 
6; L -m e th io n in e , 0.3; v ita m in  m ix tu r e  in  
s u c r o s e  (1 4 ) , 0.5; sa lt m ix tu r e  (1 4 ) , 5; 
c o r n  o il, 5; c h o lin e -C l, 0.2; s u c r o s e , 28; a n d  
d e x tr in , 55. T o  p r e p a re  th e  th r e o n in e -  
im b a la n c e d  d ie t , 1 0 %  o f  th e  c a r b o h y d r a te  
in  th e b a s a l d ie t  w a s  r e p la c e d  b y  a n  a m in o  
a c id  m ix tu r e  la c k in g  th re o n in e . T h e  
a m o u n ts  o f  in d iv id u a l a m in o  a c id s  a d d e d  
w e re  as f o l l o w s :  ( i n  p e r  c e n t )  L - le u c in e , 
1.67; L -is o le u c in e , 1.26; L -v a lin e , 1.26; 
L -h ist id in e -H C l, 0.73; L -p h e n y la la n in e , 
1.67; L -ly s in e -H C l, 2.60; L -tr y p to p h a n , 
0.35; a n d  L -m e th io n in e , 0.47. T h e  b a s a l 
d ie t  u se d  in  th e s tu d y  o f  th e  h is t id in e  im 

b a la n c e  w a s  s im ila r  e x c e p t  th a t th e  d ie ta ry  
le v e l o f  c a s e in  w a s  r e d u c e d  to  5 % ,  a n d  
0.2%  o f  L -th re o n in e  w a s  a d d e d  to  e n su re  
th a t th is  a m in o  a c id  w o u ld  n o t  b e  lim it in g . 
T o  cre a te  a h is t id in e  im b a la n c e ,  5.4%  o f  
a n  a m in o  a c id  m ix tu r e  la c k in g  h is t id in e  
w a s  a d d e d  to  th e b a s a l d ie t  in  p la c e  o f  c a r 
b o h y d ra te . T h e  a m o u n ts  o f  in d iv id u a l 
a m in o  a c id s  a d d e d  w e re  as f o l lo w s :  ( i n  p e r  
c e n t )  L -m e th io n in e , 0.3; L -p h e n y la la n in e , 
0.9; L -le u c in e , 0.9; L -is o le u c in e , 0.6; 
L -v a lin e , 0.6; L -ly s in e -H C l, 0.9; L -a rg in in e - 
HC1, 0.6; L -th re o n in e , 0.45; a n d  L -try p to 
p h a n , 0.15.

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

Each diet was dispersed in an equal 
amount of hot water containing 3%  of agar 
and upon cooling the mixture set as a gel. 
Threonine-U-1JC (6 .2  ^g) was incorporated 
into the threonine-imbalanced diet and 
histidine-U-14C (5 .4  ¡xg) was incorporated 
into the histidine-imbalanced diet such that 
each rat ingested about 8.3 ¡xC. The quan
tities of the limiting amino acids added 
were insufficient to affect growth. Al
though the diets contained about 50%  of 
water, food intakes are reported on a dry- 
weight basis. The control diets in these 
studies contained about half as much nitro
gen as the experimental diets; hence, in 
essence, what is being studied is the effect 
of a surplus of all of the indispensable 
amino acids except one on the metabolic 
fate of the indispensable amino acid that 
is limiting for growth. The control and 
experimental diets contained the same 
amount of the limiting amino acid.

For the collection of carbon dioxide, ani
mals were placed in glass metabolism cages 
through which dry, carbon dioxide-free air 
was passed. The expired carbon dioxide 
was collected in columns containing a mix
ture of ethanolamine and ethyleneglycol 
monomethylether (1 :2 , v /v ) , and the
radioactivity was determined according to 
the method of Jeff ay and Alvarez (1 6 ).
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All of the samples were counted in a 
Packard liquid scintillation spectrometer. 
An internal standard of 14C-toluene was 
used to determine the disintegrations per 
minute (dpm ).

Spilled food was suspended in 1 n  HC1, 
heated overnight, filtered and an aliquot 
was used for the determination of radio
activity with aqueous scintillation solution 
I (1 7 ) after neutralizing and decolorizing 
a 2-ml aliquot with 0.2 ml of 30%  hydro
gen peroxide for 4 to 6 hours at 100°. 
Recoveries of radioactivity from protein-14C 
and threonine-1 'C using this procedure were 
97%  and 8 5 % , respectively. Urine was 
diluted to constant volume, filtered and a
2-ml aliquot was also decolorized and 
counted as described above.

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

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

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

Gastrointestinal contents were washed 
out with water, dissolved in dilute alkali, 
neutralized and centrifuged; an aliquot was 
decolorized and counted as described above. 
Portions of liver and kidney homogenates 
were diluted with 2 n  NaOH, heated, then 
neutralized and the radioactivity of the 
whole tissue was determined as described 
above. Tissues were homogenized in 
water, and acid-soluble and protein frac
tions were obtained acccording to the 
method of Hutchinson and Munro (1 8 ). 
Protein fractions were dissolved in 2 n

NaOH, and a 1-ml aliquot containing about 
10 mg of protein was transferred to a 
counting vial and partially hydrolyzed by 
heating at 95° for 24 hours. The solution 
was then neutralized with HC1 and mixed 
with the aqueous scintillation solution and 
counted. The addition of 1 to 2 ml of ab
solute ethanol to this counting mixture was 
necessary to prevent the separation of the 
aqueous phase from the organic solvent 
phase. The ethanol also minimized the 
formation of precipitates.

Another aliquot of the protein solution in 
2 n  NaOH was used for the determination 
of nitrogen by the Kjeldahl method. From 
these data the specific activity of the pro
tein was calculated. For some samples, 
isolated protein was suspended in metha
nol, and a portion of it was transferred to 
a tared counting vial, and the weight deter
mined directly. The nitrogen content of 
tissue homogenates was also determined by 
the Kjeldahl method. In some of the sam
ples radioactivity of liver glycogen and liver 
lipids was measured. To prepare the glyco
gen a portion of fresh liver was dissolved 
in 30%  KOH, and glycogen was precipi
tated with ethanol; the precipitate was dis
solved in 5%  trichloroacetic acid, and the 
contaminating protein was removed by cen
trifugation. Glycogen was again precipi
tated with ethanol, hydrolyzed with dilute 
HC1, neutralized and counted in aqueous 
scintillation solution. Glycogen content 
was determined by a colorimetric method 
using phenol and sulfuric acid (1 9 ) . Liver 
lipids were extracted with diethylether from 
the dried, powdered, liver homogenates. 
The lipids were dissolved in petroleum 
ether, washed with distilled water and 
counted in toluene containing 0 .4%  2,5- 
diphenyloxazole (PPO).

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

RESULTS
Shown in figure 1 is the percentage of 

radioactivity expired as carbon dioxide by 
animals fed 7 g of either the control diet 
(4  rats) or the threonine-imbalanced diet 
(6  rats) containing threonine-U-14C. Car
bon dioxide was collected hourly for the 
first 8 hours; then at 4-hour intervals to 
the end of 24 hours, and finally at 6-hour 
intervals until 48 hours. At 24 hours the 
animals were again fed 7 g of their re
spective diets, but without threonine-U-14C. 
Animals fed the control diet expired some
what more radioactivity in COa than did 
those of the imbalanced group over the 48 
hours of the experimental period, but the 
difference between the 2 groups was not 
statistically significant. During the second 
24 hours the curves for cumulative radio
activity in CO2 expired by the 2 groups were 
almost parallel.

The amounts of radioactivity excreted in 
the urine and feces of the imbalanced 
group did not exceed those for the control 
group (table 1) so that, overall, no more 
14C was eliminated by the threonine-imbal
anced group than by the control group. 
The livers of rats fed the threonine-imbal
anced diet contained more radioactivity 
from threonine-U-14C than did those of the 
control group, and more 14C was also re
tained in the carcasses of rats fed the 
imbalanced diet.

To test the effect of dietary amino acid 
imbalance on the absorption of the first- 
limiting amino acid, gastrointestinal con
tents were collected and their radioactivity 
determined at 3.5 and 8 hours after feed
ing control and imbalanced diets containing 
14C-labeled threonine or histidine. Animals 
were fed 3 g of diet in the experiment on

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

EFFECT OF AMINO ACID IMBALANCE ON

Fig. 1 Expiration of 14CC>2 after feeding diets 
containing threonine-U-14C. Rats were fed 7 g of 
either the control diet or threonine-imbalanced 
diet containing threonine-U-14C. After 24 hours, 
each rat was fed 7 g of the same diet without 
threonine-U-14C. Each point represents the aver
age of 4 rats for the control group and 6 rats 
for the imbalanced group. Standard errors of the 
mean are shown at 48 hours.

T A B L E  1

Distribution of radioactivity at 48 hours after 
feeding diets containing threonine-U-14C 1

% of ingested 14C
Control Imbalanced

% %
Expired CO2 18.4 ± 2 .3  2 14.3 ±1 .3
Urine 2.08 ±0.25 2.20 ±0.17
Feces 3 1.65 ±0.17 1.25 ±0 .20
Liver 5.87 ±0.29 7.24 ±0 .26
Carcass 70.1 ±1.87 74.6 ±2.37
Recovery 98.1 ±1.27 99.5 ±2 .16

1 R a ts  w e re  f e d  7 g  o f  e ith e r  th e  c o n t r o l  o r  th r e o 
n in e - im b a la n c e d  d ie t  c o n t a in in g  8 .3  f ic  o f  th re o n in e -  
U -14C. A ft e r  2 4  h o u r s , a n im a ls  w e re  f e d  7 g  o f  the 
sa m e  d ie t  w ith o u t  th re o n in e -U -14C.

2 M e a n  +  s e  o f  m e a n .
3 W a te r -s o lu b le  p o r t io n  o f  fe ce s .
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TABLE 2
Percentage absorption1 of threonirw-U-UC or histidine-U-I4C after feeding the 

threonine- or histidine-imbalanced diet

Hours
after Threonin e-U-14C Histidine-U-14C

feeding
diet Control Imbalanced Control Imbalanced

3.5
8

64.6 ±5 .79 2 
97.4 ±0 .72

58.9±2.84 
95.7 ±0 .83 92.1 ±1.89 89.3 ±  1.55

... . radioactivity ingested — radioactivity in g.i. contents1 % absorption = -----------------— ,. .. — ,---- 5---------------radioactivity ingested
2 Mean s e  o f  mean.

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

A statistically significant difference 
(P <  0 .05) was observed between the 
amounts of radioactivity remaining in the 
TCA-soluble fraction of blood from control 
and imbalanced groups 8 hours after the 
feeding period (fig. 2 ) . A time study was 
carried out only for the threonine imbal
ance. In one experiment blood was col
lected from each group of rats at 0.5, 1.5,
2.5 and 3.5 hours; in another experiment 
at 8 hours. In the experiment on histidine 
imbalance, blood was collected only at 8 
hours. After feeding the diets containing 
threonine-14C, the TCA-soluble fraction of 
blood from animals fed the threonine- 
imbalanced diet contained less radioactiv-

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

ity at 3.5 hours, and by 8 hours the differ
ence was highly significant. A significant 
difference was also observed at 8 hours be
tween the experimental and control groups 
in the study of histidine imbalance. Thus, 
absorbed threonine-U-14C and histidine-U- 
14C disappeared more rapidly from the pe
ripheral circulation when animals were 
fed the threonine- or histidine-imbalanced 
diets.

The values for total protein content of 
the fivers of animals fed the threonine- 
and histidine-imbalanced diets were slightly 
higher than those for their respective con
trols, but the differences were not signifi
cant (table 3 .) . Values for the percentage 
of absorbed radioactivity incorporated into 
fiver were significantly higher for both 
threonine- and histidine-imbalanced groups 
than for the respective control groups, ex
cept for the experiment terminated at 3.5 
hours (table 4 ) . The greatest difference 
was observed in the experiment on histi
dine imbalance in which the fivers of the 
control group contained 11.2% of absorbed 
radioactivity, whereas those of the imbal
anced group contained 16.1% . Values for 
the percentage of ingested radioactivity in 
the TCA-soluble fraction of fiver were simi
lar for the control and the threonine- 
imbalanced groups; but in the experiment 
on histidine imbalance, the value of 1.56%  
for the control group was distinctly higher 
than that of 0 .87%  for the imbalanced 
group.

The percentage of ingested radioactivity 
associated with the total fiver protein was 
significantly higher for the histidine-imbal
anced group as also was the specific activ
ity of the fiver protein. Similar results 
were obtained in the experiment on threo
nine imbalance, but the differences were 
smaller, and no difference was observed at
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T A B L E  3

Com position  o f liv e r

Hours 
after 

feeding 
14C-contain- 

ing diets

Type 
o f diet Body wt Liver wt Total protein

9 9 mg /liver %
Threonine imbalance

3.5 Control 196 ±10.0* 6.1 ± 0 .2 1250 ± 7 8 20.6±0.8
Imbalanced 201 ±  7.6 6.7 ±  0.4 1396 ± 6 0 21.0 ±  0.5

8 Control 129 ±  2.4 4.5 ±0.1 814±  19 18.2 ±  0.5
Imbalanced 132 ±  1.5 4.6 ±  0.2 892 ± 4 0 19.4±0.7

48 Control 235 ±  2.8 5.6±0.3 1172±89 20.0 ±0 .8
Imbalanced 230 ±  4.8 6.6 ±0 .3 1256 ± 5 9 18.8 ±0 .5

Histidine imbalance
8 Control 137.8± 5.9 6.3±0.16 909 ± 2 8 14.4 ±0.33

Imbalanced 142.2 ±  6.6 6.3 ±0.35 949 ±  48 15.1 ±0.17
1 Mean ± se o f mean.

TABLE 4
Distribution of radioactivity in liver

Hours 
after 

feeding 
14C-contain- 

ing diet

% o f absorbed 14C
Specific 

activity of 
protein 1

Type 
o f diet Acid-

Liver soluble 
fraction

Protein

% % %
Threonine imbalance

3.5 Control 5.73 ±  0.34 2 1.02 ±  0.08 3.78 ±0 .34 323 ± 2 7
Imbalanced 5.84 ±0.48 1.23 ±0 .46 3.83 ±0 .42 291 ± 2 5

8 Control 5.64 ±  0.26 a 0.85 ±0.11 4.39 ±0 .17 926 ±  38
Imbalanced 6.29±0.10 0.77 ±0.14 5.14 ±  0.37 989 ±4 1

48 Control 5.87±  0.29 a 0.30±  0.03 5.04 ±0.31 667±41
Imbalanced 7.24 ±0 .26 0.36 ±0 .03 6.18 ±0.48 788 ± 4 9

Histidine imbalance
8 Control 11.2 ±0 .64 b 1.56± 0.18 b 10.3 ±0 .45 b 1638± 6 9 b

Imbalanced 16.1 ±0 .62  0.87 ±0.076 15.9 ±0.44 2402 ±115

.............. . . . m e a n  d p m  a b s o rb e d  o f  c o n t r o l  a n d  im b a la n c e d  g ro u p s
1 S' H'c lf i c  a c t lv lt>' =  d P“ / “ g  kver p r o te in  «  - ....~ ^  ' d p m  absorbed for e a c h  * a t  ‘ ~-----------
2 M e a n  ±  s e  o f  m e a n .
a D if fe r e n c e  b e tw e e n  c o n t r o l  a n d  im b a la n c e  is  s ta t is t ica lly  s ig n if ic a n t  ( P  <  0 .0 5 ) .  
b D if fe r e n c e  b e tw e e n  c o n t r o l  a n d  im b a la n c e  is  s ta t is t ic a lly  s ig n if ic a n t  ( P  <  0 .0 1 ) .

the 3.5 hour interval. The radioactivity of 
liver glycogen and liver lipids from rats 
used in the study of histidine imbalance 
was measured. Liver glycogen and liver 
lipids from the control group contained 
0.15%  and 0 .0 7 3 % , respectively, of ab
sorbed radioactivity and values for the 
histidine-imbalanced group were, respec
tively, 0 .12%  and 0 .0 5 5 % . Differences 
between the control and experimental 
groups were not statistically significant.

Radioactivity per unit weight of muscle 
tended to be low for the imbalanced groups 
up to 8 hours (table 5 ). In the histidine 
imbalance experiment the value of 59.2 
dpm /m g muscle for the control group was 
significantly higher than that of 42.6 dpm 
/m g  muscle for the imbalance group. The 
decrease appeared to be due to a decrease 
in the amount of radioactivity in the TCA- 
soluble fraction of the muscle since the spe
cific activity of muscle protein at 8 hours
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T A B L E  5

Incorporation of threonine-14C or histidine-14C into muscle

H ou rs
a fte r

fe e d in g
d iets

T y p e  
o f  d iet

R a d io a c t iv ity

W h o le
m u s c le

T C A -so lu b le
f r a c t io n

M u s c le
p ro te in

3.5 Control

dpm/mg muscle dpm/mg muscle 
Threonine imbalance

28.3±5.1 1 —

dpm/mg protein

25.8 ±2 .9
Imbalanced 20.7 +  1.1 — 36.7 ±  1.3

8 Control 49 .2±2 .6 17.9 ±0 .09 “ 221 ± 5 .5
Imbalanced 44.8 ±1 .5 7.5 ±0 .07 230 ±5 .9

48 Control 38.8 ±  3.3 _ _
Imbalanced 45.8 ± 3 .2 — —

8 Control
Histidine imbalance 

59.2 ± 3 .7 “ 36.9 ± 1 .4  a 177 ±8 .9
Imbalanced 42.6 ±2 .2 12.6 ±0.53 175 ±9 .0

1 M e a n  ±  s e  o f  m e a n .
a D if fe r e n c e  b e tw e e n  2 g ro u p s  is  s ig n if ic a n t  ( P  <  0 .0 1 ) .

T A B L E  6

Incorporation of histidine-U-14C or threonine-U-14C into kidney and intestine

Hours
after

feeding
diet

Type 
of diet

Kidney Intestine
ProteinWet wt Acid-soluble

fraction Protein

9 dpm/mg tissue dpm/mg protein dpm/mg protein
Threonine imbalance

8 Control 0.84 ±0 .03 1 49.0 ±  1.6 a 846 ±2 9 2226± 156
Imbalanced 0.85 ±0.02 40.4 ±  1.1 787 ±2 3 2376 ±247

Histidine imbalance
8 Control 1.04 ±0.04 55.9 ± 1 .8 1192±33 a 2412 ±399

Imbalanced 1.07 ±  0.05 59.0 ±2 .5 1588 ± 8 6 2724 ± 120
1 M e a n  ±  s e  o f  m ea n .
a D if fe r e n c e  b e tw e e n  2 g ro u p s  is s ta t is t ica lly  s ig n if ic a n t  ( P  <  0 .0 1 ) .

was the same for the control and imbalance 
groups in both the threonine imbalance and 
histidine imbalance studies. At 3.5 hours 
in the threonine study, however, the value 
for the imbalance group was higher.

Analyses of kidney and intestine were 
carried out 8 hours after feeding diets con
taining either threonine-U-14C or histidine- 
U-14C (table 6 ) . In the threonine-imbal
ance study the value for radioactivity in the 
TCA-soluble fraction and in the protein of 
kidney was lower for the imbalanced group 
than for the control; but in the histidine- 
imbalance study the values for the imbal
ance group were higher than the control 
values. The specific activity of kidney pro
tein from the histidine-imbalanced group 
was significantly higher than that for the

control (P <  0 .01 ). The specific activity 
of intestinal protein tended to be higher in 
the imbalanced groups in both studies, but 
in neither study were the differences sta
tistically significant ( table 6 ).

DISCUSSION
From these and previous results we have 

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

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

The observations on the metabolism of 
threonine-U-14C (fig. 1 and table 1) indi
cate that an amino acid imbalance created 
by adding a surplus of all but one of the 
indispensable amino acids to a low protein 
diet does not increase the catabolism of 
the limiting amino acid as suggested 
earlier (2 , 3 ,) . Actually, the amounts of 
14C in carbon dioxide, glycogen, lipids, 
urine and feces were somewhat lower for 
the group fed the imbalanced diet. The 
results of carcass and liver analyses con
firmed that most of the 14C had been re
tained in the body. If, as proposed above, 
a greater amount of the most limiting 
amino acid is removed from the circulation 
because of increased incorporation into pro
teins, a reduction in the amounts of radio
activity in carbon dioxide, urine, feces, 
glycogen and fat would be expected. In a 
study of the effect of an amino acid imbal
ance involving histidine on the oxidation of 
histidine-U-14C, less radioactivity was found 
in CO2 expired by rats fed the imbalanced 
diet.3

Competition for transport sites has been 
suggested as a possible explanation of the 
effects of amino acid imbalance ( 20 ). The 
rates of absorption of threonine-U-14C and 
histidine-U-14C from the intestine were not

lower for the imbalanced groups than for 
the control groups (table 2 ) . An amino 
acid imbalance, therefore, does not appear 
to affect significantly gastrointestinal ab
sorption of the limiting amino acid. This 
may well be due to the large capacity of the 
intestine to absorb amino acids (2 1 ) . Evi
dence that competition among amino acids 
during transport into cells does not occur 
as a result of feeding an imbalanced diet 
has been presented recently (2 2 ).

The observations on the incorporation of 
14C-labeled amino acids indicated that the 
amount of radioactivity incorporated into 
liver proteins of rats fed the imbalanced 
diets was greater than for controls, but the 
differences were not consistently signifi
cant. It takes only a small increase in body 
proteins to account on a quantitative basis 
for the decrease in the concentration of the 
growth-limiting amino acid in both muscle 
and plasma. In the first place the plasma 
pool represents only a small portion of 
the total amount of amino acids in the 
body (2 2 ). A small increase in incorpora
tion into the proteins or pools of one or 
more large organs or tissues or a small de
crease in the rate of protein breakdown 
could cause a substantial change in the 
amount of an amino acid circulating in 
blood plasma. An estimate of the total de
crease in plasma and muscle free threonine 
made in another experiment amounted to 
37 ^moles (2 2 ) . A 12% increase (about 
100 m g) in liver proteins or a 0 .5%  in
crease in total body proteins would account 
for a decrease of this size. Such changes 
could well be within the limits of accuracy 
of measurements made on intact animals 
owing to the variability among individuals. 
The development of techniques for the con
tinuous monitoring of amino acid pools and 
amino acid incorporation into various tis
sues and organs in the living animal pose 
almost insuperable problems. The present 
experiments provide values only at speci
fied time intervals and it must be assumed 
that the results indicate the true course of 
events.

In relation to the present results, Sidran- 
sky et al. (2 3 -2 6 )  observed that liver pro
tein content of rats force-fed a purified diet 
devoid of threonine was greater than that

3 D a k s h in a m u r t i,  K ., a n d  A . E . H a rp e r , u n p u b lis h e d  
resu lts .
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of a control group, although muscle pro
tein content was lower. Sanahuja (2 7 )  
has recently reported higher protein con
tent of the livers of rats fed an imbalanced 
diet. Sidransky has also reported that liver 
RNA increased in rats force-fed a diet de
void of threonine and that incroporation of 
14C-labeled amino acids into liver protein 
was enhanced in this condition (25, 26, 
28).

At present it is not clear whether protein 
synthesis may be slightly enhanced in or
gans other than the liver after ingestion of 
an amino acid-imbalanced diet. The spe
cific activity of muscle protein was almost 
the same for the control and imbalanced 
groups in both experiments despite the 
lower activity of the muscle TCA-soluble 
fraction for the imbalanced group. This 
would indicate that muscle protein synthe
sis is continuing steadily. The specific ac
tivity of kidney protein 8 hours after feed
ing the diet containing 14C-threonine was 
slightly less for the imbalanced group, al
though the specific activity of kidney was 
clearly higher 8 hours after animals had 
ingested the histidine-imbalanced diet con
taining 14C-histidine. The incorporation of 
the limiting amino acid into intestinal pro
tein was also slightly higher. No evidence 
was obtained of a substantial depression of 
incorporation of labeled amino acid, and 
even if incorporation is unaffected in most 
organs and accelerated in only a few, the 
plasma concentration of the most limiting 
amino acid would decrease.

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

It must be kept in mind that despite the 
apparent increase in protein synthesis after 
feeding a meal of an imbalanced diet, 
within a short time (a  few hours) an amino 
acid imbalance results in depressed food 
intake, depressed growth and, therefore, in 
reduced overall protein synthesis. Hender
son et al. (3 1 ) suggested that the increased

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

If food intake can be maintained as by 
insulin injection (3 2 ) , exposure to a cold 
environment (3 3 ) , cortisol injection,4 or 
forced-feeding,5 no adverse effects of an 
amino acid imbalance are observed. When 
rats were fed an imbalanced diet after 
being protein-depleted, they gained weight 
a little more rapidly for a few days than 
rats similarly treated but fed the control 
diet (1 2 ) . Also when food intake was 
stimulated by cold exposure in our labora
tory, rats fed imbalanced diets gained some
what more than those fed the control 
diet (1 5 ) . Amino acid imbalances are fre
quently observed when relatively small 
amounts (less than 1% ) of the second 
most limiting amino acid or acids are added 
to a diet. The effect is out of proportion to 
what would be anticipated. Such quanti
ties are far below those tolerated readily if 
the amino acid is not second most limiting. 
If enhanced incorporation of the limiting 
amino acid is the basis for the changes in 
blood amino acid pattern as a result of feed
ing an imbalanced diet, then simply by 
mass action, provision of an excess of the 
second most limiting amino acid should 
lead to more efficient utilization of the most 
limiting one.

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

4 Leung, P. M-B., Q. R. Rogers and A. E. Harper 1964 Effect of amino acid imbalance on food intake and preference. Federation Proc., 23: 185 (abstract).
5 See footnote 4.
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thus, lend support to the idea that the 
alteration in blood amino acid pattern as a 
result of feeding an imbalanced diet is the 
result of more, rather than less, efficient 
utilization of the limiting amino acid. The 
link between the alteration in blood amino 
acid pattern and depressed food intake is 
not clear, but it is known that the blood 
change resembles that observed in animals 
fed a much more deficient diet, a diet that 
causes a severe depression in food intake 
and that, when force-fed, causes the de
velopment of pathologic lesions (2 3 -2 6 ) . 
Thus, the response to an imbalanced diet 
appears to be a protective response to a 
signal that normally arises only when a 
much more severely deficient diet is fed. 
Rats given a choice between an imbalanced 
diet and a protein-free diet will select the 
protein-free diet (12 , 34) which will not 
support life but will restore the blood amino 
acid pattern to normal and reject the im
balanced diet which will support growth. 
These observations suggest that the changed 
blood amino acid pattern serves as a signal 
that activates an appetite-regulating mech
anism or that the pattern is an indirect 
reflection of some more subtle change, pos
sibly at sites of protein synthesis, that 
serves as a signal.
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Effect of Threonine on the Toxicity of Excess Tyrosine 
and Cataract Formation in the R a t1,2

S. Q. ALAM, R. V. BECKER, W. P. STUCKI, Q. R. ROGERS 
a n d  A. E. HARPER
Department of Nutrition and Food Science, Massachusetts Institute 
of Technology, Cambridge, Massachusetts

ABSTRACT Typical symptoms, i.e., eye and paw lesions, o f tyrosine toxicity were 
found when 3% L-tyrosine was included in a 6% casein diet fed ad libitum or when 
5% L-tyrosine was included in a 6% casein diet fed only 2 hours each day. The 
addition of 0.8 to 1.25% of L-threonine to the high tyrosine diet prevented the appear
ance of the eye and paw lesions and improved the growth. However, when the diet 
containing high tyrosine and high threonine was fed for over 2 months, cataracts 
were observed in 80% of the rats. Growth was improved and the cataracts were 
completely prevented by a supplement of 0.2% tryptophan; although the eye and paw 
lesions caused by the high tyrosine were still observed when 0.2% tryptophan was 
added to the 3% tyrosine diet. It appears that the addition of 1.25% L-threonine to 
the 3% tyrosine diet increases the tryptophan requirement.

Growth rates and food intake are de
pressed when rats are fed a low protein diet 
containing excess tyrosine. After about one 
week young rats fed such a diet develop 
eye and paw lesions. These effects of tyro
sine are well documented ( 1 -3 ) .

Benton et al. (4 )  observed that the addi
tion of 0 .3%  DL-threonine to a 9%  casein 
diet containing 3%  tyrosine, partially 
prevented the growth depression without 
having much effect on the severity of eye 
and paw lesions. Since threonine was the 
most limiting amino acid in the casein diet 
supplemented with methionine and trypto
phan used by Benton et al., Becker3 inves
tigated the effect of including threonine 
with 3%  of tyrosine in a diet that contained 
fibrin as the protein source. Threonine is 
the least limiting amino acid in fibrin. 
Tyrosine retarded the growth of rats fed the 
6%  fibrin diet and caused eye and paw le
sions. Addition of 0 .4%  DL-threonine im
proved growth slightly and caused a partial 
improvement of eye and paw lesions.

The interrelationship between threonine 
and tyrosine was therefore investigated in 
greater detail. Experiments were conducted 
to establish more clearly the extent to 
which threonine alleviates tyrosine toxicity. 
During the course of the feeding studies a 
more complex interrelationship involving 
tryptophan as well as threonine and tyro
sine was discovered.

EXPERIMENTAL
Rats. Young male rats were used in all 

experiments. The weight ranges and strains 
are recorded with the results of each experi
ment. The rats were housed in individual 
suspended cages. Food and water were sup
plied ad libitum except in the studies on 
rats trained to eat during a single 2-hour 
period.

Interval feeding. Rats were allowed to 
adjust to the regimen of eating for only 
2 hours daily by presenting the control diet 
to the rats for only 2 hours daily for a 
period of 2 to 3 weeks. Following this 
period of adjustment the rats were fed the 
experimental diets 2 hours each day. Water 
was supplied ad libitum.

Diets. In the first experiment, the re
sults of which are shown in table 1, the 
diets were fed in dry form. In the remain
der of the studies reported in this paper 
agar-gel diets, containing about 50%  mois
ture, were used. The diets for the ex
periment in which fibrin was used dif
fered from those used in the subsequent

Received for publication September 20, 1965.
1 Supported by Public Health Service Research Grant no. AM-08119 from the National Institute of Arthritis and Metabolic Diseases and by a grant from the Nutrition Foundation Inc., New York.
2 Contribution no. 721 from the Department of Nutrition and Food Science, Massachusetts Institute of Technology, Cambridge, Massachusetts.
3 Becker, R. V., M.S. Thesis, University of Wisconsin, 1961.
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TABLE 1
Effect of threonine on tyrosine toxicity at 2 levels of protein 1

Diet Wt gain, 
14 days

Lesions, 14 days

Incidence
Severity score 2

Fibrin E-Tyr DL-Thr
Eye Paw

% % % 9
6 ___ — 3 6 ±  1.7 3 0 /5 0 0
6 3 — 10 ±  1.2 5 /5 8.0 6.2
6 3 0.4 13 ±  1.0 5 /5 3.6 3.2
6 3 0.8 1 3 ± 2 .7 3 /5 0.6 2.0
6 3 1.6 14 ±  1.3 3 /5 0.6 0.6
9 — — 60 ± 2 .5 0 /5 0 0
9 4.5 — 10 ± 1 .7 5 /5 7.2 8.4
9 4.5 0.4 22 ± 2 .1 5 /5 8.4 8.0
9 4.5 0.8 23 ± 1 .4 5 /5 8.0 3.6
9 4.5 1.6 24 ± 1 .3 5 /5 3.4 0.4

1 In young male rats of the Holtzman strain weighing 55 to 60 g.
2 Judged on a scale of zero to 10; see text.
3 se of mean.

experiments in that autoclaved starch4 was 
used as the carbohydrate source and the 
vitamins5 and mineral6 mixtures (7 )  were 
slightly different. The composition of the 
casein basal diet was: (in per cent) casein, 
6.0 ; DL-methionine, 0.2; salts ( 5 ) ,7 4.0; 
vitamin mixture ( 6 ) ,8 0 .5 ; choline chloride, 
0.2; corn oil,9 5.0; agar, 2.5; and dextrin,10
81.6. Other amino acids were added at 
the expense of carbohydrate. The diets 
were stored in a refrigerator at 4 ° through
out the experimental period.

To prepare the agar-gel diets the agar 
was dissolved separately in an amount of 
boiling distilled water equivalent to the 
weight of dry diet. All other ingredients 
less vitamin mixture and choline were well 
mixed in a Hobart mixer. Then the agar 
solution was added and mixing was con
tinued until the material in the mixer had 
cooled to 60 to 70°. Next the vitamins and 
choline were added and the contents mixed 
again. The diet was then poured into poly
ethylene or aluminum trays, allowed to gel 
and stored in a refrigerator at 4 ° until it 
was used.

The diet remained in a firm gel at room 
temperature and was fed by placing cubes 
of the diet in the cage daily.

Eye and yaw lesions. Observations were 
made on the severity of eye and paw lesions 
that developed in rats fed excess tyrosine. 
Generally these appeared within 5 to 8 days 
and were at the peak of their severity about 
2 weeks after initiation of the high tyrosine 
feeding. After this time the eye lesions

started to heal. Therefore the severity of 
the lesions was recorded after 2 weeks. A 
score of zero to 10 was used to describe 
the severity. The 2 sets of observations on 
lesions were made by different individuals; 
hence, although the comparisons within ex
periments are uniform, those among experi
ments are not necessarily directly compar
able because of the subjective nature of 
the scoring procedure.

RESULTS
In the initial experiment the effects on 

tyrosine toxicity of higher dietary levels of 
DL-threonine (0 .4 , 0.8 and 1 .6 % )  than 
were tested by Benton et al. (4 )  were de
termined using rats fed 2 levels of fibrin. 
The tyrosine was fed at levels proportional 
to the protein level. The growth of rats

4 Moist starch heated in an autoclave at 121° for 2 to 3 hours, then dried and ground.
5 The vitamin mix provided in mg/100 g diet: thiamine-HC1, 0.5; riboflavin, 0.5; niacin, 2.5; Ca pantothenate, 2.0; pyridoxine-HCl, 0.25; folic acid, 0.02; menadione, 0.05; biotin, 0.01; vitamin B 12,O. 002; inositol, 10.0; and ascorbic acid, 5.0; a-toco- pherol, 10; vitamin A, 400 units; and vitamin D 3, 

2 0 0  units.
6 The salt mix provided in % of diet: Ca, 0.592;P, 0.394; K, 0.493; Na, 0.493; Cl, 0.760; Mg, 0.049; Fe, 0.0049; Cu, 0.00195; Mn, 0.00195; Zn, 0.0004; I, 0.000019; and Mo, 0.0000095.
7 Wesson salt mixture contains in %  : CaC0 3 , 21.000; CuS04 -5H20, 0.039; FeP04, 1.470; MnS04, 0.020;MgS04, 9.000; KA1(S04)2, 0.009; KC1, 12.000; K H 2P04, 31.000; KI, 0.005; NaCl, 10.500; NaF, 0.057; and Ca3 (P0 4 )2, 14.900.
8 The vitamin mix provided in mg/100 g diet: thiamine-HCl, 0.5; riboflavin, 0.5; niacinamide, 2.5; Ca D-pantothenate, 2.0; pyridoxine-HCl, 0.5; folic acid, 0.05; menadione, 0.05; D-biotin, 0.02; vitamin B 12, 0.003; ascorbic acid, 5; vitamin E acetate, 10; vitamin A acetate, 380 units; and vitamin D 2, 38 units.
9 Mazola, Com Products Company, New York.
10 Corn Products Company, New York.
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fed 3%  of tyrosine with 6%  of fibrin or 
4 .5%  of tyrosine with 9%  of fibrin was 
greatly depressed. Both groups developed 
severe eye and paw lesions (table 1). 
Although the higher levels of threonine 
were no more effective than the 0 .4%  level 
in alleviating the growth depression, they 
were much more effective in alleviating the 
eye and paw lesions.

In another experiment of the same type 
(results not shown) when 2 .5%  of d l - 
threonine was included in a diet containing 
6%  of casein and 3%  of tyrosine, only 3 of 
15 rats developed mild eye and paw lesions, 
and growth was substantially improved. 
However, 5 out of 9 rats fed this diet for 
a prolonged period of time developed cata
racts. This prompted another study of the 
interrelationship between threonine and 
tyrosine and the occurrence of cataracts in 
rats fed excess threonine and tyrosine using 
l - instead of DL-threonine.

Several amino acid deficiencies includ
ing that of tryptophan are known to cause 
cataracts in rats. Since tryptophan is just 
slightly less limiting than threonine in a 
6%  casein diet supplemented with addi
tional methionine, the effect of a supple
ment of tryptophan on the development of 
cataracts was determined.

To study the effects of excess tyrosine 
alone and the combination of tyrosine and 
threonine, 10 rats per group were fed the 
diets listed in table 2, for 3 weeks. All of 
the animals in groups 2, 4, 5 and 6, and 
five each from the rest of the groups were 
then killed, and the remaining rats were

maintained with the experimental diets for 
seven more weeks. At the end of 3 weeks, 
the group fed 3%  tyrosine (group 3)  
showed a 77%  growth depression which 
was partially alleviated by threonine ( group 
4, 6 and 8 ) . Levels of 0 .8%  and 1.25%  
of L-threonine were equally effective in al
leviating the growth depression caused by 
3%  of tyrosine even though these levels of 
threonine fed with the basal diet depressed 
growth. The addition of 0 .2%  L-trypto- 
phan stimulated the growth of rats fed 
1.25% L-threonine, with or without 3%  
tyrosine (groups 9 and 10). The trypto
phan response was greater when the diet 
contained both tyrosine and threonine 
(group 10). In fact, rats fed this diet grew 
somewhat better than those fed the control 
diet without tyrosine (group 9 ) . The re
sults obtained with tryptophan are repre
sentative of two separate experiments.

The observations on the severity of the 
lesions are reported in table 3. They indi
cate that, although 0 .2%  of L-threonine 
was almost without effect on the eye and 
paw lesions, higher levels of L-threonine 
(0 .8 %  and 1.25% ) prevented their devel
opment. With prolonged feeding, however, 
4 out of 5 rats in the group fed 1.25%  
threonine with 3%  tyrosine developed cata
racts (table 4 ) . Also, 1 out of 5 rats devel
oped cataracts in the group fed 1.25%  
L-threonine without additional tyrosine. 
None of the rats in the groups fed diets 
supplemented with 0 .2%  L-tryptophan de
veloped cataracts during the 10-week 
period.

TABLE 2
Effect of L-threonine and L-tryptophan on growth of rats fed 3% L-tyrosine 1

G rou p
Additions to 6 %  casein diet Weight gain

L-Tyr L-T h r L-Try 3 weeks 2 10 weeks 3

% % % 9 9

i _ _ _ 45.3 ±  2.7 4 160.2 ±  6.1
2 _ 0.2 — 49.9 ± 2 .8 —
3 3 — — 10.4 ± 1 .4 77.8 ±  20.0
4 3 0.2 — 20.3 ± 1 .5 —
5 — 0.8 — 41.9 ±  2.8 —
6 3 0.8 — 27.5 ± 2 .9 —
7 _ 1.25 — 31.8 ± 2 .1 1 5 3 .0 ±  9.8
8 3 1.25 — 25.7 ±  2.0 138.0 ±  5.8
9 _ 1.25 0.2 5 0 .2 ± 3 .2 199.2 ±  3.7

10 3 1.25 0.2 59.5 ± 2 .3 219.6 ±  5.3

1 Young male rats weighing 55 to 80 g of the Holtzman strain.
2 Ten rats/group.
3 Four or five rats/group.
4 s e  of m e a n .
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TABLE 3
E ffect of d ifferen t levels of 'L-threonine on eye and paw  lesions o f rats fed 3% 1,-tyrosine

Additions to 6% casein diet
Lesions

Group Severity score 1 
Eye Paw

L-Tyr L-Thr L-Try Incidence

% % %
i - — — 0/10 0 0
3 3 — — 10/10 1.9 5.3
4 3 0.2 — 8/10 3.4 4.1
6 3 0.8 — 1/10 0 1.0
8 3 1.25 — 1/10 1.0 0

10 3 1.25 0.2 0/10 0 0

1 Judged on a scale of zero to 10; see text for details.

TABLE 4
Effect of c-threonine and c-tryptophan on cataract formation in rats fed high tyrosine diet

Addition to 6% casein diet
Cataract development

Group No. o f rats 
showing 
cataracts

L-Tyr L-Thr L-Try Time of 
appearance

% % %
i - — — 0 /4 —

3 3 — — 0 /4 —
7 - 1.25 — 1 /5 8
8 3 1.25 — 4 /5 6.5 to 8.5
9 - 1.25 0.2 0 /5 —

10 3 1.25 0.2 0 /5 —

E ffect of 2 % L-threonine on
TABLE 5

the to x ic ity  of 5% L-tyrosine in in te rva l-fed rats 1

Group
Additions to 6% 

casein diet Wt gain, 
15 days

Severity o f lesions
No. of 
rats 2 Eye Pawi.-Tyr L-Thr

% % 9
i - - 18.5 0 0 0
2 5 - 1.0 4 1.3 1.3
3 5 2 10.2 0 0 0

1 Young male rats, 60-70 g, o f the Sprague-Dawley strain.
2 Six rats/group; numbers in colum n indicate number o f rats that developed lesions.

Effect of threonine on tyrosine toxicity in 
interval-fed rats. In a preliminary experi
ment rats trained to eat for only a single
2-hour period daily did not develop eye and 
paw lesions when they were fed a diet con
taining 6%  of casein and 3%  L-tyrosine. 
The excess tyrosine did, however, retard 
growth which was prevented by the con
comitant feeding of 1.25% L-threonine. 
The level of tyrosine in the diet was raised 
to 5%  in a subsequent experiment. The 
results obtained after feeding rats such a 
diet for only 2 hours daily are shown in 
table 5. This high level of tyrosine pro

duced a severe growth depression and also 
led to the appearance of eye and paw le
sions. The addition of 2%  L-threonine 
slightly improved growth and completely 
prevented eye and paw lesions.

DISCUSSION
Ingestion of excessive quantities of most 

amino acids by the rat leads to retardation 
of growth, as was observed in these experi
ments on rats fed a low protein diet con
taining 3%  of tyrosine. Threonine is the 
limiting amino acid in casein diets supple
mented with methionine (8 ) , and hence it
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is not unexpected that the addition of 
threonine improved the growth of rats fed 
the high tyrosine diet. But, the fact that 
large amounts of L-threonine, i.e., 0 .8%  
and 1.25% , three to four times the require
ment, were more effective than 0 .2%  in 
improving both growth and the eye and 
paw lesions caused by ingestion of excess 
tyrosine, suggested that threonine was act
ing in some way unrelated to its role as the 
limiting amino acid. The observation that 
threonine also reduced the growth depres
sion, and in high amounts (1 .6 %  d l -) 
alleviated the eye and paw lesions in rats 
fed a fibrin diet containing 3 or 4 .5%  of 
tyrosine, in which threonine is the least 
limiting amino acid, further supports this 
idea.

The appearance of cataracts in the group 
of rats fed the high tyrosine, high threonine 
diet is clearly due to a tryptophan deficiency. 
This is shown by the lack of appearance of 
cataracts in any group of rats supplemented 
with 0 .2%  tryptophan. The occasional de
velopment of cataracts in rats fed only the 
control diet supplemented with high threo
nine also suggests that their appearance 
was caused by a deficiency of tryptophan 
and not by the toxicity of tyrosine. The 
increased need for tryptophan as a result of 
including 1.25% L-threonine with or with
out 3%  tyrosine in the basal diet is reminis
cent of imbalances involving tryptophan 
and produced by the addition of a small 
amount of threonine to a low protein diet 
lacking niacin (9 ) . In these early studies 
growth inhibition produced by 0 .078%  of 
threonine was reversed by the addition of a 
small amount of niacin or tryptophan. In 
the present experiments the much larger 
amount of L-threonine caused a growth de
pression that was prevented by tryptophan 
in rats fed a diet containing an adequate 
amount of niacin. The growth-stimulating 
effect of tryptophan was greater in the pres
ence of tyrosine than in its absence. One 
possible explanation may be that in the 
presence of 1.25% L-threonine and 0 .2%  
L-tryptophan, phenylalanine or tyrosine be
come somewhat limiting for growth.

Cataracts may be produced in rats under 
a wide variety of experimental conditions, 
and many of them have been well-studied. 
Cataracts may be caused by excess galac
tose (10 , 11) or xylose (1 2 ) in the diet or

by deficiencies of almost any of the indis
pensable amino acids (1 3 ) . The cataracto- 
genic effect of a diet deficient in tryptophan 
was first observed by Totter and Day (1 4 ). 
Their observations were confirmed by Alba- 
nese and Buschke (1 5 ). In the present 
experiments the cataracts observed in the 
groups fed tyrosine and threonine appear 
to be due to such a deficiency produced by 
an interference in tryptophan utilization by 
excesses of these amino acids. The obser
vation that 0 .2%  L-tryptophan not only 
stimulated the growth of rats fed the 
cataractogenic diet, but also prevented the 
appearance of cataracts, points to the con
clusion that the tryptophan requirement is 
increased by adding 1.25% L-threonine to 
the 3%  tyrosine diet.

In rats trained to eat for only 2 hours 
daily, 3%  of tyrosine did not cause eye and 
paw lesions, but 5%  of tyrosine did. When 
food is offered for only 2 hours a day, the 
rat is in the post-absorptive state for a con
siderable time. There may be therefore, 
under these conditions, a greater demand 
for energy from non-carbohydrate sources, 
which could lead to more efficient metabo
lism of the excess of tyrosine. The adrenals 
are known to increase in size in interval- 
fed rats. An increase in adrenal size may 
be indicative of increased production of 
corticosterone by the gland which may, in 
turn, increase the activity of tyrosine-«- 
ketoglutarate transaminase in the liver and 
result in a faster catabolism of tyrosine.
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Effect of Tyrosine and Threonine on Free Amino Acids 
in Plasma, Liver, Muscle, and Eye in the R a t1,2

S. Q. ALAM, Q. R. R O G E R S  a n d  A. E. H A R P E R
Departm ent o f N u tr it io n  and Food Science, M assachusetts 
Institu te  o f Technology, Cam bridge, M assachusetts

A B S T R A C T  Young rats fed a diet containing 3 %  tyrosine for 3 to 4 weeks had 
altered patterns of plasma amino acid concentrations. The greatest change occurred 
in the concentration of tyrosine, which increased 25- to 80-fold. W h e n  2.5% d l -  or
1.25% L-threonine was included in the 3 %  tyrosine diet, the plasma concentration 
of tyrosine was much lower than that of rats fed the 3 %  tyrosine diet without 
additional threonine; however, the threonine concentration in plasma increased 50- 
to 100-fold. The tyrosine concentration was increased in liver, muscle, and eye tissue 
as a result of feeding 3 %  tyrosine; and threonine supplementation also lowered the 
tyrosine concentration in these tissues.

Young rats fed a low protein diet con
taining 3%  tyrosine develop eye and paw 
lesions and their growth is retarded. These 
adverse effects are alleviated when 1.25%  
l- or 2 .5%  DL-threonine is added to the 
high tyrosine diet (1 ) .

Ingestion of a diet containing a dispro
portionately large quantity of an amino 
acid can alter the amino acid pattern in 
blood plasma and in various tissues of the 
body (2 —4 ). The objectives of the studies 
described in the present paper were to de
termine the extent to which excessive tyro
sine (the amount used in the growth studies
( 1 ) )  affected the free amino acid pattern 
of plasma and tissue in the rat and to deter
mine whether there was a correlation be
tween severity of symptoms and tyrosine 
content of body fluids in rats ingesting a 
3%  tyrosine diet.

E X P E R I M E N T A L
Rats. Young, 50- to 80-g male rats were 

used, except in the experiment on rats 
trained to eat for only 1 to 2 hours daily. 
The rats in the latter study had been 
trained for 6 weeks, and weighed 100 to 
120 g on the day of the experiment. All 
rats were housed in separate, suspended 
cages.

Diets. A g a r -g e l  d ie ts  w e re  u se d  in  all 
e x p e r im e n ts . T h e  b a s a l d ie t  h a d  th e  f o l 
lo w in g  c o m p o s i t io n :  ( i n  %  d r y  w e ig h t )  
c a s e in , 6.0; D L -m e th io n in e , 0.2; sa lt m ix 
tu re  (5 ) ,  4.0; v it a m in  m ix tu r e  (6 ) ,  0.5; 
c h o l in e  c h lo r id e , 0.2; c o r n  o il , 5.0; a g a r ,

2.5; dextrin, 40.8; and sucrose, 40.8. The 
gel diet contained about 50%  water. In 
the experiments reported in tables 1, 2, and 
3, the carbohydrate was supplied entirely 
as dextrin, and in those reported in tables 
2 and 3 the amount of agar was 3 .6 % , 
added at the expense of carbohydrate. The 
vitamin mixture for experiments 1—3 also 
differed slightly (7 ) . Diets were fed 
ad libitum except in the experiment in 
which plasma amino acid concentrations of 
rats that had eaten a single meal were de
termined. These rats which had been 
trained to eat a single large meal daily, were 
offered 15 g of agar-gel diet (7 .5  g dry 
diet). Water was provided ad libitum for 
all groups.

Plasma. Blood was drawn by heart 
puncture, sometime during the daylight 
hours, from rats anesthetized with ether. 
Because of the large numbers of rats in
volved, individual rats were taken from 
groups in rotation. In most of the experi
ments the blood from animals of the same 
group (about 1 ml of plasma from each of 
4 to 10 rats) was pooled before being 
analyzed for plasma amino acids. In one 
experiment blood from individual rats was 
analyzed. After centrifugation of the 
blood, an aliquot of plasma was removed
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and mixed with 5 volumes of 1% picric 
acid to precipitate the proteins. The re
sulting precipitate was removed by centrif
ugation, and the protein-free picric acid 
extract was analyzed for free amino acids, 
according to the method of Moore and 
Stein (8 ) , using a Technicon amino acid 
analyzer. Each value in the results repre
sents samples from separate groups of rats, 
killed at the time indicated. The precision 
of the method depends upon the quantity of 
the amino acids on the analyzer. Gen
erally, reproducability is ±  3 to 7%  ; how
ever, when the quantity is very large or very 
small the variation may exceed 10% .

Muscle. About 1 g of muscle was ex
cised from the thigh and immediately 
frozen in dry ice. Samples were kept 
frozen at —20° until the time of analysis 
when each sample was cut into small pieces 
with scissors; samples from 4 to 10 rats 
were pooled and then homogenized thor
oughly in 1 % picric acid in a Virtis homog- 
enizer. Proteins and cellular debris were 
removed by centrifugation, and the protein- 
free picric acid extracts were analyzed for 
free amino acids as described above. Since 
muscle has substantial quantities of aspara
gine and glutamine, these samples were 
hydrolyzed by heating with 3 n  HC1 for 
one-half hour at approximately 100°. The 
hydrolyzed extracts were used for chroma
tography after removal of excess HC1 under 
vacuum in a rotary evaporator. The hy
drolysis was necessary for accurate deter
mination of threonine, since glutamine and 
asparagine overlap the threonine peak. 
Most peptides require considerably longer 
than one-half hour for hydrolysis.

Liver. One- to two-gram samples of 
liver from individual rats were removed, 
homogenized, and treated in the same man
ner as the muscle tissue. Glutamine con
centration was estimated by measuring the 
difference in glutamic acid concentration 
before and after the mild hydrolysis of the 
protein-free extract.

Eye tissues. The eyes of the rats were 
removed, weighed, pooled, and homoge
nized in 1% picric acid. The precipitate 
and cellular debris were removed by cen
trifugation, and the supernatant picric acid 
solution was used as described for plasma.

RESULTS
Effect of E-threonine with and without 

3%  tyrosine on plasma threonine and tyro
sine concentrations. The concentrations 
of tyrosine and threonine in plasma from 
rats fed various levels of threonine for 
3 weeks are shown in table 1. Tryosine 
concentration increased almost 25-fold in 
the plasma of rats fed the basal diet with 
3%  tyrosine added. Supplementation of 
this diet with 0.8 or 1.25% L-threonine led 
to a substantial decrease in plasma tyrosine 
concentration; however, supplementation 
with 0 .2%  L-threonine did not result in a 
decrease of plasma tyrosine concentration 
below that of the group fed the diet con
taining tyrosine alone. The lowest dietary 
level of threonine did not cause as great an 
increase in plasma threonine concentration 
as did the higher levels, nor did it alleviate 
the signs of tyrosine toxicity (1 ) .

Threonine concentration in plasma in
creased with increasing levels of threonine 
in the diet (compare groups 2, 5, and 8 ).

T A B L E  1
Effect of L-threonine on plasma tyrosine and threonine concentrations of rats 

fed 3% L-tyrosine for 3 weeks 1
Group

no. Diet Threonine Tyrosine

i Basal (6%  casein +  0.2% Met)
/¿moles/100 ml plasma

15 4
2 Basal +  0.2% L-Thr 157 7
3 Basal+  3% L-Tyr 18 101
4 ( 3 ) +  0.2% L-Thr 107 163
5 Basal+  0.8% L-Thr 965 6
6 (3 )  +  0.8% L-Thr 408 77
7 Basal+1.25% L-Thr 1525 nd 2
8 ( 3 ) +  1.25% L-Thr 1348 27
9 Basal+1.25% L-Thr +  0.2% L-Try 1500 nd 2

10 (3 )  +  1.25% L-Thr +  0.2% L-Try 616 104
1 M a le , H o ltz m a n  ra ts  ( 5 5 —8 0  g )  w e re  u se d . S a m p les  w ere  p o o le d  f r o m  5 r a t s /  g rou p
2 N o n e  d e te c ta b le , w ith  th e  a m o u n t  o f  p la s m a  u sed .
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When tyrosine was present in the diet, the 
plasma concentration of threonine tended 
to be lower (compare groups 2 vs. 4, 5 vs. 6, 
7 vs. 8, 9 vs. 10).

Effect of threonine on tyrosine and threo
nine concentrations in plasma and eye tis
sue o f rats fed excess tyrosine. Results of 
2 experiments in which tyrosine and threo
nine content of plasma and eye tissues 
were measured after feeding rats the ex
perimental diets ad libitum are shown in 
tables 2 and 3. Results were similar with 
1.25% L-threonine and 2 .5%  DL-threonine. 
Tyrosine concentration in plasma increased 
30- to 80-fold after feeding the 3%  l -tyro
sine diet. Threonine at the levels used, 
reduced plasma tyrosine concentrations to 
about one-half by the end of 3 weeks and 
to about one-fourth to one-sixth by the end 
of 10 weeks. The threonine concentration 
was greatly increased.

The patterns of change in tyrosine and 
threonine concentrations in eye tissues were 
similar to those in plasma.

Effect of excess tyrosine with and with
out E-threonine on the amino acid pattern

in plasma, liver, and muscle. The changes 
in free amino acid concentrations in 
plasma, muscle, and liver of rats fed diets 
containing 3%  tyrosine or 3%  tyrosine 
with 1.25% L-threonine for 26 days are 
shown in tables 4 to 7.

Plasma. Many of the amino acids were 
elevated in plasma from rats fed excess 
tyrosine (table 4 ) . The most significant 
increase was in tyrosine concentration, 
which was elevated about 70-fold. When 
threonine was included with the high tyro
sine, plasma tyrosine concentration was 
greatly reduced and threonine concentra
tion increased more than a hundred-fold. 
Serine and glycine concentrations also in
creased when threonine was included.

Table 5 summarizes the results of 3 dif
ferent experiments on the effects of feeding 
a 3%  tyrosine diet for 3 to 4 weeks on the 
plasma amino acid pattern. The amino 
acids significantly elevated by excess tyro
sine feeding were serine, glycine, valine, 
isoleucine, leucine, and tyrosine. Threo
nine concentration also increased but the 
increase was not statistically significant

T A B L E  2

Effect o f 1.25% 'L-threonine on tyrosine and threonine concentrations in plasma and eye tissues of
rats fed 3%  L-tyrosine 1

Threonine and tyrosine concentrations 2

Group Diet
3 Weeks 10 Weeks

no. Threonine Tyrosine Threonine Tyrosine
Plasma Eyes Plasma Eyes Plasma Eyes Plasma Eyes

i Basal (6%  casein +  
0.2% DL-Met) 0.25-0.35 trace 0.03 0.14 0.3 0.07 —

2 Basal+  3% L-Tyr 0.5-0.6 trace 2.4 6.0 0.17 trace 2.2 4.7
3 ( 2 ) +  1.25% L-Thr 11.8 4.6 1.3 3.3 8.0 6.4 0.35 1.1

1 Male, Holtzman rats (60-70 g) were used. Samples were pooled from 4-5 rats/group.
2 Tyr and Thr concentrations are expressed as fimoles/ml plasma and /¿moles/g of wet eye tissue.

T A B L E  3

Effect of 2.5%  dl-threonine on tyrosine and threonine concentrations in plasma and eye tissues of
rats fed 3% -L-tyrosine1

Threonine and tyrosine concentrations 2

Diet
23 Days 10 Weeks

no. Threonine Tyrosine Threonine Tyrosine
Plasma Plasma Plasma Eyes Plasma Eyes

i Basal (6%  casein+  
0.2% DL-Met) 0.08 0.03 0.1 0.4 0.06 0.25

2 Basal +  3% L-Tyr 0.17 2.7 0.2 0.3 2.0 4.3
3 (2 )+ 2 .5 %  DL-Thr 9.8 1.1 9.6 6.0 0.55 1.1

1 Male, Holtzman rats (5Q-70 g) were used. , , _2 Concentrations of threonine and tyrosine are expressed as /¿moles/ml plasma and as /¿moles/g wet eye tis
sue of pooled samples from 4-6 rats/group.
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T A B L E  4

Effect of 1.25% r-threonine on -plasma amino acid 
pattern of rats fed 3% c-tyrosine 1

Amino
acid Control 3% L-Tyr 3% L-Tyr +  

1.25% L-Thr
limóles/100 ml plasma

Thr 9 33 1093
Ser 24 53 104
Glu — 16 31
Gly 24 30 43
Ala 43 65 50
Val 13 14 10
Cys trace trace trace
Met trace trace trace
lieu 5 7 4
Leu 8 11 7
Tyr 4 254 10
Phe — 6 4
Lys 61 54 29
His 11 7 6
Arg 10 12 13

1 M a le , S p ra g u e -D a w le v  ra ts  ( 6 0 - 8 0  g )  w e re  u sed . 
P o o le d  s a m p le s  f o r  th e  c o n t r o l ,  3% L -T yr, a n d  3% l- 
T y r  a n d  1 .2 5 %  L -T h r, r e s p e c t iv e ly , o f  6 , 2 , a n d  4  r a t s /  
g rou p .

TABLE
Effect of 3% ~L-tyrosine on

5
plasma amino acids 1

Amino
acid Control 3% L-Tyr

limóles/100 ml plasma
Thr 9 ±  2.1 2 23 ±  5.2
Ser 3 0 ±  3.8 52 ±  2.8 s
Pro 25 27
Gly 17 ±  3.2 29 ±  2.3 3
Ala 53 ± 8 .2 81 ±  10.0
Val 12 ±  1.0 15 ±  0.8 3
Cys trace trace
Met trace trace
lieu 5 ±  0.5 7 ±  0.2 3
Leu 8 ±0 .8 11 ±  0.2 3
Tyr 4 ±0 .4 257±24.9 3
Phe 4 5
Lys 53 ±7 .8 57±  2.7
His 8 8
Arg 8 12
1 Male, Sprague-Dawley rats (60-80 g) were used.

The rats were fed ad libitum for 3-4 weeks.
2 s e  o f  th e  m e a n  o f  3 e x p e r im e n ts . W h e n  th ere  is 

n o  s ta n d a rd  e r ro r  in d ica te d , th e  re su lts  w e re  a v a ila b le  
f r o m  o n ly  2  e x p e r im e n ts .

3 S ig n ific a n t ly  ( P ^ 0 . 0 5 )  d i ffe r e n t  f r o m  c o n tr o l  
v a lu e .

owing to the variability among experi
ments. The greatest increase, as had been 
observed consistently in previous experi
ments, was in tyrosine concentration.

Liver. Concentrations of free amino 
acids in liver of rats fed excess tyrosine, 
supplemented and unsupplemented with 
threonine, are shown in table 6. Tyrosine, 
alanine, and glutamine concentrations were 
elevated in livers of rats fed the 3%  tyro

sine diet. Only in tyrosine and alanine 
were the increases statistically significant; 
the other free amino acids did not show 
much alteration. In contrast with the ob
servations for plasma, the concentration of 
free tyrosine in liver of rats fed the high 
tyrosine diet was not greatly increased; its 
elevation was approximately 2.5-fold com
pared with 70-fold in plasma.

Free tyrosine concentration in liver, as 
in plasma, was greatly reduced when threo
nine was included in the high tyrosine diet. 
Threonine concentration, however, was 
about 11 times higher than that of the 
control.

Muscle. As shown in table 7, there were 
few significant changes in the free amino 
acid concentrations in muscle of rats fed 
the 3%  tyrosine diet. The exceptions were 
aspartic acid plus asparagine, tyrosine, and 
histidine; tyrosine concentration increased 
about 15-fold. Histidine and asparagine 
concentrations were significantly reduced, 
the reduction being much greater for histi
dine. Inclusion of threonine in the tyro
sine diet led to a 34-fold increase in the 
concentration of free threonine in muscle 
and a marked decrease in tyrosine con
centration.

Plasma amino acid concentrations of rats 
fed a high tyrosine diet ad libitum for one 
day. Table 8 shows the effects of the high 
tyrosine diet with or without extra threo
nine fed ad libitum on plasma amino acid 
concentrations. In most respects the amino 
acid patterns were similar to those observed 
after prolonged feeding of the experimental 
diets. Threonine, serine, glycine, tyrosine, 
and arginine concentrations were higher in 
the group fed high tyrosine. The greatest 
increase was in tyrosine. Amino acids 
which were somewhat reduced in concen
tration were alanine, isoleucine, valine, leu
cine, phenylalanine, lysine, and histidine. 
When threonine was included in the diet, 
the concentrations of these amino acids 
were further reduced. Threonine, though 
it did not separate well from serine on the 
column, showed a marked increase. The 
results of the one-day ad libitum feeding 
differed from those of the 3-week study in 
one important respect: the tyrosine concen
tration in plasma was markedly increased, 
rather than lowered, as a result of adding 
1.25% threonine to the high tyrosine diet.
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TABLE 6
Effect of 3% i,-tyrosine with and without 1.25% 1 ,-threonine on free amino acids in liver1

Amino
acid Control 3%  L-Tyr 3%  L-Tyr +  

1.25% L-Thr
/¿moles/g wet tissue mmoles/g wet tissue /¿moles/g wet tissue

Thr 1.2 ±  0.3 1 2 1.3 ±  0.1 13.9 ±  1.4 3
Ser 6.0 ± 1 .3 4 .6 ± 0 .5 5.3 ± 0 .3
Glu 6.6 ± 0 .4 6.3 ± 0 .5 8 .0 ±  1.1
Gly 4.3 ± 0 .5 5 .0 ±  0.3 5.1 ± 0 .4
Ala 5 .4 ± 0 .3 9 .5 ±  1.0 3 6.0 ± 0 .6
Val 1.6 ± 0 .4 1.3 ± 0 .0 4 1.5 ±  0.06
Met 0.7 ±  0.2 0 .7  ± 0 .0 1 0.7 ± 0 .0 5
lieu 0.9 ± 0 .2 0.8 ± 0 .0 5 0.9 ± 0 .0 6
Leu 2.8 ± 0 .5 2 .2  ± 0 .1 2.3 ± 0 .0 9
Tyr 1.0 ±  0 .2 2.6 ± 0 .6  3 0.9 ± 0 .0 1
Phe 1.2 ±  0.2 1.1 ± 0 .0 4 1.2 ± 0 .0 3
Lys 2.8 ± 0 .3 2.1 ± 0 .0 3 2 .0 ± 0 .1 5
His 1.4 ± 0 .2 1 .1 ± 0 .0 3 0.9 ± 0 .0 7
Arg trace trace trace
Cys trace trace trace
Glu-NHa 3.1 ± 1 .4 5.1 ± 0 .5 5 .6 ±  0.7

1 Male, Sprague-Dawley rats (60-80  g ) were used.
2 se o f  the m ean  o f  4 ra ts /g rou p  except fo r  con tro l w h ich  had  three.
3 Significantly (P ^ 0 .0 5 )  different from  control value.

TABLE 7
Effect of 3% 1 ,-tyrosine with and without 1.25% L-threonine on free amino acids in muscle 1

Amino
acid Control 3% L-Tyr 3% L-Tyr-f 

1.25% L-Thr

Asp +  Asp-NH2
/¿moles/g wet tissue 

0 .7  ±  0.05 2
/¿moles/g wet tissue 

0 .5 ± 0 .0 5  3
/¿moles/g wet tissue 

0 .7
Thr 0.4 ± 0 .0 3 0.4 ± 0 .0 4 13.4 ±  0 .87 3
Ser 3.3 ± 0 .5 5 1.9 ± 0 .3 3 3.7 ± 0 .3 2
Gly 4.0 ± 0 .2 5 5.1 ± 0 .7 0 4 .0 ± 0 .5 2
Ala 5.1 ±  0.95 4.0 ±  0.45 2.8 ± 0 .0 9
Val 0.3 ± 0 .0 4 0 .2 ±  0.01 0.3 ± 0 .0 6
lieu 0 .2 ± 0 .0 4 0.1 ± 0 .0 1 0.2 ± 0 .0 3
Leu 0.3 ± 0 .0 4 0.3 ± 0 .0 1 0.4 ± 0 .0 5
Tyr 0.2 3 .0 ± 0 .6 5  3 0.5 ± 0 .0 5
Phe 0.2 0 .2  ± 0 .0 2 —

Lys — 2.7 1.6
His 4 .8 ± 0 .5 7 1.8 ± 0 .0 5  3 1.7 ± 0 .0 2
A rg 0.4 0.4 ± 0 .0 3 0.4 ± 0 .0 3

1 Male, Sprague-Dawley rats (60 -80  g ) were used.
2 s e  of the mean for 3—4 rats for each group. When no standard error is given, figures were 

available for only 2 rats.
3 Significantly (P  ^  0 .05) different from  control value.

Plasma amino acid patterns of rats fed a 
single meal containing excess tyrosine with 
and ivithout additional threonine. Figure 1 
shows the results of feeding a single meal 
containing excess tyrosine on plasma tyro
sine and threonine concentrations in rats. 
Except for glycine in all 3 groups, and glu
tamic in the tyrosine and tyrosine +  threo
nine groups, the concentrations of all the 
amino acids increased in blood plasma as a 
result of ingestion of the meal. Increases 
in most of the amino acid concentrations 
had occurred by 6 hours. By 24 hours,

when animals were in the post-absorptive 
state, most amino acid concentrations had 
decreased and approached the fasting 
values.

The greatest change in the plasma amino 
acid pattern as a result of feeding the 3%  
tyrosine diet was an increase in the tyro
sine concentration by about 100-fold after 
6 hours; after 24 hours, it was still 13 
times as high as that of the control. Threo
nine supplementation, as in the one-day 
ad libitum feeding study, did not reduce 
plasma tyrosine concentration; in fact, after
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TABLE 8
Effect of feeding for one-day (ad libitum) diets 

containing 3%  L-tyrosine with and without 
1.25% r--threonine on plasma amino acids 1

Aacid° Control 3% L-Tyr i.25% TL-Thr

fimoles/100 ml plasma
Thr 8 10 \ 313 2Ser 33 41 /
Glu 21 29 26
Gly 24 35 47
Ala 86 58 33
Cys 4 6 —

Val 16 13 9
Met trace trace trace
lieu 6 5 3
Leu 12 8 5
Tyr 7 194 310
Phe 7 5 2
Lys 64 56 37
His 16 11 7
Arg 9 23 12
1 Samples were pooled from  4 rats/group.

_2 Because o f the large quantity o f threonine, serine 
did not separate clearly; therefore, the total is given 
o f which about 90% is threonine.

Fig. 1 Effect of a single meal on blood plasma 
tyrosine and threonine concentrations of interval- 
fed rats. Plasma was pooled from 3 rats/group 
before feeding and at 6, 12 and 24 hours after
feeding the 3 diets. O---------O rats fed the control
diet; • ---------•  rats fed 3% tyrosine; ▲---------▲
rats fed 3% tyrosine + 1 .2 5 % L-threonine.

24 hours the value was much higher than 
for the group that received no additional 
threonine.

Most of the plasma amino acid concen
trations at 24 hours were higher in the 
group fed the 3%  tyrosine diet than in the 
other 2 groups.

Although there were significant changes, 
especially in tyrosine and threonine +  ser
ine concentrations as a result of including 
1.25% L-threonine in the high tyrosine 
diet, the values for most of the other amino 
acids resembled those for the control group.

DISCUSSION
The amino acid pattern in the plasma of 

rats fed a low protein diet was altered when 
3%  tyrosine was included in the diet. The 
most significant change was the 25- to 80- 
fold increase of tyrosine concentration. 
When animals are fed an excess of indi
vidual amino acids the plasma concentra
tion of the amino acid fed usually increases 
substantially. The extent of the increase 
depends upon the nature of the amino acid 
and upon the amount fed (9 , 4 ) . Sauber- 
lich (4 )  observed about a 60-fold increase 
in plasma tyrosine concentration in young 
rats fed for 4 weeks a diet containing 5%  
tyrosine. An increase of the same order of 
magnitude in plasma tyrosine has also been 
observed in monkeys (1 0 ) fed excess 
tyrosine.

The observation that the tyrosine concen
tration in plasma increased manyfold after 
the ingestion of only a single meal contain
ing excess tyrosine, is also in accord with 
the results of Hier (1 9 4 7 ) in dogs (9 ) .  
The increase in the dog was not as large as 
that observed in the present study with the 
rat; however, the amount of tyrosine in
gested by the dogs was also proportionately 
less.

When graded levels of threonine were 
fed with and without 3%  tyrosine, with 
each dietary level of threonine tested, the 
threonine concentration in the plasma was 
lower when tyrosine was present in the 
diet. It is not known whether this lower
ing is due to a specific interrelationship 
between the 2 amino acids or simply to 
the lower food intake of rats fed excess 
tyrosine.

The addition of threonine to the 3%  tyro
sine diet brought about within 3 weeks a 
considerable reduction in plasma tyrosine 
concentration. The effect was more pro
nounced as the threonine content of the 
diet was increased. Lowering of plasma 
tyrosine concentration occurred only when 
plasma threonine concentration was very 
high.

A number of explanations may be ad
vanced for the mode of action of threonine. 
Tyrosine and threonine are both neutral 
amino acids and share a common transport 
system. It is possible that the large amount 
of threonine that accumulates in the 
plasma of animals fed for some time a diet
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containing 1.25%  L-threonine could inter
fere with the reabsorption of tyrosine in the 
renal tubules. However, urinary excretion3 
of radioactivity was about the same for rats 
that had ingested a single meal of the vari
ous diets used in this study together with a 
tracer dose of L-tyrosine-U-14C.

During intestinal absorption competition 
between certain amino acids had been dem
onstrated in vitro (1 1 ) and in vivo (1 2 ). 
Inhibition of intestinal absorption of cer
tain amino acids in vivo has been shown to 
occur in the presence of an excess of other 
amino acids (1 3 ) . The absorption of tyro
sine from the intestine may be affected by 
the presence of excess threonine. Again, 
this hypothesis has apparently been ruled 
out experimentally by the use of 14C-l - 
tyrosine. Twenty-four hours after rats in
gested a single meal, a threonine-supple
mented group had almost the same amount 
of unabsorbed radioactivity in their intes
tinal contents and their feces as did a group 
of rats fed tyrosine alone.4 Thus, it seems 
highly improbable that inhibition of tyro
sine uptake by threonine is important in 
the intestine. This may be due to the large 
total absorptive capacity of the intestine.

Another possible explanation for the re
duced tyrosine concentration in plasma is 
that threonine may stimulate the oxidation 
of tyrosine in the liver, thus leading to 
lower plasma values in spite of an increased 
intake of tyrosine from the diet.

One-day feeding of threonine with tyro
sine did not result in a lowering of plasma 
tyrosine concentration. Under such condi
tions tyrosine concentration in the plasma 
reflected the dietary intake of tyrosine. 
Since the addition of threonine to the high

tyrosine diet increased the food intake of 
rats by at least 1.0 g, those receiving threo
nine and tyrosine together actually con
sumed more tyrosine. Also, plasma tyro
sine concentration in rats fed a single meal 
containing extra threonine and tyrosine 
was not reduced. It appears that the mech
anism whereby addition of threonine to the 
tyrosine diet brings about a lowering of the 
plasma tyrosine concentration comes into 
play only after feeding threonine for a pro
longed period of time.

Feeding 3%  tyrosine for 3 to 4 weeks 
significantly increased most of the other 
amino acid concentrations in the plasma in 
addition to the high tyrosine concentration. 
For some amino acids, i.e., threonine and 
alanine, because of the high variability the 
changes were not statistically significant. 
High variability in the free amino acids in 
plasma and in tissues has also been re
ported by other workers (14 , 15). This is 
especially a problem when the diets are fed 
ad libitum and the level of the amino acid 
fed in the diet is high.

Table 9 shows that although the magni
tude of increase in the tyrosine or threonine 
concentration in muscle and in liver was 
lower than in plasma after feeding a 3%  
tyrosine diet, the absolute concentrations in 
these tissues and the total pool size of tyro
sine and threonine was much higher than 
in plasma. Tyrosine concentrations in 
muscle and in liver increased, respectively,
13- and 2.5-fold as a result of feeding 3%  
tyrosine for 26 days (table 9 ) . Although 
the magnitude of increase was much less

3 Alam, S. Q., Ph.D. Thesis, Massachusetts Institute 
o f Technology, 1965.

4 See footnote 3.

TABLE 9
Concentrations and pool size of threonine and tyrosine in plasma, liver and muscle of rats 

fed 3% L-tyrosine with or without 1.25% L-threonine 1

Diets Control Tyr Tyr +  Thr Control Tyr Tyr +  Thr

T y r o s i n e ,  / ¿m o le s/ g  w a t e r T y r o s i n e ,  ¡ ¿ m o l e s /t o t a l  t i s s u e

P lasm a 0.04 2.72 0 .1 0.14 6.4 0.4
Liver 1.43 3.76 1.3 5.4 10.2 5.2
M uscle 0.32 4.05 0.6 12.3 100.0 23.6

T h r e o n i n e ,  ¡ ¿ m o le s / g  w a t e r T h r e o n i n e ,  ¡ ¿ m o l e s / t o t a l  t i s s u e

P lasm a 0.09 0.35 11.8 0.33 0.8 43 .6
Liver 1.71 1.86 19.9 6.4 5.0 77.4
M uscle 0.49 0.51 17.9 17.5 12.5 704.0

1 For the calculations o f total pool size in liver, muscle, and plasma, liver weight was used as 
such: muscle was taken to be 40% of body weight and plasma as 3% o f body weight. The 
moisture content was assumed to be: plasma, 9 3 % ; muscle, 75% ; and liver, 70% .
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in muscle and liver, as compared with 
plasma, the absolute concentrations of tyro
sine (/.unoles/g water) were higher. This 
occurs because the tyrosine concentration 
in the muscle and the liver of rats fed the 
control diet are initially high. It appears, 
therefore, that by feeding 3%  tyrosine, the 
transport mechanisms of the liver and the 
muscle cells become saturated. Another 
possible explanation for the relatively small 
increase in tyrosine concentration, espe
cially in the liver, is the faster rate of tyro
sine catabolism when rats are fed high 
concentrations of this amino acid.

Apart from the increase in tyrosine con
centration, tyrosine feeding apparently did 
not change appreciably the pattern of free 
amino acids in muscle and liver. In liver, 
alanine and glutamine (measured as glu
tamic acid) increased. Tyrosine-«-keto glu- 
tarate transaminase activity in the liver of 
intact rats increases as a result of tyrosine 
administration (16 , 17). This increase 
could result in an elevation in glutamic 
acid concentration. Part of the glutamic 
acid may be converted into glutamine in 
the liver, thus accounting for increased 
glutamine concentration in the liver of rats 
fed excess tyrosine. Part of the glutamic 
acid may also be transaminated with py
ruvic acid to yield alanine. Glutamic 
pyruvic transaminase is also induced by 
cortisol (1 8 ) . Some evidence was obtained 
for an increase in corticosterone concentra
tion in plasma of rats fed 3%  tyrosine for 
3 weeks.5 This could result in increased 
activities of hepatic tyrosine-a-ketoglutarate 
transaminase and glutamic-pyruvic trans
aminase.

In liver, the concentrations of most of the 
free amino acids for the control group were 
higher than those reported in earlier litera
ture (14, 19, 2 0 ). However, the difference 
might be attributed to the basal diet used 
in the present studies being a low protein 
diet. Hoshino (3 )  has shown that most of 
the free amino acids in liver are elevated by 
feeding a low protein diet.

A single feeding of a high tyrosine diet 
increases plasma tyrosine concentration. 
The eye and paw lesions take from a week 
to 10 days to develop. A high tyrosine con
centration in the plasma apparently must 
be sustained for some time before rats de
velop pathological signs of tyrosine toxicity.

The results obtained from threonine sup
plementation experiments show that low 
plasma and tissue tyrosine concentrations 
are always associated with the alleviation 
of toxicity symptoms. It was a consistent 
observation that 1.25% L-threonine fed 
with 3%  tyrosine improved growth and pre
vented the appearance of eye and paw 
lesions.
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Influence of Various Phosphates and Other 
Complexing Agents on the Availability of 
Zinc for Turkey Poults * 1

PRAN VOHRA a n d  F. H. KRATZER
Department of Poultry Husbandry, University of California, 
Davis, California

ABSTRACT The availability of zinc from its compounds with various inorganic 
phosphates, phytic acid and some organic chelates was studied for turkey poults fed 
purified diets containing isolated soybean protein. With 15 ppm zinc in the diet, the 
gain in weight of turkey poults was less with CaHP04'2H20 , sodium phytate or 
calcium phytate than with sodium hexametaphosphate, sodium tripolyphosphate, 
sodium acid pyrophosphate or sodium orthophosphate supplying one-half of the dietary 
phosphorus (0.6% ). When mixed with enough zinc oxide to provide 15 ppm zinc 
before mixing with the purified diets at levels of 0.684 mmole, sodium tripolyphosphate, 
sodium hexametaphosphate and sodium phytate reduced its availability. Various phos
phates did not improve the availability of zinc already present in the diets. Even 
though 1,2-diaminocyclohexanetetraacetic acid and diethylenetriaminepentaacetic acid 
were far less effective than ethylenediaminetetraacetic acid in making dietary-bound 
zinc available for turkey poults, zinc was equally available from its complexes 
with these compounds and citric acid but not as available from complexes with ortho- 
phosphoric acid, hexametaphosphoric acid, pyrophosphoric acid, tripolyphosphoric acid 
or phytic acid.

Various phosphates have been studied as 
sources of phosphorus for chickens and cer
tain calcium salts such as metaphosphate, 
pyrophosphate or polyphosphate were found 
to be poor sources (1 —4 ). Calcium acid 
pyrophosphate was better utilized than vit
reous calcium metaphosphate or vitreous 
sodium metaphosphate. However, phos
phorus from a-, /S- and y-forms of calcium 
pyrophosphate, or ¡3- and y-forms of cal
cium metaphosphate, or calcium phytate 
was virtually unavailable (3 ) . Sodium 
pyrophosphate caused renal damage in rats
(5 ) . The reports concerning the availabil
ity of phosphorus from inositol hexaphos- 
phate (or phytic acid) salts are highly 
conflicting, but it appears that organic 
phosphorus was more available for gain in 
body weight than for bone calcification (6 ) .  
The earlier literature on this subject is well 
covered in another report ( 7 ).

The role of phytic acid in interfering 
with zinc availability for chicks (8 -1 2 )  
has been well established. The amount of 
dietary phytic acid in these studies varied 
between 0 .18%  to 1 .8 % . Phytic acid de
creased the availability of zinc even in the 
absence of protein (1 1 ) , or in the presence

of its complexes with glucose or casein (9 ) .  
A partial removal of phytic acid from iso
lated soybean protein reduced its zinc bind
ing capacity in in vitro studies (1 3 ) . The 
effects of sodium acid pyrophosphate, hexa
metaphosphate, tripolyphosphate and ortho
phosphate on the availability of zinc need 
investigation.

If zinc is made unavailable because of 
low solubility, it is worthwhile comparing 
the availability of zinc from its combi
nations with phosphate, pyrophosphate 
(Zn-PP), hexametaphosphate (Zn-HM P), 
tripolyphosphate (Zn-TPP), phytate (Zn- 
Phy) and oxide.

Earlier investigations have indicated that 
bound zinc is made available from purified 
diets for turkey poults (14, 15) and chicks 
(9 , 11, 16, 17) when ethylenediaminetetra
acetic acid (EDTA) is added to these diets. 
It has been suggested that 1,2-diaminocy- 
clohexanetetraacetic acid (CDTA) and di
ethylenetriaminepentaacetic acid (DTPA) 
were ineffective in making dietary-bound 
zinc available to turkey poults because they

Received for publication November 29, 1965.
1 Supported by Public Health Service Research 

Grant no. AM-5334 from the National Institute of 
Arthritis and Metabolic Diseases.
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TABLE 1
Zinc-deficient basal diet

g/kg
Cornstarch 486.7
Isolated soybean protein 1 330.0
Cellulose, powdered 2 50.0
CaHP04-2H20 30.0
CaC03 25.0
Mineral mixture 3 23.1
Vitamin mixture 4 10.0
Soybean oil 35.0
DL-Methionine 4.5
Choline chloride, 44% 5 5.7

1 Assay Protein C-l, Skidmore Enterprises, Cincin
nati; contained 0.95% P.

2 Solka Floe, Brown Company, New Hampshire.
3 Supplied the following minerals: (in grams) NaCl

(uniodized), 9.9; MnS04 H20, 0.297; FeS04-7H20,
0.644; CuS04-5H20, 0.079; cobalt acetate tetrahydrate, 
0.02; KI, 0.009; A12(S04V18H20, 0.25; MgS04-7H20, 
3.97; KC1, 2.97; K2HP04, 4.95; and Na2Mo04-2H20, 
0.009.

f Supplied the following: (in mg) riboflavin, 10; 
thiamine HC1, 10; pyridoxine-HCl, 10; Ca pantoth
enate, 30; niacin, 120; folic acid, 5; menadione, 10: 
biotin, 0.4; and (in grams) BHT, 1; inositol, 1; vita
min A, 5000 IU; vitamin D3, 4500 ICU; vitamin E, 
88 IU; and vitamin B42, 10 /¿g.

5 44% in wheat middling carrier.

complexed the zinc so strongly themselves 
that it was not released to the tissues (9 ) . 
If this was correct, zinc should be less avail
able from zinc complexes of CDTA or 
DTP A than from EDTA or ZnO.

The experiments conducted to answer 
these questions are described here.

EXPERIMENTAL
Broad Breasted Bronze turkey poults 

which were fed a practical poult starter for 
2 days and purified diets for 3 days were 
weighed and divided into groups of ap
proximately equal weight. Each group con
tained the same number of poults (from  
8 to 10). The birds were housed in elec
trically heated battery cages either coated 
with an epoxy resin or made of stainless 
steel and had free access to feed and tap 
water over the experimental period of 21 
days. The composition of the low zinc 
basal diet is shown in table 1 and it con
tained 17 m g/kg Zn. The diet contained 
about 0 .3%  organic P from the isolated soy
bean protein and 0 .54%  inorganic P sup
plied by CaHP0u2H20 (30 g /k g ). A 
slight modification in this diet was made 
for experiment 1 when sodium chloride 
was omitted from the salt mixture and 
levels of CaHP0 u2H20 and CaCC>3 were 
altered to 16.25 g and 33.9 g/kg, respec
tively. Sodium was supplied as sodium

carbonate besides the sodium present in 
various phosphates and the chloride ion 
equivalent to 6.06 g /kg was supplied in the 
form of KC1. The modified diet contained 
about 0 .3%  organic P and about 0.29%  
inorganic P. Various phosphates such as 
dicalcium phosphate (CaP), sodium hexa- 
metaphosphate (N aH M P), sodium tripoly
phosphate (NaTPP), sodium dihydrogen 
phosphate (N aP ), sodium phytate (NaPhy) 
and calcium phytate (CaPhy) supplied 
0.3%  phosphorus to the diets. The neces
sary adjustments were made in starch con
tent of the diets used in experiment 1.

In experiments 2 to 5, the various phos
phates and EDTA were added at levels of 
0.684 mmoles/kg diet without making any 
adjustments in the composition of the diets. 
Zinc oxide was used to supplement the 
diets with 15 ppm Zn. In experiments 2 
and 3, necessary amounts of zinc oxide and 
the various phosphates were premixed to
gether before mixing with the rest of the 
diet. In experiments 4 and 5, zinc was 
mixed with the feed first and the phosphate 
sources were added afterward.

In testing the availability of zinc from 
its various compounds, the compounds 
were analyzed for their zinc content by the 
atomic absorption method and the results 
of the analyses are shown in table 2. Nec
essary amounts of those compounds, some 
of which were prepared in our laboratory, 
were added to the diets to supply 15 ppm Zn.

The poults were weighed twice each 
week as a group and individually at the end 
of the experiment. The hocks of the birds 
were scored for perosis on a numerical 
scale of zero to 4, indicating variations 
from a normal condition to an extreme con
dition of slipped tendon. When needed for 
a bone ash determination, the left leg of the 
dead poults was severed and the analysis 
was carried out according to the procedure 
outlined in AO AC (1 8 ).

For the determination of zinc and phos
phorus in the feed, samples were ashed in 
a muffle furnace and zinc was determined 
by atomic absorption spectra and phos
phorus by the method outlined in AOAC
(1 8 ) using molybdovandate as the reagent.

Various zinc phosphates were prepared 
by dissolving the sodium salt of the respec
tive phosphate in water and adding to it a 
solution containing the necessary amount
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TABLE 2
Zinc content of various zinc compounds

Name Formula
Zn

Theoretical Determined
% %

Zinc orthophosphate Zn3(P 04) 2-4H20 42.6 43.4
Zinc-EDTA ZnCioHi40sN2 18.3 19.1
Zinc-HMP Zn3P60i8 29.2 29.8
Zinc-PP Zn2P20 7-4H20 34.6 34.9
Zinc-TPP Zn2HPsOio 27.5 29.7
Zinc-Phy Zn6C6H6P6024-3H20 35.6 1 19.1
Zinc-DTPA ZnCi4OioH23N3 13.9 10.2
Zinc-CDTA ZnCi4H2oOsN2 15.9 14.3
Zinc citrate Zn3(C6H50 7) 2-2H20 31.9 27.7

1 Zn3C6Hi2P6024-3H20 corresponds to 21.6% Zn.

TABLE 3
Effect of various sources of phosphorus 1 on the growth, tibia bone ash, and the perotic leg condition 

of turkey poults2 over 21 days in experiment 1

Source of P

Zn
Added 3 

Ca Na

Exp. 1
Code
name Formula Gain 4 Bone

ash
Perosis
score

ppm % % 9 %
CaP CaHP04-2H20 0 2.1 0.4 57* 41.6 0.1
CaP CaHP04-2H20 15 2.1 0.4 179 b 36.5 0.6
NaHMP (NaP03) 6 15 1.8 0.4 2 3 5 ' 31.9 0.9
NaTPP Na5P3Oio 15 1.8 0.4 228 ' 40.8 1.3
NaAPP Na3HP20 7 15 1.8 0.3 237 c 41.1 1.4
NaP N aH2P 04 • 2H20 15 1.8 0.7 229 c 42.7 2.7
NaPhy Na12H6P60 24-3H20 15 1.8 0.7 160» 34.9 1.0
CaPhy Ca5H8P6024 • 3H20 15 2.2 0.4 138 » 32.4 0.6

1 The diets contained about 0.3% organic P. about 0.29% P supplied by CaHP04-2H20; and an additional 
0.3% P was supplied by the various sources. The overall P content of these diets was about 0.9%.

2 Each group contained 8 poults.
3 Calculated amounts.
4 The numbers followed by different superscript letters in a column indicate statistical significance at the 

1% level by Duncan’s method (19).

of zinc chloride. The required amounts 
were calculated from the theoretical for
mula of the desired compound. In most 
cases precipitates appeared on mixing the 
solutions but the pH was adjusted to 3.5 in 
all cases with HC1 and the mixtures were 
stirred thoroughly for 4 to 5 minutes and 
filtered over suction, washed with water 
and alcohol and dried at 100° for 2 hours.

For other complexes of zinc, equimolar 
quantities of EDTA (free acid), or DTPA, 
or CDTA and zinc chloride were mixed in 
solutions, and the solutions were filtered 
and evaporated to dryness in a current of 
air at room temperature. Zinc citrate was 
obtained commercially.

When each treatment was duplicated in 
an experiment the gain in weight of poults 
at 21 days was examined for statistical 
significance by Duncan’s method (1 9 ).

Otherwise, these were checked by Fisher’s 
t test (1 9 ) .

Sodium and calcium phytate were com
mercial preparations2 * and were assigned 
the following formulae:
Sodium phytate 

Found: 
Calculated: 

Calcium phytate 
Found : 
Calculated:

Na12C6P8H6024-3H20  
Na, 27.8% ; P, 19.3 ±0 .3%
Na, 29.95% ; P, 20.1%
Ca5CeP6H80 24-3H20
Ca, 22.4± 0.4% ; P, 19.4±0.4%
Ca, 22.2% ; P, 20.0% .

RESULTS AND DISCUSSION
There is reasonable agreement between 

the calculated and the observed zinc con
tent of the various unpurified compounds 
(table 2 ) except zinc phytate. It appears 
that our preparation did not correspond to

2 Purchased from Sigma Chemical Company, St.
Louis.
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the formula ZnaCsHePeCWSthC) but had 
the formula Zn;iCoHi2Pe024‘3H20.

Supplementation of the basal diet with 
zinc gave marked improvement in the 
growth of turkey poults when CaP was the 
source of phosphorus (table 3 ) . With 15 
ppm Zn in the diets, CaP gave slightly 
better growth than NaPhy which was better 
than CaPhy although these differences were 
not statistically significant at the 1 % level. 
These 3 sources of phosphorus were inferior 
to NaHMP, NaTPP or NaAPP or NaP in 
the presence of zinc. The growth rates of 
turkey poults with the latter sources were 
of the same order. The sodium content of 
the diets with NaP and NaPhy could not be 
reduced below 0 .7%  but these levels ap
peared to cause no deleterious effects.

There appears to be no correlation be
tween the perosis score and the bone ash. 
With no supplemental zinc in diet, turkey 
poults grew very poorly and no perosis was 
observed. As the growth of poults im
proved, hock deformity appeared. Bone 
ash was high in the absence of zinc for 
poults fed CaP and in the presence of zinc 
for those fed NaTPP, NaAPP and NaP. It 
is difficult to be specific about the cause of 
reduction in bone ash but it may be related 
to the availability of zinc, phosphorus, and 
vitamin D3 for normally growing poults. It 
is possible that a reduction in the avail
ability of zinc as well as phosphorus might 
be responsible for lowered gains in weight 
as well as lower bone ash for birds fed

CaP, NaPhy and CaPhy in the presence of 
4500 ICU/kg dietary vitamin D3. The ob
servations concerning phytates are in agree
ment with the similar studies with chicks 
(8 -1 2 )  but differ from the study with 
chicks ( 6 ) in which zinc was not deficient. 
Bone ash of 40.8 to 42.7%  for turkey 
poults (table 3) appeared to be in the nor
mal range (2 0 ) . The cause of the reduc
tion in bone ash but not the growth of 
turkey poults by NaHMP needs further 
investigation.

The levels of phosphates added in ex
periment 1 (table 3 ) were quite high. An 
earlier study indicated (1 5 ) that a level of 
even 0.684 mmole EDTA and other com- 
plexing agents markedly influenced the 
availability of zinc present in the purified 
diet containing isolated soybean protein.3 
The results on the effect of adding the same 
levels of various sodium phosphates on the 
gain in weight and severity of perosis of 
turkey poults are presented in table 4. 
None of the phosphates released zinc from 
the basal diet (exps. 2 and 3 ) . NaTPP, 
NaHMP, NaPhy appeared to reduce the 
availability of supplementary zinc mixed 
with it prior to addition to the basal diet. 
However, if zinc was added to the feed 
first and these phosphates later, no deleteri
ous effect of these phosphates was observed 
on zinc availability (exps. 4 and 5 ) . Pero-

3  A s s a y  P ro te in  C - l ,  S k id m o re  E n te rp r ise s , C in 
c in n a t i.

T A B L E  4
Effect of various phosphates and EDTA when added at levels of 0.684 mmoles/kg diet on the 

availability of zinc for gain in weight and prevention of leg perosis of turkey poults over 21 days

Treatment
E x p . 2 E x p . 3 E x p . 4 E x p . 5

Gain Perosis
score Gain Perosis

score Gain Perosis
score Gain Perosis

score

9 9 9 9
Basal diet 108 »> 0.5 126  » 1 0.3 72 a L* 0 88 » L2 0

+ 15 p pm  Z n 332 d 1.9 3 2 3 ' 1.2 223 » 0.6 2 3 7 » 1.6
+  EDTA 298 cd 2.2 2 6 0 » 0.7
+  N aH M P 1 0 0 » 0.2 124 * 0.1
+  N aTPP 119 » 0.9 119 * 0.1
+ N aAPP 82 » 0.6 1 1 6 “ 0.1
+  N aP hy 106 » 0.6 1 2 7 » 0.6
+  15 ppm  Z n  +  N aH M P 310 '<* 2.3 254 » 0.9 285 cde 2.1
+  15 p p m  Z n  + N aTPP 2 5 9 ' 2.3 21 7  » 0.8 220 » 0.5 252 » ' 1.4
+  15 p p m  Z n  + N aP hy 2 7 7 ' d 2.5 241 » 0.8 203 » 0.3 245 bcd 2 .0
+ 1 5  p pm  Z n  +  E D TA 358 ' 0
+  15 p pm  Z n  +  N aAPP 237 » 1 .1 269 bcd 2.0

1 D if fe r e n t  s u p e rs c r ip t  le tte rs  in  a  c o lu m n  in d ic a te  s ta t is t ica l s ig n if ic a n c e  at th e  1 %  le v e l  b y  F is h e r ’ s t  test.
2 In  c o n tr a s t  w ith  e x p e r im e n ts  2 a n d  3 , th e  z in c  w a s  m ix e d  w ith  th e  b u lk  o f  d ie t  a n d  v a r io u s  p h o sp h a te s  

w ere  a d d e d  la te r . In  e x p e r im e n ts  2 a n d  3, z in c  a n d  p h o s p h a te s  w e re  m ix e d  to g e th e r  a n d  a d d e d  to th e  d iets .
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T A B L E  5
Effect of various zinc phosphates, zinc oxide, and other zinc chelates on gain in weight and leg perosis

of turkey poults over 21 days

Treatment1
Exp. 6 Exp. 7 Exp. 8 Exp. 9 Exp. 10

Gain Perosis
score Gain Perosis

score Gain Perosis
score Gain Perosis

score Gain Perosis
score

9 9 9 9 9

Basal diet 79 a 2 0 79 a 2 0 76 a 2 0 78 a 2 0 49 » 2 0
+  ZnO 236 ed 0.4 267 cde 0 .8 247 b 0.6 257 e 0.4 237 c 0.9
- f  Zn-Phy 190 be 0 228 cd 1.1 197 b 0
+  Zn-PP 179 be 0.5 187 bc 0.6 1 8 0 » 0.4
+  Zn-HMP 206 bed 0.2 190 bcd 0
+  Zn-TPP 228 cd 0.6 166 » 0.5
+  Zn3(P 04) 2 146 “b 0.2 1 7 6 » 0.1 222 bc 0.4 164 » 0.6
+  Zn-EDTA 264 d 0.3 318 8 1.6 263 b 0.5
+  Zn-CDTA 230 ed 0.7 317 e 1.2 243 b 0.3
+  Zn-DTPA 302 e 1.0 277 b 0.5
+  Zn-Citrate 295 b 0.5
+  ZnO (3 0  ppm Zn ) 273 d 0.2
1 The various zinc salts supplied 15 ppm zinc, except in last diet which had 30 ppm Zn.
2 Statistical significance at the 1 %  level by Fisher’ s t  test is indicated by different superscript letters in a 

column.

T A B L E  6
Effect o f various zinc phosphates, zinc oxide, and other zinc chelates on gain in weight, 

bone ash and leg perosis of turkey poults over 21 days

Treatment
Dietary

w t
gain 2

Exp. 11

Perosis
score

Bone 1 
ashZn i P 1

ppm % 9 %
Basal diet 17 0.92 36 » 0 46.2

+  ZnO 34.7 0.92 242 de 0.4 43.8
+  Zn -P hy 40.2 0.81 219 de 0.1 44.3
+  Zn-PP 30.8 0.88 205 d 0.4 40.1
+  Zn-H M P 32.2 0.85 154 e 0.5 46.0
+  Zn-TPP 31.6 0.91 108 » 0 46.6
+  Z n 3( P 0 4) 2 31.4 0.85 161 e 0.1 46.3
+  Zn -E D T A 26.2 0.93 257 ef 0.7 44.3
+  Zn -C D T A 31.4 0.85 258 ef 0.3 44.2
+  Zn-D T P A 35.5 0.86 316 ef 0.9 44 .4

1 Determined values.
2 Statistical significance at the 1% level by Fisher’s t test is indicated by different letters in  a 

column.

sis is more related to the overall weight of 
the poults. Zinc-deficient poults, because 
of their poor growth, had low perosis scores.

To confirm the observations that phos
phates might be interfering with the avail
ability of zinc, the data of experiments 6 
to 10 are presented (table 5 ) . The data 
for Zn-EDTA, Zn-CDTA, Zn-DTPA and Zn 
citrate which have stability constants of 
16.5, 18.7, 18.2 and 5.5, respectively, are 
also presented in this table. Zinc was 
equally available from its organic com
plexes even though in the present studies 
CDTA and DTPA did not make Zn avail
able from the basal diet to the same extent 
as EDTA. In experiment 12 (not in tables)

the average gain in weight of turkey poults 
fed the basal diet, basal supplemented with 
EDTA, CDTA, DTPA, ZnO, Zn-EDTA, Zn- 
CDTA and Zn-DTPA over 21 days were (in 
grams) 75, 231, 77, 143, 215, 301, 248, 
294, respectively. This means that the 
original hypothesis that zinc was so strongly 
bound to CDTA and DTPA that it was not 
released to the tissues needs to be modi
fied. Actually, the values given for stabil
ity constants are the maximal values for 
these complexes and are only attainable at 
a pH of 10 or above. Such pH values are 
hard to visualize in living systems. The 
relative binding constants for Zn-EDTA, 
Zn-CDTA, and Zn-citrate 1 :1  complexes
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were found to be 6.73, 6.69 and 4.53 at a 
pH of 7.4. Zn-DTPA did not form a 1:1  
complex and the binding constant for 
1 :2  complex was 12.27 (2 1 ) . This may 
imply that the binding constant of CDTA, 
DTPA and citrate are too low in compari
son with that of EDTA to release zinc from 
its bound form in isolated soybean protein. 
Zinc was freely available from its com
plexes with these ligands (diets 8—11, exps. 
6, 7, 8, table 5 ).

Zinc is less available from its phosphate 
compounds than from oxide or non-phos
phate organic complexes, although in ex
periment 6, the availability of zinc from 
its phosphate compounds was higher in 
comparison with the rest of the experi
ments. In experiment 11 (table 6 )  the 
zinc from zinc phytate was slightly more 
available than from the phosphates but 
some of the improved growth was due to an 
error in mixing by which more than the 
intended 15 ppm of zinc was added by 
zinc phytate. In the absence of this 50%  
extra zinc, the growth of poults might have 
been less than observed. A poorer weight 
gain with Zn-EDTA than with Zn-CDTA 
was the result of a shortage of 5 ppm Zn 
less than calculated. The perosis scores 
were related only to the gain in weight and 
the amount of zinc needed for optimal 
growth, and prevention of perosis was not 
the same (1 2 ) . The availability of zinc 
from CDTA and DTPA complexes was 
again confirmed in this experiment. The 
lowest bone ash was obtained for Zn-PP 
but was still in the same range as in experi
ment 1 for normal poults.

We feel that these studies indicate that 
the availability of zinc from various phos
phates for animals depends upon its sol
ubility in the intestinal tract. The im
portance of solubility considerations on 
availability of phosphorus from phytate 
(22, 23) and phosphate is already known 
(3 , 20 ).
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Skin Lipids of Puppies as Affected by Kind 
and Amount of Dietary F a t* 1

HILDA F. WIESE, WILLIAM YAMANAKA, EDMUND COON 
a n d  SHIRLEY BARBER
Bruce Lyon Memorial Research Laboratory, Children’s Hospital 
Medical Center, Oakland, California

ABSTRACT Clinical evidence of a dietary requirement for linoleic acid in main
tenance of a healthy skin prompted a study of fatty acid distributions in skin of 
84 young dogs fed diets with and without linoleic acid. When weanling puppies were 
fed diets deficient in linoleic acid for 2 months, monoene fatty acids in whole skin 
greatly exceeded levels for saturated fatty acids. Linoleic and arachidonic acid levels 
were lower than for newborn puppies. Levels of these fatty acids decreased further in 
skin and serum after 4 months when definite deficiency signs were evident, but 
levels remained approximately the same during longer feeding periods. Small amounts 
of linoleic acid were always present in skin and serum. Step-by-step increases in 
dietary linoleate were reflected in increased levels of this fatty acid in triglycerides, 
cholesterol esters, and phospholipids in skin and serum. During linoleic acid-deficient 
states, 5,8,11-eicosatrienoic acid was always present in serum, but it was observed 
infrequently in skin and only in the phospholipid fraction. In deficient states arachi
donic acid was present in most serum silicic acid fractions but appeared infrequently 
in small amounts only in skin phospholipids. When ethyl arachidonate was fed for 
2 months after weaning, it was observed in skin and serum, but during recovery from 
the linoleic deficient state, it was not noted in skin after a 2-month feeding period. 
Phospholipids make up a small fraction of skin lipids, but changes in their fatty acid 
patterns appear to reflect alterations which occur in epidermal cells during a dietary 
deficiency of linoleic acid.

Dietary linoleate has been shown to be 
required for the maintenance of a healthy 
skin in young infants (1 , 2 ) and many 
young animals (3 -1 1 ) . When the diet is 
deficient in linoleic acid, the most universal 
and striking clinical sign is dry, thickened 
and scaly skin. Among the histologic alter
ations which develop are increased density 
of the keratin layer with parakeratosis and 
thickening of the epidermal layer. Mitosis 
is evident in early stages of the deficiency, 
but in advanced deficiency there is in
creased thickening of the epidermis with
out mitotic activity (1 2 ) .2 These changes 
appear to indicate alterations in the normal 
maturation of the epidermal cells. Many 
feeding studies have demonstrated the re
versibility of the gross and histologic 
changes in skin by incorporation of linoleic 
acid in the diet. Numerous investigators 
also have reported the chemical compo
nents of skin, particularly surface lipids, 
ductal or sebaceous gland lipids, and com
ponents of epidermis of various species. 
This literature has been reviewed by Nicol- 
aides and co-workers (1 3 -1 6 ) , who have

contributed additional comprehensive data. 
However, there has been little attempt to 
correlate the fatty acid composition of 
whole skin with dietary regimen. In view 
of evidence for the essentiality of linoleic 
acid in the maintenance of healthy skin, a 
4-year study was undertaken to determine 
major fatty acid components in skin of 
young puppies (a ) at birth, (b ) when the 
diet fed from the time of weaning is de
ficient in linoleic acid, (c ) when the diet 
fed from the time of weaning contains 1 % 
or more of the calories as linoleic acid, and
(d ) when the diet fed during recovery from 
the deficient state contains 2%  or more of 
the calories as linoleic or arachidonic acid. 
No attempt was made to characterize the 
many components present in epidermis or

R e c e i v e d  f o r  p u b l i c a t i o n  D e c e m b e r  2 0 ,  1 9 6 5 .
1 T h is  w o r k  w a s  s u p p o r t e d  i n  p a r t  b y  P u b l i c  H e a l t h  

S e r v i c e  R e s e a r c h  G r a n t  n o .  A M -0 4 3 0 9  f r o m  t h e  N a 
t i o n a l  I n s t i t u t e  o f  A r t h r i t i s  a n d  M e t a b o l i c  D is e a s e s  
a n d  w a s  i n a u g u r a t e d  u n d e r  t h e  d i r e c t i o n  o f  D r .  
A r i l d  E . H a n s e n  ( d e c e a s e d ) .

2 S i n c l a i r ,  J . G .,  E . L . P r a t t ,  V . H u n t e r ,  C . J a c o b s e n ,  
D . J. D . A d a m ,  A . N .  B o e l s c h e ,  M . E . H a g g a r d ,  H . F . 
W i e s e  a n d  A . E . H a n s e n  1 9 5 8  I n f l u e n c e  o f  d i e t a r y  
l i n o l e i c  a c i d  o n  h i s t o l o g y  o f  s k in  i n  p r e m a t u r e  in f a n t s .  
F e d e r a t i o n  P r o c . ,  17: 4 5 7  ( a b s t r a c t ) .

J. N u t r it io n , 89: ’66 113
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epidermal flakes other than the saturated 
and unsaturated fatty acids identifiable 
by gas-liquid chromatography of known 
standards.

The young puppy was chosen as the ex
perimental animal because it is particularly 
susceptible to a dietary deficiency of lin- 
oleic acid, and serial skin biopsies can be 
taken from the same animal for histology 
and lipid analysis during the development 
and during the curative stages of linoleic 
acid deficiency. Also, periodic changes in 
distribution of fatty acids in blood serum 
which reflect changes in linoleic acid intake 
can be followed.

EXPERIMENTAL CONDITIONS 
AND METHODS

Experimental conditions. Beagle pup
pies from the time of weaning were fed 
isocaloric diets which were considered fully 
adequate in calories, protein, vitamins, and 
minerals, but differed in the kind and 
amount of fat (1 7 ) . Five diets were de
ficient in linoleic acid, one having 30%  of 
the calories as hydrogenated coconut oil, 
one low in fat (1 %  of the calories), and 
3 diets low in fat to which sufficient lin- 
olenic, oleic, or arachidonic acid was added 
to supply 2%  of the calories. Diets which 
contained linoleic acid were prepared by 
isocaloric substitution of sucrose in the low 
fat diet with butter, lard, soy bean lecithin,3 
corn oil, or safflower oil4 to provide one to 
16% of the calories as linoleic acid. Like
wise, during the period of recovery from 
the deficient state, trilinolein,5 lard, soy 
bean lecithin, corn oil or safflower oil was 
substituted isocalorically for sucrose to pro
vide 2%  or more of the calories as linoleic 
acid. During recovery, ethyl arachidonate6 
was fed in place of linoleic acid to 2 dogs. 
The fats and oils chosen as dietary sources 
of linoleic acid represent types consumed 
in American households.

Diets were fed at the normal caloric level 
for growing puppies (1 7 ) . Immunization 
and care of the animals also were the same 
as previously described (1 7 ).

Skin biopsies. To determine the most 
feasible site for detecting early signs of de
ficiency, skin biopsies were taken from the 
abdomen, interscapular and thigh areas. 
Under local anesthesia, crescent shaped bi
opsies were dissected along the fascial layer

and any subcutaneous fat was carefully 
removed. One-half of each specimen was 
placed in 10% formalin with 1% calcium 
acetate for histologic examination and the 
other half was frozen immediately in a 
tightly stoppered vial and stored at — 10° 
until analyzed. Histologic sections of skin 
were stained with hematoxylin and eosin 
for general characterization. Staining with 
Sudan black for possible appearance of 
phospholipids, aldehyde fuchsin for char
acterization of elastin tissue, toluidine blue 
for pigment content and Hale’s dialyzed 
iron preparation for mucopolysaccharides 
did not provide additional information.

Young dogs show the earliest gross signs 
of linoleic acid deficiency on the abdomen, 
then on the thigh and last in the interscap
ular area. Histologic examination of the 
skin from these 3 areas for 5 animals con
firmed the differences in degree of de
ficiency signs that were observed grossly. 
Extraction of lipids from whole skin showed 
the interscapular area to be highest and the 
abdominal area to be lowest in total fatty 
acid content. Abdominal skin tended to be 
highest in saturated and lowest in monoene 
and linoleic acids. Interscapular skin was 
consistently highest in linoleic acid. The 
observations correlated well with the degree 
of gross and histologic changes for the 
3 areas. Since sequential biopsies could 
be taken alternately from the dorsal sur
face of each thigh, and gross appearance, 
histology and fatty acid composition of the 
skin were typical for the nutritional state 
of the animal, all of the following data 
represent results for skin biopsies taken 
from the dorsal surface of the thigh.

Skin fractions. Although the most 
marked histopathologic changes in skin 
occur in the epidermal layer during the 
development and during the curative stages 
of linoleic acid deficiency, attempts to sepa
rate epidermis and dermis in dog skin by a 
combination of 2 methods (18 , 19) were 
very unsatisfactory. By histologic exami
nation of the remaining dermis, it was esti
mated that 70 to 95%  of the epidermis was 
removed in only 10 of 24 skins. Compari

3 G e n e r o u s ly  s u p p l i e d  b y  C e n t r a l  S o y a ,  C h i c a g o ,  
t h r o u g h  t h e  c o u r t e s y  o f  M r . H . T .  I v e s o n .

4 G e n e r o u s ly  s u p p l i e d  b y  P a c i f i c  V e g e t a b le  O i l  P r o d 
u c t s ,  R i c h m o n d ,  C a l i f o r n i a ,  t h r o u g h  t h e  c o u r t e s y  o f  
M r . R i c h a r d  P u r d y .

5 T h e  H o r m e l  I n s t i t u t e ,  A u s t i n ,  M in n e s o t a .
6 G e n e r o u s ly  s u p p l i e d  b y  H o f f m a n n - L a  R o c h e ,  I n c . ,  

N u t le y ,  N e w  J e r s e y .
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son of the results from analysis of the 
saponifiable components in epidermis and 
dermis of these 10 specimens with those 
from silicic acid fractions of whole skin 
showed fatty acid patterns in epidermis to 
be similar to those of cholesterol esters in 
whole skin and patterns in dermis to be 
similar to those of triglycerides in whole 
skin. Also, epidermis and cholesterol esters 
of whole skin contained high percentages 
of unidentified components which were not 
noted in dermis or triglycerides of whole 
skin. Carbon numbers of these compo
nents calculated from retention times were 
in the same range as those observed in epi
dermal flakes removed from linoleic acid- 
deficient dogs and conformed to those re
ported by other workers (1 5 ) in human 
surface lipids as C13 5 to C2i.5 straight-chain 
or branched-chain fatty acids. Characteri
zation of fatty acids in dog skin in relation 
to dietary fat, therefore, has been confined 
to the total fatty acids and fatty acids ob
tained by silicic acid separations of lipid 
extracts from whole skin.

Chemical analyses. In preparation of 
whole skin for analysis, hair was carefully 
removed with fine scissors, and the skin 
was cut into small bits, weighed, and then 
ground by hand in a porcelain mortar with 
washed, ignited sea sand. Analyses in
cluded total cholesterol (2 0 ) , total fatty 
acids (2 1 ) , and, when possible, silicic acid 
separation of the triglyceride, cholesterol 
ester, and phospholipid fractions (2 2 ) .  
Fatty acids from each of the above frac
tions were methylated at 70° with 2%  sul
furic acid in methanol. The methyl esters 
were chromatographed in a Beckman GC-2A 
instrument using 183-cm diethylene glycol 
succinate columns at 220° and helium as 
the carrier gas. Peaks were identified by 
comparison with retention times of known 
methyl esters.7 The 5 ,8 ,11-eicosatrienoic 
acid was identified by its conformity to the 
theoretical retention time of an eicosatrie- 
noic acid which appeared in serum from 
linoleic acid-deficient animals and subse
quently disappeared from serum of the ani
mals after feeding linoleic acid. This re
tention time also conformed to that of
5 ,8 ,11-eicosatrienoic acid reported by Ack- 
man (2 3 ) . Peak areas were quantitated 
both by triangulation and by measurement 
of peak heights and relative retention times.

Correction factors were applied to compen
sate for differencs in detector response to 
individual fatty acid components. Dectec- 
tor response was linear within a given in
strument sensitivity setting and injected 
sample sizes were chosen to allow use of a 
single sensitivity setting.

Fasted blood specimens were drawn at 
intervals of 2 months when skin biopsies 
were taken and the serum fatty acids pre
pared and chromatographed by the same 
procedures used for skin.

RESULTS
The data represent observations and 

analysis of skin and blood serum for 85 
dogs over a period of 6 to 8 months from 
the time of weaning. Most dogs reach 
maturity at approximately 8 months of age; 
hence the data were obtained during the 
entire growth period when the requirement 
for linoleic acid appears to be the greatest.

Total cholesterol and fatty acids in whole 
skin and blood serum. Since fatty acids in 
blood serum readily reflect either the ab
sence of fat in the diet or the composition 
of the dietary fat and since nutrients for 
the skin are derived from serum, compari
sons were made between fatty acid compo
nents in serum and those of the skin. 
Figure 1 demonstrates the relative differ
ences in the amount of cholesterol and fatty 
acids derived from the various lipid frac
tions in skin and serum under 3 dietary 
conditions: when the diet was low in fat 
and when 30%  of the calories was pro
vided as hydrogenated coconut oil or corn 
oil. Total cholesterol in skin was very low 
(1 to 2%  of dry weight) for all puppies. 
Total fatty acid content of skin varied con
siderably, but mean values for newborns 
and puppies fed the low fat diet were lower 
than when hydrogenated coconut oil or com  
oil diets were fed. Silicic acid separation 
of the triglycerides, phospholipids, and cho
lesterol esters in skin showed that triglyc
erides constituted the major fraction of 
lipids in whole skin for all puppies. No 
blood serum was available for the new
borns; however, in blood serum of the other 
3 groups, over 40%  of the total fatty acids 
was derived from phospholipids. In skin 
of newborns, phospholipid fatty acids made

7 A p p l i e d  S c i e n c e  L a b o r a t o r i e s ,  I n c . ,  S t a t e  C o l l e g e ,  
P e n n s y lv a n ia .
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Fig. 1 Lipid fractions in skin of newborns and in skin and serum after feeding weanling puppies 
diets with and without fat for 4 months.

up 8%  of the total fatty acids but after a 
4-month feeding period, this decreased to 1 
to 2 % . Cholesterol ester fatty acids were 
consistently lower in skin than in serum. 
The amount of the fraction containing free 
fatty acids, mono- and diglycerides was ap
proximately the same in skin and serum.

Saturated and unsaturated fatty acids in 
skin and serum of puppies fed diets defi
cient in linoleic acid. Fatty acids in skin 
of newborn puppies were compared with 
those in skin of puppies fed linoleic acid- 
deficient diets for 2 months at which time 
minimal gross and histologic changes usu
ally become evident. Figure 2 illustrates 
mean values for distribution of saturated 
and unsaturated fatty acids in skin of 5 
puppies at birth, five fed the diet low in fat, 
three fed the diet containing 30%  of the 
calories as hydrogenated coconut oil, and 
each of 3 puppies fed the low fat diet with 
2%  of the calories as methyl linolenate, tri
olein or ethyl arachidonate. Expressed as 
the percentage of the total fatty acids in 
skin, monoene fatty acids, principally oleic, 
greatly exceeded the level for saturated 
acids and in some instances were much 
higher than in blood serum. Skin of new

borns contained more linoleic and arachi- 
donic acid than did the skin of puppies fed 
the linoleic acid-deficient diets for 2 months. 
The extremely low level of linoleic acid in 
skin and serum of puppies fed 2%  of the 
calories as methyl linolenate, triolein, and 
ethyl arachidonate was of special interest 
because the mother of these puppies was 
fed the low fat diet during her pregnancy 
and period of lactation. Mean serum levels 
of linoleic and arachidonic acids for these 
puppies at weaning were very low —  3.4 
and 3.0%  of the total fatty acids, respec
tively—  whereas, 5 ,8 ,11-eicosatrienoic acid 
made up 10.4% of the total fatty acids. 
Also of special interest was the identifica
tion, by retention time, of linolenic acid in 
skin when methyl linolenate or triolein was 
fed. The puppy fed triolein had previously 
received methyl linolenate in his diet. Al
though the latter fatty acid had disappeared 
from blood serum, it was still present in the 
skin. The 5 ,8 ,11-eicosatrienoic acid which 
is characteristic of a dietary deficiency of 
linoleic acid was not identified in the total 
fatty acids of skin at this age, although 
serum levels indicated synthesis of this 
metabolite by all of the puppies. Arachi-
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Fig. 2 Saturated and unsaturated fatty acids in the total fatty acids in skin of newborns and 
in skin and serum after feeding weanling puppies diets deficient in linoleic acid for 2 months. 
* dietary linoleic acid as % of total calories; ** 5,8,11-eicosatrienoic acid.

donic acid was present in the total fatty 
acids in skin of newborns, of 3 puppies fed 
the low fat diet ( 3 /5 )  and of the puppy 
fed ethyl arachidonate. In the latter in
stance the arachidonate level in serum was 
21%  of the total fatty acids. Gross and 
histologic appearance of the skin was nor
mal for this animal. Gross and histologic 
deficiency changes were minimal for the 
other young puppies.

Saturated and unsaturated fatty acids in 
skin and serum of puppies fed diets with 
and without linoleic acid for 4 months. 
When weanling puppies are fed diets de
ficient in linoleic acid for 4 months, defi
nite and often marked gross and histologic 
alterations in skin are evident (2 4 ) . Fatty 
acid composition of these grossly abnormal 
skins was compared with healthy skin at 
the time of birth and skin of puppies fed 
diets which provided low, moderate and 
generous amounts of linoleic acid. Figure 
3 demonstrates mean values for saturated 
and unsaturated fatty acids in skin for 5 
newborns and in skin and serum after feed
ing the following diets for 4 months: 11

puppies, low fat; 12 puppies, hydrogenated 
coconut oil; 4 puppies, butter fat; 4 pup
pies, fresh lard; 5 puppies, corn oil. Fat 
in the latter 4 diets provided 30%  of the 
calories with linoleate contributing 0.1, 1.0, 
4, and 16% of the calories, respectively. 
Saturated fatty acids in skin of puppies fed 
the low fat diet remained relatively un
changed from the 2- to 4-month period. 
Saturated fatty acids increased in skin of 
animals fed hydrogenated coconut oil as a 
result of increased deposition of lauric and 
myristic acids during the 2- to 4-month 
feeding period. Except for puppies fed the 
hydrogenated coconut oil diet, the level of 
monoene fatty acids in skin decreased step- 
by-step with increasing levels of dietary 
linoleate just as it did in blood serum. 
When the diet was low in fat or contained 
hydrogenated coconut oil, linoleic acid in 
skin and serum were lower after 4 months 
than after the 2-month period. It increased 
both in skin and serum with step-by- 
step increases in dietary linoleate. Small 
amounts of octadecatrienoic acid identified 
by retention time as linolenic acid were
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Fig. 3 Saturated and unsaturated fatty acids in the total fatty acids in skin of newborns and 
in skin and serum after feeding weanling puppies diets with and without fat for 4 months. * die
tary linoleic acid as % of total calories; ** 5,8,11- eicosatrienoic acid.

noted in the skin of puppies fed butter fat 
or corn oil. The 5,8,11-eicosatrienoic acid 
which appeared in serum of animals fed 
the low fat, hydrogenated coconut oil or 
butter fat diets was observed in the skin of 
only one puppy fed the low fat diet ( 1 /1 1 ) .  
Arachidonic acid, which is present in rela
tively large amounts in skin at the time of 
birth, was not identified in the total fatty 
acids of skin from puppies fed deficient 
diets for 4 months. Only trace amounts of 
this fatty acid were noted occasionally in 
skin of the puppies fed lard or corn oil. 
Arachidonic acid was still present in the 
serum of all animals.

Figure 4 illustrates the distribution of 
linoleic, linolenic, 5,8,11-eicosatrienoic and 
arachidonic acids in the total, triglyceride, 
phospholipid and cholesterol ester fatty 
acids of skin from the same 6 groups of 
dogs after a 4-month feeding period. Lin
oleic acid was found in all silicic acid frac
tions. However, in contrast with the usual 
observation in serum, cholesterol esters in 
skin did not consistently show the highest

percentage of linoleic acid. Also as previ
ously discussed, cholesterol esters differed 
from other silicic acid fractions in skin in 
having many unidentified components. Oc- 
tadecatrienoic acid, which appeared in the 
total fatty acids of skin from puppies fed 
butter fat or corn oil, was found in small 
amounts quite consistently in the triglyc
eride fraction of skin. The 5,8,11-eicosa
trienoic acid was found only in the phos
pholipids from skin of 2 animals (2 /1 1 )  
fed the low fat diet. Archidonic acid which 
was prominent only in the total fatty acids 
in sldn of newborns was present in the 
phospholipids of skin from each group of 
animals but not always for each animal. 
In addition, the silicic acid fraction which 
was composed of free fatty acids, mono- 
and diglycerides also showed linoleic acid 
for all animals but arachidonic acid was 
found infrequently in this fraction.

Fatty acid composition of skin after 
feeding periods of 6 to 8 months. When 
the feeding period was continued from 4 to 
6 or 8 months with the same diet, there
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Fig. 4 Unsaturated fatty acids in the total fatty acids, glyceride, phospholipid, and cholesterol 
ester fatty acids in skin of newborns and after feeding weanling puppies diets with and without fat 
for 4 months. * dietary linoleic acid as % of total calories; ** 5,8,11-eicosatrienoic acid.

were no major changes in distribution of 
saturated or unsaturated fatty acids in skin. 
With diets low in fat, linoleic acid decreased 
slightly but at no time did it disappear com
pletely from the total fatty acids in skin. 
Arachidonic acid, however, was found infre
quently only in phospholipids of skin after 
prolonged feeding of a diet lacking linoleic 
acid. Small amounts of both linoleic and 
arachidonic acid were present in the total 
fatty acids of blood serum under all dietary 
conditions and at all times.

Although there were no marked changes 
in fatty acid composition of skin during the 
4- to 8-month feeding periods, the general 
condition of the dogs fed diets deficient 
in linoleic acid became progressively poor 
after 4 months. After 6 to 8 months there 
was loss of hair, extensive desquamation, an 
unkempt appearance and tremulousness. 
Histologically, the skin showed variable 
degrees of acanthosis, abnormal keratin, 
slight-to-moderate epidermal thickening, 
moderate to numerous sebaceous glands, 
and round cell infiltration in the upper 
dermis. Most of the puppies fed butter fat 
remained in good condition throughout the

period of study, but showed some degree of 
dryness of the skin with very fine desqua
mation. Histologic changes were minimal 
with slightly increased density of the kera
tin and very slight thickening of the epi
dermis. General health and appearance of 
the skin and hair were excellent for most 
of animals fed diets containing lard, soy
bean lecithin, corn oil or safflower oil which 
provided 4%  or more of the calories as lin
oleic acid.

Saturated and unsaturated fatty acids in 
skin and serum after feeding linoleic or 
arachidonic acids to dogs showing severe 
signs of linoleic deficiency. To detect early 
changes in distribution of fatty acids in 
skin and serum during the period of recov
ery from essential fatty acid deficiency, 
linoleic or arachidonic acid was incorpo
rated into the diet of 14 dogs at a level of 
2%  of the calories for a period of 2 months. 
Groups of 2 dogs were fed ethyl arachidon- 
ate, corn oil, safflower oil, or fresh lard; and 
groups of 3 dogs were fed trilinolein or 
soybean lecithin. Figure 5 illustrates the 
mean levels for saturated, monoene, lin
oleic, 5 ,8 ,11-eicosatrienoic and arachidonic
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Fig. 5 Saturated and unsaturated fatty acids in the total fatty acids in skin and serum after feed
ing linoleic acid deficient puppies diets containing ethyl arachidonate, trilinolein, corn oil, safflower 
oil, soybean lecithin, or lard to provide 2% of the calories as essential fatty acid for 2 months. 
+ + 5,8,11-eicosatrienoic acid.

acids in the total fatty acids of skin and 
serum. Levels for monoene fatty acids in 
skin exceeded those in serum. The rela
tively low levels for linoleic acid in skin 
were of the same order of magnitude as 
those for skin after feeding deficient diets 
for 4 to 6 months. Except for the 2 dogs 
fed ethyl arachidonate, serum levels for lin
oleic acid were much higher than those 
observed during the deficient state. No
5.8.11- eicosatrienoic or arachidonic acids 
were identified in the total fatty acids of 
skin. The presence of small amounts of
5.8.11- eicosatrienoic acid in serum of all 
animals indicated incomplete recovery from 
the deficient state. Silicic acid separation 
of triglycerides, cholesterol esters, and phos
pholipids in skin showed linoleic acid in all 
fractions, but 5,8,11-eicosatrienoic acid was 
not identified in any fraction. Arachidonic 
acid was noted only occasionally in the 
phospholipids for animals fed corn oil, soy
bean lecithin or lard. Interpretation of the 
presence of arachidonic acid in the phos

pholipids of skin from these animals as an 
indication of superior curative effects of 
corn oil, soybean lecithin and lard over 
those of safflower oil, trilinolein, and ethyl 
arachidonate does not appear justified at 
this time. Gross appearance of all animals 
showed considerable improvement. Skin 
in the abdominal area was smooth, soft, 
and pliable; but extensive desquamation 
and some loss of hair were still evident in 
the interscapular area. Histologically, skin 
from the thigh showed variable degrees of 
recovery with improved keratin, thinning 
of the epidermis, and mild acanthosis. 
Keratin plugs were still evident in many 
hair follicles. There was little change in 
the number and size of the sebaceous 
glands.

Recovery from the deficient state was 
notably more rapid for animals fed corn 
oil, safflower oil, or soybean lecithin when 
linoleate intakes were 5, 8, or 12% of the 
calories than when the intake was 2%  of 
the calories. Under these conditions, lin-
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oleic acid levels in skin were 20 to 30%  of 
the total fatty acids. Arachidonic acid was 
found occasionally in the phospholipids of 
skin. It is not clear from the data whether 
differences in fatty acid composition of the 
dietary fats and oils other than their lin- 
oleic acid content influenced the deposition 
of linoleic or arachidonic acid in skin.

DISCUSSION
This study was designed to compare 

fatty acid constituents in healthy skin of 
growing puppies fed diets containing lin
oleic or arachidonic acid with those in ab
normal skin of puppies fed diets deficient 
in these essential fatty acids. No attempt 
was made to follow metabolites of choles
terol synthesis or of the keratinization proc
ess. The data represent fatty acids derived 
from the dermis, the epidermis, and the 
sebum which also may be affected by the 
diet.

Linoleic acid levels in skin decreased 
markedly when the dogs were fed diets de
ficient in this fatty acid; however, it did not 
disappear completely from skin or serum 
even after prolonged deficiency (6  to 8 
months). Arachidonic acid, which was 
present in the total fatty acids of skin from 
all puppies at the time of birth, was still 
present in the serum but was not detected 
in the total fatty acids of skin after the 
puppies had been fed a diet deficient in lin- 
oleate for a period of 4 months. The small 
amount of arachidonic acid observed occa
sionally in phospholipids of these skin bi
opsies was not detectable in the total fatty 
acids. The relatively high level of arachi
donic acid in skin of newborn puppies was 
of special interest in view of reports for sig
nificantly higher levels of this fatty acid in 
serum of normal infants at birth than in the 
serum of their mothers during the third tri
mester of pregnancy (25, 2 6 ). Although 
no correlations were demonstrated by Han
sen and co-workers (2 5 ) between dietary 
intakes of 30 mothers during the third tri
mester and serum lipids in their neonates, 
arachidonic acid in serum of the mothers 
was significantly lower in the third tri
mester than 2 to 9 weeks postpartum. 
Effects of dietary fat on arachidonic acid 
metabolism during pregnancy and the sig
nificance of high arachidonate levels in

tissues of newborns require further investi
gation.

Triglycerides make up the major lipid 
fraction in whole skin and reflect the com
position of dietary fat to the greatest extent. 
Constituents of cholesterol esters are simi
lar to those of epidermis and show a high 
content of unidentified components which 
are not found in dermis or in the triglyc
eride fraction of whole skin. Some of these 
components are observed in normal and in 
abnormal skin and may represent metab
olites of the keratinization process. Phos
pholipids which make up the smallest frac
tion in skin reflect fatty acid metabolites 
that are considered characteristic of the 
intake of linoleic acid. Both arachidonic 
acid which normally is synthesized in the 
body from linoleic acid (2 7 )  and 5,8,11- 
eicosatrienoic acid which is synthesized 
when the diet is lacking linoleic acid (2 8 )  
are observed principally in phospholipids of 
skin. Changes in fatty acid composition 
in this fraction of skin correlate well with 
histologic alterations which occur in epi
dermal cells during a dietary deficiency of 
linoleic acid. Other silicic acid fractions 
may reveal intermediate metabolites of lin
oleic acid. For example, the octadecatri- 
enoic acid found in the triglyceride and 
cholesterol ester fractions of skin from ani
mals fed butter fat, corn oil, and soybean 
lecithin may prove to be, in part, an inter
mediate metabolite in the conversion of 
linoleic to arachidonic acid (2 9 ) . Hence, 
future studies on the role of linoleic acid 
in the maintenance of healthy skin should 
include distribution of fatty acid metab
olites in the phospholipid, triglyceride, and 
cholesterol ester fractions of whole skin.
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