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Foreword

Man has always been interested in food, of necessity and for enjoyment.
Thus the position of nutrition among natural sciences is unique: There is
no other subject of greater physiological importance or of greater moment
for the welfare of the human race. The knowledge that we have gathered
through the efforts of investigators in this ficld throughout the world should
enable us to use our foods intelligently, in health and in disease.

The basic components of the human diet are water, essential mineral
salts, vitamins, proteins, fats and carbohydrates. In this volume an at-
tempt is made to point out the important role of protein in nutrition,
consequences of protein and amino acid deficiencies, and to a certain
extent the existing intimate relationships between proteins and carbohy-
drates, fats, vitamins and mineral salts, with the obvious purpose of
gaining a clearer concept of the fundamentals involved in good animal
nutrition. Although in this volume we place greater emphasis on the role
of protein than on other essential nutrients, it must not be construed to
mean that we can neglect or even minimize the dietary importance of the
latter.

Experimental diets were and are used for a definite purpose — to gain
knowledge. Pure amino acids of synthetic or natural origin or pure pro-
teins as the sole source of nitrogen in the diet have aided us in determin-
ing their biological values and in clarifying our views on the metabolic and
catabolic processes of these substances in the animal system. The knowl-
edge we have gained from animal experimentation has led us to institute
similar studies in man and in so doing we have enlarged our store of knowl-
edge. We have also learned of hitherto unsuspected differences in the
qualitative and quantitative requirements of certain indispensable amino
acids and of certain variances in such requirements among different species.

The biological value of a protein is dependent not only on the presence
of adequate amounts of indispensable amino acids among its constituents
but on the proportions of these components that can be liberated in the
digestive tract and absorbed into the circulatory system. Of recent years
amino acid mixtures and protein hydrolysates have been prepared for
parenteral use in man, and clinical reports have justified their existence.
Following this, protein hydrolysates have been produced for oral human
consumption. Odor, taste and palatability are fundamental characteristics
of good food. By subjecting proteins to the catalytic action of either en-

zymes or acids the odor, taste and palatability of the resulting product are
ix



X FOREWORD

considerably impaired. If the use of these products is intended to meet
dietary protein requirements that the parent protein can accomplish under
the same circumstances, then we are needlessly replacing good common
foods and burdening the consumer with unnecessary expense. On the
other hand, if such protein hydrolysates are used for certain specific thera-
peutic purposes that the parent protein cannot fulfill, then such prepara-
tions have a definite place in therapy. However, they must be subject to
regulations governing the use of drugs, and clinical, biological and chemi-
cal data must be presented to indicate their safety and chief usefulness.

In considering the economic aspects of foodstuffs we must recognize the
necessity of providing adequate food proteins for the greatest number of
people without undue cost to consumers. To utilize our present and poten-
tial resources with maximum effectiveness, it is mandatory that we evoke
the principle of the supplementary relationships of plant and animal pro-
teins. However, under certain impelling circumstances we can justify the
use of relatively large quantities of proteins of high biological values.

The intelligent use of foods of different origins can be greatly enhanced
by our knowledge of their composition. From a general nutritional stand-
point, the breakdown of foodstuffs into their chief constituents is very
informative. For this purpose the most comprehensive data available on
the composition of natural and processed foods are presented.

MELVILLE SAHYUN



Introduction

Howarp B. Lewis

The need for protein in the diet was first pointed out by Frangois Ma-
gendie, the great French physiologist, who in his memoir, “Food Sub-
stances without Nitrogen’’ (1816), attempted to see whether animals could
live without nitrogenous food (protein). Dogs fed diets of sugar or fat and
distilled water became emaciated and died, which led Magendie to con-
clude that animals cannot live without nitrogenous food.! Twenty-three
years later (1839), the Dutch chemist, Mulder, suggested the term protein
as a designation for the universal component of tissues, both plant and
animal, ‘“unquestionably the most important of all known substances in
the organic kingdom. Without it no life appears possible on our planet.
Through its means the chief phenomena of life are produced.”? Some
years later (1899), Verworn ? wrote: “The proteins stand at the centre of
all organic life.” Today with the passage of more than a century of inten-
sive research in nutrition, the proteins are still “first” (Greek, mpwretos)
in the regulation of vital processes. Despite the discovery of many new
factors in cell physiology (e.g., trace clements, enzymes, hormones, vita-
mins), interest still centers on this group of nitrogenous factors of the diet,
the all important proteins. Lafayette B. Mendel who with his teacher,
Russell H. Chittenden, and his coworker, Thomas B. Osborne, contributed
so importantly to the study of the role of protein in nutrition, writing of
Magendie and Mulder in 1923, commented on the “glorification of the
albuminous substances — an apotheosis which has persisted in its extreme
form almost until the present time.” ¢ One senses in this that, despite his
own research which laid the foundations for the concept of the essential
amino acids, Mendel suspected that proteins should or would be displaced
as “first”’ by the newly discovered factors of the diet in the study of which
his own work with Osborne pionecred.

The present volume with its varied content should serve to dispel fears
that the biological significance of the proteins is solved and no longer an
important problem. At no period, in the approximately one hundred years
since Mulder, have proteins played so important a role in our thinking.
The recent studies of the physical chemistry of the proteins, the use of
new physicochemical approaches through the ultracentrifuge, the electro-
phoresis procedure of Tiselius and the newer studies of x-ray photography
of large molecules have served to open up new biological concepts. The

more accurate methods of analytical chemistry, particularly the recently
xi



xii INTRODUCTION

introduced microbiological methods of analysis, have made possible an
almost complete knowledge of the amino acid composition of a number of
proteins, a knowledge which has stimulated anew biological studies of the
role of the individual amino acids in nutrition.

The role of the proteins of the plasma in the maintenance of the normal
osmotic relationships of the blood, the relation of plasma and tissue pro-
teins, and the origin of the immune proteins of blood plasma have been
emphasized.

All well-characterized and highly purified enzymes which have so far
been isolated have shown the characteristics of proteins, the so-called en-
zyme proteins. A large group of hormones have been shown to be proteins,
hormone proteins (e.g., insulin and several of the hormones of the anterior
pituitary gland); others, notably thyroxine, epinephrine and histamine, are
definitely known to be specialized derivatives of amino acids of the protein
molecule. Various antibodies including bacteriophage have the properties
of proteins. Crystalline proteins have been isolated from plants infected
with certain virus diseases, which while apparently lifcless are capable of
increasing in quantity in plants into which they are injected and of giving
rise to the specific disease. Virus proteins are new in the classification of
proteins. It has become evident that the genetic factors in the cell, the
genes, are related to the protein portion of the nucleoprotein of the cell or
the cell nucleus. All these present new protein problems, which have
arisen within the last fifteen years.

The solutions sought for these problems are varied. One of the most
important is: By what specific arrangement of amino acids in the protein
molecule is the specific biological function achieved? Why should a pro-
tein of relatively low molecular weight with an unusually high content of
cystine, leucine and tyrosine and completely devoid of methionine and
tryptophane exert a regulatory control of the utilization of carbohydrate
as does insulin? Why should one group of amino acids as an enzyme pro-
tein act as a pepsin on the one hand and as a trypsin on the other? What
arrangements of amino acids in the molecule are responsible for the varied
phenomena of biological specificity of proteins, so important in immunology
and related fields?

The desirable amount of protein in the diet has become of especial
interest in the last decade. The early standard of Voit, which was based
mainly on surveys of the diet of the German people, seemed to many
entirely too high and aroused much controversy. Largely as the result of
the experiments of Chittenden, a much lower protein content of the diet
was advised and Sherman’s recommendation of 1 gram of protein per kilo
per day has been accepted generally. Avoidance of high protein diets,
particularly in disease, was generally prescribed. In recent years, protein
deficiency has been recognized and its role in disease pointed out. Dietary
protein in amounts far above those of Sherman’s recommendation has been
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advised, even for patients seriously ill. To one trained in the low protein
school of nutrition of the early part of the present century, the recommen-
dation of amounts of protein up to 200 grams daily is amazing. To meet
these requirements for higher dietary proteins, particularly for surgical
patients, new preparations are available. Increase in the level of protein
by the use of hydrolyzed proteins, amino acid mixtures and special pro-
teins has been suggested. These products must be evaluated by careful
observations, both experimental and elinical, before they can be accepted
without reservation. This is definitely the era of higher dietary protein.

It is hoped that the varied discussions in this volume, presented by
workers in their respective ficlds, may contribute in some part to the solu-
tion of some of these problems and, in turn, suggest others. The answers
to many of the questions of the biological role of the proteins are not yet
available but the discussion should stimulate further investigation. This
is the function of the present volume.
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Chapter 1

Proteins in Nutrition (Historical)*

Evuior F. Brach, Pu.D

Assistant Director, Research Laboratory, Children's Fund of Michigan, Detroit

Knowledge of proteins is a relatively recent achievement, though tap-
roots of fact and theory reach back into antiquity. Throughout the ages
inquisitive human minds have been intrigued with the nature of food and
it$ use in the body, so it is not surprising that speculative philosophers of
Ancient Greece, since they chose omnivorously from the world about them,
theorized upon nutriment. The beliefs of Hippocrates (460-377 B.c.) in
these matters are summarized in his statement,! “There is but one food,
but there exist several forms of food.” The “Father of Medicine” believed
that though variety was evidenced by the many available forms of food,
ultimately these were reducible to a single principle. Later the Roman
physician Galen (130-200) contributed the theory of the “perfect chyle,”
believing that during the process of digestion all foods were converted to a
single principle for sustaining life. Primitive and far from fact though these
theories of the unity of nutriment were, they remained intact for centuries.
When the essential nature of protein in nutrition was recognized, protein
was viewed as the single food essential for life.

The limited working information of the earliest protein chemists was
evolved in the practice of the arts and crafts. Trades dealing with protein
materials — baking, cheese manufacture, tanning and the spinning of silk
and wool — all contributed information. To Antoine Laurent Lavoisier
(1743-1794), Karl Wilhelm Scheele (1742-1786), Daniel Rutherford (1749-
1819) and Joseph Pricstley (1733-1804) go the honors for the basic dis-
coveries and the techniques which nourished modern chemical theory in
its infancy. These men learned to recognize oxygen and nitrogen and to
work with the compounds of these two elements and the compounds of
carbon. Upon these fundamentals real progress in chemistry began at the
end of the eighteenth century and subsequent years saw a rapidly expand-
ing knowledge of biochemistry and physiology and the founding of the
science of nutrition in the establishment of protein as the basic nutritional
principle.

* A Syllabus (unpublished), prepared by C. M. McCay at Cornell University, Ithaca,
New York, for his course in Advanced Animal Nutrition, provided valuable orientaticn
material for this historical review.

1



2 PROTEINS AND AMINO ACIDS IN NUTRITION

In recounting the development of knowledge concerning proteins and
their role in nutrition it is difficult to avoid the omission of worthy names,
for the field was populous with able minds. We can only hope to include
those who for one reason or another spoke earlier or with more eloquence
and clarity the truths which were gradually taking form. Those unmen-
tioned worked and reworked the facts and theories of their time, constantly
refining them. In the interest of clearer understanding of the thinking of
the older workers, frequently we have quoted the exact words which tell of
- scientific developments in a way which defies improvement.

Liebig’s restored laboratory in Giessen, Germany.

With the profound observation of Lavoisier, in 1780, that ““life is a chem-
ical function,” biochemistry in its modern aspect emerged from its prenatal
obscurity to grow and mature in the environment of the new experimental
philosophy. The father of modern chemistry spent his few remaining pro-
ductive years studying respiration and developing many of the exact
methods of this science. During the French Revolution, his own “chemical
function” was terminated abruptly by the thud of a guillotine.

During the 140 years following the astute observation of Lavoisier, ex-
perimental studies in nutrition expanded. These concerned largely the
significance of food protein of which a very thorough knowledge was gained
before the functions of other nutriment substances were appreciated.
Within the history of protein nutrition the whole science passed through
infancy and adolescence — the basic facts were verified and the pattern
established for the mature growth of recent years. By the end of World
War I, nutrition as a distinct science was gaining recognition in all fields of
scientific endeavor. In 1922, looking back over the span of years which we
are’about to consider, the eminent physiologist 1. V. McCollum said: 2 “The
tree of nutritional knowledge appears, however, to have grown to propor-
tions which reveal the general outlines which it will always present, and
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further researches by the methods which have hitherto been so productive,
can, it seems, only clothe it in attractive foliage and aid it in maturing the
rich setting of fruit which has not yet ripened and fallen for the service of
man, although a few windfalls which have been tasted reveal the keen en-
joyment with which the human race will one day reap the full harvest.”

Justus von Liebig: Foundation of the German School

Justus von Liebig (1803-1873) is the inevitable center around whom any
discussion of the early history of protein theory must revolve. Liebig was
born in Darmstadt and after studying chemistry at Bonn and Erlangen

Justus von Liebig (1803-1873) and family.

received his doctorate in 1822. The next two years he spent in Paris and
was trained, through his association with Gay-Lussac’s laboratory, in the
best traditions of the French philosophy. At the age of 21 he returned to
Germany to become professor at the University of Giessen. From Giessen
for the next 23 years came the students of Liebig and the brilliant writings
which continually broadened the understanding and interest of chemists in
the physiology of metabolism and nutrition. Liebig’s fame is deserved not
only for his brilliant original contributions to the literature but also for his
ability to gather related facts and popularize them. In these ways he in-
stilled an enthusiasm for the search of knowledge which extended far beyond
his own students or the confines of his own country. As translations of his
work appeared in English his sphere of influence on scientific thought
spread. Publications such as “Die Thier Chemie’ ® which appeared first in
1842 and in his later “Familiar Letters on Chemistry” ¢ had great influence
in establishing centers of biochemical learning in Germany and elsewhere.
He became professor at Munich in 1852 where he remained until his death.
Liebig’s accomplishments are ably summarized by Hubert B. Vickery,®
his recent historian.
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The greatest achievement of Liebig in physiological chemistry was the
foundation of the German school. Studies of proteins and their nutritional
significance, initiated by the brilliant French workers, were destined to
become primarily the province of German research and Liebig was most
instrumental in this transition which brought this new blood and intensjfied
interest, in the nroblems.

Lacopo Bartolomeo Beccari (1682-1766)

From the beginning of the protein problem there have been specific points
of attack upon which progress in the field has hung. They are embodied in
four problems as significant today, in spite of our progress, as they were in
the days before Liebig: (1) The variety and distribution of proteins in the
biological world; (2) the structure and properties of proteins; (3) the
changes in proteins coincident to digestion and assimilation in the body;
(4) the functions of proteins in animal bodies.

The Occurrence and Variety of Proteins. Among the very early workers
in the isolation of proteins none is more interesting than Iacopo Bartolomeo
Beccari (1682-1766), professor at the University of Bologna during most of
his life. Among his scientific writings which appear in the “Commentaries
of the University of Bologna "’ is one ¢ titled ‘“de Frumento’ which appeared
in 1734, in which Beccari described the preparation of gluten, the protein
portion of wheat flour. His method of manufacture is essentially that in
use today. The following comments by Beccari, which laid the groundwork
concerning vegetable proteins, are translated from the medieval Latin:

“This is a thing of little labor. Flour is taken of the best wheat, ground
moderately lest the bran go through the sieve, for it ought to be purified as
far as possible in order that all suspicion of mixture should be removed.
Then it is mixed with the purest water and agitated. What remains after
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this process is set free by washing, for water carries off with itself whatever
it is able to dissolve. The rest remains untouched.

‘“Afterward that which the water leaves is taken in the hands and pressed
together and is gradually converted into a soft mass and beyond what I
could have believed tenacious, a remarkable kind of glue and suitable for
many purposes, among which it is worth mentioning that it can no longer

T ——

Joseph Gay-Lussac (1778-1850)

be mixed with water. Those other parts which the water carries away with
itself for some time float and render the water milky. Afterward they grad-
ually settle to the bottom but do not adhere together; but like a powder
return upward at the slightest agitation. Nothing is more nearly related to
this than starch or better, it is indeed starch.”

Beccari ¢ characterized the starchy material of flour, stating that it would
ferment to give acid spirits indicating its “vegetable nature.” But in con-
trast the gluten was of ‘“animal nature” for “within a few days it gets sour
and rots and very stinkingly putrifies like a dead body.” Such was the
method of the day for distinguishing proteins from carbohydrates. The
belief in the animal nature of gluten was current a century later in Mulder’s
and Liebig’s theory of the identity of animal and plant proteins and the
thought that vegetable protein consumed by herbivora becomes directly
the flesh and blood of the animal.

By Liebig’s time, in fact well before then, the proteins were known to be
widely distributed. Nitrogen was found as a constant constituent of all
animal tissues by the French chemist Pierre Bertholet (1827-1907). Josept.
L. Gay-Lussac (1778-1850), applying his method, concluded that all seeds
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“contain a principle abounding in azote.” The proteins of legume seeds
had been studied by Henri Braconnot (1781-1855) and later legumin-like
proteins were obtained from a great variety of seeds by extraction with
water and precipitation by the addition of acetic acid.

One after another the various protein materials were discovered which
later would play such important roles in the examination of nutritive value.
Gelatine from bones had been prepared since the days of Robert Boyle
(1627-1691) in the seventeenth century. Interest in the food value of gel-
atine was revived by food scarcity during the French Revolution, at which
time Louis Proust (1754-1826) improved the methods of gelatine manu-
facture. The famous physician and physiologist Frangois Magendie (1783—
1855) served as chairman of the French commission for examining the
nutritive value of gelatine in 1842. Zein, the protein of corn, was discovered
at Harvard University early in the nineteenth century by John Gorham
(1783-1829).7 Casein was well known because of its occurrence in the food
trades for centuries.

Early Studies of the Properties and Composition of Proteins. Before the
term protein was coined to designate these widely distributed materials,
workers designated them variously as albumins or quaternary azotized sub-
stances and recognized them as set apart from the hydrates of carbon and
fats by their high content of nitrogen. Long before Liebig’s birth in Darm-
stadt, chemistry found, as we have seen, that the albumins would undergo
putrefaction spontaneously, in contrast to the fermentation characteristic
of carbohydrates. It was also known that upon destructive heat distillation
of these substances ammonia, or “alkaline air,” was produced. Also, their
insoluble salts with heavy metals such as mercury, silver and lead were
known. The coagulation of blood serum and egg white was recognized and
in a general way the alteration of solubility relations during denaturation
had received attention. Hemoglobin had been found to contain iron. Fibrin
and the azotized principles of milk and cereals had been examined. It is
little wonder that these related materials of various and unique properties
captured the attention of many workers.

Basic to the progress of any science is the development of analytical tools
by which observations can be gathered. With the albumins, nitrogen anal-
ysis was the first key to open new vistas for the old masters. Oxidation
of organic material in the presence of cuprie oxide, with collection and meas-
urement of the resultant gases, was the most satisfactory of the early
methods. It was developed extensively by Gay-Lussac,? first while he was
professor at the Sorbonne, and later when he was chemist at the Jardin des
Plantes in Paris. His method was modified by Jean Dumas (1800-1884) and
used by Dumas’ contemporary, Liebig. Today, the Dumas method still is
the classic, having undergone many modifications and adaptation to micro-
procedure.®

Much later, in 1841, F. Varrentrapp and H. Will® presented a total
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nitrogen method based on the liberation of ammonia by heating protein
with alkali, followed by gravimetric estimation of the ammonia as its chloro-
platinate. Although the slow, tedious procedure had certain fundamental
inaccuracies, the method had certain technical advantages over that of
Dumas when applied to metabolic observations and it was used in many
early studies of that type. Remembering the slow and difficult procedures
available to chemists early in the nineteenth century, one is doubly im-
pressed with the inestimable service rendered on behalf of our knowledge of
proteins by the Danish chemist, J. Kjeldahl (1849-1900),"t of Carlsberg,
when in 1883 he presented his method for catalyzed digestion of nitrogenous
materials in sulfuric acid to produce ammonia quantitatively.

Frangots Magendie (1783-1855)

Before Liebig became prominent, amino acids had been discovered. Al-
though workers of that era were far from the modern concept of amino acid
structure, their observations sowed the seed which would later produce the
theory of the amino acid building blocks, or “bausteine,” of the protein
molecule. In 1810 the British physician, William Wollaston (1766-1828),2
discovered cystine in certain urinary calculi and named the substance cystic
oxide. William Prout (1785-1850) did elementary analyses of the substance
but many years were to pass before sulfur would be found to be one of its
component elements and would be detected as one of the products of protein
disintegration.

In France, Proust,!® working with the flavoring matter of cheeses, in
1819 isolated from cheese a white compound which he called casein oxide.
A year later, Braconnot,!* director of the Horticultural Gardens in Nancy,
obtained the same compound from sulfuric acid digest of muscle fiber and
wool and named it leucine. This was the first use of the modern type of
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acid hydrolysis for isolation of amino acids and the first demonstration that
protein hydrolysis yielded simpler crystalline compounds. Also in 1820 in
the same work, Braconnot described the isolation of glycine from the acid
hydrolysate of fish glue. Because of its characteristic sweet taste the prod-
uct was called ‘“sugar of gelatin.” )

The discovery of tyrosine was a contribution of Liebig.!®* He reported
in a brief paper in 1846 the separation of this compound from casein after
fusion with caustic potash, dissolving in water and neutralization with
acetic acid. A yecar later he obtained the same compound * from fibrin
and serum albumin. The product was finally isolated by acid hydrolysis,
using the earlier technique of Braconnot. Liebig and his students also
applied oxidizing agents such as manganese dioxide and chromic acid during
acid hydrolysis of proteins, thus obtaining and identifying a serics of acids
and aldehydes. The idea of studying the degradation products of protein,
which was to play such an important role in the next generation, stems
from Liebig’s imaginative genius.

Of all Liebig’s contemporaries, the Dutch chemist, Gerard J. Mulder
(1802-1880), provided the greatest immediate stimulus to Liebig’s work.
The theories of Mulder had great influence in unifying thought concerning
the ““ quaternary azotized substances.” In his paper of 1838 in the Bulletin
des Sciences Physiques et Naturclles en Neederlande and rcprinted a year
later in the Journal fir praktische Chemie,”” under the title ‘ Ueber die
Zusammensctzung einiger thiertschen Substanzen,” Mulder first coined the
term “protein’’ as a class name for the “quaternary azotized substances.”
The word, derived from the Greek, proteios, meaning ““primus,” or “pri-
mary,” shows the conviction with which Mulder viewed protein as funda-
mental to life. Though our horizons have broadened since, many biochem-
ists of today belicve that the elusive process of life itself resides principally
in protein. Certainly, modern research on the nucleoproteins has produced
strength for the belief that protein constitutes the true lifestuff of proto-
plasm.

Mulder made analyses of blood fibrin, egg albumin, wheat gluten and
other proteins for the elements nitrogen, carbon, hydrogen, oxygen, sulfur
and phosphorus, and deducted from these values the best empirical formula
for protein on the basis of atomic proportions. He concluded that all pro-
tein materials are identical in their relative proportions of hydrogen,
oxygen, carbon and nitrogen and that these together constitute the nucleus
occurring in all protein materials of the plant and animal kingdoms.
Protein bodies, he found, differed only in regard to the quantity of phos-
phorus and sulfur attached to their common nucleus, the combination
being represented symbolically as “Pr 4 SP.” Mulder did not claim for
his empirical formula of the protein nucleus any merit beyond that of being
the best approximation possible with the current knowledge — the best
that can be said for any theory.
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Mulder was concerned with a problem in protein nutrition which was
destined to pique the minds of many successors. It was easy to understand
how carnivorous animals living upon flesh could obtain flesh for body con-
struction, but the herbivora likewise grow and increase in flesh without
consuming meat in their food. On the basis of his analyses and his belief
that protein substances in plants are identical with those in animals, he

Gerard J. Mulder (1802-1880)

reasoned that plant proteins must be as effective as flesh in replenishing the
blood and flesh. This became a central and guiding concept of proteins in
nutrition, for Liebig and for workers in many years to follow. In Mulder’s
famous ““ Ueber die Zusammensetzung einiger thiertschen Substanzen” 1 we
see the framing of a great theory:

“Es scheint also, dass die Thiere thre wesentlichsten niheren Bestandtheile
unmittelbar aus dem Pflanzenreiche ziehen. Es ist moglich, dass der Pflan-
zenetwetssstoff Schwefel und Phosphor in einem andern Verhilinisse als der
thierische Eiweissstoff, der Faserstoff u.sw. enthdlt; aber der quaterndre
organische Korper ist das Protein selbst.

“Die pflanzenfressenden Thiere sind also, aus diesem Gesichtspuncte
betrachtet, von den flevschfressenden nicht verschieden. Beide werden durch
das Protein gendihrt, durch denselben organischen Korper, der eine Hauptrolle
en threr Oekonomie spielt.”

Liebig accepted from Mulder the theory of the unity of proteins, and
embellished it with his clever imagination and keen reasoning. The brilliant
theory contained in his ‘“ Animal Chemistry’’ 2 held sway for many years
in animal physiology.

“When animal albumin, fibrine, and caseine are dissolved in a moder-
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ately strong solution of caustic potash, and the solution is exposed for some
time to a high temperature, these substances are decomposed. The addi-
tion of acetic acid to the solution causes, in all three, the separation of a
gelatinous, translucent precipitate, which has exactly the same characters
and composition, from whichever of the three substances above mentioned
it has been obtained. )

“Mulder, to whom we owe the discovery of this compound, found, by
exact and careful analysis, that it contains the same organic elements and
exactly in the same proportion, as the animal matters from which it is
prepared ; insomuch, that if we deduct from the analysis of albumin, fibrine,
and caseine, the ashes they yield, when incinerated, as well as the sulphur and
phosphorus they contain, and then calculate the remainder for 100 parts,
we obtain the same result as in the analysis of the precipitate above de-
scribed, prepared by potash, which is free from inorganic matter.

“Viewed in this light, the chicf constituents of the blood and the caseine
of milk may be regarded as compounds of phosphates and other salts, and
of sulphur and phosphorus, with a compound of carbon, nitrogen, hydrogen,
and oxygen, in which the relative proportion of these elements is variable;
and this compound may be considered as the commencement and starting-
point of all other animal tissues, because these are all produced from the
blood.

“These considerations induced Mulder to give to this product of the
decomposition of albumen, ete., by potash, the name of proteine, from
mpwrebw ‘I take the first rank.” The blood, or the constituents of the blood,
are consequently compounds of this proteine with variable proportions of
inorganic substances.”

However, a few years later Liebig’s analyses of the protein material
prepared according to Mulder’s method yielded evidence that proteins vary
in elementary composition particularly with reference to the behavior of
the element sulfur. This indication of diversity in protein composition led
to a bitter argument with Mulder and eventually displaced Mulder’s theory.
Though Liebig only recognized the existence of four different sorts of pro-
tein his work marked the beginning of the present day vision of the indi-
viduality in the composition of each specific protein in nature.

Metabolism of Proteins. After nitrogen was found to be a component of
excreta, the fate of nitrogenous foods during metabolism also received
attention. Lavoisier early had established the viewpoint that atmospheric
nitrogen did not serve as nutriment for the body, nor were nitrogenous
end-products of metabolism exhaled in respiration. This premise was not
accepted by all scientists and was difficult to prove experimentally. Chem-
ists like Sir Humphry Davy (1778-1829) took a position opposite to La-
voisier’s and it was over 120 years before the polemics on this matter were
silenced by the modern painstaking respiration experiments of August
Krogh (1874- ),'® in Copenhagen.
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The first nitrogen balance studies with animals were designed to test the
point of possible fixation of atmospheric nitrogen by animal bodies. Credit
for the conception of such studies, which would serve in later years in build-
ing the theories of protein in nutrition, is due J. B. Boussingault (1802
1887), a French contemporary of Liebig. Boussingault, primarily an

J. B. Boussingault (1802-1887)

agricultural chemist, was born in Paris. At the age of 20 he went to South
America as representative of a mining concern, travelled in Peru and
Bolivia and knew the hero Simon Bolivar. His wife’s estate in Bechelbrom,
Alsace, was the experimental farm on which he carried out much of his
famous work on rotation of crops, animal feeding and the fertilizers.

The nitrogen balance studies of Boussingault !* appeared in 1839 and
are the first on record. One subject was a lactating cow whose food, urine,
feces, and milk were collected and analyzed for nitrogen, carbon and hydro-
gen. A second experiment ?* was performed with a horse as the subject.
One cannot fail to be impressed with the amount of work involved in these
studics. The only method then available, that of Dumas, presents real
difficulties when applied to analysis of foods and excretory products. The
significant conclusion which Boussingault made from his experiments is
that animals, unlike leguminous plants, do not fix atmospheric nitrogen.
The nitrogen content of the excreta of animals does not exceed the nitrogen
content of their food. Inasmuch as his analyses of excreta and milk did not
account for all of the nitrogen consumed by the animals, he postulated that
nitrogenous waste products may have been lost through the expired air.
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Boussingault’s concept of the nitrogen balance is best illustrated by
excerpts from his treatise on “Origin of Animal Principles,” in his book
“Rural Economy”:* “It is now generally admitted that the food of
animals must necessarily contain azote; and this circumstance has led to
the inference, that the herbivorous tribes obtain from their food the azote
which enters into the constitution of their bodies.

“In a general way, the individual consuming a certain portion of food
every day, nevertheless does not increase in his average weight. This is
what occurs with animals upon the quantity of food which is known to be
sufficient for their keep; and it has been found that the human subject,
living very regularly, returns at a certain hour, or at certain hours of the
day, to a certain mean weight. Grooms, farm servants, etc., are perfectly
well aware of the fact, that with a certain allowance of hay and corn, a
horse will be kept in the condition necessary to do the work required of him
without either gaining or losing in flesh.

“Under such circumstances, the whole of the elementary matter con-
tained in the food consumed ought to be found in the dejections, the ex-
cretions and the product of the act of respiration. And assuming that this
is 50, it might then be maintained that none of the elements is assimilated,
assimilation being taken in the sense of an addition of principles introduced
with the food to the principles already present in the body. Yet is there un-
questionably assimilation in the sense that the alimentary matters of the
food become fixed in the system, having there undergone modification or
change; and that they replace, or come instead of other elements of the
same kind, which are daily thrown off by the vital acts of the economy.

“During the nutrition of a young animal, and also in the process of
fatténing an adult, things go on differently, here there is unquestionably
definitive fixation of a portion of the matter contained in the food; there
is no longer balance between waste and the supply; an animal then increases
in weight notably and rapidly.

“Looking at the question of feeding in the most general way, then, I
admit that an adult animal, upon the daily allowance, voids a quantity of
matter in its various excretions precisely equal to the quantity which it
receives in its food: all the elements, the same in nature and in quantity,
which are contained in the food, are also contained in the excrements,
vapors, and gases, which pass off from the living body; carbon and azote,
hydrogen and oxygen, phosphorus, sulfur and chlorine, calcium, magnesium,
sodium, potassium and iron, as they are all encountered in the food so are
they all encountered in the body, and also in the excretions of an animal;
and it seems certain that no one of these primary or simple substances can
be wanting in the nutriment without the body very speedily feeling the ill
effects of its absence. . . .

“In what has just been said, I take it for granted that animals do not
absorb or assimilate any of the azote which forms so large a constituent of
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the air they breathe; and I am warranted in this by the researches of every
physiologist of any name or distinction.”

Through Liebig’s experiments and teachings on respiration and nitrogen
excretion the field of intermediary metabolism was materially developed.
He classified protein-containing foods as “plastic foods,” in contrast to fat
and carbohydrate materials which he called “respiratory foods.” To the
plastic foods he attributed the support of the body flesh and blood and its
renewal, while the respiratory foods were visualized as the source of animal
heat through oxidation: 3

“ According to what has been laid down in the preceding pages, the sub-
stances of which the food of man is composed may be divided into two
classes: into nitrogenised and non-nitrogenised. The former are capable of
conversion into blood; the latter incapable of this transformation.

“Qut of those substances which are adapted to the formation of blood
are formed all the organized tissues. The other class of substances, in the
normal state of health, serve to support the process of respiration. The
former may be called the plastic elements of nutrition; the latter, elements of
respiration.

“Among the former we reckon vegetable fibrine, vegetable albumen,
vegetable caseine, animal flesh, and animal blood.

““ Among the elements of respiration in our food are fat, starch, gum, cane
sugar, grape sugar, sugar of milk, pectine, bassorine, wine, beer, spirits.”

His discussion of the utilization of the constituents of milk by the young
animal is a good example of the application of these theories:

“The carbon and hydrogen of butter, and the carbon of the sugar of
milk, no part of either of which can yield blood, fibrine, or albumen, are
destined for the support of the respiratory process, at an age when a greater
resistance is opposed to the metamorphosis of existing organisms; or, in
other words, to the production of compounds, which in the adult state are
produced in quantity amply sufficient for the purpose of respiration.

“The young animal receives the constituents of its blood ih the caseine
of the milk. A metamorphosis of existing organs goes on, for bile and urine
are secreted; the matter of the metamorphosed parts is given off in the form
of urine, of carbonic acid, and of water; but the butter and sugar of milk
also disappear; they cannot be detected in the faeces.

“The butter and sugar of milk are given out in the form of carbonic acid
and water, and their conversion into oxidised products furnishes the clear-
est proof that far more oxygen is absorbed than is required to convert the
carbon and hydrogen of the metamorphosed tissues into carbonic acid and
water.”

But he differentiates protein from other food principles by stating that
the plastic element resists oxidation to such a degree that it is not used
until the respiratory elements (fat and carbohydrate) are all utilized. This
was essential in his theory: 3
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“If the albumen of the blood, which is derived from the plastic portion
of the food, possessed in a higher degree the power of supporting respiration,
it would be utterly unfit for the process of nutrition. Were albumen as
such, destructible or liable to be altered, in the circulation, by the inhaled
oxygen, the relatively small quantity of it, daily supplied to the blood by
the digestive organs, would quickly disappear; and the slightest disturbance
of the digestive function would of necessity put an end to life.

“ As long as the blood contains, besides albumen, other substances, which
surpass it in attraction for oxygen, so long will the oxygen be unable to
exert a destructive action on this, the chief constituent of the blood;
and the significance of the non-nitrogenous part of the food is thus made
clear.

“Starch, sugar, and fat, serve to protect the organised tissues, and, in
consequence of the combination of their elements with oxygen, to keep up
the temperature of the body.

“The sulphurised and nitrogenous constituents of food determine the
continuance of the manifestations of force; the non-nitrogenous serve to
produce heat. The former are the builders of organs and organised struc-
tures, and the producers of force; the latter support the respiratory process;
they are materials for respiration.

“The necessity for the simultaneous presence of both, of the plastic and
respiratory materials, and for their due admixture, is now obvious. The
sum of both, daily required by the body, depends on the amount of oxygen
taken up; their relative proportions depends on the causes of loss of heat
and expenditure of force.”

One of the most unique theories of Liebig was that the metabolism of the
plastic, or protein, elements formed the basis of animal motion and muscle
force. He reasoned that, inasmuch as the muscles’ predominant constituent
is protein, protein must be the product metabolized during muscle contrac-
tion. His conclusion was confirmed by erroneous and uncontrolled observa-
tions of urinary nitrogen excretion during exercise. As a new chemistry
evolved in the next generation, the downfall of his theory caused Liebig
great disappointment: 3

“But however closely the conditions of the production of heat and of
force may seem to be connected together, with reference to mechanical
effects, yet the disengagement of heat can in no way be considered as in
itself the only cause of these effects.

“ All experience proves, that there is, in the organism, only one source of -
mechanical power; and this source is the conversion of living parts into
lifeless, amorphous compounds. . . .

“The amount of azotised food necessary to restore the equilibrium be-
tween waste and supply is directly proportional to the amount of tissues
metamorphosed.

“The amount of living matter, which in the body loses the condition of
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life, is, in equal temperatures, directly proportional to the mechanical
effects produced in a given time.

“The amount of tissue metamorphosed in a given time may be measured
by the quantity of nitrogen in the urine.”

St

Claude Bernard (1813-1878)

Function of Protein as Food. Interest in protein as a nutriment increased
with the development of protein chemistry. Of the older masters in this
field none is more prominent than Magendie, the teacher of Claude Bernard
(1813-1878), who is often designated as the father of experimental medicine.
Magendie became interested in the then current use of special dietary treat-
ment for the cure and prevention of urinary calculi. Such diets were partic-
ularly poor in nitrogenous substances and this led him to study the effects
of nitrogen-free foods upon dogs.?* Experimental animals were fed single,
protein-free substances such as sugar, olive oil, gum or butter as their only
food. All of the dogs developed severe debility and died in a month or less
(see page 16). He found this could be prevented by feeding protein-con-
taining food substances. Thus, Magendie proved that to maintain life
animals require nitrogenous material in their diets in organic form. During
the experiments he recorded also the fact that the dogs on certain diets
developed peculiar lesions around the eyes. Presumably this is the first
record of the occurrence of the ophthalmia symptoms of vitamin A defi-
ciency which were to be rediscovered a century later during studies of the
vitamins.

Boussingault, the great “farmer of Bechelbrom,” working with animal
feeding and recognizing the importance of nitrogen in the economy of
plants, followed Magendie’s teaching regarding the essential nature of
nitrogenous nourishment for animals. So impressed was he with this id=a
that he analyzed foods and animal feeds for nitrogen, inferring from the
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MEMOIRE

Sur Jes propriétés nutritives des substances qui ne
contiennent pas d azote.
Lu a I'Académie des Sciences le 19 2001 1816,
Pax M. F. Macznois.
O n'a que des connaissances trés-superficielles sur le

léculaire qui la putrition des
animaux ; on sait d’'une maniére générale que ce mou~

vement existe; les excrétions habituelles, la néeessité
des alimens, plusicms maladics, quelques cxpériences
directes en sont des preuves incontestables. On sait en-
core que ce mouvement est plus rapide chez les enfans
vt dans la jeunesse que dans un age plus avancé, On a
aussi reconnn qu'il présente des modifications remare
guables dans les dillérentes classes d'animaux ; mais c’est
a-peu-prés 13 que se bornent les notions positives tou=
chant Je monvement nutritif . son mode particulicr, les
variations qu'il doit subir dans chaque organe, les lois
qui le régissent sont d-peu-prés enticrement inconnus.

. L] o o -
J'ai pensé qu'on pourrait acquérir quelques notions
exactes sur ce sujet en des ani , pendant

Ie temps nécessaire, a une nourriture dont la composi~
tion chimiq déterminée.

Les chiens étaient trés-propres a ce genre d'expériences
ils se nourrissent, comme I'bomme, également bien de

serait rigour

substances végétales et animales.

Chacun sait qu'un chien vit trés-bicn en ne mangehnt
que du pain; mais, en le nourrissant ainsi , on n'en peut
rien conclure relativement A la production de I'azote dans
Péconomie animale ; car le gluten que contient le pain
est une substance trés-abondante en azote. Pour obtenir
un résultat satisfaisant, il fallait nounrrir un de ces ani-
maux avec une substance réputée nutritive, mais qui ne
contint pas d azote.

A cct effet, j'ai misun petit chien 4gé de grois ans, gras
et bien portant,  I'usage du sucre blane et pur pour tout
aliment, et de I'ean distilléc pour boisson : il avait de
I'un et de I'autre & discrétion.

Les sept ou huit premiers jours, il parut se trouver
assez bien de ce genre de vie; il était gai , dispos, man-
geait avec wvidité et buvait comme de coutume. Il com-
menga & maigrir dans la d ine, quoique son
appétit fiit wujours fort bon , et qu'il mangeat jusqu'a six
ou huit onces de sucre en vingt-quatre heures. Ses excré.

©ons alvines nétaient ni.fréquentes ni copienses; en
revanche, celle de I'urine éuit assez abondante,

ig g dans la troisiéme semaj y les
forces diminudrent , Panimal perdit la gaité, I'appétit ne
fut pas aussi vif. A cette méme époque, il se développa ,
d'abord sur un ceil et ensuite sur Fautre, une petite ulcé-
Tation au centre de la cornée transparente; elle augm;:nu
assez rapidement, et, au bout de quelques jours, ello
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Par MM. Anico, Benrmorrer, Bior, Bovirron-La-
emance, Caarrar, Caevnevr, o'Ancer, Dereux,
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Prieun, Stcuin, Taenanp et VavQuerin,

Itédigées par MM. GAY-LUSSAC et ARAGO.

TOME TROISIEME

A PARIS,

Ches CROCHARD, Libraire, rue de I'Ecole-de-Médecine,
n° 3, pris celle de la Harpe.

1816.

avait pius @ une hgne de diametre; sa prolondeur s'ac-
crut dans la méme proportion ; bientdt la cornée fut en-
tiérement perforée, et les humeurs de V'ceil s'écoulérent
au~dehors. Ce singulier phé fut pagué d'une
sécrétion abondante des glandes propres aux paupiéres.
Cependant V'amaigrissement allait toujours croissant
Tes forces se perdirent ; et quoique I'animal geat, par
jour, de trois 3 quatre onces de sucre, la faiblesse devint
telle, qu'il ne pouvait ni micher ni avaler ; a plus forte
raison , tout autrg mouvement était-il impossible. Il ex-
pira le trente-deuxiéme jour de I'expéricnce. J'ouvris son
cadavre avec toutes les précautions convenables; j'y re-
connus une absence totale de graisse ; les musales étaient
réduits de plus des cinq sixiémes de leur volume ordi-
naire ; V'estomac et les instestins étaient aussi trés-dimi-
nués de vol et fort t é
La vésicule du fiel et Ja vessie urinaire étaient disten-
dues par les fluides qui leur sont propres. Je priai
M. Chevreul de vouloir bien les examiner; il leur trouva
presque tous les caractéres qui nppurlienneni a Vurine et
i la bile des animaux herbivores, c'est-a-dire que l'urine,
aa lieu d'étre acide comme elle I'est chez les carnivores,
duit sensiblement alcaline , n'offrait aucune trace d'acide
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relative nitrogen contents their nutritive value. His paper 2% on the sub-
ject, in 1836, is summarized in his “Rural Economy’ 2! and illustrates
the way in which recognition of the special nutritive virtues of protein
dawned in the minds of men:

“The identity, in point of composition and properties, which appears to
obtain between certain substances derived from either kingdom of nature,
naturally led to the conclusion that animals do not form or originate the
substances which enter into their organization, but that they find these
ready formed in their food, merely appropriate them; whence we must
conclude, that herbivorous animals assimilate several of the proximate
principles of plants immediately, causing them to undergo but slight modi-
fications, and that the elements of the animal tissues and fluids pre-exist in
vegetables. . . .

“Tt is by no means easy to ascertain preciscly the amount of the azotized
constituents, gluten, and albumin, contained in plants; to do so requires
both time and pains. But let it be once admitted that the nutritive proper-
ties of forage increase in the precise ratio of these matters, this is clearly as
much as to say that the value is in proportion to the quantity of azote con-
tained in the food, and that it becomes a matter of the highest moment to
have at hand a ready mode of determining the point. I belicve it infinitely
better to get at the quantity of azote immediately, which is casily done,
than by any round-about and laborious process to ascertain the amount of
albumen and gluten; the quantity of azote ascertained, it is most easy to
deduce the quantity of albumen and gluten — in other words, of flesh —
contained in each particular species of food examined, for, as in a general
rule, vegetable food does not contain any other azotized principle. It is
true, indeed, that all the azotized principles of vegetable origin cannot be
considered as nutritious; some of them, on the contrary, are virulent poisons
or active medicines, according to the dose in which they are administered.
But these poisonous substances are not met with in appreciable quantity
in the plants which are commonly grown for the food either of man or beast.
Still, all the truly nutritious articles of food contain an azotized principle.
The experiments of M. Magendie have shown, that substances which con-
tain no azote, such as sugar, starch, oil, will not support life; and, on the
other hand, it is ascertained that the quality of alimentary matter, flour
for example, increases with the amount of gluten which it contains. It is
because the seeds of the leguminous vegetables are richer in azotized prin-
ciples — that is, in flesh — that they are also more highly nutritious than
the seeds of the cereals.

“These several considerations, therefore, induce me to conclude, that
the nutritious principles of plants and their products reside in their azotized
principles, and consequently that their nutritious powers are tn proportion to
the quantity of azole they contain. From what procedes, however, it is ob-
vious that I am far from regarding azotized principles alone as sufficient
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for the nutrition of animals; but it is a fact, that every highly azotized vege-
table nutritive substance is generally accompanied by the other organic
and inorganic substances which concur in nutrition.”

Prout did much for the advancement of chemistry and nutrition early in
the nineteenth century. After his medical training in Edinburgh, he settled
in London. While practicing his profession he maintained an active interest
in chemistry, discovering hydrochloric acid in gastric juice, showing that
atomic weights are all multiples of that of hydrogen, and observing the excre-
tion of uric acid as the principle nitrogenous component of reptile and bird
urine. His outstanding contribution to knowledge of proteins in nutrition
was his recognition of the three proximate, or staminal, principles in food-
stuffs: the “saccharina, oleosa, and albumosa,” or the carbohydrate, fat,
and protein of today. This work 2* appears in his dissertation * Chemistry,
Meteorology and the Function of Digestion, Considered with Reference to
Natural Theology” published by the Royal Society in the series of Bridge-
water treatises endowed fo the purpose of demonstrating “The Power,
Wisdom, and Goodness, of God, as Manifested in the Creation.”

In stating the staminal principles of food Prout helped focus attention
upon their dietetic significance. He was impressed particularly with the
nutritive potential of milk, arguing teleologically, as we are prone to do
today, that here if ever is the perfect nutriment, elaborated as it is by na-
ture for the nutrition of the growing young. He believed in the providential
symmetry of its contents of fats, proteins and carbohydrates and looked
upon milk as the prototype of all foods:

“The composition of the substances by which animals are usually nour-
ished, favours the mixture of the primary staminal elements forming the
basis of their food; since most of these substances are compounds, of at
least two, of the staminal elements. Thus most of the gramineous and her-
baceous matters contain the saccharine and the albuminous elements; while
every part of an animal contains at least albumen and oil. Perhaps there-
fore, it is impossible to name a substance constituting the food of the more
perfect animals, which is not essentially a natural compound of at least two
if not of all the three proximate elements which afford nourishment to or-
ganized bodies. But in the artificial diet of man, we see this great process
of mixture more strongly exemplified. He, dissatisfied with the spontaneous
productioris of nature, culls from every source; and by the force of his reason,
or rather of his instinct, forms in every possible manner, and under every
disguise, the same great alimentary compound. This after all his cooking
and his art, how much soever he may be disinclined to disbelieve it, is the sole
object of his labour; and the more nearly his results approach to this object,
the more nearly do they approach perfection. Even in the utmost refine-
ments of his luxury and in his choicest delicacies, the same great principle is
attended to; and his sugar and flour, his eggs and butter, in all their various
forms and combinations, are nothing more or less, than disguised imita-
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tions of the great alimentary prototype milk, as furnished to him by
nature.”

Liebig visualized blood rather than milk as the prototype of all food.
He believed that food protein entered the system and whether of vegetable
or animal origin could be incorporated without alteration into the blood
and used for formation of the tissues bathed by the blood: 3

“The nutritive process in the carnivora is seen in its simplest form. This
class of animals lives on the blood and flesh of the graminivora; but this
blood and flesh is, in all its properties, identical with their own. Neither
chemical nor physiological differences can be discovered.

“The nutriment of carnivorous animals is derived originally from blood;
in their stomach it becomes dissolved, and capable of reaching all other
parts of the body; in its passage it is again converted into blood, and from
this blood are reproduced all those parts of their organisation which have
undergone change or metamorphosis. . . .

“The process of nutrition in graminivorous animals appears at first sight
altogether different. Their digestive organs are less simple, and their food
consists of vegetables, the great mass of which contains but little ni-
trogen. . . .

“Vegetables produce in their organism the blood of all animals, for the
carnivora, in consuming the blood and flesh of the graminivora, consume,
strictly speaking, only the vegetable principles which have served for the
nutrition of the latter. Vegetable fibrine and albumen take the same form
in the stomach of the graminivorous animal as animal fibrine and albumen
do in that of the carnivorous animal.

“TFrom what has been said, it follows that the development of the animal
organism and its growth are dependent on the reception of certain principles
identical with the chief constituents of blood.

“In this sense we may say that the animal organism gives to blood only
its form; that it is incapable of creating blood out of other substances which
do not already contain the chief constituents of that fluid. We cannot,
indeed, maintain that the animal organism has no power to form other com-
pounds, for we know that it is capable of producing an extensive series of
compounds, differing in composition from the chief constituents of blood;
but these last, which form the starting point of the series, it cannot produce.

“The animal organism is a higher kind of vegetable, the development of
which begins with those substances, with the production of which the life of
an ordinary vegetable ends. As soon as the latter has borne seed, it dies, or
a period of its life comes to a termination.”

Carl Voit and His Contemporaries

After Liebig’s major pronouncements, protein for years was to monopo-
lize the center of the stage in nutrition studies. In naming protein as the
one “plastic” or structural food, thereby relegating all other principles only
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to the support of respiration, he had done little to change the Hippocrati.an
doctrine of the single alimentary principle. Protein assumed the focal point
of the still unitarian theory of nutrition.

Carl Voit (1831-1908) . Frederick Wohler (1800-1882)

During the last half of the nineteenth century new methods and the per-
fection of old ones brought about continual changes in beliefs regarding
protein in nutrition. Throughout this period Carl Voit (1831-1908), a great
research physiologist and teacher, was prominent in contributing to this
progress. He criticized Liebig for overemphasis of protein, presenting his
view of fat, carbohydrate, and protein as the alimentary trinity. Even so,
Voit never completely divorced himself from the habits of the past and as a
consequence he overestimated the protein requirement of man.

Voit was born in Bavaria, and educated at Wurzburg and Munich, where
he graduated in medicine. In his thesis, entitled “The Circulation of
Nitrogen in the Animal Organism,” he dedicated himself to his life work.
He studied for a year in Gottingen under Frederick Wohler (1800-1882)
and then returned to Munich in 1863 to become a professor. One of Voit’s
great contributions was his extensive observations with perfected nitrogen
balance techniques which he applied to men and dogs under various con-
ditions of diet. Also, with a great expenditure of time he succeeded in
developing a respiration calorimeter for the study of energy exchange in his
subjects. Perhaps even more important was the training and inspiration he
gave to a distinguished group of students who share with him the honor of
establishing a great new body of facts and theories in nutrition.

Eduard Pfliiger (1829-1910), one of Voit’s most distinguished contem-
poraries, succeeded Hermann Ludwig Ferdinand von Helmholz (1821-1894)
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as professor of physiology at Bonn and worked broadly in the field of inter-
mediary metabolism. He was a great worker and volatile in scientific
argument, a characteristic which led him into bitter controversies with
Voit and other noted physiologists of their day. Throughout Pfliiger’s ex-
tensive published works, particularly Pfliger’s Archives, his greatest monu-
ment, long and impassive arguments are found. Especially pertinent to
the subject of proteins were two disputes with Voit which raged for years.
One related to the formation of fat from protein, which Voit contended was
possible and Pfliiger said did not occur. The other was based on Pfliiger’s
contention that ingested protein could not be metabolized until it became a
firmly bound and integral part of the body’s cellular structure. In contrast,

T

Eduard Pfliger (1829-1910)

Voit theorized that protein ingested is normally taken up in the form of
circulating or storage protein (roughly, the protein of plasma and that
loosely bound to body cells) and metabolized directly when needed.

How impressive the facts these men established were in their lasting
value! How unimpressive the theories over which they contended! Voit
proved the breadth of his vision when he said, “The value of a theory is not
measured by its length of life but rather by the work which it stimulates.”

Nitrogen Balance Studies. No single accomplishment in this period pro-
duced more fundamental progress in understanding protein nutrition than
the development of the techniques of nitrogen balance study, for this pro-
cedure revealed the significance of nitrogenous foods in the body economy.
The technique conceived by Boussingault many years earlier was applied
in refined form by F. Bidder and C. Schmidt, at Dorpot. Their results 2
appeared in 1852 in the classical publication “ Die Verdauungssdifte und der
Stoffwechsel” and demonstrated that in adult cats food nitrogen ingested
could be accurately accounted for in the urine and feces excreted. In tLe
hands of Voit and his students nitrogen balance studies became the power-
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ful instrument in metabolism work. After 1860 numerous papers by Voit
and coworkers appeared, particularly in the Zeitschrift fiir Biologie, of which
Voit was editor.

Voit studied the metabolism of nitrogen in dogs during starvation by
determining urea excretion.® At first, during the withholding of food if
ample fat stores existed in the body, there was a relatively low excretion
of nitrogen, for fat was supplying a part of the internal energy needs of the
subject. Later, after depletion of stored fat, nitrogen excretion increased,
for body protein then was being used to provide for the portion of total
metabolism which body fat formerly had served. Voit found also that ex-
ercise during starvation produced increased excretion of nitrogen, since the
demands of activity augmented energy metabolism, which was being sup-
ported solely by body protein. However, dogs receiving ample fat and
carbohydrates to cover their caloric needs for exercise did not show an in-
creased excretion of nitrogen. Thus, Voit demonstrated the fallacy of
Liebig’s dictum that protein is the fuel of muscle contraction.

These conclusions were confirmed and extended by M. Pettenkofer and
Carl Voit ? with human subjects. They used the respiration calorimeter
for measuring the respiratory quotient and demonstrated that, during fast-
ing, body fat was the main source of energy. When food containing sugar
and starch was given, energy was derived mainly from combustion of car-
bohydrates. Pettenkofer and Voit concluded that fat and carbohydrate
are the principal sources of energy in muscle contraction, though they
recognized the importance of protein in maintaining the structure of the
muscular machine.

The death blow to Liebig’s theory that protein was the source of muscle
energy was dealt by A. Fick and J. Wislecenus, at Wurzburg. In 1865 they
reported observations2®¢ on their own urinary nitrogen excretion while
climbing the Faulhorn, an Alpine peak 2000 meters in altitude. During
the ascent they consumed a virtually nitrogen-free diet rich in calories and
their analyses showed that the protein metabolized during the experiment
yielded far less ecnergy than was necessary to lift their bodies and packs
2000 meters, therefore fat or carbohydrate must have been the principal
fuel.

In 1867 Voit ?° reported the nitrogen balances of dogs receiving diets
of meat only. He observed that nitrogen cquilibrium could be attained at
varying levels of protein intake. However, following a shift from one level
of protein intake to another there was invariably a time lag before the
attainment of equilibrium at the new level. A dog accustomed to a rela-
tively low protein intake would, when given a higher protein intake, show
a positive nitrogen balance for a few days, indicating protein storage, before
equilibrium at this higher level of intake was finally established. Likewise, a
shift from high to lower, though adequate, levels of protein intake resulted
in protein loss for a few days. This and many other experiments of similar
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character led Voit to his theory of two types of body protein. He visualized
““organ protein’’ as the stable form of protein forming the essential struc-
tures of the body and not readily available for metabolic needs, in contrast
to the “circulating” or “storage’’ type comprising the plasma proteins and
that loosely bound in cells of certain organs, which may be readily mobilized
for metabolism in periods of need. In this regard, Voit made the interesting
observation that in starvation organs such as muscle and liver lose much of
their substance, while brain and heart change little; an indication that the
latter do not contain much storage-type protein.

Max Rubner (1854-1932)

The determination of fecal nitrogen was an integral part of the refined
nitrogen balance technique. Max Rubner (1854-1932), a student of Voit,
devised a method for testing availability of protein from various food
sources to the body by determining the difference between food nitrogen
and fecal nitrogen. He found 3° that low-residue foods such as eggs, meat
and cheese resulted in a fecal loss of only 2.5 to 3 per cent of the nitrogen
consumed. From vegetables containing much roughage, such as carrots or
coarse black bread, as much as 40 per cent of the original nitrogen was
found in the feces. Thus, Rubner indicated the differences in nutritive
efficiency of the proteins of different foodstuffs, on a basis principally re-
lated to factors involved in their digestion. .

Felix Hirschfeld, in Berlin, 1890, also reported 3 that heavy exercise
will not produce greater nitrogen excretion than the resting state provided
the increased caloric needs are amply covered by non-nitrogenous foods.
In stressing the importance of meeting caloric needs, Hirschfeld emphasized
an important point which frequently had led to erroneous conclusions con-
cerning protein requirement; earlier workers had not grasped the signifi-
cance of energy balance as well as nitrogen balance in determining the over-
all picture of metabolism.
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Pfliiger, in 1891, published his classic “Dic Quelle der Muskelkraft.” *
Constantly at odds with the Voit school, he could be depended upon to take
a rather different view of protein metabolism. Admitting that carbohydrate
and fat might serve as the source of a part of the muscle energy, yet he
believed that muscles could not be exerted without some loss of nitrogen.
Pflisger showed that pure flesh alone would support dogs in a lean state and
that protein must be capable of yielding energy for muscle activity for the

W. O. Atwater (1844-1907)

carbohydrate and fat contents of the meat diet he gave experimental dogs
was so low as to be capable of furnishing scarcely that energy needed for
the heart beat alone. Leaning heavily upon the old dicta of Liebig he
retained the belief in protein as the key material of life, stating in his paper
that the nutritive needs of any organism are determined by its amount of
“flesh” (or protein) for stored fat and carbohydrate have no life. In pro-
tecting the cardinal position of protein he said, ‘“ Die stickstoffreien Bestand-
theile des Thierleibes sind todter Stoff. Nur das Eiweiss ist lebendig und
vollzicht alle etgentliche Arbeit des Lebens.”

Three years later, Nathan Zuntz (1847-1920),% at Berlin, found that
when dogs were returned to normal dietaries after a period of low nitrogen
feeding they tended to store a very substantial portion of their daily protein
allowance and that they would do this despite heavy exercise. His experi-
ments showed that the dogs’ expenditure of calories in work during the pro-
tein storage was so high that only 4.4 per cent of the calories could be
accounted for as metabolized protein, therefore, fat and carbohydrate were
the predominant sources of muscular energy.

Hundreds of such nitrogen metabolism experiments were performed from
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1860 to 1900. W. O. Atwater (1844-1907), a former student of Voit, com-
piled the then extant data on balance experiments. This work, done in
conjunction with C. F. Langworthy, was prepared at Wesleyan University
in Middletown, Connecticut, for the United States Department of Agricul-
ture under the title “ A Digest of Metabolism Experiments.” 3

Atwater’s Laboratory

Levels of Dietary Protein. Logically, the observations of nitrogen bal-
ance produced the question of the most desirable level of protein intake.
The problem was complicated by the fact that nitrogen equilibrium could
be attained at a variety of levels of protein intake, provided the total needs
of the body for calories were met. For this reason an experiment leading to
an unequivocal answer to the problem was virtually impossible.

Carl Voit was first to face this problem. After extensive nitrogen balance
studies of dogs, and dietary surveys of moderately active men he was con-
vinced that 118 grams of protein daily was the desirable allowance. This
level, known as the Voit standard, was set forth in 1881 in his classic
“ Physiologie dgs Stoffwechsels.” * The standard became a storm center of
controversy which lasted well into the twentieth century. Although
attacked by many opponents it was vigorously defended by Voit and his
students, who held tenaciously to the 118 gram standard in the face of con-
trary evidence, some of it their own. In 1889 Voit published observations
on a vegetarian diet in ““ Ueber dic Kost eines Vegetariers.” % His subject, a
Munich paperhanger, had lived in reasonably good health and vigor for
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three years on a diet of fruit, oil, and graham or pumpernickel bread. His
daily protein consumption was only 54 grams, a level well below half of the
recommended Voit standard. Voit tested this type of diet briefly on other
subjects, including one of his laboratory assistants. He actually concluded
that it was conceivable to maintain health at protein intake levels some-
what below his original standard. Although he was aware that both in
Europe and the Orient, large groups subsisted on low-protein diets, Voit
warned constantly of the dangers of low-protein intake to health and vigor
and of the dyspepsia and intestinal catarrh produced by the excessively
high intake of starchy foods in vegetarian diets.

Voit’s position in recommending a high-protein intake was strengthened
by the work in Berlin of Immanucl Munk. Munk demonstrated ¥ that dogs
consuming a diet rich in meat remained healthy for long periods, but when
the protein allowance was reduced to a point still capable of maintaining
nitrogen equilibrium the dogs lost strength and declined, with severe intes-
tinal digestive symptoms. Many years later it became evident that the
detrimental effect of these low-protein diets resided in their deficiency of
water-soluble vitamins. At the time, however, the experiment was inter-
pretable only as clear evidence in favor of liberal amounts of protein in the
diet. Munk concluded that it was unsafe to allow the daily dietary intake
of protein to fall below 100 grams for the average man.

Further support for Voit’s standard came from Atwater,3® Voit’s former
student, in the United States. In 1894 he published surveys of the dietary
habits of industrial workers in New England which demonstrated that it
was common practice to consume as much or more protein than the 118
grams per day. Four years later, A. P. Bryant,® also working for the
United States Department of Agriculture, demonstrated in his surveys that
the average dietary chosen in the United States yielded 100 to 106 grams
of protein, although some indigent families managed to secure only as little
as 70 grams per person daily.

On the other hand, Voit’s standard had many opponents before the turn
of the century. Hirschfeld was among the first of the outstanding physio-
logical chemists to demonstrate that substantially less protein in the diet
is consistent with health. In 1887 he published his “ Untersuchungen tiber
den Eiweissbedarf des Menschen’ #° in which he demonstrated the ade-
quacy of 40 to 45 grams of nitrogenous matter (protein plus non-protein
nitrogenous material) daily for equilibrium in men under severe exercise.
In 1889 Hirschfeld sought to overthrow the Voit school in his “ Betrach-
tungen tiber die Voit'sche Lehre von dem Eiweissbedarf des Menschen.” 4
He reviewed many experiments which appeared to make Voit’s position
in regard to dietary protein allowance untenable.

Many others, including Muneo Kumagawa, a Japanese student,* and
G. Klemperer,* both in Berlin, demonstrated in careful experiments that
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low-protein allowance was consistent with health, strength and nitrogen
equilibrium.

Protein and Specific Dynamic Action. Discovery of the specific dynamic
action of protein foods is generally attributed to F. Bidder and C. Schmidt,
in their experiments on cats. However, the fact that ingestion of food has
a stimulating effect on metabolism has been general knowledge since the
days when the famous Sanctorius chair balance was used in the observation
that food ingestion increased the rate of insensible perspiration loss. Bidder
and Schmidt were the first to link clearly with the protein element the stimu-
lus of food to metabolism. In “Die Verdauungssdfte und der Stoffwechsel,”
in 1852, they reported 2° that following meat consumption cats showed a
twofold oxygen consumption and carbon dioxide output over that of the
post-absorptive condition.

A clearer understanding of specific dynamic action resulted from the
work of V. Mering and N. Zuntz,* in 1877. They demonstrated that all
substances, whether digestible or not, when ingested, produce an increase
in oxygen consumption and concluded that a portion of the specific dynamic
effect of food is attributable merely to the increased glandular and smooth
muscle activity induced by the presence of a mass in the gastrointestinal
tract. This, however, would account for only a trifle of the specific dynamic
effect of protein foods. The workers further demonstrated that lactic acid,
glycerine, or glucose injected into animals would not stimulate metabolic
rate appreciably, but that peptone produced by the tryptic digestion of
protein possessed a marked stimulatory power. They concluded that the
split-products resulting from digestion of food protein account for the
principal specific dynamic cffect of proteins.

Quite logically this remarkable stimulatory effect was called into theories
regarding the position of protein as a nutriment. Pfliiger, who had always
favored protein as a food material specially suited for the maintenance
of vigor and muscular strength, took the specific dynamic action of
protein as a matter of special significance. In 1899 he reported # work
on cats and dogs which seemed to demonstrate that increased protein
in the diet resulted in a higher metabolic rate and increased strength,
while decreased protein allowance produced the opposite effect even
though the protein was replaced by an isodynamic allowance of fat and
carbohydrate.

Nutritive Values of Proteins. Among physiologists throughout the last
half of the nineteenth century the orthodox view of protein was not essen-
tially changed from that held by Mulder and Licbig. The unitarian theory
prevailed that protein from whatever source was one and the same sub-
stance with all other proteins. There was little basis for believing that pro-
teins differed nutritionally. Rubner had indicated that protein from vege-
table sources was less readily available to the system than meat and czg
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protein, but this could be explained by the differences in the digestibility of
foods of varying fiber content.

As early as 1863 a British worker, William S. Savory, was experimenting
with the relative nutritive merits of various types of food. His results *
are of little practical significance today in comparison to his purpose and
method of approach to the problem. Working at St. Bartholomew’s Hospi-
tal in London, he furnished one of the first records of using the rat in nutri-
tion experiments. With his nitrogen balance studies, he measured changes
in body weight and concluded that a non-nitrogenous diet will fail to
support life in the rat. Of the use of rats in such experiments Savory said
rats were chosen as subjects “because they are omnivorous, and will
readily feed on almost any kind of diet. Morcover, from their size, they are
very convenient to manage.” Destiny held something special in store for
the lowly rat in the next century when it played a major role in revealing
the nutritive value of proteins.

Gelatin was the only protein substance recognized in the nineteenth
century as being inadequate for nutrition, and in this respect differing from
other proteins. This characteristic of gelatin, however, did not disturb
greatly the unitarian view of protein held by the physiologists, for after all,
they reasoned, it was not a natural protein but was, rather, an albuminoid
substance derived by artificial mecans and, therefore, not to be classed as
true protein material.

Voit, in his ““ Ueber die Bedeutung des Leimes bet der Erndhrung,” * which
appeared in 1872, demonstrated that gelatin as the sole source of nitrogen
in the diet would not maintain nitrogen equilibrium in dogs. He succeeded
in showing that gelatin is somewhat more efficicnt than an equivalent
amount of fat or carbohydrate in minimizing nitrogen loss from the body
when other sources of protein were absent from the diet. This placed gela-
tin in an anomalous position as a nutriment. In attempting to classify
gelatin in accordance with Liebig’s old system Voit was at a loss for it
seemed to be something more than a “respiratory food’ in its ability to
spare circulating protein and minimize the loss of organ proteins, but, on
the other hand, gelatin was something less than a “plastic food” for it
would not serve as a material for construction of cellular material. Several
years later, Orum, at Copenhagen, substantiated Voit’s observations on the
failure of gelatin to support nutrition in his “ Versuche iber den Néhrwerth
des Leimes.” 48

At this time Otto Nasse, in Halle, made the interesting discovery that
the aromatic amino acid tyrosine is the basis for the well-known red color
reaction of proteins with Millon’s reagent.*® Gelatin, which did not give
the red color reaction, therefore could not contain tyrosine within its struc-
ture. In 1894 Munk, in a discussion of the nutritive properties of gelatin
and its failure to serve as the sole source of protein, listed various ways in
which gelatin differs from other proteins. Among them he included the
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failure of gelatin to give the Millon reaction and the fact that it lacks
tyrosine. These were the first scientific writings to hint that amino acid
constitution might be the basis for differences in the nutritive value of
proteins.

In nitrogen balance experiments workers like Brwin Voit (brother of Carl
Voit) and Alexander Korkunoff  were attempting to determine the min-
imum amount of protein nitrogen necessary for maintenance of equilibrium.
Various and conflicting results were obtained. At the end of the nincteenth
century, bits of evidence were beginning to convince one thoughtful man
that in some way proteins from different sources might differ in their nutri-
tive ability to sustain animals. This man was Rubner. In 1897, in Leyden’s
“ Handbuch der Erndhrungstherapie’ 2 he states: “ Das suchen nach etnem
Eiweissminimum wird diberhaupt wie von etnem Erfolg begleitet sein, weil es
eben nicht ein, sondern viele Evwerssminima, mit welchen die Erndhrungslehre
rechenen muss, gibt. Ein Eiwerssminimum ldsst sich nur feststellen, wenn
mann ganz genau bestimmt, mit welchem Nahrungsmittel es erreicht werden
soll.” This statement that there are as many proteins as there are protein-
containing foods foreshadowed the discovery of varying biological values
among proteins.

Protein Analysis. While the more physiologically-minded workers were
attacking, through animal and human experimentation, the problem of the
usc of protein within the organism, those more chemically inclined were
contributing perhaps even more fundamental observations. Chemical
studies were gradually uncovering a dew facet to the protein problem, one
which would be the key to a bright new world in nutrition. One after an-
other of the amino acids, the simpler crystalline ““bausteine’” of the complex
protein molecule, were being discovered. The history of their discovery
during the nineteenth and carly twentieth centuries is well told by Vickery
and Carl L. A. Schmidt % and by Melville Sahyun.®* It was in the anal-
ysis of proteins for these components that men learned of the great diver-
sity of proteins which actually exists in nature.

The ingenious chemical work of Emil Fischer (1852-1919), in Berlin, was
perhaps the greatest single contribution ever made to the understanding of
protein chemistry. TFischer % devised the method of separating the ali-
phatic amino acids through the fractional distillation of their ethyl esters.
This method of systematic analysis led to the discovery of new amino acids,
as well as to the recognition that proteins differ in their amino acid con-
stitution.

At the turn of the century Albrecht Kossel (1853-1927) and F. Kutscher
(1866-1927), at Marburg, presented their classic method for the analysis of
protein substances for the three basic amino acids, histidine, arginine, and
lysine, known as the hexone bases. In 1900 the method % was applied to
gluten, thymus histone, the spermatozoa proteins of various fish, to gliadin
of wheat, zein from maize, and to gelatin. These analyses revealed great
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diversity in the composition of the proteins. They found that gliadin en-
tirely lacked lysine. On the other hand, the protamine of salmon sperm
consisted principally of arginine, with only a small proportion of other
amino acids present. Here was evidence, indeed, of the intricate construc-
tion of the world of proteins.

Modern Concepts of Protein

By 1900 enough was known of the physiology and chemistry of proteins to
indicate that rarely before had chemists and physiologists a more obvious
common meeting ground than in the solving of the many problems relating
to the function of protein and its meaning to life. The relative merits of
high-protein and low-protein diets continued to be argued throughout the
early 1900’s, with equally distinguished authoritics supporting both sides
of the argument. Not until new approaches produced a deeper understand-
ing of proteins in nutrition did the storm of conflict subside.

Protein Requirements. At the turn of the century, V. Sivén, a Finn, at
Stockholm, produced evidence ¥ that protein intake drastically reduced
below the Voit standard was not detrimental. Sivén, a rather small man
weighing only 59 kilograms, found that his body could maintain nitrogen
equilibrium with a total nitrogen intake of only 4.52 grams daily, roughly
28 grams of protein, provided he consumed with it an adequate quantity
of non-protein calories.

Contrariwise, accumulating evidence was showing that people perform-
ing heavy muscular work tend to consume large quantities of protein. For
many years it had been common practice in training athletes to supply lib-
eral amounts of protein foods. A study by C. D. Woods and E. R. Mans-
field,®® in 1904, of food consumed by Maine lumbermen revealed surpris-
ingly high intakes of both calories and protein. In their periods of heaviest
work the men consumed 247 grams of protein and 8200 calories per day.
Similarly, Lavonius, at Helsingfors, reported % studies of the food habits
of two athletes who daily consumed 180 to 220 grams of protein. The view
of dietary protein as fundamental to muscle strength and endurance had
persisted for generations following the dictum of Licbig.

In 1904, at Yale University, Russel Henry Chittenden (1856-1943), one
of the most confirmed exponents of moderation in dietary habits, published
his “Physiological Economy in Nutrition.” ® The book contained an ex-
tensive record of nitrogen balance experiments conducted with members of
the University faculty, college athletes, and a group of U. S. Army Hospi-
tal corpsmen in training in New Haven. The data demonstrated that main-
tenance of nitrogen cquilibrium, health, and endurance, as well as increased
physical strength from training, could be attained with a diet containing
one-third to one-half the amount of protein recommended in the Voit
standard.

Chittenden’s experiments stimulated the members of the opposing school
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of thought to renewed efforts. Francis G. Benedict (1870~ ), one of the
most active American students of metabolism and for many years associated
with Atwater, presented a strong argument ® favoring the high-protein
dietaries which had been used by many investigators. ‘Dietary studies
all over the world,” said Benedict, “show that in communities where pro-
ductive power, enterprise and civilization are at their highest, man has
instinctively and independently selected liberal rather than small quantities
of protein.”

Russel Henry Chittenden (1856-1943)

In 1907 Chittenden added more evidence favoring moderate feeding of
protein in “The Nutrition of Man.” 2 Chittenden’s new experiments dem-
onstrated that dogs could survive for months in excellent health, even gain-
ing in weight and storing body protein, on diets providing very low intakes
-of nitrogen (about 0.23 gram of nitrogen per kilogram of body weight per
day). The data contrasted with the results of Munk ¥ and Theodor
Rosenheim,® who some years earlier had failed to maintain dogs on diets
containing much more protein. Chittenden attributed their failure to lack
of proper cleanliness and hygiene in the care of their animals.

At that time, prior to the recognition of specific vitamins, workers had
no way of knowing that dietary factors other than protein were involved
in the contradictory results. Being more of a skeptic than many of his con-
temporaries regarding the wisdom of man’s instinctive judgment in food
selection Chittenden said: ““The results of these experiments with dogs,
which we have recorded in such detail, are in perfect harmony with the
conclusions arrived at by our experiments and observations with man, and
serve to strengthen the opinion, so many times expressed, that the dietary
habits of mankind and the dietary standards based thereon are not always
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in accord with the true physiological requirements of the body. If these
views are correct, and the facts presented seemingly indicate that they are,
it is time for enlightened people to give heed to such suggestions, that their
lives may be ordered more nearly in accord with the best interests of the
body. Physiological economy in nutrition is not a myth, but a reality full
of promise for the welfare of the individual and of the community in general.
Ignorance on dietary matters should give place to an intelligent comprehen-
sion of the body’s neceds, and an adequate understanding of how best to
meet the legitimate demands of the system for nourishment under given
conditions of life.”

One of the most gifted critics of Chittenden’s low-protein dietary was
Major D. McCay, professor of physiology at the Medical College of Cal-
cutta. His valuable but amusing document, ““The Protein Element in
Nutrition,” ¢ sought to disprove Chittenden’s stand by relating the phys-
ical development and character of various Indian races and tribes to the
protein contents of their respective dietarics: “We believe that diet, and
particularly the level of nitrogenous metabolism attained, has an immense
influence on the formation of those desirable characteristics so well exempli-
fied in the races whence is drawn our best fighting material. Further, al-
though we have made little or no attempt to advance arguments for or
against vegetarianism, it will be found that those races, whether of the hills
or the plains, who are distinguished above all others for their martial quali-
ties, are never vegetarians, but, on the contrary, usually large meat-caters.
The Sikh lives on wheat, other cereals, milk, and meat, particularly pork,
of which he is specially fond. The Rajput, Pathan, Baluchi, etc., are all
large meat-consumers, while the more or less purely vegetarian races, such
as the Brahmins, are gradually being climinated as recruiting sources for
the Indian Army. We shall study the influence of the protein element of
the dictarics of these races presently, simply pointing out now that the
elimination of the several causes advanced by Iellogg, effected by com-
parison of tribes or races living under identical conditions as regards sexual
excesses, climate, immature age of marriage, cte., brings out in its proper
aspect the determining influence of diet on the character formation of a
people. All the evidence we have been able to collect from observations on
the different tribes and races of India points to a high level of protein inter-
change in the body accompanied by a high development of physique and
manly qualities; whilst under the opposite conditions, poor physique, and
a cringing, effeminate disposition is all that can be expected.”

Mikkel Hindhede (1862— ), at Copenhagen, became an enthusiastic
supporter of the low-protein regimen. His able work yielded evidence of
nitrogen equilibrium in man at extremely low levels of protein consump-
tion. A 70-kilogram subject could be adequately maintained with as little
as 40 grams of protcin daily, mainly in the form of potatoes.®% Emil
Abderhalden (1877- ), at Halle, also observed the remarkable nutritive
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quality of the potato, showing that 4.5 grams of nitrogen from this source
daily was consistent with nitrogen equilibrium.

By the end of World War I the theories of proteins in nutrition were well
advanced and the contribution of the vitamins to health clearly understood.
Everyone had obtained practical experience in the consumption of low-
protein dictaries. The controversy itself had been the greatest stimulus to
its solution. From the new facts and experiences emerged a sounder and
more mature evaluation of the subject. Benedict, who had supported the
high-protein dietary originally, carried out a study of the nitrogen metabo-
lism of a group of college students " and concluded that restriction of cal-
orie and nitrogen intakes leads to lower levels of metabolism which are
adequate and safe. Nine to ten grams of nitrogen daily in the dict appeared
ample. “Protein curtailment is an assured and physiologically sound
practice,” he said.

Protein Split-Products and Their Nutritive Value. The fundamental
work on the amino acid composition of proteins continued to gain momen-
tum as the twentieth century opened. The work of Emil Fischer, of Kossel,
and of their followers continued to reveal implications relating to all phases
of protein theory, including nutrition. The multiplicity of proteins in na-
ture, the specific, component amino acids in them, the theory of the pep-
tide linkage — all were becoming a part of biochemical understanding.

In 1901, Kossel, using his own work and that of Fischer and of other
leaders, presented a summary of the current knowledge regarding the struc-
ture of proteins and amino acids. The old theory formulated by Mulder of
the “ideal” or “original” protein, which in its day had served well, was
finally laid to rest. Breadth of vision had displaced it: ™ ““ Jedenfalls ergiebt
sich aus allen Betrachtungen, dass die Etweisskorper eine Gruppe sehr ver-
schiedenartiger Verbindungen bilden. Gewihnlich hat man sich das Eiweiss
als einen Korper von bestimmien feststehenden Eigenschaften gedacht und hat
sich wohl einen Idealetweisskérper construirt, dhnlich wie Gocethe eine Ur-
pflanze oder Idealpflanze erdachte. Die jenigen Eiwetsssubstanzen, welche
diesem Ideal nicht entsprachen, hat man als mit Defecten behaftet in eine
niedere Gruppe, die der Albuminoide, zusammengefasst. Diese Betrachtungs-
wetse kann nicht aufrecht crhalten werden. Der heutigen Naturforschung
liegt das Bedirfniss zu Grunde das organische Product als Glied einer sich
entwickelnden Rethe aufzufassen, ein Bediirfniss, welches in den phylogene-
tischen und ontogenetischen Forschungsrichtungen seinen deutlichsten Aus-
druck findet. So nehmen wir auch das complicirte Eiweissmolekil nicht ein
fur allemal als gegeben an, sonder wir suchen ein System von Eiweisskorpern
2u finden welches, von den einfachsten Gliedern zu den complicirtesten fort-
schrettend, uns das innerste Wesen dieser vielgestaltigen Korper enthullt.”

Shortly thercafter, Sir Frederick Gowland Hopkins (1861- ) and Sydney
Cole, at Cambridge University, isolated the amino acid tryptophane,™
which was destined to play a prominent part in nutrition research. Thay
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were interested in the substance responsible for the trytophane color reac-
tion, and the pink color reaction of proteins with a mixture of glyoxylic acid
in glacial acetic acid, known as the Adamkiewicz test, was a subject of their
research. These workers found that by precipitation with mercuric sulfate
and sulfuric acid a erystalline substance responding strongly with both
color reactions could be isolated from casein digested with the pancreatic
enzyme. This crystalline chromogen was found to be a derivative of indole
and its elementary composition determined. The substance was called
tryptophane.

Thomas B. Osborne (1859-1929)

Pursuant to this work, Thomas B. Osborne (1859-1929) and Isaac F.
Harris, at the Connecticut Agricultural Station in New Haven, applied the
tryptophane color reaction to 35 protein substances prepared in their lab-
oratory.” Certain proteins such as the alcohol-soluble protein of the oat
kernel and vicilin from peas gave no color reaction, presumably because the
amino acid tryptophane was absent. Osborne and Harris arranged their
list of 35 proteins in the order of intensity of the tryptophane color reac-
tions and demonstrated the diversity of proteins with respect to trypto-
phane content.

The amino acid concept led to new concepts of the chemistry of digestion
and new understanding of the mode by which proteins from food become
available to the organism. At Heidelberg, Otto Cohneim 7* discovered
that a digestive ferment capable of causing the destruction of peptones and
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peptides exists in the intestinal mucosa. Proteins and peptones which
originally gave the characteristic biuret reaction no longer did so after
digestion by this new enzyme from the intestinal wall, which Cohneim
named erepsin. In 1906, he demonstrated ”® that free amino acids are
formed in ereptic digestion. The view was revolutionary. Hitherto the
concept had been that in the intestine the blood proteins were synthesized
and absorbed. Now it became apparent that intestinal digestion produced
complete disruption of the protein material.

Almost simultaneous with Cohneim’s observation, Kutscher and J. See-
mann, at Marburg, presented studies’® of the contents of the intestines
of dogs with intestinal fistulas. They demonstrated that free tyrosine,
leucine, lysine, and arginine could be isolated directly by precipitation and
crystallization from the intestinal chyme. It was evident that protein of
the dict was not absorbed directly, intact, but assimilation occurred pri-
marily by absorption of the simpler, split-products, such as amino acids
and possibly the very simple peptides. Thus, the animal organism received
for its use, not the original dietary protein, but the units with which the
dietary protein was constructed.

Loewi, also at Marburg, was first to demonstrate that protein digestion
products are adequate for maintaining nitrogen equilibrium in dogs.” He
used autodigested pancreas, so prepared as to be free of any peptides giv-
ing the biuret reaction, as the sole dietary source of nitrogen. With this
diet the animals succeeded in building up body protein. The observation
was amply confirmed by Abderhalden and his coworkers,”*# in Berlin.

Abderhalden and Franz Samuely # conducted another study which illus-
trates the changing viewpoint of that time. A horse was depleted of blood
through routine phlebotomy and concurrently was fed gliadin of wheat as
its protein food. The horse continued to synthesize blood proteins charac-
teristically poor in glutamic acid, though the dietary protein was rich in
glutamic acid. This demonstrated two facts: (1) That dictary protein is
altered before it appears in the blood; and (2) that specific body proteins
cannot be influenced in amino acid composition by the feeding of dietary
proteins of different composition.

Indispensable Amino Acids. One link was missing in the proof that a
mixture containing only amino acids would support life in animals when
used as the sole dietary source of nitrogen. No one had been able to demon-
strate that the enzymatic digests contained only free amino acids with no
admixture of simple abiuret peptides. Only the use of an acid hydrolysate
of protein completely split into its component amino acids would serve to
demonstrate the synthesis of body protein from these ultimate “bausteine.”

Such an experiment was carried out by Yandell Henderson,® a former
student of Carl Voit, and Arthur L. Dean, at Yale University. The acid
hydrolysate of protein prepared by these workers was fed to dogs. The
amino acid mixture was readily absorbed and rapidly converted to urea, a
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finding consistent with Abderhalden’s observation that isolated amino acids
fed to dogs are excreted largely as urea. Such a mixture exerted a nitrogen-
sparing effect in the animals but was totally incapable of maintaining nitro-
gen cquilibrium or promoting the synthesis of new flesh. Essentially the
same findings were published by Abderhalden and Peter Rona 7® a year
later. At the same time failure of acid hydrolysates of protein to replace
dietary protein was being observed, Hopkins and Cole were isolating the
amino acid tryptophane at Cambridge. Soon it would become evident that
the failure of acid hydrolysates in nutrition was owing to the destruction
of the essential tryptophane.

One of the finest contributions to knowledge of the nutritive value of
proteins was made at Cambridge by Edith G. Willcock and Hopkins with
their demonstration that tryptophane is an indispensable amino acid.’*
These workers found that when fed as the only dietary protein, the aleohol-
soluble protein (zein) of corn failed to maintain mice. The diet so composed
was poorly consumed and within a brief period the animals receiving it lost
weight and died. Inasmuch as zein gave no color test characteristic of
tryptophane, Willcock and Hopkins knew tryptophane was absent. They
added tryptophane to the zein diet and observed marked beneficial effects
upon the mice. The animals ate much more food and remained healthy for
longer periods. In similar experiments the amino acid tyrosine had no pro-
tective action.

Willeock and Hopkins were aware that zein contained little if any lysine
in its structure for they wrote significantly: “The addition of the missing
tryptophane group to zein has, it is also clear, no power to convert such
loss [of body weight] into equilibrium or gain; a fact possibly due to other
deficiencies in the zein molecule, such as the absence of lysine or the lack of
some other amino-acid not yet observed.” They opened a new door for
biochemistry with the statement: “ We are no longer bound to Liebig’s view,
or to any modification of it which implies that the whole of the proteid con-
sumed is utilized as intact proteid, nor are we even compelled to assume that
the whole of what is broken down in the gut is resynthesized before utiliza-
tion. Proteid products may function in other ways than in the repair of
tissues or in supplying cnergy. It is highly probable that the organism
uses them, in part, for more specific and more immediate needs. The dis-
covery of substances absolutely essential to life, highly specific [referring to
hormones] and elaborated in special organs, suggests that some part, at
least, of the protein products sct free in the gut may be used directly by
these organs as precursors of such specific substances.”

A year prior to Willcock and Hopkins’ report, M. Kauffmann published
from Berlin a significant report # on the dietary shortcomings of gelatin.
He demonstrated that gelatin, which fed alone is incapable of supporting
animals, is much improved in this regard if tyrosine and tryptophane, both
absent from gelatin, are added to it. However, such mixtures were still in-
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adequate to maintain nitrogen equilibrium in his experimental dogs. By
adding cystine, which also is virtually absent from gelatin, in addition to
tyrosine and tryptophane Kauffmann succeeded in supporting nitrogen
equilibrium in his dogs. The results suggested possible essential nutritional
roles for all three of these amino acids.

The observations of Willecock and Hopkins were followed by the discovery
of other essential amino acids and resulted in a remarkable clarification of
the position of proteins in nutrition. The field was virtually dominated by

Lafayette B. Mendel (1872-1935)

Osborne and by Lafayette B. Mendel (1872-1935), at Yale University.
Working together they became the most fertile combination of minds ever
directed toward studies of nutrition. Using albino rats as their test subjects,
they studied the nutritive value of gliadin, the predominant protein of
wheat and rye.® Their interest focused on gliadin because the protein
contains little lysine. They discovered that adult animals could be ade-
quately maintained on a diet containing gliadin as the only protein, but that
the same diet failed to support growth in young rats. Addition of lysine
made gliadin adequate in supporting growth. Therefore, they concluded
that lysine is essential for growth but not for maintenance.

Two years later the same workers extended the work with zein which had
been initiated by Willcock and Hopkins.¥” They demonstrated that zein
could be made adequate for maintenance of animals by the addition of
tryptophane and become adequate for supporting growth upon the further
addition of lysine. Furthermore, they demonstrated that the milk protein
lactalbumin when fed as a supplement to zein was effective in correcting
the nutritional defects of the incomplete protein. Presumably, the beneficial
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effect of lactalbumin, with zein, was the result of its liberal contents of
tryptophane and lysine. This was one of many demonstrations of the ability
of one protein to compensate for the nutritional defects of another: “The
lack of tryptophane can also be made good, as might be expected, by sup-
plementing the zein ration with proteins which do contain this lacking
amino-acid. Thus even gliadin stopped the decline. The relative efficiency
of different proteins in preventing the failure with zein apparently depends
to a dominant degree, in so far as maintenance is concerned, on their com-
parative yield of tryptophane.

“Where growth is involved in addition to maintenance, the lysine factor,
as well as others, not yet more accurately ascertained, must also be taken
into account. Here, then, is evidence of the relative economy of different
proteins in maintenance, based upon the content of one or more of the
amino-acids essential for the proper functioning of the organism (in so-called
maintenance) or for new tissue construction (in growth). Obviously the
relative values of the different proteins in nutrition are based upon their
content of those special amino-acids which cannot be synthesized in the
animal body and which are indispensable for certain distinct, as yet not
clearly defined processes which we express as maintenance or repair.”

To Osborne and Mendel we also owe the clear formulation of the theory
of specific amino acids as limiting factors in the nutritive value of proteins
and as determinants of the ‘“protein minimum” necessary for optimal
growth. For any protein which is capable of supporting growth in young
animals there is a specific minimal quantity which must be fed daily to
produce optimal growth. For instance, they found casein would produce
maximal growth in albino rats if incorporated to the extent of 18 per cent
of the diet. Lower concentrations of lactalbumin in the diet would produce
maximal growth, thus lactalbumin demonstrated higher efficiency. In 1915,
Osborne and Mendel fed to rats diets containing a lower concentration of
casein, which resulted in suboptimal growth of their animals, and then
produced normal growth rates by adding to the diet the sulfur-containing
amino acid cystine. They concluded that cystine is the “first limiting fac-
tor” of the nutritive value of casein and postulated its indispensable func-
tion in nutrition.%8

In 1917, a student of Mendel, Howard B. Lewis, at the University of
Illinois, substantiated the belief that a specific body need for cystine ex-
ists.8? In dogs showing extremely negative nitrogen balances when ingest-
ing suboptimal intakes of protein provided by beef heart, Lewis demon-
strated that small additional amounts of cystine in the diet almost abolished
the nitrogen loss. In his experiment the effect was specific for cystine, be-
cause other amino acids such as tyrosine and glycine were ineffectual.
Harold Ackroyd and Hopkins % presented evidence of the essential nature
of either or both of the basic amino acids arginine and histidine, in 1916.

The discovery of indispensable amino acids so clarified the problem of
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proteins in nutrition ®—% that the theory envisioned by Mendel ! has to
the present day remained essentially unaltered except in specific detail:

“Today we are concerned with the question whether this or that protein,
whatever its biological origin, will yield the characteristic desired amino-
acids, such as tyrosine and tryptophane, leucine and lysine, glycocoll and
cystine, histidine and arginine. Our attention is fixed on the building-
stones or units out of which the great protein structures are put together.
Instead of referring to the proteins in terms of their physical properties or
empirical composition — their content of carbon, hydrogen, oxygen, nitro-
gen or sulphur — at least so far as the problems of nutrition are involved,
the time has arrived for estimating their behavior in the organism on the
basis of the quota of cach of about eighteen well-defined amino-acids which
the individual representatives of this group of foodstuffs can yicld. Many,
if mot all, of these amino-acids are essential for the construction of tissue
and the regeneration of cellular losses. In proportion as any specific protein
can furnish these constructive units it may satisfy the nutritive needs of the
body. The efficiency of the individual protein in this respect must depend
on the minimum of any indispensable amino acid that it will yield; for it is
now known that some of them cannot be synthesized anew by the animal
organism. If, for example, a protein or mixture of proteins comparatively
deficient in their yield of the sulphur-containing amino-acid, cystine, be
furnished alone to supply the body’s nitrogenous requirements the produc-
tion of new, cystine-yielding molecules of protein will be limited by the
amount which is available in the diet. An excess need not be wasted, for
it can be burned up like sugar or fat to provide encrgy; but new construc-
tion or growth is limited by the minimum of the essential unit.”

Vitamin Chemistry. Our present concepts of proteins in nutrition were
well-founded before biochemists had obtained any clear understanding of
the vitamins. Much of the evidence concerning protein had been gathered
from brief experiments on nitrogen balance in animals, conducted suffi-
ciently long to observe the relatively rapid changes in protein economy,
but not over a span of time in which avitaminoses would cloud the results.
Difficulty in maintaining animals on restricted synthetic dietaries was en-
countered generally in any extended feeding experiment, though the diets
contained all of the then-recognized food principles. Coincidentally, knowl-
edge of deficiency diseases was being accumulated by the medical profes-
sion and biochemists were becoming aware of certain accessory factors,
occurring in small amounts in natural substances, which are essential in a
healthful diet.

Long-term feeding experiments with restricted dietaries were doomed to
failure until a method was devised for satisfying the requirements for
vitamins. Most fortunate in devising rations suitable for long-term feeding
studies were Osborne and Mendel. Their use of so-called *protein-free
milk” as a ration component was the key to success in their early work.%
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This substance was obtained by removing cascin from milk and subse-
quently, the heat-coagulable proteins, then concentrating the resultant
liquid. The use of “protein-free milk” was not as coincidental as it might
seem, for its development stemmed from Osborne and Mendel’s recogni-
tion of the ability of milk to protect health. The superior value of protein-
free milk in maintaining animals apparently was not owing to its mineral
content, for milk ash would not produce the same effect when incorporated
in a synthetic diet of protein, fat, and carbohydrate. Somewhat later the
value of the Osborne and Mendel supplement was understood to reside in
its content of the water-soluble vitamin.%

The use of protein-free milk in synthetic dietaries for the study of amino
acid and protein requirement was severely criticized, not without reason, by
the University of Wisconsin workers, particularly by McCollum ? and his
associates. They reasoned that protein-free milk contributes a small but
significant amount of nitrogen in unknown form, perhaps in sufficient
amount to offset the deficicneies of the protein under examination and that
this would obscure results obtained with it. It was many years before the
general conclusions of Osborne and Mendel concerning proteins and amino
acids could be adequately tested and substantiated through the use of
more highly purified vitamin preparations.

Hopkins was one of the early leaders in nutrition to recognize the need
of vitamins for the maintenance of experimental animals. In experiments
on the growth promotion value of small additions of milk to restricted diet-
aries, he substantiated the belief of Osborne and Mendel that milk contains
health-protective factors.?

Butter had been used in experimental dietaries for some years without
encountering vitamin A deficiency. McCollum and Marguerite Davis at
the University of Wisconsin were the first to publish observations on the
ability of a fat-like substance in butter to promote growth and health.’
Out of such observations grew the knowledge of the fat-soluble vitamin A.

To a great extent the studies on protein values in nutrition stimulated
the discovery of vitamins. In turn, recognition of the need for vitamins en-
riched the field of protein studies, both in its future progress and in explain-
ing many of the controversial observations of the past.

Biological Value of Proteins. The concept of biological value evolved
with the many-sided attack on the inner secrets of the protein molecule.
Karl Thomas (1883~ ), at Berlin, a student of Rubner, was the first to
apply the term biologische Wertigkeit with reference to protein and devised
the first method of expressing the value quantitatively.%. 1% He observed
from nitrogen balance studies of himself that a bread diet furnishing 13.1
grams of nitrogen was just adequate for nitrogen cquilibrium. In contrast,
5.5 grams of nitrogen in the form of potatoes would serve equally well. He
ascribed this difference among proteins from different sources in ability to
-satisfy requirements, to their relative values in satisfying nitrogen needs of
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the organism: “Dieser Unierschied beruht auf einer verschiedenen Verwert-
barkeit der Stickstoffsubstanz im Organismum. ... Die Stickstoffsubstanz
des Weissmehls, der Kartoffel, der Milch muss in verschiedenem Grade fiir den
Eiweissbedarf des Korpers herangezogen werden.”

For quantitating biological value, Thomas determined the minimal total
nitrogen excretion when a calorically-adequate, protein-free diet was con-
sumed. This minimal figure is the quantity of body proteins used to cover
metabolic needs for nitrogen. Thomas reasoned that the ideal dietary pro-
tein would be one so perfectly constituted with respeet to amino acid that
it could produce nitrogen equilibrium when fed in the diet at a level equiva-
lent to the minimal metabolie nitrogen excretion. The expression of biologi-
cal value used by Thomas was the number of parts of nitrogen in any pro-
tein food which would spare 100 parts of the body nitrogen. Although
Thomas controlled the calorie factor in his experiments on biological values,
there were many other variables over which no control was attempted.
Time wrought changes in the method of estimating biological value and
many of the early observations were vitiated. Nevertheless, the central
idea of Karl Thomas has remained.

The question of the biological value of proteins was studied extensively
in the United States, particularly by two schools of workers. The Univer-
sity of Wisconsin group, Il. B. Hart (1874- ), E. V. McCollum, Harry
Steenbock,'! and associates, conducted animal experimentation with a
varicty of species, including rats, swine 12 and cattle,!% testing mainly the
biological values of naturally occurring food materials.!?~17 The general
approach through studies with natural foodstuffs led to development not
only in the ficld of proteins in nutrition but also in knowledge of mineral
and vitamin requircments. The Connecticut group, comprising T. B.
Osborne of the Connecticut Agricultural Iixperiment Station and Lafayette
B. Mendel of Yale, worked principally with rats and the biological value of
isolated proteins. Both schools contributed heavily to the furtherance of
the understanding of proteins in nutrition and fortunately their diverse
viewpoints and approaches led to great progress in the science.

Osborne and Mendel had demonstrated that gliadin supports mainte-
nance but not growth in white rats. Obviously, the amino acid requirements
for these two processes differ. It became evident that the biological value
of protein based upon a criterion of maintenance 18 of the adult body
might be different from that based upon growth.1®® Even broader criteria
of biological value were introduced by McCollum and the Wisconsin workers
who enumerated reproduction, fertility, lactation and longevity as func-
tions presenting specific demands for nutriments, stating that there is no
assurance that a food supply inducing the most rapid growth is consistent
with highest fertility of the mature animal or that either of these is consist-
ent with greatest longevity or success in lactation. Reasoning in this way,
a multiplicity of biological values became evident possibilities.
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Osborne, Mendel, and Edna Ferry expressed biological value using
growth as a criterion.!’® They determined in young albino rats the maxi-
mum amount of weight gain per gram of protein fed. The superiority of
lactalbumin over casein for growth purposes was apparent from the fact
that over an 11-weck period of testing, rats gained 2.06 grams of body
tissue per gram of lactalbumin fed, as in comparison with 1.76 grams per
gram of casein in the diet.

Interest in the performance of dairy cattle led to the use of lactation
as an index of the biological value of dietary protein. Hart and G. C.
Humphrey, at the University of Wisconsin, carried out extensive and pains-
taking studies of the influence of various cattle feeds and of milk itself in
supporting the production of milk proteins.!t'=113 Milk protein in the diet
of cows was found to be the most efficient for formation of protein in the
milk secreted. Similarly, in studies of human subjects the proteins of fresh
cow’s milk were demonstrated by B. Raymond Hoobler (1872-1943) 4 to
_be more cfficient than others such as the vegetable and cercal proteins in
the production of human milk proteins and in the protection of maternal
tissues against excessive nitrogen loss during milk production.

The period of 1911 to 1920 was prolific in the advancement of the biolog-
ical method of testing foodstuffs, and its application both to isolated pro-
teins and to natural food materials. From the use of this new tool with
many species, information was obtained not only about protein but also
concerning the vitamins and mineral elements in nutrition. Leaders in the
work were Osborne and Mendel in Connecticut, Hart and MeCollum of
Wisconsin and the many inspired students who stemmed from their teach-
ing.

It was the work of these men and their contemporaries which in little
more than a century produced the information establishing the modern
understanding of proteins in nutrition. In tracing the history of proteins
it is evident that the history, as of any science, is a review of growth during
successive gencrations, of the development of those enduring facts which
constitute the science itself. Only upon the basis of these facts is one able
to evaluate the true significance of rccent work in all its complexity. What
one accepts as almost instinctual in his modern thinking was new and in-
tricate a few years ago. Just as surely, today’s experiments and complex
theories will be polished by the work of many until the contribution of a
whole generation melts into a few more simple facts upon which future
building can take place.
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Chapter 2

The Biological Utilization of Proteins
and Protein Requirements

H. H. MirceELL, Pu.D.

Professor of Animal Nutrition, University of Illinots

The content of foods in the various nutrients is important information
in their nutritive evaluation. In fact, the application of nutritional prin-
ciples to the practical problems of feeding people rests largely upon tables
of food composition and yet these tables contain many elements of uncer-
tainty that have been recently discussed by Elvehjem.?? The incomplete
availability of food nutrients in the body demands particular emphasis
because the nutritive value of a food depends upon what the body can
extract from it in digestion and, of the fraction digested, upon what it can
assimilate in metabolism. Attempts have been made to take such factors
into account by subjecting foods to chemical reagents and enzymes in the
laboratory with the object of separating available from unavailable sub-
stances. A notable attempt of this kind was published by Horwitt, Cowgill
and Mendel,®: & while the work of McCance and Lawrence 9 on the car-
bohydrates of foods, and the scheme of analysis of animal feeds proposed
by Crampton ¥ are worthy of note. But these laboratory methods of sim-
ulating some of the conditions of animal digestion have not commended
themselves to nutritionists in general, at least in this country, although
this circumstance does not by any means reflect upon the accuracy of the
methods proposed or detract from the importance of the underlying problem.

Elvehjem has expressed the hope that “Eventually it should be possible
to determine the nutritional value of any diet through the use of figures
for dietary requirements, tables of food composition and a calculating
machine.” But such a hope neglects the difference, however small, that
always cxists between the total content of nutrients in a food material and
the available content. One need only mention the presence in foods of car-
bohydrates entirely resistant to animal enzymes, that themselves contrib-
ute little to the energy value of foods and by their presence in plant cell
walls may seriously impede the digestion of cell contents; the interaction
of inorganic ions in the intestinal tract with the production of highly in-
soluble salts; and the existence in foods of substances that exert powerful
anti-enzyme activity to realize the futility of ever expressing the complete

nutritive value of foods by even the most complete laboratory analysis.
46
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The animal organism itself must be the court of last resort in assessing the
nutritive value of food materials.

In particular, the protein value of a food obviously cannot be dssessed
even approximately by a Kjeldahl determination, or by a true protein
determination; an analysis for amino acids by modern methods may give
an excellent nutritive evaluation of the absorbed fraction of a food pro-
tein,'® or it may give a very inadequate one. In any case it throws little
if any light on protein digestibility. The first step in any study of the
biological utilization of dietary protein is concerned with digestive utiliza-
tion, and such studies necessarily relate to the fate of dietary nitrogen within
the digestive tract. It is problematical whether any better method than
this of studying protein digestion will be developed.

The Digestive Utilization of Dietary Protein

The enzymes in the alimentary tract are capable of hydrolyzing proteins
completely to their constituent amino acids and prosthetic groups. The fact
that this so rarely occurs in actual nutrition, except for some of the animal
proteins, has presented a problem for many investigations.

Mendel and Fine published a series of reports % concerned with the di-
gestibility of vegetable proteins per se, when removed from the structural
pattern in which they have been deposited. In situ they are fairly indigest-
ible because cellulosic and hemicellulosic membranes impose an indigestible
barrier between digestive proteases and their substrates. Also, the large
mass of bulky material in many vegetable products may disturb the time
relations of digestion by stimulating intestinal motility unduly. The ex-
periments of Mendel and Fine, performed upon dogs and in a few cases upon
human subjects, showed that the proteins of wheat, barley and corn are as
digestible per se as those of meat, 7.e., 93 to 96 per cent. However, proteins
of the soybean, navy bean and garden pea proved to be resistant to pro-
teolysis in their own rights, giving digestion coefficients of 80 to 85 per cent.
The proteins of cottonseed are even more refractive to digestion, yielding
coefficients of only 67 to 75 per cent.

In animal feeds, the content of fibrous material is an important factor in
determining the digestibility of the organic matter, the correlation coefli-
cients for different animals ranging from —0.75 to —0.91. The author
elsewhere ' has reviewed this phase of the subject.

The resistance of legume proteins to digestion in the animal seems to be
explained, wholly or in part, by their association with anti-enzymes. Aque-
ous extracts of soybeans - 44 and navy beans ?° contain a trypsin-inhib-
iting substance, which seems to account for the low digestibility of the pro-
tein of raw soybeans.* The properties of the inhibitor have been studied by
Klose, Hill and Fevold 7 and it has been recently isolated by Kunitz.”
It is a protein of the globulin type. On heating, the anti-enzyme is de-
stroyed and a more complete digestibility of the protein ensues.!?$ 173
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Melnick % has observed a marked difference in the susceptibility of the
proteins of raw and processed soybeans to enzymic digestion. During in
vitro digestion, methionine is released much earlier from the heated than
from the unheated protein, even though eventually the same amount of
methionine is released in both cases. Methionine limits the nutritive quality
of soybean protcins. Hence, if the rate of absorption of methionine may
further limit the utilization of the other amino acids of soybean proteins,
then this finding may have a bearing on the low biological value of the
proteins in the raw bean.

One naturally associates the relatively low digestibility of cottonseed
proteins with the presence of gossypol, the toxic principle in the cottonseed.
This idea receives some support from the observations of Jones and Water-
man % that the in vitro digestion of cottonseed globulin and of casein by
pepsin and trypsin was markedly depressed in the presence of 1 per cent of
gossypol. Gallup and Reder,* however, were unable to confirm this effect
of gossypol in digestion experiments on mature rats, although the ratio of
gossypol to protein in their dicts was less than is commonly found in cotton-
seed. Be that as it may, the removal of gossypol from cottonseced by solvent
extraction is associated with an increase in the digestibility of its protein
(unpublished data). On the other hand, the application of moist heat to
cottonseed depresses the digestibility of the protein,* possibly by favoring
a combination of gossypol and protein that is resistant to enzyme attack.*

The digestibility of food proteins by human subjects has been reported
in scattered publications, mostly in the older literature. The only attempt
in this country to compile and collate these results, of which the author is
aware, was made by Atwater in 1899.7 From this study Atwater developed
a table of average digestibility of the main organic nutrients in different
classes of foods:

Coefficients of Availability of Nutrients of Different Groups of
Food Materials and of Total Nutrients of Mixed Dict

Protein I'at Carbohydrate

(%) (%) (%)
Animal foods 97 95 98
Cereals 85 90 98
Legumes, dried 78 90 97
Sugars and starches 98
Vegetables 83 90 95
Fruits 85 90 90
Vegetable food 84 90 97
Total food 92 95 97

It will be noted, according to Atwater, that food proteins are the most
variable in their digestibility, which means that the digestion of proteins in

* This idea is contained in a private communication from Dr. Frank E. Caruth.
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the alimentary canal is the most readily impaired by extraneous factors,
such as those discussed above.

Another product of Atwater’s studies was the computation of a table of
available nutrients in human foods,® by which is meant the digestible
nutrients. For undivulged reasons, his publications with Bryant on the
chemical composition of American food materials ¢ neglected entirely the
availability of the contained nutrients. The shortcomings of the ordinary
proximate analysis of foods in defining their nutritive value may be accen-
tuated by an extreme case. This method of analysis cannot distinguish
between dried whole milk and a properly devised mixture of feathers,
mineral oil, inulin and barium sulfate.

The coefficients of digestibility thus far considered relate to “apparent,”
not “true,” digestibility, because they place the metabolic products in the
feces in the same class with the undigested food protein. This “apparent”
digestibility is of practical significance because the so-called metabolic
nitrogen of the feces is the cost of digestion in terms of nitrogen and should
be charged against the main nitrogen-containing nutrient, protein. How-
ever, for many reasons and on some occasions it is important to know the
actual digestibility of the dietary protein. In measuring the true digesti-
bility of protein (nitrogen) it is necessary to deduct from the fecal nitrogen
the nitrogen of body origin (unabsorbed intestinal juices, mucosal detritus,
mucus, etc.).

It seems reasonable to expect that the nitrogen in the feces would be
reduced to that of body origin by removing all protein from the diet.
The residual metabolic nitrogen has originated largely from digestive juices
secreted into the gastrointestinal tract. The amount of these juices secreted
will bear some relation to the amount of digestive work to be done, 7.e., the
mass and character of the food ingested. The degree to which these scere-
tions will be reabsorbed will depend upon the rate of peristalsis, which in
turn is influenced by the mass and character of material in the intestines.
Considerations such as these induced Mendel and Fine %8 to propose a
method of measuring the metabolic nitrogen in the feces:

(1) Determine the volume and nitrogen content of feces resulting from
the food under investigation.

(2) Determine the fecal nitrogen resulting from a nitrogen-free diet to
which has been added an amount of indigestible non-nitrogenous matter
that will yield approximately the same volume of feces as was obtained in 1.

(3) Subtract the fecal nitrogen in 2 from that in 1. The excess of nitro-
gen over 2 is presumably due to undigested or unabsorbed nitrogenous
matter of the food under study.

Mitchell and Hamilton 2% have applied this method to the problem of
the true digestibility of oat hulls and alfalfa meal by swine.

The author has discussed elsewhere 13 this method of measuring the
metabolic nitrogen in the feces and has shown from experimental evidence
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then available in the literature that for animals of several species the follow-
ing general principles seem to hold: ’

“(1) The most important factor determining the amount of metabolic
nitrogen in the feces is the amount of dry matter consumed.

“(2) Another factor of great importance is the concentration of indi-
gestible non-nitrogenous material in the ration. The greater the concentra-
tion of such ‘roughage,” the greater the fecal excretion of metabolic nitro-
gen per unit of dry matter consumed.

“(3) The presence of protein in the ration or of other materials known
to stimulate the digestive glands, exerts no appreciable influence on the
excretion of metabolic nitrogen in the feces.

“(4) The size of an animal is not an important factor in determining the
amount of metabolic nitrogen in the feces per 100 grams of dry matter con-
sumed, provided the animal is not consuming abnormally large or abnor-
mally small amounts of food relative to its body weight.

“(5) Animals varying in size from the rat to man excrete approximately
0.2 gram of metabolic nitrogen in the feces per 100 grams of dry matter con-
sumed on rations containing minimal amounts of roughage. This figurc may
be greatly exceeded on rations containing high concentrations of indi-
gestible carbohydrates.”

Later work in the author’s laboratory indicates that the metabolic fecal
nitrogen per 100 grams of dry food consumed approximates 0.1 gram for
rats, pigs and human beings on low-roughage diets.

Schneider 148 has discussed in some detail the relationships between food
intake, body weight and mectabolic nitrogen in the feces. It was later
shown from the same laboratory ' that the substitution of fat for starch
in the diet of the rat does not affect the excretion of metabolic nitrogen in
the feces, even though the total amount of dry fecal material produced is
considerably increased thereby. An alcohol supplement to the diet does not
increase the excretion of metabolic products in the feces, but probably does
increase the digestibility of the basal diet.’® Finally Schneider *° showed
that the metabolic products in the feces of the rat and the pig consist of
two fractions, one related to a constant type of metabolic wastage, possibly
a phase of the endogenous catabolism of nitrogen, and the other related to
digestive work as represented by the amount of dry food consumed. In
the human subject, the first fraction is inconsiderable if it exists at all.

This relationship between dry matter consumed and metabolic nitrogen
in the feces would lead one to expect a positive correlation between the
nitrogen (or protein) content of a food expressed on the moisture-free basis
and its apparent digestibility, since the protein in a low-protein food would
be charged with metabolic fecal nitrogen induced by a high proportion of
non-nitrogenous material. As early as 1870, Stohmann 158 suspected such a
relationship and proposed a formula for the estimation of the amount of
digested protein in sheep rations from a somewhat complicated function
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of the protein as related to the non-protein material fed. The author 193
has demonstrated that, for cattle feeds, a high degree of correlation actually
exists between protein content on the moisture-free basis and the apparent
digestibility of protein. From a later and more complete compilation of
data on the digestibility of cattle feeds,!3® the author has developed the
following prediction equation for roughages containing more than 5 per
cent of protein (N X 6.25) on the dry basis:

D = 42.636 (P — 5) 0-21478

in which D is the percentage apparent digestibility of protein and P is
the protein content of the feed on the dry basis. It would be interesting to
investigate this relationship in human nutrition if sufficient data were
available for study.

In many recent studies in the author’s laboratory, the relationship for
the young growing rat of the metabolic nitrogen of the feces to the dry
matter consumed has averaged 1.164 mg per gm of dry food consumed in
156 trials; the standard deviation is 0.1822 mg of nitrogen and the coefficient
of variation is 15.7 per cent. The fact that these measurements of the met-
abolic nitrogen of the feces were made with diets containing about 4 per
cent of whole egg protein, instead of with a diet practically free of nitrogen,
may account for the fact that the above average is considerably less than
the one previously cited 1% of 1.9 mg. For two adult human subjects on a
low-nitrogen diet, reported by Bricker, Mitchell and Kinsman,? the met-
abolic nitrogen in the feces amounted to 0.91 and 1.14 mg per gm of dry
matter consumed. It seems evident that other factors than the amount of
dry matter consumed determine the excretion of metabolic nitrogen in the
feces. Hence, in measuring the true digestibility of protein by the method
proposed by Mendel and Fine, or any equivalent method, it secems impor-
tant to plan the nitrogen-free diet to simulate the protein-containing diet
as closely as possible in all respects except the protein component.

Among the factors that may modify the ratio of metabolic fecal nitrogen
to dry matter consumed, for the laboratory rat at least, is the amount of
food consumed. Schneider 18 has discussed this point and has shown
that, due to the presence in the feces of a quota of body nitrogen related to
body weight rather than to food consumed, an intake of food less than the
amount required to maintain body weight is associated with a high ratio.

In his study on the nitrogen metabolism of steers on rations containing
alfalfa as the sole source of nitrogen, Titus 1% concluded that the metabolic
nitrogen of the feces varied directly with the moisture content. The con-
clusion is based upon the fact that the expected linear relationship between
the nitrogen content of the food and that of the feces revealed deviations
from expectation when the feces contained high concentrations of water.
A less credible deduction from the data of the experiment is that the inter-
cept on the fecal nitrogen axis of the line describing the relationship between
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nitrogen intake and fecal nitrogen is not a good estimate of the metabolic
nitrogen in the feces. Hence, “‘the amount of nitrogen in the feces of a
steer consuming a nitrogen-free ration may not safely be taken as a
measure of the amount of metabolic nitrogen resulting from the ingestion
of an equal weight of alfalfa, or other feeding stuffs.” This deduction, so
contrary to current opinion, is based upon the fact that the intercept above
referred to is appreciably less than an estimate derived from an equation
by which metabolic fecal nitrogen is related to the amount of dry matter
digested and the weight of water in the feces. The validity of the latter
relationship is not established, nor has the difference between the two
estimates been shown to be statistically real.

Bosshardt and Barnes 8 defend the same conclusion that the fecal nitro-
gen on a nitrogen-free diet is not a good measure of metabolic fecal nitrogen;
their data were obtained with growing mice. Using essentially the same
mathematical methods as Titus in analyzing their data, they assume, unlike
Titus, that the intercept on the fecal nitrogen axis of the line deseribing
the relation between nitrogen intake and fecal nitrogen is the “true”
measure of metabolic nitrogen. From the fact that this intercept is sta-
tistically different from a value secured with a nitrogen-free diet, they
assume that the latter is in error as a criterion of the metabolic fecal nitro-
gen on protein-containing diets. However, in analyzing the data plotted
in a second figure another statistically aberrant value obtained with a diet
containing nitrogen is discarded in plotting the curve, apparently as possess-
ing no significance whatever.

Neither the data of Titus, nor those of Bosshardt and Barnes, seem
adequate to disprove the proposition that the nitrogen content of feces
secured on a no-protein diet, or one containing only a small amount of a
completely digestible protein, measures satisfactorily for the same animal
the metabolic fecal nitrogen secreted on a protein-containing diet equal in
amount and composition except for the protein component.

In order to present a general picture of the differences in “true” digesti-
bility among different food materials, the values appearing in Table 2-1
have been assembled from the literature, mainly from the author’s labora-
tory. The values relate to the young growing rat and to food materials
that have been largely defatted if they contained originally considerable
proportions of fat, and then dehydrated at low temperatures and ground
finely. If they are in error with reference to practical methods of feeding
protein foods, they over-estimate the truth.

The digestion of protein in the alimentary tract may not yield a residue,
for one reason or another resistant to proteolytic action, that contains the
essential amino acids in the same relative proportions as in the original
material.¥” Hence, the digestible portion may possess a different nutritional
value than the amino acid content of the original protein would lead one to
expect. Also, the possibility of amino-acid synthesis within the intestinal
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Table 2-1. The Digestibility by Growing Rats of the Nitrogen in Various Food Materials,
Corrected for Metabolic Nitrogen in the Feces

True True
Food Material Drgestibility Food Material Digestibnlity
(%) (%)
Animal Foods
Muscle meats 99 Milk, fresh raw 95
Liver 97 Milk, dried skim 93
Kidney 99 Casein 99
Salmon 99 Lactalbumin 98
Igg, whole 100 Cheese, Swiss 98
Egg, white 100 Cheese, Limburger 96
Egg, yolk 93 Tankage 83
Cereals and Breads

Wheat, whole 91 Corn, flaked and toasted 80
Wheat, germ 95 Rice, whole 96
White flour 100 Rice, polished 97
White bread, 70 per cent extr. 91 Rice, bran 83
White bread, 80 per cent extr. 92 Oats, rolled 93
White bread, 85 per cent extr. 89 Barley 90
White bread, 100 per cent extr. 85 Millet 85
Corn, whole 94 Hegari 87
Corn, germ 85 Kaoliang 90

Legumes
Peanuts, roasted 96 Navy beans, cooked 85
Peas, cooked 90 Mung bean 86
Soybean flour 96 Lentil 83
Soybean curd 96

Other Vegetables

Potato 89 Alfalfa leaf 79
Cabbage 65 Lady’s finger 70
Sweet potato 57

Tree Nuts
Almond 94 Filbert 91
Brazil nut 96 Pecan 71
Cashew nut 96 English walnut 84
Coconut 86

Miscellaneous

Cottonseed flour 90 Yeast, brewers’ 93
Cocoa 38 Sunflower seed flour 94
Pumpkin seed 92 Watermelon seed 92
Sesame seed 92
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tract by bacteria would lead to the same result. Martin * has presented
some evidence that such syntheses may occur, but Williams and Watson 17
were unable to find any clear indication that arginine synthesis occurs in
the gastrointestinal tract of rats subsisting upon an arginine-free diet.
This problem should be pursued further. Certainly in the ruminant, in
which food stagnation and bacterial proliferation occur in the proximal, as
well as in the distal, portions of the alimentary tract, massive amino-acid
synthesis occurs from simple forms of nitrogen, and the cellular protein thus
produced is passed on to the true stomach and the intestines of the animal,
where effective utilization is made of it.%: 47. 8¢ [t is difficult to see how
animals with a simple stomach, and consequently with bacterial prolifera-
tion practically restricted to the colon and cccum, can benefit from the
synthesis of amino acids unless such acids are destined for other purposes
than the construction of protein molecules within the bacterial cells.

Metabolic Utilization of Dietary Protein

The utilization of proteins in metabolism, as in digestion, can be studied
most effectively by the nitrogen balance technic. The balance of nitrogen
in the body, commonly obtained by deducting from the intake of nitrogen
that excreted in urine and feces, measures the nitrogen added to the body
stores. In the growing animal, it measures the growth aceretion in terms of
nitrogen or protein. In mature animals it measures the growth of those
tissues that continue to grow throughout life. The neglect of the dermal
excretion of nitrogen in computing the nitrogen balance is probably not an
error of consequence except with human subjects under conditions inducing
considerable sweating. If the balance is negative, the body is losing nitro-
gen at the indicated rate.

The nitrogen balance does not, however, measure the amount of dietary
nitrogen used to replace losses incurred in the endogenous catabolism. The
reality of this catabolism is universally admitted ; because of this continuous
tissue erosion the body needs a continuous supply of protein merely to main-
tain the status quo. The magnitude and the constancy of the endogenous
catabolism of nitrogen is, unfortunately, a matter of controversy. Folin 38
was the first to distinguish, from his studies on the effect of the plane of
protein nutrition on the composition of the urine, between a constant catab-
olism of nitrogen, related to body size, and a variable catabolism of nitrogen,
dependent upon the level of protein consumed. The interpretation of these
experimental facts by Folin, but not their validity, has been seriously
challenged by the work of Schoenheimer and his associates involving the
use of hydrogen and nitrogen isotopes.'®® These classical investigations
demonstrated clearly a state of dynamic, not static, equilibrium between
the tissues and the amino acids of the blood plasma and intercellular fluids.
It has been concluded by some, including Schoenheimer himself, that the
distinction between the two types of nitrogen catabolism made by Folin has
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been entirely swept away. The author has discussed this apparent con-
flict of evidence elsewhere.!! Certainly there is nothing in Schoenheimer’s
work that denies the existence of a constant type of catabolism of nitrogen-
containing compounds in the tissues. In fact, his beautiful analysis of the
creatine-creatinine reaction illustrates the type of reaction of which Folin’s
endogenous catabolism is composed: its rate is not affected readily by the
variable presence in the tissues of the creatine precursors; the reactions in
which creatine is involved are irreversible, including transmethylation
from choline to creatine as Simmonds and du Vigneaud % have recently
shown. The term “endogenous catabolism’ is still applicable, since its
independence of the protein intake jinplies its restriction to functional
tissue constituents, though not necessarily protein in nature. Also, there
is still a variable metabolism of nitrogenous substances, the rate of which
is determined by the magnitude of the supply of dietary amino acids, re-
gardless of whether this metabolism involves dietary amino acids only, or
whether tissue constituents also participate in it. While the term ““exoge-
nous” in its original meaning is not descriptive of this phase of nitrogen
metabolism it may still be applicable in the sense that the amount of nitro-
gen undergoing transformation, either anabolic or catabolic in type, is
determined by the exogenous supply of nitrogen.

In measuring the extent of the metabolic utilization of protein, it is
essential to eredit the truly absorbed nitrogen with the nitrogen used to
replace endogenous losses as well as the nitrogen added to the body stores.
Attempts to measure the utilization of protein in metabolism by the per-
centage of the nitrogen intake (or of the absorbed nitrogen) represented by
the nitrogen balance are incomplete and inadequate because one important
function of dietary protein in the body is entirely neglected. The dietary
nitrogen used to replace endogenous losses, is estimated by measuring the
magnitude of these losses in a separate experimental period in which the
animal is fed a nitrogen-free diet, or one extremely low in nitrogen. This is
the method introduced by Folin,?® and later used by Thomas % in his
estimations of the “biological value” of food proteins in adult human nu-
trition.

If the food protein under test is fed to an animal in period 1 and a nitro-
gen-free diet, similar to the test diet in all essential respects but protein, is
fed in period 2, the urinary nitrogen in period 2, after proper adjustment of
the animal to diet is assured by the attainment of a constant day-to-day
output of the nitrogen in the urine, is assumed to represent the endogenous
nitrogen of Folin. Deducting this amount of nitrogen from the urinary
nitrogen excreted in period 1 (after proper consideration of any difference
in body weight that may have developed between periods 1 and 2) should
give the dietary nitrogen wasted.

Obviously, this procedure assumes, first, that the level of urinary output
of mitnaman oo~ nieceee free diet, attained after a short period (varying
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with different species of animals %) during which the more labile stores of
nitrogenous compounds are catabolized, measures the amount of nitrogen
that must be replaced from the diet to maintain the integrity of the tissues.
It assumes, also, that the endogenous nitrogen catabolism during specific.
nitrogen inanition remains constant during periods of protein feeding, ¢.e.,
that the constant type of endogenous catabolism is independent of the
“exogenous metabolism” of nitrogen in the original Folin sense.

The assumption that the endogenous loss of nitrogen determines the size
of the maintenance requirement of protein seems as well justified as the
common assumption that the basal metabolism of energy determines the
basal requirement of energy. However, long-continued subsistence upon a
nitrogen-free dict, as in the experiments of Smith ** and of Deuel and
associates,?® will result in much lower levels of urinary nitrogen, just like
protracted fasting will induce subnormal basal metabolic rates. But neither
these low levels of urinary nitrogen nor the low metabolic rates thus in-
duced have any relation to normal nutrition and normal maintenance
requirements of protein and energy. The cxperiments of McCollum and
Stecnbock 2 on the pig, and of Mitchell 1t and of Mitchell and Carman 20
on the rat, prove that it is possible to maintain nitrogen equilibrium in
animals on amounts of dietary nitrogen no greater than the losses of nitro-
gen in urine and feces on a nitrogen-free diet, using such proteins as lactal-
bumin and the proteins of whole milk and whole egg, and even the proteins
of corn and oats.

That the endogenous urinary nitrogen observed after a period of protein-
free feeding adequate to induce a levelling-off of the urinary nitrogen is
unaffected in magnitude by subsequent feeding of dietary protein is a
proposition difficult to prove though readily conceivable.* The independ-
ence of the output of creatinine and the protein intake constitutes support-
ing evidence. The failure of Burroughs, Burroughs and Mitchell 2 to lower
consistently the endogenous output of urinary nitrogen of mature rats by
the feeding of individual amino acids, mixtures of amino acids or proteins
of high nutritive quality is also supporting evidence.

It should be noted that the proposition under discussion implies not only
a constant endogenous er<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>