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Francis Gano Benedict

— A Biographical Sketch

(1870-1957)

For his accomplishments over a period
of some 40 years Francis Gano Benedict
became recognized as one of the world's
foremost investigators in the field of res-
piratory metabolism. He achieved this emi-
nence through a thorough formal training
in science, an early association with the
pioneer American worker in the field and
a genius for devising equipment and meth-
ods which he used most effectively in solv-
ing a wide variety of problens. He was
born October 3, 1870 in Milwaukee, Wis-
consin. When he was seven years old his
family moved to Florida and four years
later to Boston. Here he received his high
school education, studied chemistry for one
year at the Massachusetts College of Phar-
macy and then entered Harvard University
where he obtained the AB. degree in 1893
and the AM. degree in 1894. He continued
his graduate studies at Heidelberg, chiefly
under Victor Meyer, and obtained the Ph.D.
degree Magna cum laude in 1895. His dis-
sertation was entitled “Ueber die Jodonium:
basen aus p-Bromjodbenzol.”

All of Benedict's training had been in
the field of chemistry. Upon his return to
the United States in 1895 he received an
appointment as research assistant in the
Department of Chemistry at Wesleyan Uni-
versity, Middletown, Connecticut, under
W. O Atwater, and here he was introduced
to the field of physiology, particularly en-
ergy metabolism which became his life
work. He was appointed instructor in 1905
and professor in 1907. At the outset he
also received an appointment as physio-
logical chemist in the U. S Department of
Agriculture since Atwater was In charge of
studies on problems of human nutrition
for which funds were annually appropri-
ated to the Department. A later appoint-
ment (1896) was as chemist of the nearby
Storrs Agricultural Experiment Station of
which Atwater was Director. Benedict re-

J. Nutrition, 98: 1-8.

mained at Wesleyan until Atwater’s death
in 1907, and then was appointed Director
of the Nutrition Laboratory in Boston,
newly established by the Carnegie Institu-
tion of Washington — a post which he held
until he retired in 1937. Thus, his research
career is properly divided into a Wesleyan
period of 12 years and a Boston period of
30 years.

In 1897 Benedict married Cormelia Golay
of Brewster, Maine, aVassar graduate who
majored in biology. This training enabled
her to share with her husband in the con-
duct of several physiological studies in the
Nutrition Laboratory which were published
jointly.

In joining the staff of the Department
of Chemistry at Wesleyan as an assistant
to W. O Atwater, Benedict became asso-
ciated with one of the outstanding investi-
gators of his time in the fields of agricul-
tural and physiological chemistry and the
founder of the science of nutrition in the
United States. (A biographical sketch of
Atwater has been published in this Journal,
1962, 78: 3-9.) Most of Benedict's research
at Wesleyan dealt with studies carried out
jointly with Atwater using the Atwater-
Rosa respiration calorimeter, the construc-
tion of which had been initiated in 1892.
At the time of his arrival the calorimetric
feature had not been completed and thus
the first results reported were obtained by
indirect calorimetry through the measure-
ment of nitrogen-carbon balances. In 1897
direct calorimetric studies were begun and
a total of some 500 experiments were car-
ried out during the next ten years. They
dealt with the quantities of nutrients and
energy metabolized under different con-
ditions of rest and muscular activity, the
relations between external work and the
energy and nutrients metabolized in its
performance, the capacity of different
classes of nutrients to supply the body with

3



4 FRANCIS GANO BENEDICT

nutrients and energy and the proportions
in which they may replace each other for
these purposes. The results were published
under the joint authorship of Atwater and
Benedict and several collaborators in six
bulletins of the Office of Experiment Sta-
tions of the U. S Department of Agricul-
ture, under the general title “Experiments
on the metabolism of matter and energy in
the human body.”

A series of studies which attracted wide
popular as well as scientific attention dealt
with the physiological action of alcohoal,
as reported in a Memoir of the National
Academy of Sciences in 1909. It was found
that alcohol could provide energy for
warmth and probably for work and could
protect body tissues from catabolism. The
results of these studies brought a storm of
criticism from temperance organizations,
both of the investigators and of Wesleyan
University, then a Methodist institution.
To combat the furor thus created Atwater
wrote articles in various popular journals
explaining the findings, emphasizing that
the quantity of alcohol effectively used was
small, that it could have deleterious effects
as well, and advocating a rational method
of temperance reform Benedict discussed
the significance of the findings in medical
journals. Later at Boston, he continued
studies of the physiological and psychologi-
cal effects of moderate doses of alcohoal,
with various collaborators, both before and
after the beginning of the Prohibition era
Though he was a strong foe of alcohol in
any form throughout his life, this fact did
not interfere with the objectivity of his
studies.

Benedict's last calorimetric study at Wes-
leyan was carried out jointly with Thorne
M Carpenter who later became his asso-
ciate throughout the Boston era. This study
dealt with the effect of muscular and men-
tal work on metabolism

The respiration calorimeter provided for
the indirect determination of oxygen. At-
water wanted to design an apparatus for
its direct determination and in 1902 ob-
tained a grant from the Camegie Corpora
tion for the purpose. The task of designing
and construction of such an apparatus
became Benedict's responsibility and he
brought it to a successful completion in
1904. The apparatus and its functioning
were described In detail in a monograph

of 193 pages published by the Camegie
Institution of Washington in 1905. In
1924 Benedict referred to this accomplish-
ment as his first important contribution to
science.

In addition to his investigations carried
out in cooperation with Atwater, Benedict
conducted independent research in meth-
ods of organic analysis, nitrogen metab-
olism, and factors causing body tempera-
ture variation, which resulted in some 15
publications. He also published a short
article in science on the teaching of chem-
istry in grade and secondary schools.

Atwater’s laboratory at Wesleyan became
very crowded as his program expanded, as
well as having other di . About
1903 the Carmegie Corporation had agreed
to build a new laboratory for Atwater at
Wesleyan and endow his program Shortly
after this time, however, it became appar-
ent that he would be permanently inca-
pacitated by illness and thus the proposed
support was transferred to the establish-
ment of a Nutrition Laboratory in Boston
of which Benedict became Director. A ma-
jor reason for this shift from Middletown
was to have a location where clinical stud-
ies could be carried out in cooperation with
medical investigators. It had become recog-
nized by certain medical scientists, notably
Dr. W. H. Welch, that the studies reported
from Wesleyan were of much significance
in medicine. Boston was chosen because it
had large hospitals and medical schools.

While the laboratory was under con-
struction Benedict made a trip to Europe
in early 1907 to study methods and equip-
ment and ideas for the program he would
inaugurate in Boston. While there he lec-
tured in German and French at various
universities. He repeated these trips fre-
qguently in later years. The laboratory build-
ing was completed in 1908 and actual work
on the construction and testing of appa-
ratus begun.

In 1910 Benedict stated that the Labora-
tory in Boston was established to provide
for a study of the nutrition of man, as a
direct outcome of a series of investigations
originally undertaken by Atwater. Thus,
initially, his primary purpose was to con-
tinue calorimetric investigations. As time
went on these inwvestigations led him to
make correlated studies in other fields. At
the outset he and his technical assistants



A BIOGRAPHICAL SKETCH 5

built two “small” respiration calorimeters
patterned after the Atwater-Rosa appara-
tus, but only one-third its size— one con-
taining a chair, the other a bed. As Bene-
dict’'s program proceeded, other respiration
calorimeters were built for special purposes
as well as respiration chambers without the
calorimetric feature. In addition, he devel-
oped various simple respiration devices for
studies with man and various animals. One
such was the Benedict apparatus which
was widely used in hospitals and doctors’
offices for measuring the metabolism of
patients. He also built an oxy-calorimeter
to determine the gross energy value of
foods, excreta and fuels. Benedict had a
genius for devising special apparatus to
meet his research objectives and in so
doing provided tools which were used by
many other physiologists. This was one of
his very important contributions to the ad-
vancement of scientific research.

At the outset, studies were begun with
the respiration calorimeter, with Thorne
M. Carpenter as his chief associate. These
studies dealt with respiratory exchange and
heat production under a variety of condi-
tions such as fasting, undernutrition, the
ingestion of specific nutrients, fever, men-
tal activity, rest, muscular activity and
others. Respiration chambers and simpler
devices were used for many specific stud-
ies. A study was made with Talbot of the
metabolism of the newborn infant and of
children up to the time of puberty. For
several years a cooperative study was made
with C P. Joslin and associates on the me-
tabolism of diabetes in man, one of the
most important series of investigations ever
made of this disease.

In 1918 Benedict joined with Professor
E G Ritzman of the University of New
Hampshire at Durham in devising and
constructing a respiration apparatus large
enough for studies with cattle. Here the
investigators drew on the experience of
H P. Armsby who had constructed and
operated for some ten years, at Pennsyl-
vania State College, a respiration calo-
rimeter for farm animals. Armsby visited
Durham to advise on the progress of the
work. This New Hampshire apparatus for
large farm animals was the first of its kind
in the United States and became the fore-
runner of others constructed elsewhere for
indirect calorimetry. The first study made

dealt with undernutrition in steers. The re-
sults showed that animals which suffered
heavy losses in weight during the winter
on submaintenance rations could be re-
stored to satisfactory market quality by
fattening rations. This initial study was
folloned by ten others with cattle, sheep
and swine over a period of some 15 years.
In 1938 Benedict and Ritzman published
a 200-page monograph on the physiology
of the adult ruminant.

Benedict's list of publications contains
over 30 dealing with studies of the basal
metabolism of man. Several dealt with the
conditions required to establish the basal
state. Many others were concerned with
the effect of age, sex, body size, race and
other factors. Various races were studied
in their own environments. In 1919 Harris
and Benedict published standards based on
height, weight, age and sex which were
widely used in haspitals and doctors’ offices
for comparing the metabolism of patients
with that of normal persons.

Benedict's studies on basal metabolism
in man were accompanied and folloned by
similar studies with a variety of species of
animals, reported in a score or nore of
publications. The investigations included
mammals both domestic and wild, ranging
in size from the 8-gram dwarf mouse to a
4,000-nound elephant. The reptiles studied
included a python, alligators, lizards and
tortoises. Several species and races of birds
were also included in the investigations.
For several of the species Benedict had to
design special equipment, either respiration
chambers or some type of face mask. His
publications contain interesting oictures of
the equipment used. The publication re-
porting his studies with the elephant (Car-
negie Institution Monogr. no. 474) gives
diagrans of both a respiration chamber
and a “trunk breathing apparatus.” The
studies on wild animals were carried out
cooperatively at various institutions — the
New York Zoological Park, the Cold Spring
Harbor Station of the Carnegie Institution,
the headquarters of the Ringling Brothers
Circus in Horida and the Yale Anthropoid
Experiment Station in Horida

Upon the basis of his investigations with
man Benedict concluded that properly de-
termined basal values were constants, apart
from the influence of emotional factors. As
aresult of his later studies with animals he
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recognized that this conclusion did not ap-
ply to all species. He referred to the “labil-
ity of basal metabolism,” found in some
species, particularly in the steer, dairy cow
and sheep as studied with Ritzman. Clearly
there are difficulties in arriving at the basal
state in certain animals as compared with
man. Ruminants present a special prob-
lem because of the long time required to
achieve a truly postabsorptive state. Bene-
dict mentioned that the wide degree of
variability found in the dairy cow was
likely due to genetic and possibly endocri-
nal factors.

Most of Benedict's data on basal metab-
olism were expressed per unit of body
weight, though in a few publications they
were also expressed per unit of body sur-
face calculated from weight, or per weight
to the two-thirds power. He considered sur-
face area as abase as advocated by Rubner
in his surface area law. He developed a
photographic method for measuring sur-
face area and used it to study the relations
of body surface to heat production. On the
basis of his studies and those of others
Benedict concluded that surface area might
be useful in estimating normal metabolism,
but that it was not causal. He was in dis-
agreement with some American colleagues
as to the significance of the surface area
measure and particularly with Rubner with
whom he had a long controversy in per-
sonal correspondence. While continuing to
hold his view that the surface area law was
quite unsatisfactory, he did pay tribute in
1938 to Rubner’'s concept in the following
words: “Any concept that will have strong
adherents after fifty years, any concept that
has stimulated as much thought-provoking
discussion, and any concept that has re-
quired as massive a collection of experi-
mental evidence to contradict it as has
Rubner’s ‘law,” has rendered an incalcula-
ble service not only to physiology but to
experimental science as a whole.”

In his last monograph, entitled “Vital
Energetics, a Study in Comparative Basal
Metabolism” (Carnegie Institution Monogr.
no. 503, 1938), Benedict summarized his
studies with both man and the various spe-
cies of animals, interpreted the meaning of
the results and made suggestions for their
use. He discussed the basis for intraspecies
and interspecies comparisons, and tables
illustrating such comparisons were pre-

sented. The story indicates that during his
later years he emphasized the diversity and
inequality of basal metabolism in various
species and its lability in some. He con-
cluded the monograph with a discussion of
possibilities as to why such differences in
total heat production and in the metab-
olism exist in different species and ex-
pressed the hope that his studies might
“stimulate search for the true explanation
of these striking differences in the level
and intensity of vital energetics.”

Around 1915 Benedict began studies of
the physiology of the goose, which covered
two decades. His principal collaborator at
the start was Edward L. Fox. Several others
participated later including Robert C. Lee
who was the joint author of a monograph
reporting the various studies, published in
1937. Benedict's primary reason for under-
taking these studies was to investigate the
formation of fat from carbohydrate. The
goose was chosen because of the knowledge
that this bird can be made to deposit very
large amounts of fat, particularly in the
liver and subcutaneous tissue, by forced-
feeding, without distress or illness — the
practice which produces the “Strasbourg
goose.” The gaseous metabolism studies
made with these forced-fed birds, in which
most of the RQ's ranged from 1.3 to 1.4,
are of special interest for comparison with
the correlated studies made in fasting and
in normal feeding.

Over the years of the Laboratory's exis-
tence, several workers from foreign coun-
tries spent the greater part of an academic
year there, supported by grants from it
or other institutions. Many other workers
came for periods of varying length to be-
come acquainted with the apparatus and
methods being used. The work of the Lab-
oratory was concerned almost exclusively
with energy metabolism. Protein metabo-
lism received attention in a few of the
studies, as did also food composition and
digestibility. Surprisingly, while Benedict's
years of research paralleled the period
when the exciting discoveries with vitamins
and amino acids were being made, these
new fields of nutrition received no atten-
tion from him. Although he was certainly
awnare of them, he apparently felt that his
resources could be used to best advantage
in advancing the knowledge of energy me-
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tabolism which was basic to all other nu-
tritional processes.

The foregoing account presents exan
ples which highlight Benedict's accomplish-
ments. Certainly it is a limited discussion
of experimental results presented in some
400 publications, comprising U.S.D.A. bul-
letins, monographs of the Carmegie Insti-
tution ranging up to 700 pages in length
and reports in various United States and
foreign journals. Over 90% of these publi-
cations reported work carried out at the
Nutrition Laboratory, involving a large
number of collaborators, only a few of
whom have been mentioned here. In a sum-
mary publication in 1938 he refers to them
as “innumerable.” Some mention has been
made of workers in other laboratories with
whom Benedict collaborated. Additional
ones were: Oscar L Riddle and Morris
Steggarda at the Cold Spring Harbor Sta-
tion; Eugene DuBois of the Cornell Medical
College; Carey D. Miller of the University
of Hawaii; Lafayette B. Mendel of Yale;
H. C Sherman and Grace McLeod of Co-
lumbia, and others. Many of Benedict's
papers were written by collaborators but
he prepared the first drafts, at least, of a
very large number of them It was his fre-
guent practice to dictate papers to a ste-
nographer or dictaphone, a practice which
tended to make the papers too long, but it
gave other scientists in the field a complete
picture of his results and thoughts regard
ing them

Benedict received many honors. He was
elected to the American Philosophical So-
ciety in 1910, the National Acadenmy of
Sciences in 1914, and the American Acad-
emy of Arts and Sciences in 1930. He re-
ceived the medal of the National Institute
of Social Sciences in 1917 in recognition of
his valuable contributions to human ener-
getics and the alcohol problem In 1929 the
University of Hamburg awarded him a
gold medal “in recognition of his success-
ful work in metabolism and human phys-
iology.” He was elected to honorary ment
bership in several scientific or medical
societies in Europe. The honorary Sc.D.
was conferred on him by Wesleyan Uni-
versity in 1910 and by the University of
Maine in 1924. He received an honorary
M.D. degree from the University of Wurz-
burg in 1932.

The wwriter remembers Benedict as a
large man with an impressive and dignified
bearing. Yet he was a very friendly person
and an interesting conversationalist. He
has mentioned his hobbies as being magic
and piano playing. His qualifications in
the field of magic are indicated by his elec-
tion to membership in the Society of Amer-
ican Magicians. In lectures, Benedict's art
of showmanship enabled him to present
his story in a very interesting manner,
illustrated with lantern slides and anec-
dotes. Both before and after he retired
he went on tours throughout the country
where he lectured at various universities,
on such topics as The Physiology of the
Elephant, Magic and Science, Animal Me-
tabolism from Mouse to Elephant.

Upon his retirement from the Nutrition
Laboratory in November 1937, Benedict
took up his year-round abode at Machias-
port, Maine, where he had long owned a
summer home. He continued an extensive
correspondence with colleagues both at
home and abroad, went on sewveral lec-
ture tours and became interested in local
affairs. In April 1940 he was hit by a taxi
in Boston which resulted in almost fatal
injuries. He became much less active there-
after and frequently spent the winter
months in warmer climates. Benedict died
in Machiasport on May 14, 1957. So ended
the career of a man whose active life had
been characterized by a steady flow of re-
sults from excellently planned and metic-
ulously carried out experiments and who
had played a leading role in the develop-
ment of both basic and applied physiology.

Upon the retirement of Benedict, Thorne
Carpenter was appoirnted Director of the
Laboratory. With the onset of World War
11, the staff, now depleted by resignations,
became almost exclusively engaged in war
research. In 1945 Carpenter retired as Di-
rector and arrangements were made for
the sale of the real estate and buildings of
the Laboratory to the Children’'s Hospital
in Boston. Much of the equipment was
donated to various scientific and educa-
tional organizations. According to the an-
nual report of the President of the Carnegie
Institution, the discontinuance of the Lab-
oratory was “in pursuance of apolicy which
research organizations must follow of re-
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linquishing work which they have carried
on when the time comes that other organi-
zations are prepared to continue it.” A very
comprehensive summary of the activities
of the Laboratory from its establishment to
its close is given by Carpenter, who was a
member of the staff throughout its exis-
tence, in the Yearbook of the Carnegie In-
stitution, no. 44, 1944— 1945, pp. 149
to 153.

A short biography of Benedict by Eugene
DuBois and Oscar Riddle which lists
some 300 of his publications is to be
found in Biographical Memoirs, Nat. Acad.
Sci. XXXII, 67-78, 1958.

Leonard A. Maynard, Ph.D.

Emeritus Professor of Nutrition
and Biochemistry

Graduate School of Nutrition

Cornell University

Ithaca, New York
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ABSTRACT Skim milk protein was

replaced

isonitrogenously by glycine and

diammonium citrate, or by a mixture of nonessential amino acids in the test diet of
21 male college students; the effect of this replacement on urinary nitrogen and sulfur
excretion and on fasting plasma amino acid concentration was studied. The subjects
were fed a constant nitrogen intake equivalent to 0.38 g protein/kg body weight. Skim
milk protein furnished 90% of the daily protein; oatmeal furnished the remainder.
In experiments 1 and 2, glycine and diammonium citrate replaced 20 and 25% of
total dietary nitrogen, respectively. In experiment 3, a mixture of nonessential amino
acids replaced 25% of dietary nitrogen. The 20% replacement with glycine and diam-
monium citrate did not increase urinary nitrogen excretion in any of the seven sub-
jects, but three of the seven showed lower urinary nitrogen excretion after return to the
basal diet. A 25% replacement with glycine and diammonium citrate increased urinary
nitrogen excretion in three of seven subjects and four subjects showed lower nitrogen
output during the final basal period. The 25% replacement with nonessential amino
acids did not change urinary nitrogen excretion but 3 of 10 subjects showed a variable
decrease in nitrogen excretion during the second basal period. As a replacement for
25% of total dietary protein, nonessential amino acids appeared a more effective non-
specific nitrogen source than glycine and diammonium citrate. Fasting plasma amino

acids levels were unchanged during the experimental periods.

Most of the work done on human protein
requirements has dealt with the essential
or indispensable amino acids. But the other
component of the protein requirement,
nonspecific nitrogen (1-4), which is fur-
nished from excess essential amino acids
and by the nonessential amino acids (NE-
AA), merits further investigation. A re-
view of the published values for the es
sential amino acid requirements of adult
man (2, 5, 6) suggests that the concentra-
tions of essential amino acids per gram of
total nitrogen in high quality protein foods
such as eggs, meat and milk are higher
than required when these foods are the
sole source of dietary protein. Moreover,
a number of investigators have shown in
experimental animals that nonessential
amino acids are more effective in meeting
nonspecific nitrogen requirements than are
the essential amino acids (7, 8). To i+
vestigate further the interrelationship be-
tween these two components of man's
protein needs, we have undertaken a series
of studies in which various amounts of the
test dietary protein are replaced, isonitrog-
enously, by a source of nonspecific ni-

J. Nutrition, 98: 9-17.

trogen. The present work with milk protein
extends our previous observations made
with egg (9) and beef protein (10).

In establishing the amino acid require-
ments of man, investigators have used
various sources of supplemental nitrogen
including glycine or urea (11), glycine in
combination with diammonium citrate and
other nonessential amino acids (12, 13),
or a mixture of several nonessential amino
acids (14). Although these studies sug-
gest that a number of individual nones-
sential amino acids can meet the non-
specific nitrogen needs as effectively as a
mixture of nonessential amino acids, the
issue is far from settled (15). In the pres-
ent series of experiments, we have iso-
nitrogenously replaced milk protein firstt
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by a mixture of glycine and diammonium
citrate, and then by a mixture of nones-
sential amino acids pattermed as in cow's
milk protein, and compared the effects.

MATERIALS AND METHODS

Subjects. The 21 male college students
(table 1) who participated in these studies
were in good health as determined by
medical history and examination, and con-
tinued their normal daily activities through-
out the experimental period. Three of the
subjects (WI, KE and JR) participated in
more than one experiment.

Diet. The composition of the diet, based
principally on a liquid formula, is shown
in table 2. Dried nonfat skim milk pro-
tein supplied 90% of the total dietary pro-
tein; oatmeal supplied the remainder. It
was found necessary to include a small
amount of oatmeal to maintain a stable
formula of agreeable consistency. The
diet furnished 0.38 g protein/kg per day.
The net protein utilization (NPU) of the

SCRIMSHAW, YOUNG, HUANG,

THANANGKUL AND CHOLAKOS

skim milk protein by rat assay (16) was
determined to be 71 + 2 compared with
63 + 2 for unsupplemented casein used as
a standard. The daily diet was divided
into four approximately equal portions.

“Dilution” of the dietary protein. AS in
our previous studies (9, 10), the dietary
nitrogen was replaced (“diluted”) by sub-
stituting part of the dietary nitrogen with
either a mixture of glycine and diammo-
nium citrate (in which each compound
supplied equal amounts of nitrogen) or a
mixture of nonessential L-amino acids
based upon the proportions of amino acids
in whole dried nonfat skim milk protein
(17). The composition of this mixture is
shown in table 3.

Experimental sequence. The subjects
were first fed the basal (0% dilution) diet
which supplied 0.38 g protein/kg body
weight. This rate was calculated to supply
nitrogen at the minimum daily nitrogen
requirement as discussed previously (9,
10). The duration of basal period 1 varied

TABLE 1

Age, height, weight and calorie intakes of young men studied for the effects of nonspecific
nitrogen replacement of milk protein

_ _ Body wt Calorie
Exp. Subject Age Height Beginning End intake 1
year cm kg kg bkocg;/l\fvgt
| WD 21 183 69.4 68.8 47
Wil 19 165 66.6 64.4 52
DK 23 183 67.1 67.7 47
CK 23 170 60.0 59.5 44
RR 19 180 74.6 70.5 42
LD 21 173 7.7 77.1 40
RB 20 173 85.4 85.0 34
2 PD 19 181 72.1 71.2 51
KE 24 180 76.4 76.9 44
N D 19 162 61.3 62.6 42
T 27 175 68.0 69.4 49
JR 22 183 75.1 75.7 45
MS 18 177 71.4 72.6 45
R W 23 179 74.1 74.0 49
3 KE 24 180 82.4 83.5 42
DH 20 167 84.2 84.1 42
JL 19 181 78.5 78.9 42
SM 22 163 71.0 71.2 45
JR 22 183 7.7 78.4 44
ER 19 177 7.7 77.4 46
GS 23 185 88.1 88.8 50
IS 20 187 65.6 67.5 48
LD 22 173 77.1 75.9 42
wi 19 165 69.1 67.5 50
i Calculated from food composition tables (Watt, B. K., and A. L. Merrill 1963 Composition of

Foods. Agriculture Handbook 8, Washington,
some of the dietary components.

D.C.) and data supplied by the manufacturers of
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from 14 to 18 days, depending upon the
time required for the subject to reach an
apparently steady state of nitrogen metab-
olism as revealed by urinary nitrogen ex-
cretion.

TABLE 2

Composition of diet given to young men studied
for the effects of replacement of milk protein
with nonspecific nitrogen

Ingredient pé;’r:joég/n})z
9

Nonfat dried skim milk 3 65.6
Oatmeal 4 110.8
Dexin 5 130.0
Qilé 140.0
Vanilla 10.0
Lemon juice 5.0
NaCl 1.0
Avicel 7 5.0
kZhpo4d 35
h2 500.0
1Amount for a 70-kg subject. Intake for each

subject adjusted according to body weight.

21In addition, cornstarch cookies and Danish dessert
(cornstarch, sucrose and artificial flavoring and color-
ing), and carbonated beverages were given according
to individual caloric needs. Supplemental iron (1
tablet supplying 14 mg Fe, kindly supplied by Smith,
Kline & French, Inc., Philadelphia) and a Unicap
(Upjohn Company, Kalamazoo, Mich.) multivitamin
capsule were given daily to all subjects. Each cap-
sule is stated to contain: (in milligrams) vitamin A,
1.5; vitamin D, 0.012; vitamin BrHCI, 2.5; vitamin
B2, 2.5; vitamin C, 50; nicotinamide, 20; Ca panto-
thenate, 5; pyridoxine-HCI, 0.5; and cobalamin, 0.002.
Subjects were also allowed Trident Gum (donated by
American Chicle Company, New York). Five or six
salt tablets, each supplying 1 g NaCl, were given to
provide additional sodium required.

3Carnation Company, Van Nuys, Calif.

4Dried, cooked Buckeye Homogenized Rolled Oats,
kindly supplied by Quaker Oats Company, Barrington,

5 Burroughs Wellcome and Co., Tuckahoe, N. Y.
Approximate composition: dextrins 75%; maltose
24%.

6Corn oil, Mazola, Best Foods Division, Corn
Products Company, New York.

7F.M.C. Corporation, Marcus Hook, Penna. Micro-
crystalline alpha cellulose.

TABLE 3
Composition of mixture of nonessential amino
acids used to dilute milk protein
Amino acid By wt
%
L-ArginineHCI 6.15
L-Histidine HCI, HD 4.44
L-Alanine 5.80
L-Aspartic acid 12.28
L-Glutamic acid 39.26
Glycine 3.33
n-Proline 18.72
L-Serine 9.93
Total 100

Three experiments were conducted. The
first two, with seven subjects each, evalu-
ated the effects of replacing 20 and 25%,
respectively, of dietary protein by a non-
specific nitrogen source, a mixture of gly-
cine and diammonium citrate. Experiment
3, with 10 subjects, explored the effects
of 25% isonitrogenous replacement of
milk protein by a mixture of nonessential
amino acids (table 3). The dilution period
lasted for 20 or 21 days after which the
subjects were returmed to the basal diet
for a period of 7 to 10 days. After basal
period 2 the experiment was terminated.

Handling and analyses of samples.
Urine was collected for complete 24-hour
periods. Total dietary nitrogen, urinary
nitrogen and creatinine were analyzed as
described previously (9, 10). Urea nitro-
gen (10) and total sulfur (18) were mea-
sured on pooled urine samples and serum
total protein determined (19). On the final
day of each dietary period a blood sample
was taken ats.» after an overnight fast (9
to 10 hours), and plasma free amino acids
were measured by ion exchange chroma-
tography.5 The plasma was prepared for
analysis as described by Mechanic et al.
(20). Tryptophan was determined accord-
ing to the procedure of Duggan and Uden-
friend (21). Results for urinary nitrogen
were evaluated by the t test and by the
paired t test for plasma amino acids.

RESULTS

Total urinary nitrogen excretion during
the experimental periods of both the 20
and 25% replacement of milk protein by
glycine and diammonium citrate is given
in table 4. For the 20% replacement (exp.
1) no significant increase in nitrogen ex-
cretion was observed in any of the seven
subjects at this dilution when compared
with the initial basal period. Three sub-
jects, however, showed a significantly loner
urinary nitrogen excretion during the final
basal period than during the initial basal
period.

During the 25% dilution period (exp.
2) , three of the seven subjects showed a
significantly higher urinary nitrogen ex-
cretion compared with basal period 1, and
most of the subjects showed a decreased

5Technicon Amino Acid

Analyzer,
Corporation, Ardsley, N. Y.

Technicon
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rate of urinary nitrogen excretion when
they were retumed to the basal diet at the
end of the experiment (table 4). The in-
creased nitrogen retention during this final
period, as compared with the dilution
period, was statistically significant (P <
0.01) in four of the seven subjects (table
4). The results suggested that the nitrogen
of the diet diluted 20% with glycine and
diammonium citrate was not as well uti-
lized as that of the 20% diluted and basal
diets. The decreased urinary nitrogen ex-
cretion during basal period 2 of the ex-
periment compared with basal period 1
suggests that dilution of the milk protein
may have resulted in a depletion of the
body’s pool of an essential amino acid(s)
during the period of replacement by non-
specific nitrogen.

As summarized in table 5, urea excre-
tion folloned the same trends as total
urinary nitrogen excretion during the ex-
perimental periods of experiments 1 and 2.
Subjects fed a 25% dilution diet showed
a higher rate of urea nitrogen excretion
during the dilution period, and most of
them showed a lower urea nitrogen ex-
cretion upon return to the undiluted diet
The results for total urinary sulfur excre-
tion and the total urinary N/S ratio are
also given in table 5. Total sulfur excre-

THANANGKUL AND CHOLAKOS

tion was decreased by about 10% during
the 25% dilution period compared with
basal period 1, and for some subjects sul-
fur excretion tended to return to initial
levels during the final period on the basal
diet

Subject DK showed a substantially
higher total urinary sulfur excretion dur-
ing the 20% dilution period (table 5), and
a markedly decreased total sulfur excretion
when returned to the undiluted diet despite
opposite trends in total S-amino acid in-
take. This subject also showed a significant
increase in nitrogen retention when re-
tumed to the basal diet during the final
period of the study. There may have been
an interaction between the nonspecific ni-
trogen source and the utilization of S
amino acids in this individual. Moreover,
three of the four subjects in experiment 2
(PD, KE and MS) showing lower total
urinary nitrogen output during basal period
2 also showed a decrease in total urinary
sulfur output. These results suggest that
above a certain level which varies with
individuals, the dilution of milk protein
with glycine and diammonium citrate as a
nonspecific nitrogen source influences the
utilization and metabolism of the sulfur
amino acids which are limiting in this
protein (1).

TABLE 4

Effect of dilution of milk protein with glycine and diammonium citrate on urinary nitrogen excretion
(9 /day) by young men (exps. 1 and 2)

F Dilution of dietary protein
Subject N'iﬁ;g gn e
0% 20% 25% 0%
g/day
W D 4.22 3.92+0.65(6) 1 4.09+ 0.86(13) 4.14+ 1.08(7)
wi 4.08 4.61+0.38(5) 4.08+ 0.52(11) a* - 3.70+ 0.44(7) a**
DK 4.09 4.25+0.54(9) 4.14+ 0.39(11) - 3.59+0.36(7) 1** a*
CK 3.36 2.69+ 0.67(6) 2.89+0.32(8) - 2.98+ 0.42(6)
RR 4.56 3.76+ 0.44(7) 4.26+0.60(9) - 3.89+ 0.52(6)
LD 4.80 5.36+0.33(8) 5.50+ 0.23(9) - 5.09+0.67(9)
RB 4.91 4.43+ 0.44(7) 4.48+0.48(8) - 3.74+£0.38(9) b ** >**
PD 4.39 4.11+ 0.16(5) - 4.67+0.30(9) a** 4.02+0.32(10) b **
KE 4.65 4.42+0.33(8) - 4.51+0.22( 10) 3.95+0.47(10) » ** a*
ND 3.73 3.14+0.27(6) - 3.52+0.52( 10) 3.19+ 0.34(9)
TJ 4.14 3.49£0.22(5) - 3.67+0.30(6) 3.37+ 0.24(10)
JR 4.57 4.12+ 0.17(5) - 4.66+ 0.33(9) *** 4.16+0.37(9) b**
MS 4.35 3.44+ 0.30(6) - 4.27+0.33(11) a** 3.52+0.28(9) b**
RW 4.51 5.07+ 0.50(7) - 4.88+ 0.34(11) 4.65+ 0.60(10)
1Mean * <4 for number of observations shown in parentheses. Total lengths of dietary periods were 14 to
16, 20 and 7 to 10 _days for the o» , 20_or 25/ and ow dilution periods, respectively.

a Significantly different from basal period 1
b Slgnlflcantly different from dilution perlod
0.05.

**P< 0.01.
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TABLE 5

Effect of dilution of milk protein with nonspecific nitrogen on urinary urea, sulfur (g/day)
and the total N/S ratio in young men 1

Urea

Urea Urea

E;(g’_- Subject nitrogen SUMFUr N/S2 el Sulfur  N/s o8, Sulfur  N/S
1 Dilution of protein by glycine and diammonium citrate
0% 20% 0%
W D 2.3 0.255 15.4 2.9 0.292 14.0 2.2 - -
wi 3.1 0.351 13.1 2.4 0.285 14.3 2.2 0.351 10.5
DK 2.7 0.351 12.1 2.3 0.516 8.0 1.4  0.123 29.2
Mean 2.7 0.319 13.5 2.5 0.364 12.1 1.9 0.237 19.9
2 0% 25% 0%
PD 2.8 0.357 11.5 3.1 0.324 14.4 2.2 0.264 15.2
KE 2.9 0.348 12.7 3.0 0.318 14.2 2.3 0.281 12.8
N D 2.2 0.224 14.0 2.4 0.198 17.8 1.9 0.216 14.8
TJ 2.7 0.324 10.8 2.8 0.246 14.9 2.0 0.240 14.0
JR 2.9 0.333 12.4 3.5 0.273 17.1 2.5 0.297 14.0
MS 1.9 0.252 13.6 2.4 0.252 16.9 2.2 0.221 15.9
RW 3.0 0.369 13.7 3.5 0.342 14.3 3.5 0.363 12.8
Mean 2.6 0.315 12.7 3.0 0.279 15.7 2.4 0.260 14.2
SD 0.4 0.055 1.2 0.5 0.051 1.5 0.5 0.050 1.2
3 Dilution of protein by nonessential amino acids
0% 25% 0%
KE 2.6 0.327 13.1 3.0 0.285 15.6 2.6 0.321 11.9
DH 3.6 0.423 12.3 2.9 0.342 12.8 3.6 0.384 11.5
JL 3.0 0.393 11.2 2.9 0.282 15.2 2.7 0.339 11.8
SM 2.5 0.282 13.9 2.6 0.216 17.3 2.6 0.276 13.9
JR 2.7 0.303 14.0 3.0 0.306 13.7 2.6 0.297 12.8
ER 2.5 0.303 12.4 3.0 0.261 15.9 3.1 0.297 14.1
GS 2.4 0.324 14.9 2.9 0.273 16.3 2.1 0.318 11.6
1S 1.5 0.294 9.4 3.2 0.336 12.8 3.5 0.318 14.3
LD 3.2 0.411 11.4 3.3 0.363 12.6 3.3 0.375 12.3
wi 2.0 0.341 11.8 2.3 0.285 11.5 2.5 0.341 11.3
Mean 2.6 0.339 12.4 2.9 0.295 14.4 2.9 0.326 12.5
SD 0.6 0.050 1.6 0.3 0.042 1.9 0.5 0.033 1.1

1Analysis on pooled urine samples for periods shown in tables 4 and 6.

2Ratio of total urinary nitrogen to total urinary sulfur.

tables 4 and 6.

The results given in tables 4 and 5
show that total nitrogen and urea nitrogen
output increased during a 25% dilution
with glycine and diammonium citrate and
decreased to a variable degree when sub-
jects were returmed to the basal diet. The
question remained as to whether the gly-
cine and diammonium citrate mixture was
the most effective source of nonspecific
nitrogen. Accordingly, a mixture of non-
essential amino acids (table 3) was tested
at the 25% level of dietary protein dilution.
In this experiment (table 6) only 2 of the
10 subjects showed a statistically signifi-
cant decrease in urinary nitrogen output
following retum to the basal diet after
the 3-week period of 25% dilution with the
NEAA mixture. Three subjects showed a
loner urinary nitrogen excretion during
basal period 2 as compared with the ini-

Values for total nitrogen taken from

tial basal period. Subject KE previously
showed a similar response following a
25% dilution of the dietary nitrogen with
glycine and diammonium citrate (table 4).

Urinary nitrogen output during the di-
lution period did not increase significantly
above that of the initial basal period, ex-
cept in the case of two subjects. In one
case (IS), however, a relatively low rate
of excretion was observed during basal
period 1, and during the final basal period
urinary nitrogen output was the same as
that during the dilution period. The low
initial basal level of nitrogen excretion
was probably atypical but the reason is
unknown.

The results for urea nitrogen and total
urinary sulfur excretion for the 10 sub-
jects given nonessential amino acids as the
source of nonspecific nitrogen are sum-
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TABLE 6

Effects of dilution of milk protein with a mixture of nonessential amino acids on
urinary nitrogen excretion by young men (exp. 3)

. Nitrogen
Subject intagke 0%
g/ day g N/day
KE 5.01 4.30+0.20(8) 1
DH 5.12 5.22+ 0.58(8)
JL 4.77 4.42 £0.33(7)
SM 4.32 3.93+0.36(10)
JR 4.73 4.25+ 0.20(6)
ER 4.73 3.77+0.96(10)
GS 5.38 4.38+ 0.67(12)
1S 3.99 2.78+0.10(8)
LD 4.77 4.70+ 0.45(6)
WA 4.16 4.04+0.62(5)

Dilution of dietary protein
25% 0%

g N/day
4.46+0.21(8)
4.38£0.43(5) a*
4.28+ 0.33(9)
3.74+0.38(10)
4.19+ 0.33(9)
4.14+ 0.46(9)
4.45+0.80(9)
4.29+ 0.55(9) a**
4.56+0.66(8)
3.27+ 0.47(6)

g N/day
3.84+0.32(9) a** b **
4.40+0.44(7) a**
4.01+ 0.69(9)
3.85+0.60(9)
3.80+£0.31(7) a**b~*
4.19+ 0.57(9)
3.70+ 0.73(9)
455+ 0.45(9) a**
461+ 0.65(8)
3.85+ 0.44(7)

1Mean + sd for number of observations shown in parentheses. Total length of 0, 25 and 0% dietary
periods were 16 to 18, 20 to 21 and 9 days, respectively.

a Significantly different from basal period L

tSignificantly different from dilution period.
*P < 0.06.

« P < 0.01.

marized in table 5. During the dilution
period, total sulfur excretion was lower
than during the initial basal period. The
mean decrease in total urinary sulfur ex-
cretion was slightly greater during this
period than in the corresponding period
of experiment 2 involving use of glycine
and diammonium citrate.

In contrast to results obtained in experi-
ment 2 (table 5), total urinary sulfur ex-
cretion did not appear to decrease further
during basal period 2 for KE, DH and JR
These three subjects showed increased ni-
trogen retention in the final basal period
as compared with the initial basal period.
In experiment 2 with glycine and diam-
monium citrate, a lower sulfur output was
observed during basal period 2 for the
three subjects (PD, KE and MS) who
showed increased nitrogen retention after
the 20-day period of dilution. These results
suggest that the mixture of NEAA may be
a slightly more effective source of non-
specific nitrogen for the isonitrogenous re-
placement of skim milk protein than gly-
cine and diammonium citrate.

Serum total protein and the concentra-
tions of free amino acids determined for
subjects studied at a 25% level of replace-
ment with the two sources of nonspecific
nitrogen are summarized in table 7. No
significant differences (P > 0.05) in the
concentrations of these blood constituents
were detected. During dilution with non-
essential amino acids (exp. 3) only alanine

increased, but because of high variability
this change was not statistically signifi-
cant.

DISCUSSION

The results of urinary nitrogen excre-
tion in the present experiments indicate
that for most human subjects, milk pro-
tein, when fed at about the minimum re-
quirement level (0.38 g protein/kg per
day), can be replaced with 20% of nitro-
gen from nonspecific nitrogen sources with-
out affecting its nutritive value. The ex-
tent of replacement possible varied with
the subjects from about 20% to at least
25%; this may reflect variability in the
requirement for individual essential amino
acids (5, 6). The influence of dilution ap-
peared to be partially affected by the source
of nitrogen used for the replacement of
milk protein nitrogen, because glycine and
diammonium citrate resulted in a greater
increase in urinary nitrogen excretion dur-
ing the 25% dilution period than the iso-
ni'gggenous mixture of nonessential amino
acids.

Kofranyi and Jekat (22) in their study
with adult subjects concluded that only 10
to 15% of milk protein could be replaced
with ammonium citrate without a change
in the value of the protein. The difference
between their results and ours may be
due to their limited number of subjects
and use of ammonium citrate alone as the
nonspecific nitrogen source. Clark et al.
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TABLE 7

Serum total protein and free amino acids in fasting plasma of young men studied for
effects of dilution of milk protein with nonspecific nitrogen

Dilution of protein

Amino acid 0% 25% 0% 0% 25% 0%
Nonessential amino acids Glycine and diammonium citrate
Essential
Threonine 186+24 1 166+42 174 +33 204 +31 211 +26 181+26
Valine 198 +25 219+64 210+ 26 205+29 174+£32 182+40
Isoleucine 7614 8827 77 86+12 65+ 6 63+12
Leucine 12415 146 +44 134 18 134+25 115+ 20  112+23
Tyrosine 62+9 68+24 71+ 10 77+22 57+ 11 55+13
Phenylalanine 637 67+ 19 62+ 5 64+14 55+8 55+ 11
Lysine 187+36 222+75 20127 198+28 164 +24 179+29
Tryptophan 65+8 7212 749 617 57+ 10 63+12
Nonessential

Aspartic 67+13 65+ 15 52+13 70+10 70+ 8 64+7
Serine and

glutamine 18052 232+119 189+66 149+68 188+22 169+20
Glutamic 313+38 33437 312+ 73 341 +50 309+55 289+40
Glycine 307 +59 308+123 294+ 25 335+ 25 401 +51 312+ 56
Alanine 666 +136 809+289 643+188 557+115 490+127 501+118
Histidine 120+ 10 122+30 117+ 26 117+21 92+12 100+ 4
Arginine 99 +£32 130+24 10620 121 +47 91+ 19 74+8
Serum protein

(g/100m1) 7.1+0.4 7.2+0.2 7.3+0.4 7.0+0.3 6.9+0.3 7.0+0.3

iMicromoles per liter, Mean *
end of each period.

(13) observed in young adults given 9.0
g nitrogen/day (of which approximately
half was provided by the supplementary
nonspecific nitrogen) that nitrogen reten
tion was depressed when diammonium
citrate was fed, but not when glycine alone
was given. Although none of the seven
young adults in the present study appeared
to retain less nitrogen when 20% of milk
protein was replaced with the glycine and
diammonium citrate mixture, three ap-
peared to show additional retention when
retumed to the basal diet This latter ob-
servation may mean that an amino acid
depletion had occurred which was not ap-
parent from measuring urinary nitrogen
excretion alone during the dilution period.
This possibility was not reflected, however,
by a reduction in the concentration of
essential amino acids in fasting plasma
samples. The results suggested that milk
protein can be replaced to a greater extent
in most young adults than indicated by
the study of Kofranyi and Jekat (22).
Snyderman et al. (2) studied infants
from 3 weeks to 5 months of age and found
that weight gain and nitrogen balance
could be maintained despite a partial sub-

sa for samples taken at 8:00 . after a 9 to 10 hour fast at the

stitution of evaporated cow's milk protein
by glycine or urea. Although their experi-
ments were not designed to determine the
extent to which milk protein nitrogen
could be replaced by nonessential nitrogen,
it appears from their data that 20% of
cows milk protein could be isonitroge-
nously replaced by either glycine or urea
without reducing infant growth. This is
probably an overestimate, however, since
the level of protein intake in their study
was above minimum requirements for
gronth (23).

In establishing amino acid requirements
of man, investigators have used different
sources of supplemental nitrogen (11-14).
Swendseid et al. (24) have reported that
glycine alore is not well used by man as a
nonspecific nitrogen source; however, they
observed that a combination of glycine
and diammonium citrate was as effective
a source of nonspecific nitrogen as a mix-
ture of nonessential amino acids. Experi-
ments with weanling rats have shown that
different sources of nonspecific nitrogen
can affect gronth rate in the presence of
minimal amounts of essential amino acids
(25, 26). Swendseid et al. (27) have

riihi™\/i'1
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shown that the growth rate of rats may
be depressed by a low protein diet supple-
mented with 7.5% glycine. The results of
our study with young men suggest that
there may be some difference in the utili-
zation of glycine and diammonium citrate,
compared with a mixture of nonessential
amino acids, when included as nonspecific
nitrogen supplements in a diet supplying
nitrogen at approximately the minimum
requirement.

In experimental animals glycine allevi-
ates the growth-depressing effect of a high
methionine intake (28, 29) and conversely,
methionine protects against excess glycine
(30). Sulfur amino acids are limiting in
cows milk protein and therefore, under
conditions of a relatively low intake of
these amino acids in the present studies,
a comparison of the effects of glycine
diammonium citrate and a mixture of non-
essential amino acids on urinary nitrogen
excretion was considered appropriate. Al-
though a close relationship between uri-
nary nitrogen and sulfur excretion has
been noted by a number of investigators
(31, 32), a difference in the pattern of
excretion between these elements has also
been reported (33). Our results with sub-
jects who reacted to a 20 or 25% dilution
with glycine-diammonium citrate by showw
ing changes in urinary sulfur excretion
suggest that this nitrogen source may affect
Samino acid metabolism at the level of
protein intake used in this study. Further
studies are required to evaluate more fully
the significance of these observations.
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Neuromotor Development in Progeny of
Underfed Mother Rats 1
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ABSTRACT The neuromotor development of progeny from mothers subjected to
50% dietary restriction during either 1) gestation and lactation or 2) gestation alone,
and of appropriate control progeny was observed twice each week from week 1 to
week 7 of life. The ages at which several coordinated movements, behavior patterns
and reflex responses first appeared were recorded for experimental progeny and their
controls. The longer period of maternal dietary restriction resulted in developmental
delays of as much as 2 weeks, and lesser but consistent delays occurred after the
more limited restriction. In addition, several clearly abnormal types of activity occurred
in both types of experimental progeny, but never at any time in the controls. The
delays and abnormalities in the progeny of mothers restricted during gestation alone
were not accompanied by corresponding deficits in weight during the period of obser-
vation. The results demonstrate that these aspects of neuromotor integration do not

necessarily bear a close relationship to chronological age.

The nutrition of the mother during re-
production in rats is now known to have
important influence on the physical and
metabolic development of the offspring (1—
6). When the dietary intake of female rats
is reduced to one-half that consumed by
control animals fed ad libitum during ges-
tation and lactation the offspring are per-
manently stunted in growth and their
metabolism is abnormal, despite their re-
ceiving a fully adequate diet after weaning
(1, 2). Comparable effects occur when the
utilizable protein in the maternal diet is
reduced (3-6). If the stress to the offspring
is confined to the period of intrauterine de-
velopment by fostering the newborn pups
to normally fed mothers the effects are
more subtle but nonetheless important.2In
such circumstances there is little or no dif-
ference In body weight between experi-
mental and control animals during the pe-
riod of rapid gronth; only as a plateau is
approached does the growth of the experi-
mental progeny begin to lag. This observa-
tion emphasizes the importance of follow
ing the offspring at least until maturity
before excluding the presence of abnormal-
ities resulting from perinatal malnourish-
ment.

It was natural to inquire whether the
physical and metabolic abnormalities al-
ready demonstrated are also accompanied
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by neurological and behavioral abnormali-
ties. It is true that the brain enjoys some
degree of differential protection from ad
verse nutritional conditions — a phenome-
non often described as “brain sparing.” It
is also true that the fetus as a whole is to
some extent protected from the full im-
pact of maternal malnourishment by
mechanisms which are not yet well under-
stood but which have been popularized by
the phrase, “fetal parasitism” From fre-
quent repetition these shibboleths have
acquired connotations well beyond those
justified by the data which led to their
formulation. In particular the partial and
quantitative protections which they de-
scribe have been interpreted as complete
and qualitative. Both these principles in
fact describe no nmore than a relative
preservation of tissue mass. The available
data do not permit the inference that func-
tional integrity and developmental poten-
tial are unimpaired. That there was un-
warranted confidence in the welfare of the
fetus during maternal nutritional stress is

Received for publication September 9, 1968.
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now apparent, and there are already data
from animals to suggest that the brain
does not escape damage under such con-
ditions (6, 7).

The specific aobjectives of the experi-
ments now reported were to compare with
corresponding control animals the ages at
which certain neuromotor capabilities ap-
peared in a) progeny of mothers subjected
to owverall dietary restriction throughout
gestation and lactation, and b) progeny
which were born to mothers subjected to
dietary restriction during gestation but
which were fostered to normally fed moth-
ers on the day following birth.

EXPERIMENTAL PROCEDURES
AND METHODS

The sires and dams of the experimental
and control animals were drawn from the
colony of McCollum rats maintained in
this laboratory. The same standard com
mercial diet3 which is used routinely in
the colony was also used throughout these
experiments. The procedure for mating has
been described previously (3). Immediate-
ly after sperm were seen in a vaginal lav-
age each female was individually housed
and randomly assigned to the experimental
or control group. Animals in the control
group continued to be fed ad libitum; ex-
perimental animals received 10 g of feed
daily throughout gestation, an approximate
50% restriction. After delivery the proce-
dure differed in each of the three experi-
ments, as described below.

Experiment 1. On the day following
birth, litters containing more than eight
pups were reduced to that number and any
fitters containing fewer than six pups were
excluded from the experiment. The daily
ration of the experimental mothers was in-
creased to 20 g which represents an ap-
proximate 50% restriction for the period
of lactation. All mothers were fed ad libi-
tum after day 21 of lactation, but the pups
were left with the mother until day 28
because of a previously observed delay in
opening of the eyes among such experi-
mental progeny. Experimental and control
pups which have been prepared in this way
are designated RR and NN, respectively.
Eight RR and eight NN pups, each ran-
domly selected from different fitters on day
5 after birth, were used in this experiment.

Two RR animals died within the first 2
weeks of the study; observations obtained
earlier on these two animals were excluded.

Experiment 2a. On the day following
delivery all pups from both groups were
removed from their own mothers. The un-
restricted mothers were used as foster
mothers, each being assigned eight pups,
four from each of two mothers. Experi-
mental and control pups were not mixed
within fitters and no pup was nursed by
its own mother. The restricted females and
the surplus pups were not used further in
the experiment. The foster mothers all con-
tinued to be fed ad libitum. Weaning was
deferred until day 28. The experimental
pups are designated RN cf, indicating that
the maternal diet was restricted during
gestation and normal in lactation and that
the pups were cross-fostered. The corre-
sponding control animals are designated
NN cf. Eight RN cf and eight NN cf pups,
all born to different mothers, were ran-
domly selected for observation in the de-
velopment box. Two NN cf animals died
— one at 14 days of age and one at 24
days of age; data obtained earlier on these
two animals were excluded.

Experiment 2b. The procedure differed
only in detail from that of experiment 2a.
The offspring were randomly assigned to
foster mothers on the day following birth
but with the constraints that no pups were
nursed by their own mother, and experi-
mental animals were not placed in the
same fitter as controls. The foster fitters
were limited to eight pups. Eleven RN cf
pups and 12 NN cf pups were randomly
selected for observation. One RN cf animal
died at 10 days of age; all data from this
animal were excluded. A further RN cf
animal ceased to gain weight at 30 days
of age and died at 56 days of age, shortly
after the end of the study.

After weaning on day 28 after birth, all
pups in each of the three experiments were
individually housed and offered the com+
mercial diet ad libitum

The technique of assessment used
throughout all these experiments was de-
rived from that of Frankova (8). The ab-
servations were made in an open-topped
Lucite box with a floor measuring 30 cm

3 Purina Laboratory Chow,

Ralston Purina Com-
pany, St. Louis, Mo.
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by 30 cm and sides 10-cm high. The floor
was marked into nine 10-cm squares. On
day 5 or 6 after birth, and twice each week
thereafter until approximately 7 weeks af-
ter birth, each pup was placed in the cen-
ter square and observed for a period of 6
minutes. The external environment was
kept as uniform as possible by avoiding
bright lights, draughts and noise. The box
was cleaned thoroughly after each obser-
vation period to remove any olfactory
traces. The first appearance of horizontal
movement was arbitrarily defined as the
first departure from the center square. The
development of spontaneous activity was
also assessed by the first appearance of
head lifts, grooming, standing against the
side of the box, standing alone, and finally
escape from the box. The elicited responses,
for which the appropriate stimuli were ap-
plied in each test period were the righting,
orienting, and startle reflexes. The age at
which the eyes opened and testes de-
scended was recorded. In addition to these
specific observations, detailed descriptions
of any unusual activity were made.

RESULTS

Experiment 1. The growth of the RR
and NN animals shown in table 1 was
typical of that previously seen in this lab-
oratory. The average number of days after
birth at which the various developmental
levels were achieved are presented togeth-
er with the standard errors of the means
in table 2. By each one of the chosen cri-
teria the development of the experimental
pups was conspicuously retarded in rela-
tion to the controls. The mean body weight

TABLE 1

Mean body weights of six male perinatally mal-
nourished (RR) and eight male control (NN)
progeny during the period of observation

(exp. 1)
Mean body wt

Age

RR NN
days 9 a

5 10.4(0.7) 1 12.6(0.5) 1

12 12.7(1.1) 23.9(0.9)
19 13.7(1.3) 39.7(1.1)
26 20.1(2.6) 69.6(1.2)
33 49.1(5.9) 106.9(4.6)
40 65.4(5.8) 137.4(3.8)
47 92.7(7.2) 170.7(4.6)

lse of the mean.

at which these same levels of achieverment
were reached is shown in table 3. In addi-
tion to the delays in development, several
anomalous manifestations, not seen at any
stage in the development of the controls,
occurred in the RR animals; four such
patterns were distinguished: 1) sustained
purposeless locomotion over a small circu-
lar course (“circling”); 2) fine, repetitive
and rhythmical movements of the head
and trunk wath a periodicity of 2 to 5/sec-
ond (“tremor™); 3) twitching of the limbs,

TABLE 2

Mean age of appearance of developmental indices
in six male perinatally malnourished (RR)
and eight male control (NN) progeny

(exp. 1)
Mean age
Index
RR NN
days days
Horizontal movement 9.0(0.7) 1 6.1(0.6) 1
Vocalization 13.5(0.6) 6.5(0.6)
Righting 17.0(0.8) 6.5(0.6)
Head lift 13.9(0.5) 8.0(0)
Grooming 18.0(1.4) 13.9(0.5)
Orienting reflex 16.3(0.8) 12.0(0)
Startle reflex 18.8(0.9) 12.0(0)
Standing with support 22.2(0.9) 12.0(0)
Standing alone 42.5(1.5) 17.5(0.7)
Escape from box 42.3(2.3) 26.0(0)
Eye opening 20.0(0.6) 14.3(0.5)
Descent of testes 38.0(0.9) 27.9(0.6)
1se of the mean.
TABLE 3

Mean body weights at which developmental
indices appeared in six male perinatally mal-

nourished (RR) and eight male control (NN)
progeny (exp. 1)
Mean body wt
Index
RR NN

g g
Horizontal movement 11.8(1.1) 1 14.4(0.9) 1

Vocalization 12.9(1.1) 15.1(1.2)
Righting 13.6(1.3) 14.9(1.0)
Head lift 13.1(1.2) 17.4(0.7)
Grooming 13.7(1.0) 28.5(1.3)
Orienting reflex 13.4(1.2) 23.9(0.9)
Startle reflex 13.9(1.1) 23.9(0.9)
Standing with support 16.0(1.6) 23.9(0.9)
Standing alone 75.4(8.3) 36.0(1.6)
Escape from box 74.8(2.7) 69.6(1.2)
Eye opening 14.7(1.7) 28.9(1.1)
Descent of testes 61.2(6.6) 78.1(2.9)

iseofthe mean.
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followed by rigidity lasting at least 1 min-
ute during which the animal was unrespor
sive to stimuli, and usually associated with
defecation and micturition (“convulsion”);
4) adoption of a bizarre position main-
tained with complete immobility for at
least 3 minutes during which time the ani-
mal was unresponsive to mild stimuli
(“catatonic stance”). Circling and trenmors
were seen in each experimental animal at
least once; conwvulsions were seen in seven
of the eight and catatonic stances in four.

Experiment 2a. The mean weights of
the RN cf and NN cf groups at various
ages are shown in table 4. During the pe-
riod covered by the study the two groups
differed little in weight; this finding was
consistent with that of other comparable
experiments.4The days of age at which the
specific neuromotor responses were ob-
served or elicited appear in table 5. The
differences between groups are smaller
than those observed in experiment 1 and
individually are only of marginal signifi-
cance. The relative uniformity of the de-
lays in this wide range of indexes, however,
strongly suggest that maternal dietary re-
striction confined to gestation does indeed
result in a degree of neuromotor retarda-
tion. These suggestive data are strength-
ened by the fact that the same types of
abnormality which had been observed in
the more severely stressed progeny of ex-
periment 1 were again seen in this experi-
ment, although less often. Circling occurred
in all the experimental animals at least
once; tremors were seen in four, convul-
sions in four and catatonic stances in one.

TABLE 4

Mean body weights of eight male congenitally
malnourished (RN c¢f) and six male control

(NN cf) progeny during the period of observation
(exp. 2a)

Mean body wt
Age
RN cf NN cf
days a a
9 15.8(1.3) 1 18.8(0.47) 1

16 27.6(2.3) 28.6(1.4)

23 42.1(3.7) 44.0(1.2)

30 68.5(5.1) 74.7(1.9)

37 111.1(8.4) 116.7(2.3)

44 144.5(9.1) 155.2(4.0)

1se of the mean.
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The mean body weights at which the vari-
ous developmental levels were reached are
shown in table 5

Experiment 2b. This was essentially a
replication of experiment 2a and was car-
ried out to substantiate the tentative con-
clusions drawn from that experiment. The
data for growth, neuromotor “milestones”
and body weights at each level of develop-
ment appear in tables 7, 8 and 9, respec-
tively, which correspond to tables 4, 5 and
6 of experiment 2a. The pups in experi-
ment 2b were not weighed until 9 days of
age so the body weights at which horizon-
tal movement, vocalization, righting reflex
and head lifts first appeared were not
available. Because a RN cf animal which
died at 56 days of age had ceased to grow
at 30 days of age, and was probably mori-
bund from this time onward, data for the
RN cf group after 30 days of age are pre-
sented both with and without this animal
in tables 7, 8 and 9. The growth of both
the control and experimental animals in
this experiment was nore rapid than the
growth of the comparable animals in the
previous experiment; this difference is
probably attributable to seasonal variation
which commonly has considerable effect
on the gronwth of rats in this laboratory.

TABLE 5

Mean age of appearance of developmental
indices in eight congenitally malnourished
(RN cf) and six male control (NN cf) progeny
(exp. 2a)

Mean age
Index

RN cf NN cf

days days
Horizontal movement 7.5(0.6) 1 6.000)1
Vocalization 6.0(0) 6.0(0)
Righting 9.8(1.0) 8.0(0.6)
Head lift 9.1(0.7) 7.0(0.6)
Grooming 15.4(0.8) 12.7(1.4)
Orienting reflex 13.8(0.2) 13.0(0)
Startle reflex 16.6(0.8) 13.0(0)
Standing with support 16.0(0) 11.0(0.9)
Standing alone 25.9(0.9) 21.5(0.7)
Escape from box 28.1(2.8) 25.7(1.9)
Eye opening 17.5(0.7) 14.5(0.7)
Descent of testes 31.5(0.9) 28.5(0.7)

1se of the mean.

4 See footnote 1



22 M. SIMONSON, R. W. SHERWIN, J. K. ANILANE, W. Y. YU AND B. F. CHOW

TABLE 6

Mean body weights at which developmental
indices appeared in eight male congenitally mal-
nourished (RN cf) and six male control (NN cf)
progency (exp. 2a)

Mean body wt

Index
RN cf NN cf
9 B
Horizontal movement 13.7(1.3) 1 13.6(0.2) 1
Vocalization 11.2(0.7) 13.6(0.2)
Righting 16.9(2.0) 17.4(1.2)
Head lift 15.9(1.8) 15.3(1.2)
Grooming 26.3(2.5) 24.8(2.5)
Orienting reflex 24.0(2.4) 25.2(1.3)
Startle reflex 29.0(3.1) 25.2(1.3)
Standing with support 27.6(2.3) 22.6(1.9)
Standing alone 53.1(6.3) 38.1(2.3)
Escape from box 60.5(5.2) 56.7(7.8)
Eye opening 30.1(2.9) 27.2(1.9)
Descent of testes 77.6(7.3) 67.9(2.2)
1se of the mean.
TABLE 7

Mean body weights of 11 male congenitally
malnourishd (RN cf) and 12 male control (NN cf)

progeny during the period of observation
(exp. 2b)
Mean body wt
Age
RN cf NN cf
days 9 9
9 18.2(0.7) 1 20.6(0.7) 1
16 30.4(0.6) 32.3(1.5)
23 50.6(4.6) 53.7(2.8)
30 77.0(3.9) [ 79.5] 2 81.8(3.5)
38 120.2(7.9) [125.9]12 130.7(5.0)
44 146.9(10.5)[155.8] 2 160.0(5.6)

1se of the mean.

2Mean of RN cf group excluding animal which
c;ased to grow at 30 days of age and died at 56 days
of age.

DISCUSSION

The observations in experiment 1 show
beyond reasonable doubt that maternal di-
etary restriction throughout gestation and
lactation caused considerable retardation
in neuromotor development in addition to
the previously denmonstrated stunting of
physical growth. But it is important to bear
in mind that these experimental animals
were currently undernourished during the
first half of the observation period, and
had probably not recovered sufficiently to
have obtained full nutritional equilibrium
before the end of the experiment. It can-
not be concluded from the observed delays
that permanent impairment of neuromotor

development had taken place. However,
the subsequent finding of impaired maze
performance in adult RR progeny as com-
pared with NN progeny 5suggests that per-
manent neurological damage does indeed
result from maternal dietary restriction
during gestation and lactation. Nor was
it clear from experiment 1 that any of the
effects were necessarily attributable to fetal
as opposed to neonatal nutritional deficit.
Lat and his coworkers (9) demonstrated
reduced activity in rats which had been
nursed in large litters of 15 to 20 com-
pared with rats nursed in abnormally small
fitters of three. Although these workers
did not record the actual age of onset of
particular types of activity it is reasonable
to suppose from the data which are given
that standing and grooming did, in fact,
appear later in the more slowdy growing
animals which had been nursed in large
fitters. But it cannot be assumed that the
entire difference between the two types of
animal represents subnormality of those
from large fitters; it is probable that the
animals reared in small fitters also differed
from the expected behavior of animals
reared in fitters of physiological size. More-
over, neither in the experiments of Lat et
al. nor in experiment 1 reported here can
the observed differences in behavior be
attributed entirely to differences in nutri-
tion of the fetus or neonate. Extreme var-
iations in fitter sizz may well have
direct influence on behavioral develop-
ment over and above any nutritionally
mediated effect. Other, but perhaps equally
important nonnutritional influences Mmay
ensue from our own technique. Restricted
mothers are not, in general, good mothers.
They are preoccupied by the search for
food and are highly irritable. It would be
surprising if the behavioral development
of the progeny was not to some extent in-
fluenced by this atypical conduct of the
mother during lactation.

The experiments involving manipulation
of fitter size had shown that particular
levels of activity were more closely associ-
ated with body weight than with chrono-
logical age. The data relating to the first
appearance of behavioral patterns in the

5 Simonson, M., R. W. Sherwin, H. H. Hanson, and

B. F. Chow 1968 Maze performance in offspring of
underfed mother rats. Federation Proc., 27: 727 (ab-
stract).
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TABLE 8

Mean age of appearance of developmental indices in 11 male congenitally malnourished

(RN cf) and 12 male control (NN cf) progeny (exp. 2b)

23

Mean age
Index

RN cf NN cf

days days
Horizontal movement 8.3(0.7) 1 6.0(0) 1
Vocalization 6.3(0.3) 6.0(0)
Righting 10.6(0.9) 6.3(0.3)
Head lift 13.3(0.3) 9.1(0.4)
Grooming 14.1(0.5) 11.3(0.6)
Orienting reflex 16.6(1.0) 13.3(0.3)
Startle reflex 18.4(0.9) 14.6(0.7)
Standing with support 17.0(0.7) 13.0(0)
Standing alone 23.1(0.8) 19.6(0.5)
Escape from box 28.7(1.0) [28.2(0.9)] 2 23.3(0.1)
Eye opening 17.8(0.6) 14.1(0.6)
Descent of testes 32.9(0.6) [32.8(0.6)] 2 27.8(0.4)

1se of the mean.

2Mean and se of the mean for RN cf group excluding animal which ceased to grow at 30 days

of age and died at 56 days of age.

TABLE 9

Mean body weights at which developmental indices appeared in 11 male congenitally
malnourished (RN cf) and 12 male control (NN cf) progeny (exp. 2b)

Index

Mean body wt

RN cf NN cf
g g
Grooming 27.4(0.7) 1 25.4(1.8) 1
Orienting reflex 33.2(2.6) 28.2(1.4)
Startle reflex 36.9(1.9) 30.4(1.9)
Standing with support 32.1(1.2) 27.7(1.3)
Standing alone 49.8(2.1) 42.8(2.6)
Escape from box 72.0(4.5) [73.3(4.8)1 2 54.9(2.5)
Eye opening 34.8(2.1) 28.3(1.3)

Descent of testes

1lse of the mean.

92.2(5.8) [95.5(5.3)] 2

72.9(3.4)

2Mean and se of the mean for RN cf group excluding animal which ceased to grow at 30 days

of age and died at 56 days of age.

experiment6 do not show the association
with body weight to be any closer than
that with chronological age. In general,
particular stages of development were
achieved at considerably lower body
weights in the perinatally malnourished
animals than in the controls. Standing
alone was a notable exception to this gen-
eral tendency and did not appear in the
experimental group until they had achieved
more than twice the average body weight
at which it had been obsernved in the con-
trols.

Although the differences observed fol-
lowing maternal restriction during gesta-
tion alone were smaller in magnitude, their
implications are clearer and perhaps more

fundamental. The results of these latter
two experiments, taken together, strongly
suggest that the subsequent development
of the rat fetus can be affected by maternal
nutritional deficiency during pregnancy.
The fact that the pups were fostered shortly
after birth to mothers which had been ade-
quately fed throughout pregnancy permits
the inference that maternal undemutri-
tion had induced a direct effect upon the
fetus. It is quite possible that dietary
restriction during pregnancy causes a de-
pletion of maternal reserves which is not
immediately corrected by the restoration
of adequate feeding at delivery with a con-
sequent adverse effect on lactation. If pups

6See footnote 1.
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are nursed by their oown mothers it is not
therefore possible to attribute subsequently
observed abnormalities to damage sus-
tained during fetal life.

The results appear to have cther impor-
tant implications. The very widely applied
index of body weight would have revealed
no impairment in the RN progeny, which
were statistically indistinguishable by this
criterion throughout the period of observa-
tion (even though they subsequently failed
to match the growth of their controls). It
is clear from these experiments that nor-
mal growth per se does not exclude the
presence of damage from an earlier nu-
tritional stress.

The observed delays in the neuromotor
development of the experimental progeny
also cast doubt on the absolute value of
neurological indexes in the clinical deter-
mination of chronological age from con-
ception. The recent recognition of the im-
portance of distinguishing the infant bom
before term (true premature) from the
undergrown infant born near term (dys-
mature) emphasizes the need for objective
criteria of chronological age in the neonate.
The development of the central nervous
system has been thought to bear a close
relationship to chronological age and has
therefore been regarded as one of the
best measures of time since conception.
Most of the evidence for this supposition,
however, has been obtained from infants
whose intrauterine and early postnatal de-
velopment had taken place under nmore
or less satisfactory conditions. The fact

that an infant bom at 34 weeks of gesta-
tion achieves, at 6 weeks after birth, ap-
proximately the same level of neuromotor
integration ordinarily shown at birth by a
full-term infant does not in itself imply
that the level of integration is independent
of the nutritional experience.
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Effect of Prior Diet on_Lipid Mobilization in Rats
During Starvation or Exposure to Cold
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of Environmental Medicine, Natick, Massachusetts

ABSTRACT Using difference in the lipid content of the epididymal fat pads of the
rat as a measure of depot fat changes, an attempt has been made to evaluate the role
of previous feeding in the movement of fat out of adipose tissue under the stimuli of
fasting or exposure to cold. There was a decreased rate of mobilization when the
purified diet, consisting of vitamin-free casein as the protein source, was fed. Rats fed
purified diet, however, mobilized fat at a rate equivalent to those fed Purina Laboratory
Chow when the animals were exposed to 5°. The results indicate that rats fed a
purified diet consisting of vitamin-free casein as the protein source mobilize signifi-
cantly less adipose tissue fat during starvation than did control animals fed a diet
of Purina Laboratory Chow; however, the feeding of the purified diet had no influence
on the mobilization of lipid during exposure of the animal to 5“.Accordingly, alterations
in adipose tissue metabolism which are insensitive to the effect of fasting appear to
result from different mechanisms than those which determine the metabolic changes
in this tissue subsequent to exposing the animal to a cold environment. The mechanism

responsible for the activation of lipase during starvation remains unexplained.

Adipose tissue is exquisitely responsive
to changes in the physiologic state of the
organism. The importance of the process
of lipid mobilization in providing a source
of energy to the working cell is well es-
tablished. Energy is stored in adipose tis-
sue as esterified fatty acids in the form of
triglycerides. It is made available to other
tissues and organs in the intact organism
by the release of free fatty acids (FFA)
which circulate as fatty acid albumin com-
plexes in plasma (1, 2). The mechanisms
which control FFA release, however, are
imperfectly understood. The mobilization
of free fatty acids can be stimulated by
several conditions including starvation
(3, 4) and exposure to cold (5-7). The in-
creased mobilization of FFA in cold-ex-
posed rats would seem to be under the
control of the sympathetic nervous system
(8, 9). There is little or no evidence, how-
ever, that the sympathetic nervous sys-
tem plays a role in initiating lipid mobiliza-
tion during starvation.

Previous investigations have shown that
diet composition has a pronounced effect
on lipid metabolism (10-13). These in-
vestigators have placed considerable em-
phasis on lipogenesis, whereas relatively
little attention has been paid to their ef-
fects on mobilization of lipids from fat

J. Nutrition, 98: 25-32.

depots. The present investigation was de-
signed to explore this facet of the problem
Using differences in the lipid content of
the epididymal fat body of the rat as a
measure of depot fat changes, an attempt
has been made to evaluate the role of
previous feeding in the movement of fat
out of adipose tissue. By comparing
changes in depot fat due to starvation with
those occurring in response to cold ex-
posure, it was possible to distinguish dif-
ferences. Evidence is presented which
supports the hypothesis that the mobiliza-
tion of FFA from adipose tissue due to
starvation is triggered by mechanisms
which are different from those which acti-
vate the increased mobilization of FFA
in cold-exposed rats.

MATERIALS AND METHODS

Male, weanling albino rats of the
Sprague-Dawdey strain, weighing between
40 and 50 g each, were housed in individual
cages having raised floors in a temperature-
regulated environment. The animals were
fed ad libitum and were allowed continuous
access to water throughout the experi-
mental period. The study consisted of fivet

Received for publication November 6, 1968.

1 Present address: University of Nebraska College
of Medicine, Omaha, Nebraska.
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separate experiments.2 In the first experi-
ment 60 rats were used. They were divided
into two groups and housed at 25 + 2°.
Group 1 received Purina Laboratory
Chow;3 the other was fed purified diet
no. 5 described in table 1 At the end of
about 6 weeks, half the animals in each
group were killed. Food was removed from
the remaining animals, and after 4 days
starvation they were killed.

Experiment 2 was designed to test the
effect of fat in the purified diet. The ani-
mals maintained at 25° were divided into
four groups of 16 rats each. Each group
was fed one of the following purified
diets: no. 1, no. 2, no. 3 or no. 4. At the end
of 7 weeks half the animals were killed.
The remaining rats were starved for 4
days and then killed.

To insure that sufficient methionine was
in the diet, 16 rats maintained at 25° were
fed purified diet no. 1 supplemented with
0.3% L-methionine. At the end of 4 weeks
half were killed; the remaining animals
were starved for 4 days and then killed.

In experiment 4, 96 rats were used. They
were divided into two equal groups and
housed at 25 + 2°. One group was fed
stock Purina Laboratory Chow; the other
was given purified diet no. 1. After about
4 weeks, 24 rats from each group were re-
moved and housed at 5+ 1°. At the end
of 1week in the cold, eight rats from each
group were decapitated, as well as eight
rats from the corresponding diet groups

D. G. THERRIAULT AND M. A. MEHLMAN

kept at 25°; the tissues were immediately
removed for analysis. The remaining ani-
mals were kept in the cold for an additional
6 weeks. At that time eight rats from each
group and their 25° controls were killed.
Food was then removed from the remain-
ing eight rats in each group at both en-
vironmental temperatures, and after 3 days
of fasting they also were killed.

In experiment 5, 12 rats maintained at
25° were divided into two groups. One
group was fed the Purina diet, the other
was given purified diet no. 1 After 4 weeks
food was removed and 0, utilization mea-
sured during a 3-day starvation period.

Tissue lipid analysis. Immediately after
decapitation the epididymal fat pads and
liver were totally excised and weighed.
The tissues were extracted with chloro-
formrmethanol (2:1, v/v) using 20 ml
solvent/gram tissue. The extraction was
accomplished by vigorous homogeniza-
tion with a mixer.4The mixture was filtered
through a fiber glass filter pad under posi-
tive N2 pressure. The filter cake was reex-
tracted and the filtrates combined. The
combined chloroform- methanol extract
was evaporated to dryness under vacuum
in a rotary evaporator at 10 to 15°. The
solid residue was dissolved in a minimum

2Experiments reported here conformed” with the
standards of the “Guide for Laboratory Animal Facil-
ities and Care.”

sRalston Purina Company, St. Louis, Mo.

4 Omni-Mixer Homogenizer, Ivan Sorvall Inc., Nor-
walk, Conn.

TABLE 1

Composition of

purified diets

Diet no.
1 2 3 4 5
Casein (purified-vitamin free) 14.0 14.0 14.0 14.0 22.0
Glucose monohydrate 24.0 22.3 20.6 15.7 21.0
Sucrose 24.0 22.3 20.6 15.7 21.0
Dextrin 23.0 21.4 19.8 14.6 21.0
Lard 3.75 75 11.25 225 3.75
Corn oil 1.25 25 3.75 75 125
Cellulose 4.6 4.6 4.6 4.6 4.6
Mineral mix 1 4.0 4.0 4.0 4.0 4.0
Vitamin mix 2 1.0 1.0 1.0 1.0 1.0
Choline chloride 0.4 0.4 0.4 0.4 0.4

1The mineral mix at 4% of the diet provided:

(in grams per kilogram of diet) CaCOs, 11.716;

KH2PO4, 13.724; NaCl, 10.024; MgS04-7H20, 3.992; CaHPO04-2H20, 0.1718; FeCCeHsOy) 6 HoO, 0.2489;

CuS04, 0.0623;
Na2Se04, 0.0006.
.2The vitamin mix added at 1%
vitamin D, 500; dZ-a-tocopheryl acetate,

MnS04 H20,

100; (in

0.0484; ZnCl2, 0.0080;

of the diet provided:

Kl, 0.0002; (NH4)sMo07024-4H20, 0.0010; and

(in 1U per kilogram diet) vitamin A, 5,000;
milligrams per kilogram diet) menadione, 5;

thiamine HCI, 10; riboflavin, 20; niacin, 50; ascorbic acid, 200; pyridoxine-HCI, 10; p-aminobenzoic
acid, 100; biotin, 0.5; Ca pantothenate, 50; folic acid, 2; inositol, 200; and vitamin Bi2 0.05.
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amount of chloroform- methanol (2:1,
v/v), and nonlipid contaminants removed
by means of column chromatography on
Sephadex G-25 (14). The lipid eluate from
the Sephadex column was used for the
gravimetric determination of total lipid.
Thin-layer chromatographic analysis re-
vealed that at least 95% of the lipid in the
epididymal fat pads was in the form of
triglycerides. No further fractionation was
earned out on these sanples.

Liver lipid fractionation. A sample of
the lipid eluate obtained from liver lipid
extraction was evaporated to dryness in
vacuo, as described above, and the residue
dissolved in a minimum volume of chloro-
form. The chloroform solution was used
to separate neutral lipids and free fatty
acids from phospholipids by column chro-
matography. Silicic acid5was thoroughly
washed with chloroform-methanol (2:1,
v/v) folloned by methanol. A column (1.4
cm by 10 cm) was prepared by packing
the silicic acid as a slurry in methanol un-
der a slight nitrogen pressure. The column
was then washed with chloroform The
lipid sample was applied in 2 ml of chloro-
form. Neutral lipids and free fatty acids
were eluted with 100 ml chloroform Phos-
pholipids were then eluted with 50 ml chlo-
roform-methanol (2:1, v/v) folloned by
50 ml methanol. Thin-layer chromatogra-
phy of the fractions showed that the
chloroform eluate was free of phospholipid
and the phospholipid fraction was free of
neutral lipids and free fatty acids. The
separate fractions were evaporated to dry-
ness under vacuum in a rotary evaporator
and the quantity of residue measured gravi-
metrically.

Metabolic rate measurements. The rats
were placed in a glass metabolic cage&@
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which was connected to a Noyons Diafero-
meter.1The animals remained in the cage
without food for a period of 72 hours.
Periodically during this time 02 utilization
was determined by measuring the differ-
ence in the 0 2concentration of air entering
and leaving the cage at a constant air
flow of 0.861/minute. Measurements were
made only when the animal was at rest.

RESULTS

Results obtained from the analysis of
the epididymal fat pads from rats fed either
a stock Purina diet or diet 5 (table 1) are
presented in table 2. It should be noted
that the animals fed the Purina diet lost
a great deal more weight during the starva-
tion period than did the animals on a puri-
fied diet. The lipid content of the epididy-
mal fat pads from the rats fed the Purina
diet after starvation was significantly de-
creased, whereas the loss of lipid for the
purified diet group was quite small. When
the lipid content of the epididymal fat
pads was calculated on the basis of body
weight of the animal, it was evident that
the group fed Purina Laboratory Chow lost
a disproportionate amount of fat compared
with the group fed the purified diet.

The animals were matched by weight as
nearly as possible, to minimize any effect
that differences in weight might have on
fat nobilization during starvation. This
offered an opportunity to observe the ef-
fects the diets might have on lipid deposi-
tion. It was apparent, when we compared
the tissue weights or lipid content of the
tissues from the group fed the Purina diet
with those from the group fed the purified

5Mallinckrodt, 100 mesh,
Works, St. Louis, Mo.

6Delmar Scientific Labs, Maywood, 111
7Kipp and Zonen, Delft, Holland.

Mallinckrodt Chemical

LE 2

Effect of starvation on epididymal fat pad lipids 1

Purina Laboratory Chow

Fed

Starved

Purified diet 2

Fed Starved

Initial body wt, g 254+ 83 255+6 243 +8 256+9
Wt loss, g 784 46+ 6
Tissue wt, g 2.03+0.33 0.76 £ 0.12 1.91+0.23 1.36+ 0.15
Total lipid, g 1.60+ 0.21 0.49+ 0.11 157+ 0.21 1.08+ 0.14
Lipid, mg/100 g body wt 629 + 92 273 +43 648 + 93 515+ 69

1Fifteen rats per group; animals were starved for a period of 4 days.

2Dietno. 5.
3Mean * se.
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diets, that fat deposition in the epididymal
fat pad was the same. As can be seen in
table 3, however, increasing the fat con-
tent of the diet resulted in an increased
deposition of fat in the tissues. Neverthe-
less, the composition of the purified diet
had no significant effect on the subsequent
mobilization of fat from the epididymal
fat pads during starvation. The results
tabulated in table 3 were obtained from rats
fed one of the purified diets presented in
table 1. The protein content was 14% and
the fat content varied from 5% to 30%.
In none of these groups did mobilization
of fat due to starvation approach that ob-
served in animals fed the Purina Labora-
tory Chow; nor did supplementation of
purified diet no. 1 with L-methionine have
any effect.

Table 4 shows the results of analysis of
liver lipid composition from rats fed either
the Purina Laboratory Chow or a purified
diet (exp. 1). In addition to body weight
loss, there was a decrease in liver weight

D. G. THERRIAULT AND M. A. MEHLMAN

accompanying starvation. Though the loss
of body weight in animals fed the purified
diet was less than that in the group fed
the Purina diet, the loss in liver weight was
the same Iin both groups. The fiver lipid
composition remained constant in both
groups whether the animals were fed or
starved. Furthermore, there was no dif-
ference between groups with respect to
liver lipid composition.

A comparison of the effects of prefeed
ing either the Purina diet or the purified
diet on fat mobilization from the epididy-
mal fat pads can be made from the results
presented in figure 1 (exp. 4). Mobiliza-
tion of fat was stimulated by the 3-day
starvation, exposing the rats to an envi-
ronment of 5° for a period of 6 weeks, or
both. The results indicated that at both
temperatures, rats fed a purified diet con-
sisting of vitamin-free casein as the pro-
tein source nobilized significantly less adi-
pose tissue fat during the 3-day starvation
than animals fed the Purina diet. Main-

TABLE 3

Effect of diet fat composition on mobilization of fat from epididymal
fat pads during starvation

Purified Fat in

Initial

diet no. diet body wt Wt loss Lipid
mg/100
% 9 9 body Wt
i 5 Fed 278+3 2 77241
Starved 3 2704 51+2 629+79
2 10 Fed 279+6 811+ 70
Starved 274+4 49+ 7 778+98
3 15 Fed 2745 910+82
Starved 272+3 55+ 6 75960
4 30 Fed 2757 921 £92
Starved 2715 504 832+ 53
1Eight rats per group.
ZMgan + sep. group
3Animals were starved for a period of 4 days.
TABLE 4

Effect of starvation on liver lipid contentl

Purina Laboratory Chow

Fed
Body wt, g 254+8 3
Liver wt, g 11.8+ 1.4
Neutral lipid, mg/g tissue 158+ 1.1
Phospholipid, mg/g tissue 35.9+1.9

1Fifteen rats per group.
2Diet no. 5.
3Mean *

se.

Purified diet 2

Starved Fed Starved

1777 243+8 210+ 11
61+0,5 12.3+1.1 6.4+0.8
177+ 15 17.6+ 1.7 186+ 1.4
36.6+2.0 34.8+1.6 36.1+2.1
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Fig. 1

Effect of diet on epididymal fat pad composition in fed or starved rats at either

25° or 5°. The bar graphs represent the mean * s. of eight rats per group. Animals were
maintained either at 25° or 5° for a period of 7 weeks. The group fed Purina Laboratory
Chow at 25° weighed 398 +£27 g; those at 5° weighed 378 + 31 g. The group fed the purified
diet at 25° weighed 416 + 36 g; those at 5° weighed 387 + 21 g. Diet no. 1 was fed as the
purified diet. Food was withdrawn from the starved groups 3 days before decapitation.

All animals received water ad lib.

taining the rats in the cold resulted in fat
pads which were considerably smaller than
those from the 25° control groups, whether
they were fed the Purina diet or the puri-
fied diet. It could not be determined if this
was due to an increased mobilization of
fat or to a decreased deposition in the cold.
Table 5 presents the results obtained after
an acute exposure to cold. It is seen that
exposure to 5° for 1 week caused a marked
mobilization of fat in both groups.

The decrease in 02 utilization due to
starvation is shown in table 6. Both groups
of rats in the fed state had similar rates
of 02 utilization. Animals fed the purified
diet, however, had a much lower resting
metabolic rate at the end of the 72-hour
fast than did the rats fed Purina Labora-
tory Chow. If we take into account the
decreased weight of the animal during

starvation and calculate the 02 utilization
per unit body mass, then it may be said
that the metabolic rate of rats fed the
Purina diet did not change during starva-
tion. Even on the basis of body mass, how-
ever, the metabolic rate of rats fed the
purified diet decreased approximately 35%
during the 72-hour fast.

DISCUSSION

Changes in lipid metabolism in the in
tact animal are frequently measured by
following the increase in concentration of
FFA in plasma. This technique has certain
obvious limitations. Although the increase
in plasma FFA almost always indicated an
increased liberation of FFA, the reverse
is not necessarily true, since many stimuli
increase both utilization and production
simultaneously and may, therefore, cause
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TABLE 5

Effect of cold on mobilization of fat from

Purina Laboratory Chow

epididymal fat pads 1

Purified diet 2

25° 25° 5°

Bodywt, g 236+21 3 23027 190+ 15 178+ 12
Total lipid, g 1.96+0.45 0.92+0.23 1.61+0.33 0.77x0.15
Lipid, mg/100 g body wt 830+157 400159 845 +165 43678

1Eight rats pPer group.

2Diet no. L

s Mean £ se.

TABLE 6

Decrease resting Oz utilization after starvation 1

Initial O2utilization, mmoles/hour
Decrease after 72 hours, %

Initial body wt, g

Wt loss after 72 hours

1Six rats per group.
2Diet no. 1.
2Mean + se.

no change in the concentration, despite an
increased tumover. Measurement of the
disappearance of lipid from adipose tissue,
on the other hand, is a convenient way to
measure lipid mobilization in the intact
animal, and does not suffer from this dis-
advantage. Because adipose tissue is quite
diffuse throughout the body, it is difficult
to recover it quantitatively from the rat.
The epididymal fat pad, however, is awell-
defined tissue, easily obtained in toto and
therefore lends itself to the analysis of its
lipid content. The assumption which is
made is that the epididymal fat pad is
representative of all adipose tissue.
Adipose tissue triglycerides constitute
the major storage form of oxidizable sub-
strate in mammals. The body’s reserves of
carbohydrate are very limited; conse-
quently, during starvation depot fat is
mobilized for dissemination to liver and
peripheral tissues, as evidenced by a res-
piratory quotient approaching 0.7 (15).
The data presented show that rats fed a
purified diet consisting of vitaminfree
casein as the protein source, nobilized
significantly less adipose tissue fat during
starvation than control animals fed a diet

Laboratory Py
141+0.5 3 14.0+ 0.6
25.6+8.1 46.6+10.0
2108 202 +6

48 £5 32+4

of Purina Laboratory Chow. However, the
feeding of the purified diet had no influ-
ence on the mobilization of lipid due to
exposure of the animal to an environment
of 5°. It would appear, then, that a diet
made up of purified components impairs
the ability of the rat to nobilize adipose
tissue lipid during periods of starvation,
whereas the ability to mobilize lipid is not
impaired during cold exposure. Accord-
ingly, it may be concluded that adipose
tissue metabolism which is affected by
fasting results from different mechanisms
than thase which determine the metabolic
changes in this tissue subsequent to ex-
posing the animal to a cold environment.

It is not possible, from these results, to
determine the reason for the inability of
rats fed the purified diet to increase FFA
mobilization during fasting. Results of liver
lipid analysis (table 4) would indicate that
it is not due to any abnormality of liver
lipid metabolism. On the surface, it would
seem that our observations are in conflict
with results reported by DiGiorgio et al.
(12). They observed that the diet composi-
tion had no significant effect on the in
vitro release of FFA fom rat epididymal
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fat pads, nor was total lipase activity af-
fected. On closer examination, however,
it is seen that these activities represent the
fed state of the animal. In our present
work, it was observed that the amount of
hpid deposited in the epididymal fat pads
was the same whether the animals were
fed the Purina diet or the purified diet. If
we consider that adipose tissue is in a dy-
namic state in which lipolysis is contin-
uously going on, then it is reasonable to
assume that in the fed state lipase activity
is not affected by the diet It is rather
the ability of the animal to increase the
release of FFA from adipose tissue which
is affected by the feeding of a purified
diet. Our observation that the purified diet
did not inhibit the increased release of
FFA in the coldexposed rat is also in
agreement with the results of DiGiorgio
et al. (12), which show that in vitro
norepinephrine-stimulated lipolysis is not
significantly affected by the composition
of the diet

Obviously, it is difficult to consider bio-
chemical mechanisms which regulate body
fuel apart from the physiological states that
these processes subserve in the organism.
When a rat is exposed to cold, he is
faced with a sudden need for additional
energy to sustain a constant body tempera-
ture. There is an immediate activation of
adipose tissue lipase (9, 16), and acconmt
panying the increased mobilization of FFA
there is a rise in metabolic rate (17, 18).
This emergency mobilization of fuel energy
is under the apparent precise control of nor-
epinephrine released from the sympathetic
nerves (8, 9, 19). When the rat is denied
food, however, the increased mobilization
of FFA which takes place is a gradual one.
In addition, this increased output of FFA
is accompanied by a decreased total ex-
penditure of energy, as shown in table 5.
Mobilization of fat from adipose tissue oc-
curs primarily and probably exclusively in
the form of FFA (2). In fact, Rizack (20)
found that it is the “hormone-sensitive
lipase” in adipose tissue which is activated
in fasting rats. It is inconceivable that the
activation of this enzyme is through sym-
pathetic stimulation; if it were, we would
expect to find an increase in O utilization.
Not only is there an absence of the calori-
genic effect of norepinephrine, there is
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actually a decrease in total energy expendi-
ture. This interpretation is consistent with
earlier findings that the progressive in-
crease Iin plasma FFA concentration that
occurs during fasting is not prevented by
the administration of ganglionic blocking
agents (21-23). The mechanism responsi-
ble for the activation of lipase during
starvation remains unexplained.
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ABSTRACT Orotic acid methyl ester, a more water-soluble derivative of orotic
acid, when force-fed along with diet, or when administered intraperitoneally to fed
rats, induced a fatty liver, increased hepatic glycogen and increased hepatic total
uridine nucleotides. Hepatic ATP levels decrease when orotic acid is added to a
purified diet and fed ad libitum or by force-feeding. In force-feeding experiments
when control and experimental animals are killed 14 to 16 hours after the last tube-
feeding, hepatic ATP levels are equally low in both groups. Under these conditions
the levels in the control animals drop to the sustained low levels in the experimental
animals. Rats fed a diet containing lactose, calcium lactate and orotic acid do not
develop fatty liver, yet have relatively low levels of hepatic ATP. On the other hand,
there are moderately high levels of hepatic uridine nucleotides which indicate that
there is no significant interference with orotic acid utilization. Based on experiments
with fasted and fed animals given orotic acid or orotic acid methyl ester, diet appears
to play an important role in the utilization of orotic acid and in the maintenance of
elevated hepatic uridine nucleotide levels. Using the luciferin-luciferase method for
assay of hepatic ATP levels, it was found that the livers of rats fed orotic acid had a
stabilizing effect on the luminescence due to ATP. UDP had an inhibitory effect on the

luminescence due to ATP.

Orotic acid when added to a purified
diet and fed to rats results in the accumu-
lation of hepatic lipid (1-4). This accu-
mulation has been found to be preceded by
an elevation of hepatic uridine nuclectides
along with a decrease in hepatic ATP (3,
5, 6). The significance of the relationship
between the increase in uridine nucleotides
and the decrease in ATP in the pathogene-
sis of lipid accumulation in the liver is not
well understood. Circunmstantial evidence,
however, such as a drop in hepatic ATP
concomitant with the accumulation of
hepatic lipid, and the prevention of the
lipid accumulation by the administration
of compounds like adenine (2, 3), and 5
amino-imidazole carboxamide (AICA) (7),
all of which elevate hepatic ATP, have
suggested that the decrease in ATP con-
centration is of importance in the induc-
tion of lipid accumulation. A direct rela-
tionship between ATP drop and lipid accu-
mulation, however, is not well established.
Reversal of orotic acid fatty liver by ade-
nine could be explained by the fact that
adenine competes with orotic acid for
PRPP (5), thus interfering with the utili-
zation of orotic acid. It is known that orotic
acid fatty liver can be reversed by with-

J. Nutrition, 98: 33-40.

drawing orotic acid from the diet. There-
fore, it was of interest to determine hepatic
ATP levels under conditions where orotic
acid fatty liver is inhibited by compounds
other than thase which increase hepatic
ATP. In this regard we have taken into
consideration two observations: 1) lactose
and calcium lactate when fed along with
orotic acid prevent lipid accumulation (8),
and 2) orctic acid when given in water,
without food, to fasted rats does not in-
duce a fatty liver (9).

The present report is concerned with
studies designed to elucidate the relative
importance of ATP in the pathogenesis of
orotic acid fatty liver, and the reasons for
the inhibition of fatty liver in cases when
lactose and calcium lactate are given
along with oratic acid or when orotic acid
is given with water to fasted rats.

EXPERIMENTAL

Female rats of the Sprague-Dawdey
strain 2weighing 140 to 150 g were used
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in all the experiments. Animals were
housed in individual wire-mesh cages and
had free access to water. The control basal
diet was the same as that described earlier
(9) and the experimental diets had the
supplemented compounds added at the ex-
pense of sucrose. In some experiments
25% lactose and 5% calcium lactate were
added to the control basal diet Orotic
acid 3 and orotic acid methyl ester4 were
added to the diet at 1% lewvels unless in-
dicated otherwise. In the experiments in
which the animals were force-fed, they
were tube-fed three times daily at 9:00 a m ,
1:30 »m and 6 :00 , m . similar to the pro-
cedure described previously (9). The diets
used for force-feeding were blended with
distilled water so that each milliliter of diet
mixture contained 0.7 g of diet. Animals
were force-fed an average daily intake of
0.7 g/10 g initial body weight. In all ex-
periments the animals were force-fed the
control basal diet for 1 or 2 days to accus-
tom them to the purified diet, and the fol-
lonming morning they were weighed and
divided into groups. Sewveral groups of
three to seven rats, each of the same age
and weight, were used in each experiment.
Rats were killed by decapitation. Liver
lipid and glycogen were determined as de-
scribed previously (9, 10). Hepatic total
uridine nucleotides were assayed by the
method as outlined by Windmueller (11)
in the purinefree acid extracts and ex-
pressed as optical density (OD), at 262
mu. For hepatic ATP determination, the
animals were killed by decapitation and a
piece of liver (about 1 g) was rapidly re-
moved, weighed and homogenized in 10
ml of 0.5 » perchloric acid (PCA). The
PCA extracts were neutralized to pH 6.9
to 7.0 with KOH solution and then used
for ATP assay. ATP was measured by the
luciferin-luciferase method (12) using des-
iccated firefly lanterns.5 The incubation
mixture contained 4 mg MgSCL-7 HZD,0.4
ml of filtrate of freshly prepared 1.5%
desiccated firefly lanterns in 0.1 » arsen
ate buffer, pH 7.5, and test sample or
standard ATP in a final volume of 4 ml.
The reaction was started by the addition
of enzyme. Luminescence was measured
after 20 seconds (time taken to obtain
maximum luminescence) using a fluori-
meter.6
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RESULTS

Problems in assay of hepatic ATP levels
using luciferin-luciferase method. While
assaying liver ATP levels by the luciferin
luciferase method using crude extracts of
desiccated lanterns of firefly tails, it read-
ily became apparent that the livers of rats
fed orotic acid reacted in a different man-
ner than did either the livers of animals
fed the control basal diet or the ATP stand-
ards. Figure 1 shows the decay curves of
luminescence of liver extracts from ani-
mals fed the control basal diet and of ex-
perimental animals fed the 1% orotic acid
diet and the standard ATP preparations
(1.48 t0 2.96 mumoles). The luminescence
was more stable, particularly during the
20- to 30-second period, in the samples
from experimental livers than in those
from control livers or from a standard ATP
preparation. In all three cases the maxi-
mum readings were obtained after 20 sec-
onds and then decreased progressively
over the following 100-second period of
measurement.

To determine why the perchloric acid
extracts of liver of rats fed orotic acid re-
sponded differently from extracts of con-
trol rats as indicated in figure 1, we de-

Fig. 1 Decay curves of luminescence due to
ATP of liver extracts of rats force-fed 1% orotic
acid (OA) diet or a control (C) diet for a period
of 3 days, and of a standard ATP preparation.
The results presented are the average of six de-
terminations.

s Sigma Chemical Company, St. Louis, Mo.

4Cyclo Chemical Corporation, Los Angeles, Calif.
5See footnote 3.

6G. K. Turner Associates, Palo Alto, Calif.
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cided to investigate whether uridine nu-
cleotides, which became elevated in the
livers of animals fed orotic acid, could be
responsible. Our results indicated that
UMP had little or no effect on the lumines-
cence due to standard ATP even up to a
UMP/ATP ratio of 1164. On the other
hand, UDP was found to exhibit an inhibi-
tory effect on the luminescence due to
ATP (table 1). At high concentrations,
UTP not only induced luminescence itself
but also stabilized the luminescence when
tested either alone or together with ATP.

Because of the different effects of uri-
dine mono-, di- and triphosphates on the
luciferin-luciferase system, the effects of
other ribonuclecotides were also tested on
this system. AMP, only at high concentra-
tions, inhibited the luminescence due to
ATP. At a ratio of AMP/ATP of 535 (ATP
concentration of 4.82 mnmoles) AMP conm
pletely inhibited the luminescence. Fur-
thermore, addition of AMP increased the
rate of decay of luminescence. GMP at a
ratio of GMP/ATP of 510 and CMP at a
ratio of CMP/ATP of 564 did not inhibit
the ATP luminescence.

CDP and GDP, like UDP, inhibited the
luminescence due to ATP (table 1). How
ever, ADP, like ATP, gave luminescence
with the homogenates of firefly lanterns.
UDP which inhibits the luminescence due
to ATP, did not inhibit the luminescence
due to ADP even at a UDP/ADP ratio of
9.6. In these experiments 20.6 mumoles of
ADP were used. UDP has also been found
to inhibit the luminescence due to UTP,
CTP or GTP.

The luminescence obtained with a mix-
ture of UTP and ADP was always greater
than the sum of the activities obtained
when UTP and ADP were assayed sepa-
rately. These findings are in agreement
with earlier results reported by Balfour
and Samson (13) with other nucleoside
triphosphates and have been attributed to
the presence of nucleoside diphospho-
kinase.

Since our interests were primarily con-
cermed with studies in rats fed an orotic
acid diet, the possible direct effect of orotic
acid on the assay system was also tested.
Orotic acid (OA) and also orctic acid
methyl ester (OAM), a more soluble com-
pound, were found at ratios OA/ATP of
1652 and OAM/ATP of 1826 to inhibit lu-
minescence (11 and 17%, respectively)
at 20 seconds. These difficulties were over-
come by using internal standards and by
recording readings at 20 seconds when
maximum luminescence was obxserved.

Effectiveness of orotic acid methyl ester
on fed rats in inducing fatty liver when ad-
ministered orally or intraperitoneally.
Earlier studies (1-4) have demonstrated
that 1% orotic acid in a purified diet in-
duces fatty liver within days. These stud-
ies did not determine, however, whether
orotic acid per se acted on the liver or
whether it became altered within the gas-
trointestinal tract into an active metabolite
which then acted on the liver to induce
lipid accumulation. In our present study
we used a nore water-soluble form of
orotic acid, orotic acid methyl ester, to
investigate whether orotic acid could act

TABLE 1
Effect of UDP, CDP and GDP on luminescence due to ATP 1

Nucleoside
diphosphate
DR NDP/ATP
incubation
mixture
m/imoles
0 -
2.5 1.04
5.0 2.08
10.0 4.16
20.0 8.32
50.0 20.66
100.0 41.32
150.0 61.98

Luminescence measured
at 20 seconds

UDP CDP GDP
% % %
100 100 100
92 92 94
86 85 92
72 82 79
59 69 74
45 54 63
40 43 55
39 34 55

iThe ATP used in these experiments ranged between 2.6 to 3.3 m/mioles.



36

directly to induce fatty liver. In a group
of experiments this more soluble com-
pound was %lven intraperitoneally shortly
after each tube-feeding of the control basal
diet, and a fatty liver was induced within
3 days (table 2{. In addition, there was an
increase in liver weight, glycogen and to-
tal uridine nucleotides with no change in
liver ATP. In contrast, when this com-
pound was tube-fed or given intraperito-
neally to fasted rats, it did not induce
fatty liver and did not cause a decrease,
but rather an increase, in hepatic ATP
levels (table 3). When orotic acid methyl
ester was given with the control basal diet,

D. S. R. SARMA AND H.
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however, either b){ stomach tube (table 3)
or intraperitoneally (table 2), it caused an
enlargement of the liver with increases in
lipid, total uridine nucleotides and glyco-
gen. This increase in hepatic glycogen was
most probably related to the elevated he-
patic uridine nucleotides. Thus, orotic acid
methyl ester can act to induce fatty liver
similar to that of orotic acid and can be
effelcuve Whe“n tadfménlsttered intraperito-
neally or of 0 fed rats. .

Eﬁ(egt of la toie nd cﬁuumblac#ate.on
the .Induction o atg{ ver by eedmg
orotic acld. Many studies have implicate
ATP in the induction of orotic acid fatty

TABLE 2

Influence of lactose and calcium lactate in the diet along with orotic acid or orotic acid methyl ester on
liver weight, lipid, glycogen, ATP and total uridine nucleotides of rats force-fed for 3 days

Group i N'%.tgf Liver wt Il_iip\)/iedr
g/ioog m%/liver per
ody wt 100 g body wt
c 9 45+0.4 2 322+36 2
C+ OA 10 59+0.2 3 688+66 3
C+ OAM 7 6.6+0.3 3 537+ 80 4
CL 7 4.4+0.2 317140
CL+ OA 7 5.0£0.2 293+ 29
CL+ OAM 6 5.5+0.1 287+29

; Liver total
Liver P i

glycogen Liver ATP nuLi:Iile%lt?ges
mg/liver per j;moles/liver per (I)il\?e?t %?21801/i/
108 g body wt 100 g body wt bo%y Wit 9
163+25 2 7.7+0.7 2 519+ 262
378+29 3 8.1+0.4 137.7+ 573
429+ 223 8.3+0.2 1216+ 11.33

162+33 5.1+0.5 538+ 5.6
275+33 6.1+0.4 97.0+ 6.23
355+53 4 6.1+0.7 109.0+ 11.1 3

1C = control basal diet; C -f9” =: contr°l basal diet containing 1% orotic acid; C -FOAM = control basal diet
and receiving 100 mg orotic acid methyl ester intraperitoneally in three equal doses 15 minutes after each tube-

feeding; CL = control basal diet containing 25%

lactose and 5%

calcium lactate; CL -FOA = CL diet con-

taining 1% orotic acid; CL F#0AM = CL diet and receiving 100 mg orotic acid methyl ester intraperitoneally

in three equal doses 15 minutes after each tube-feeding.
2Mean + se ofmean.
3P < 0.01L.
40.05 > P > 0.01.

TABLE 3
Effect of orotic acid methyl ester with or without diet for 3 days on hepatic weight, lipid, glycogen,
ATP and total uridine nucleotides
Oratic Hepatic
Dietl acid No. of Total
methy! rats Wt Lipid Glycogen ATP uridine
ester 2 P nucleotides
/100g  mg/liver per mg/liver per  i¢moles/liver/ QD at 262 mfi/
godngt 1089 bod)5J wt 100 g bodypwt 00 g body wt Ilvgggge/rwil;[OOQ
0 - 5 162+9 3 3.64+0.33 3
0 + 5 154+9 467+ 0.23 4
0 + (ip) 5 183+9 5.49+0.29 5
+ 6 — 7 41+ 01 290+24 104+20 42.0+3.6
+ + 8 6.3+0.2 763+27 5 562+ 115 140.3+7.55

1Rats were tube-fed control basal diet with or without 1% orotic acid methyl ester three times daily.

2 In experiment 1, 100 mg

orotic acid methyl_ ester was administered _either orally by stomach tube or

intraperitoneally (ip) daily in three equally divided doses for 3 days. _Animals were Killed 4 hours after dose

3 on day 3
days and killed on the morning of day
Mean * se ofmean.
40.05 > P > 0.01.
5P < 0.01.
6Experiment 2.

2.

. In experiment 2 the animals were tube-fed diets containing 1%

orotic acid methyl ester for 3
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liver, because compounds that increase
hepatic ATP inhibit the I|g|d accumula-
tion due to orotic acid g, , 7). A direct
correlation between ATP and orotic acid
fatty liver, however, is not yet established.
Therefore, it was of intereSt to determine
hepatic ATP levels under conditions where
orotic acid fatty liver is inhibited by com-
ﬁounds other than those which increase
epatic ATP. In the present series of ex-
periments the effects of lactose and cal-
cium lactate on lipid accumulation, and
changes in hepatic ATP and total uridine
nucleotides induced by orotic acid were
studied, since lactose and calcium lactate
feeding was shown to_inhibit fatty liver
due to orotic acid (8). The results in table
2 clearly indicate that the addition of lac-
tose and calcium lactate along with orotic
acid in the diet inhibited the lipid accumu-
lation in the liver, whether orotic acid was
given either orally in the diet or as orotic
acid methyl ester in solution intraperito-
neally. The results in table 2 also indicate
that ‘the addition of lactose and calcium
lactate to the diet containing orotic acid
ﬁartla_lly interferes wih the “elevation of
epatic uridine nucleotides. This interfer-
ence is somewhat less marked when orotic
acid methyl ester was given intraperito-

containing lactose and calcium lactate had
lower hepatic ATP levels than the animals
fed the control basal diet (table 22. Fur-
thermore, the results presented in table 2
indicate that when orotic acid was given
either orally or as orotic acid methyl ester
mtraEemtoneaIIy ann? with the “control
basal diet or with the Tactose and calcium
lactate-supplemented diet it did not de-
Press hepatic ATP concentration. These
atter results are in agreement with the
findings mentioned by Sidransky et al (9)
using rats force-fed a purified diet con-
taining orotic acid, but in disagreement
with data reported by others using rats fed
similar diets ad libitum (5, 6). To clarify
the reason for this discrepancy, experi-
ments were carried out in which animals
were killed at different time intervals af-
ter the last tube-feeding of diet containing
orotic acid methyl ester. Table 4 summa-
rizes the results of these experiments
which clearly indicate that at 4 and 8 hours
after tube-feeding the orotic acid methyl
ester containing diet there is a drop in
hepatic ATP in comparison with controls.
After 14 hours, however, the difference in
ATP concentration between the animals
fed the control diet and the experimental
diet disappears, mainly due to a drop in
the control animals. Animals fed ad libi-
tum the same diet containing orotic acid

TABLE 4
Influence of time of feeding orotic acid diet on hepatic ATP levels

neally than when orotic acid was given
orally. The animals fed the control” diet
No_ of Teiing

H 0. 0 Hin
Group i rats after. Iagst
feeding 2

hours

[ 8 4

OAM 8 4

C 4 8

OAM 4 8

C 9 14

OAM 9 14

C5 3 -

OA5 5 —

Hepatic ATP

- : fimoles/liver
/imoles/g liver per 100 g body wt
217+ 0.173 9.33+0.94 3
159+ 0.11 4 6.89+0.08
2.17+0.28 10.30+1.43
1.26+0.08 4 6.12+0.13 4
161+ 0.10 5.62+0.45
1.53+0.09 6.77 £0.43
2.06+0.27 10.11+£1.80
0.75+0.05 6 5.61+0.35 4

1C = control basal diet; 0OAM = 1% orotic acid methyl ester added to control basal diet; 0A = 1%

orotic acid added to control_basal diet.

2Rats were killed at specified times after the third tube-feedin
(control or experimental containing 100 mg OAM) in three dividel

3Mean + se ofmean.
40.05> P > 0.01.

5Rats were fed diets ad libitum for 12 days and killed on the morning of day 13.

access to diet until killing.
eP < 0.01.

of diet. Rats received 10 g diet
feedings for 1 day.

Rats had
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for 12 days reveal a significant decrease
in hepatic ATP (table 4).

Influence of diet on the induction of
orotic acid fatty liver. |n an earlier report
(9) and confirmed in this study (table 3),
it was found that orotic acid of orotic acid
methyl ester did not induce a fattK liver
when administered without diet. The fol-
lowing two factors in the fasting state
were considered as of possible importance:
1) impairment of orotic acid utilization
and conse%uently no decrease in hepatic
ATP; and 2) impairment in the accumu-
lation of hepatic lipid independent of the
alterations in the nucleotide metabolism.
The results in table 5 indicate that in the
fasted state hepatic uridine nucleotides
become maxim allrlelevated after 8 hours
but this high level is not maintained; also,
there is no decrease, but rather an in-
crease, in hepatic ATP (table 3). The re-
sults in table 5 further indicate that the
livers of rats given orotic acid along with
diet reach a somewhat higher level of total

SARMA AND H.
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uridine nucleotides after 8 hours, and that
this high level was maintained for at least
24 hours. The importance of the adminis-
tration of diet together with orotic acid is
emphasized in experiment C of table 5.
Here the rats were tube-fed orotic acid in
water and then were offered diet ad libi-
tum 6 hours later and until they were
killed after 24 hours. Hepatic total uridine
nucleotides levels were not elevated in
these experimental animals.

DISCUSSION

In the present series of experiments, at-
tempts were made to correlate hepatic ATP
levels with orotic acid fatty liver formation
by inhibiting the fatty liver, with com-
?ounds or under conditions other than
hose that increase in vivo hepatic ATP lev-
els. Our present results indicate that rats
tube-fed a purified diet containing lactose
and calcium lactate with orotic acid (table
2) donot develop fatty livers and confirms
the earlier findings by Kobata et al. (8).

TABLE 5

Effect of orotic acid methyl ester with or without diet on hepatic total
uridine nucleotides levels

Oratic
acid
Exp. Dietl rréglg%/ I
£OAM),
00 mg 2

A 0 -

0 +

0 +

0 +

0 +

0 +

0 +
B 0 -

+ _

0 +

+ +

0 -

+ _

0 +

+ +
C 0 —

+ _

0 +

+ +

Killed
al_ftgr No. of LlYl'eilgjitr?gal
adggﬂlg%ra- rats nucleotides
OAM
hours ©ob %tl%\?grnm/
0 3 12.3+1.4 3
1 3 15.9+0.7
2 3 15.7+ 0.6
4 3 17.2+1.6
8 3 18.6+0.5
12 3 16.0:0.8
24 3 143+1.0
8 3 12.1+ 0.9
8 3 8.4+0.9
8 6 185+ 0.5
8 6 22.6+1.0
24 6 102+ 1.1
24 5 10.6+1.6
24 6 119+ 1.1
24 3 265£1.6
24 3 115+ 0.1
24 3 13.6+ 1.3
24 3 11.620.1
24 3 145+ 1.0

_ 11In experiment B rats were tube-fed 4.7 g control basal diet containing orotic acid at zero time;
in experiment C rats were offered control basal diet ad libitum 6 hours after receiving orotic acid.
20rotic acid methyl ester, 100 mg in 5 to 7 ml distilled water or in control basal diet, was

tube fed to rats
sMean = se ofmean.
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This is of interest because feeding lactose
has been found to result in a decreased ca-
pacity to utilize glucose (14) which is im-
portant for ATP generation via the citric
acid cycle. Under these conditions, interfer-
ence with orotic acid absorption does not
seem to be a major mechanism, since lac-
tose and calcium lactate feeding inhibited
fatty liver formation even when orotic
acid methyl ester was given intraperitone-
ally. One possibility by which lactose and
calcium lactate could act is by causing a
decrease in glucose utilization, and thus
leading to a decrease of acetyl-CoA which
is a key substrate for fatty acid synthesis.
If the increased lipid in rats fed orotic acid
is largely synthesized from the dietary in-
take, as indicated by the observations of
Windmueller (15), such inhibition of the
formation of acetyl-CoA from glucose may
tend to prevent the induction of fatty liver.
However, since there is reported to be a
block in lipid transport from the liver in
orotic acidfed rats (15), it is possible that
the administration of lactose and calcium
lactate acts in some unknown manner to
remove this block in transport.

The present study clarifies the discrep-
ancy between the earlier reports (5, 6)
indicating a decrease in hepatic ATP con-
centrations in rats fed ad libitum an orotic
acid diet and the report (9) of no decrease
in hepatic ATP concentrations in rats
force-fed a similar diet. When animals
were force-fed an orotic acid diet to in-
duce fatty liver, there was a 14- to 16-hour
interval between the last feeding and the
time of killing. During this interval there
was a drop in hepatic ATP levels in the
controls to the low levels already present
in the experimental animals (table 4), so
that, at the time of killing there was es-
sentially no difference in hepatic ATP lev-
els between the two groups. The failure to
observe a decrease in hepatic ATP levels in
the experimental tube-fed rats at 14 hours
after the last feeding suggests that either
further degradation of ATP is inhibited
or its synthesis is accelerated to maintain
arelatively constant, yet low, level of ATP.
This latter possibility is consistent with the
recent results of Windmueller and Spaeth
(16) and Rajalakshmi and Handschu-
macher (17) who reported increased he-
patic purine nucleotide synthesis in rats

fed orotic acid. Also, since degradation of
hepatic purine nucleotides in animals fed
orotic acid is greater than in controls (6),
the failure to observe a decrease in hepatic
ATP 14 hours after the last feeding of
orotic acid diet suggests increased ATP
synthesis.

In an earlier study (9) it was shown
that orotic acid must be given together
with diet to induce fatty liver. Some of the
possible explanations for this could be that
orotic acid was not properly metabolized
in the fasted state or that dietary compo-
nents, such as carbohydrates, were essen-
tial for the increase in lipid accumulation.
In consideration of the former possibility,
experiments were conducted with fasted
rats and the results indicate that orotic
acid methyl ester when tube-fed or given
intraperitoneally did not cause a drop in
hepatic ATP in such animals (table 3).
Even though fasted animals showed a mod-
erate increase in hepatic uridine nucleo-
tides after tube-feeding orotic acid methyl
ester, the level dropped within 24 hours.
This was in contrast to the fed animals
where the level was maintained up to at
least 24 hours (table 5). That diet is inti-
mately related to the time of administra-
tion of orotic acid is further emphasized
by the findings that fasted rats given orctic
acid methyl ester by stomach tube and
then given diet ad libitum 6 hours later did
not show an elevated level of hepatic uri-
dine nucleotides (table 5). Thus, it appears
that diet may play at least two important
roles in the induction of fatty liver due to
orotic acid: 1) it may influence the forma-
tion and maintenance of elevated hepatic
uridine nucelotides, especially that of
UMP, which has been shown to stimulate
fatty acid biosynthesis in in vitro condi-
tions,7 and 2) it may supply essential di-
etary components such as carbohydrates
which are necessary for the lipid accumu-
lation.

QOur present observations that fatty liver
can be induced by orctic acid methyl ester
when administered intraperitoneally to fed
animals is of importance. It indicates that
the compound can act directly upon the
liver. Earlier studies (1-9) using orctic

7 Sarnia, D. S. R., and H. Sidransky 1967 Studies
on orotic acid fatty liver: Influence of wuridine-

monophosphate (UMP) on fatty acid synthesis. Fed-
eration Proc., 26: 624 (abstract).
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acid in the diet had not ruled out that
orctic acid may become altered in the gas-
trointestinal tract into an active metabo-
lite which then induces fatty liver. Wind-
mueller et al (18) reported that orctic acid
in the diet could induce fatty liver even
in germfree rats, suggesting that the in-
testinal bacterial flora did not play a role
in this process. Further support for the
position presented of the direct action of
oratic acid on the liver to induce lipid ac-
cumulation comes from a report by Von
Euler and Windmueller (19) that the con-
tinuous intravenous infusion of the am
monium salt of orotic acid to fed rats in-
duced fatty liver.

In our present investigation we encour
tered problens using the luciferin-lucifer-
ase method for assay of hepatic ATP levels
which were overcome by using internal
standards. Because nuclectide levels in
tissue, particularly liver, become altered in
a variety of experimental conditions, one
of which is illustrated in our present study,
it is important to be anare that such alter-
ations In poal sizes can play an important
part in the quantitative assay of tissue
ATP level using the luciferin-luciferase
method. Therefore, caution must be exer-
cised when one uses homogenates of fire-
fly lanterns for ATP determinations on bio-
logical material.
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ABSTRACT

Severe scurvy was induced in young guinea pigs by feeding a highly

purified ascorbic acid-deficient diet. After immunization with diphtheria toxoid, no
deleterious effects on primary or secondary circulating antibody formation were ob-

served in these scorbutic guinea pigs.

A reduction in the early, Arthus-type, dermal

hypersensitivity observed in the immunized scorbutic guinea pigs did not appear to be

immunological in nature.

The role of ascorbic acid in the mechan-
isms of antibody synthesis has long been a
matter of dispute. Conflicting results of
various workers have made it difficult to
arrive at any clear-cut correlation (1,2).
In one of the more definitive studies in this
area, Long (3) observed a deleterious ef-
fect on the secondary response of circulat-
ings antibodies in guinea pigs fed an
ascorbic acid-deficient natural diet for a
prolonged period of time. Using a highly
purified diet, we have previously observed
that Vitamin Bédeficient guinea pigs had
a depressed circulating antibody formation
to the antigenic stimulus of diphtheria tox-
oid (4). As acontinuation of an extensive
program in our laboratories concerned with
the role of vitamins in the development of
immune processes, Wwe have undertaken the
present study on the effects of ascorbic acid
deficiency produced by a highly purified
diet

MATERIALS AND METHODS

Animals. Male, albino guinea pigs of
the Hartley strain, weighing 300 to 450 g,
were kept in individual cages with wide-
meshed screen bottoms and weighed
weekly.

Diets. A highly purified diet (no. 13)
described by Reid and Briggs (5) was used
with the modification that ascorbic acid
was omitted and Alphacel2was substituted
for cellophane spangles. This diet (table
1) is designated in this paper as the basal
diet. Supplementary ascorbic acid was ad-
ministered daily by pipette as 0.5 ml/ani-
mal of a freshly prepared aqueous solution
containing 5 mg of L-ascorbic acid. Ani-

J. Nutrition, 98: 41-44,

mals were fed the basal diet ad libitum un-
less indicated otherwise. All guinea pigs
were fed the purified basal diet supple-
mented with ascorbic acid for 1 week fol-
lowing their receipt from the suppliers.
Experimental procedures were started im-
mediately after this period of adaptation.

Immunization and serum antibody titra-
tion. Guinea pigs were immunized by in-
traperitoneal injection of 0.15 ml of an
alumprecipitated diphtheria toxoid prepa-
ration containing 50 Lf units/ml.3Animals
were bled by cardiac puncture under ether
anesthesia 3 weeks later and the primary
response of circulating (serum) antibodies
was determined by Stavitsky’s modification
(6) of the Boyden (7) tanned erythrocyte
technique. An identical dosage of the diph-
theria toxoid was then administered as de-
scribed and animals bled by cardiac punc-
ture 4 to 5 days later for the determination
of the secondary (booster) circulating anti-
body response by the same technique. Skin
tests to determine the degree of hypersen-
sitivity in immunized animals were per-
formed at this time.

Skin tests. Immunized guinea pigs
were injected intradermally with 0.2 ml of
aformol diphtheria toxoid preparation con-
taining 40 Lf units 4on one side of the back

Received for publication September 18, 1968.

1This study was aided by Public Health Service
Research Grant no. A-727 from the National Institute
of Arthritis and Metabolic Diseases, by the Office of
Naval Research under contract no. N0014-66-CO-125
and by the Health Research and Services Foundation,
Pittsburgh, Pennsylvania.

2Alphacel was obtained from Nutritional
chemicals Corporation, Cleveland, Ohio.

3Kindly supplied by EIli Lilly and
Indianapolis, Ind.

4 See footnote 3.
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TABLE 1
Composition of basal diet

Ingredients
9/hg
Casein (vitamin-free) 1 300
Corn oil 73
Sucrose 103
Alphacell 150
Starch (corn) 200
Glucose 78
Potassium acetate 25
Magnesium oxide 5
Salts, Briggs 1 60
Choline chloride 2
Inositol 2
mg/kg
Thiamine HC1 16.00
Riboflavin 16.00
PyridoxineHCI 16.00
Calcium pantothenate 40.00
Niacin 200.00
Biotin 0.60
Folic acid 10.00
Vitamin B2 0.04
Vitamin A acetate 6.00
Vitamin D3 0.04
2-Methyl-l,-4-naphthoquinone 2.00
Alpha-tocopheryl acetate 20.00

1Purchased from Nutritional Biochemicals Corpora-
tion, Cleveland, Ohio.

and with 0.1 ml of an aqueous solution con-
taining 275 ug histamine phosphate on the
other. In addition, occasional animals were
injected intradermally wath 0.2 ml of phys-
iological saline. At varying times thereaft-
er, thickness and diameter of the inflamed
area was determined as described earlier

(4).
RESULTS

Primary immune response to diphtheria
toxoid in scorbutic guinea pigs. In this ex-
periment, animals were grouped as indi-
cated in table 2. Ascorbic acid deficiency
was induced by feeding the basal diet dur-
ing the 4 week experimental period, where-
as both control groups, receiving the same
basal diet, were given daily, oral supple-
ments of ascorbic acid during this period.
It was necessary to include a control in-
anition (pair-fed) group since food intake
of the ascorbic acid-deficient animals was
markedly diminished. Throughout the 4-
week experimental period, each animal in
the inanition control group received an
amount of basal diet equal to that con-
sumed by its ascorbic acid-deficient partner
during the previous day.

After 1 week each guinea pig was im-
munized with diphtheria toxoid; 3 weeks
later all were bled for determination of the
primary response. The high mortality rate
observed in guinea pigs fed an ascorbic
acid-deficient diet for 3 to 4 weeks pre-
cluded the primary administration of anti-
gen in later stages of the deficiency.

It is apparent (table 2) that guinea pigs
fed the basal ascorbic acid-deficient diet
exhibited a marked loss in weight. Dis-
seminated hemorrhagic areas characteris-
tic of scurvy were noted on autopsy. All
these symptoms of scurvy could be cured
solely by therapy with ascorbic acid for 2
to 3 weeks. Clearly, a specific and severe
ascorbic acid deficiency had been produced
in these guinea pigs.

Despite the sewverity of their deficiency
state, the ascorbic acid-deficient animals
were capable of anormal primary antibody
response to the antigen, diphtheria toxoid,
as determined by the tanned erythrocyte
technique (table 2). The lack of a depres-
sant effect of inanition per se upon anti-
body response (table 2) is in agreement

TABLE 2

Serum antibody titers of guinea pigs after primary
immunization with diphtheria toxoid

Group oA ital | ety Titers 2
9 9
Control, ad lib fed 409 466 1:640
374 500 1:320
380 493 1:640
354 450 1:320
426 508 1:640
Control, pair-fed 2 420 380 1:160
476 450 1:320
409 460 1:320
472 430 1:320
Ascorbic acid deficient 409 250 1:640
472 280 1:320
440 270 1:320
465 350 1:320
449 350 1:80
489 330 1:320

linitial weights were determined at the beginning
of the experimental period and final weights 4 weeks
later at the time of bleeding.

2 Agglutinating antibody titers of serum and values
for individual animals presented in this table were
determined by the tanned erythrocyte technique. In
this method, determinations are made of final serum
dilutions capable of agglutinating tanned erythrocytes
upon which the antigen (diphtheria toxoid) has been
absorbed. Thus, the magnitude of the titer (serum
dilution) is a direct measure of the content of serum
agglutinating antibodies.
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with many previous observations in our lab-
oratory.

Secondary immune response to diphthe-
ria toxoid in scorbutic guinea pigs. Diets
utilized in the control group fed ad libi-
tum and the ascorbic acid-deficient group,
as well as methodologies for the immuniza-
tion and determination of the secondary
circulating antibody response and early, Ar-
thus-type skin activity response, have been
described in Materials and Methods. The
primary injection of diphtheria toxoid was
administered to control animals on day 1
of the experimental period; the animals
were maintained on this dietary regimen
during the entire experimental period of 25
to 26 days. To ensure an adequate number
of survivors for determination of the anam-
nestic (booster) response, the following ex-
perimental plan was adopted for the as-
corbic acid-deficient group. The primary
injection of diphtheria toxoid was admin-
istered on day 1 of the experimental period
and the guinea pigs continued to receive
the daily, oral supplement of ascorbic acid
for 1 week Thereafter, supplementation
of ascorbic acid was omitted for the re-
mainder of the experimental period (18 to
19 days). Animals on this regimen lost
weight and exhibited severe symptoms of
scurvy at the time of bleeding (fig. 1). Val-
ues for the secondary circulating antibody
response are shown in figure 1 Primary
responses were not determined in this ex-
periment and only secondary responses are
presented. As measured by the tanned
erythrocyte technique, no effect of this sev-
ere ascorbic acid deficiency state upon the
ability of guinea pigs to establish an anam-
nestic response to diphtheria toxoid was
evident (fig. 1). Skin reactions measuring
degree of hypersensitivity of the early
Arthus-type induced by immunization with
diphtheria toxoid are presented in figure 2.
A reduction in degree of this reaction ap-
peared in the scorbutic guinea pigs (fig. 2).
However, a similar reduction in the reac-
tion of scorbutic guinea pigs to the non-
specific irritant, histamine, was also ob-
served.

DISCUSSION

In the present study we have failed to
observe any deleterious effects on antibody
production in guinea pigs with a severe de-
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Fig. 1 Scatter diagram of secondary circu-
lating antibodies of scorbutic guinea pigs. A
booster injection of diphtheria toxoid was admin-
istered 3 weeks after the primary injection and
the animals bled for determination of the anam-
nestic response 4 to 5 days later. Each point
represents serum titer of an individual animal.
Initial weights were determined at the beginning
of the experimental period and final weights at
the time of bleeding. Body weight is expressed
in grams as average * se.

Fig. 2 Hypersensitivity in guinea pigs immu-
nized with diphtheria toxoid as measured by skin
reactivity to intradermally injected diphtheria
toxoid. Reactions to diphtheria toxoid are given
as percentage increase of skin thickness; the his-
tamine reaction is given as areas of erythema
since, in this case, changes in skin thickness were
too small for accurate measurement.
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ficiency of ascorbic acid. In this respect,
our findings differ from those reported by
Long (3). However, a direct comparison
of our results with those reported by Long
is difficult because many differences in
methodology were used in these two stud-
ies. We used a highly purified diet which
induced a severe deficiency state; Long
used a diet composed of natural foodstuffs
containing variable small amounts of as-
corbic acid which, by the criteria of gronth
inhibition and macroscopic morphological
changes, did not produce a severe ascorbic
acid deficiency. Subsequent observations
have indicated that the diet used by Long
was also deficient in methionine and pro-
duced an abnormally low sulfhydryl con-
tent in tissues.5 Both the dosage and route
of administration of diphtheria toxoid also
differed in the two studies. Perhaps the
greatest variation in technique lay in the
method of estimating the serum antibody
level. Long used the intradermal method
of Romer and Sames (8) which is based
on the specific neutralization of diphtheria
toxin by serum diphtheria antioxin, where-
as we used a passive hemagglutination
technique which most probably assays a
complex of antibodies resulting from the
stimuli of a variety of antigens present in
the diphtheria toxoid preparation. It is of
some interest to note that Stavitsky (9) re-
ported a “poor and inconsistent” correlation
between these two methods in guinea pig
sera assayed at the levels of antitoxin pres-
ent in these two studies.

The reduction in the early Arthus-type
skin reactions observed in the immunized,
scorbutic animals does not appear to be re-
lated to a decreased immune response since
a similar reduction in reactivity to the non-
specific irritant, histamine, was also noted
in scorbutic guinea pigs. Zweiman et al.
(10) have also reported a decreased re-
sponse to the nonspecific irritant, benzyl
alcohal, in scorbutic guinea pigs.

In conjunction with the lack of effect of
ascorbic acid deficiency upon circulating
antibody production, we did not observe
any difference between the total amino acid
incorporating capacities of microsomes
from the spleens of normal (7400 cpm)
and scorbutic (7000 cpm) immunized
guinea pigs.6
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Effects of Severe Alkali Treatment of Proteins on
Amino Acid Composition and Nutritive Value #

A. P. DE GROOT ana P. SLUMP

Central Institute for Nutrition and Food Research TNO (CIVO),
Zeist, The Netherlands

ABSTRACT Amino acid analyses, protein quality assays, in vitro digestion and ab-
sorption tests and feeding studies with rats were conducted to study the effects of
alkali treatment on food proteins under varying conditions of pH, temperature and
time. Exposure of several high protein products to aqueous alkali at pH 12.2 resulted
in the formation of the amino acid derivative lysinoalanine (LAL) which is poorly ab-
sorbed. The amount of LAL formed in isolated soy protein (ISP) upon exposure at
pH 12.2 increased with rising temperature and a longer exposure period. The presence
of LAL in proteins was attended with decreased contents of cystine and lysine, and
decreased net protein utilization (NPU) values. More severe treatment of ISP with
alkali of pH 12.2 at 60 or 80° also caused a decrease in serine content and in digesti-
bility of the protein. The LAL content of ISP treated under various conditions showed
a highly significant negative correlation with NPU values (r = — 0.96). The presence
of LAL in proteins was a sensitive criterion of alkali damage. The NPU assays of ISP
supplemented with amino acids showed methionine to be the first limiting amino acid
and threonine the second. The decreased NPU of alkali-treated ISP could not be com-
pletely alleviated by amino acid supplementation, probably as a result of decreased
utilization of threonine. Most of the essential amino acids from alkali-treated ISP were
released at a relatively slow rate by pepsin-pancreatin digestion. Threonine and methi-
onine were the only essential amino acids in an enzymatic digest of ISP which showed
decreased absorption by everted intestinal sacs. Upon feeding rats diets with relatively
high levels of proteins treated at pH 12.2 and 40° for 4 hours no clinical or histological
abnormalities were observed other than an increased degree of nephrocalcinosis in

females which could be prevented by additional dietary calcium.

Exposure of proteins to alkali is increas-
ingly applied in technological treatment of
foods and feeds, e.g., for dissolving proteins
in the preparation of concentrates and iso-
lates2 (1); for obtaining proteins with
specific properties such as foaming, emul-
sifying or stabilizing (2); for destruction
of aflatoxin in groundnuts (3); and for ob-
taining protein solutions suitable for spin-
ning fibers (4). Several authors have
observed that alkali treatment of wool, en-
zymes and serum albumin may induce
chemical changes in these proteins which
lead to the formation of new amino acids:
lysinoalanine (5, 6), lanthionine (7) and
ormithinoalanine (8). These modifications
involve the amino acids cystine, lysing,
arginine and poassibly serine.

During routine analyses of amino acids
in proteins Slump 3 observed an unknown
peak in the chromatograms of alkali-treated
foods and feeds which upon identification
tumed out to be lysinoalanine.4 Obviously
alkali treatment of food proteins may re-
sult in chemical changes similar to those

J. Nutrition, 98: 45-56.

mentioned above and very likely affecting
the same amino acids, e.g., cystine and
lysine. Since these are the limiting amino
acids in the majority of food proteins, an
impaired nutritive value may result from
exposure to alkali. A study was undertaken,
therefore, to evaluate the effects on food
proteins, of alkali treatments varying in
pH, temperature and duration, by amino
acid analysis, biological assays of protein
quality and in vitro tests of digestion and
absorption. In addition, attention was paid
to possible harmful properties of alkali-
treated proteins by feeding drastically
treated proteins at relatively high levels

Received for publication December 6, 1968.

1Presented in part at the 9th International Sym-
posium of the Commission Internationale des Indus-

tries Agricoles et Alimentaires (C.I.1.A.) on “New
protein sources in the human diet,” Amsterdam,
November, 1968.

2Galliver, G. B., and A. W. Holmes 1959 Protein
containing food product from fish. Assignors to
Unilever N.V., Rotterdam. Dutch Patent 92.828
(issued December 15).

3P. Slump 1967 unpublished data.

4Thanks are due to Dr. Z. Bohak, Weizmann Insti-
tute of Science, Rehovoth, Israel, for a gift of pure
lysinoalanine.
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to rats for periods up to 13 weeks, and
examination of the animals by clinical and
pathological methods.

MATERIALS AND METHODS

Standard alkali treatment. AN amount
of material equivalent to 400 g crude pro-
tein was suspended in 3 liters 0.2 » sodium
hydroxide. The pH was adjusted at 12.2
and the suspension kept at 40° for 4 hours.
Thereafter, the slurry was acidified to pH
45 with s » HCL and centrifuged at 2700
rpm for 5 minutes; the residue was frozen
(—20°) until used.

Amino acid analysis. Duplicate samples
of 200 to 300 mg were hydrolyzed under
reflux with 200 ml s » HCL for 22 hours.
The acid was removed at reduced pressure
in a rotary evaporator at 45°. The residue
was dissolved in 0.2 » sodium citrate buffer,
pH 2.2. In this hydrolysate all amino acids
were determined except cystine, methio-
nine and tryptophan. The S-amino acids
were analyzed after oxidation with per-
formic acid as described by Moore (9).
Tryptophan was determined after autoclav-
ing 1-g samples with 8 g Ba(OH)28HZ5
and 16 ml water for 8 hours at 120°, ac-
cording to Slump and Schreuder (10).

The hydrolysates were chromatographed
with the ClVO-automatic analyzer using
the ion exchange resins Aminex A4 5 for
acid and neutral amino acids, Q15S6 for
basic amino acids and Sephadex G-257
for tryptophan. The correction factors for
destruction and incomplete hydrolysis were
1.05, 1.10, 1.07 and 1.08 for threonine,
serine, isoleucine and valine, respectively.
Upon chromatography with Q15S, lysino-
alanine (LAL) appeared before lysine.
Since this position is not specific for LAL,
some chromatograms were developed with
a PA358column for separating basic amino
acids in physiological fluids. In these chro-
matograms LAL appears between ammonia
and lysine.

In vitro digestibility. Pepsin digestibility
was examined by incubating 2-g samples
with 425 ml 0.1 » HC1 and 100 mg pepsin
powder8 at 38 to 40°. Eight milliliters
0.1 » HCl were added after 16, 24 and 40
hours. After 48 hours the digest was cooled,
brought to 500 ml and filtered. The total
nitrogen content of the filtrate was deter-
mined by the Kjeldahl method.

AND P. SLUMP

Pepsin-pancreatin D digestibility of indi-
vidual amino acids was determined as de-
scribed by Akeson and Stahmann (11). The
digests were deproteinized with 10% tri-
chloroacetic acid, filtered and the filtrates
analyzed for amino acids as described
above. The amino acids released from the
test protein were calculated after correction
for the amino acids found in the blanks.

The rate of intestinal absorption of
amino acids from enzymatic digests was
examined in vitro by the everted sac tech-
nique of Wilson and Wiseman (12) using
the small intestine distal to the duodenum
of four adult female rats (200 g) which
had been fasted for 20 hours. Three everted
sacs (12 cm) were made from each in-
testine, filled with 2 ml Krebs-Henseleit so-
lution (13) and incubated In pepsin-pan-
creatin digests of alkali treated protein,
untreated protein and enzyme blanks with
the protein omitted, respectively. After in-
cubation at 37° for 45 minutes the fluids
inside the four sacs in each of the three
media were pooled and analyzed for amino
acidks.

Biological studies with rats. All feeding
studies were carried out with weanling al-
bino rats from the CIVO-colony (Wistar-
derived) which were caged in groups of
four to five rats in stainless steel wire-
screen cages with raised-screen bottons.
Food and tap water were available at all
times. Individual body weights were re-
corded every week.

Protein quality. BEvaluation was carried
out by the determination of net protein
utilization (NPU) and true digestibility
(D) according to the carcass-water method
of Miller and Bender (14). The samples
to be tested were incorporated into experi-
mental diets as the sole source of protein
to supply a protein level of 10% of the air-
dried matter. The diets were made up to
contain (in percent): sucrose, 30; min-
erals (15), 4; cellulose, 4; B-vitamin mix-
ture (table 1), 2.2; vitamin ADE-prepara-
tion (table 1), 0.4; soybean oail, 5; and
wheat starch to total 100.

5Bio-Rad
no. 115 A4,

6 See footnote 5.

7Pharmacia, Uppsala, Sweden.

8Beckman Instruments, Inc., Spinco Division, Palo
Alto, Calif., bulletin no. A-TB-009A.

8Orthana A. S., Kemisk Fabrik, Kastrup, Denmark,
1:10 000 BPC.

10Hog pancreas powder, N.V. Organon, Oss, The
Netherlands, activity 5x NF.

Laboratories, Richmond, Calif., bulletin
1966.
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After mixing the wet protein residues
into the diets excess moisture was evap-
orated in afluid bed dryer at 50° for 1 to 2
hours. Each series of diets included one
proteinfree diet. The diets were fed to
three groups of two male and two female
rats which had been fed the stock diet for
7 days after weaning. Food intake was re-
corded. The total amount of feces produced
by all rats on each diet was collected on
a wire screen at a distance of 2.5 cm un-
derneath the screen bottoms of the cages.
After a feeding period of 10 days the
animals were killed; they were weighed,
opened and dried to constant weight at
105° for 3 to 4 days. Total body nitrogen
per group of four rats was calculated from
the water content by means of a factor,
expressing the relationship between body
water and body nitrogen, which had been
determined previously with rats of our col-
ony. Total fecal nitrogen was determined
by duplicate Kjeldahl analysis after drying
and weighing.

Safety evaluation. TO examine possible
harmful effects of alkali-treated proteins,
feeding studies were performed with soy-
bean meal, casein and isolated soy protein
(ISP) after standard alkali treatment. The
residues obtained after neutralizing and
centrifuging contained 87, 90 and 84%,
respectively, of the protein in the starting
material. The treated materials were incor-
porated into basal diets (table 1) to give
the same level of protein intake by replac-
ing 30% soybean meal, 15% casein or
20% ISP, respectively, by the correspond-
ing amounts of the treated materials. The
wet diets were dehydrated in a fluid bed
dryer at 50° for 1 to 2 hours.

Groups of newly weaned rats were fed
these diets for periods of 4, 6 or 13 weeks.
Examinations of rats in the short-term tests
were restricted to livers and kidneys, which
were weighed and examined microscopi-
cally for histological changes. More exten-
sive observations were made in the sub-
chronic study. At week 13 hematological
data were collected, consisting of hemo-
globin content, packed cell volume, counts
of red blood cells and of total and differen-
tial white blood cells. Also at week 13,
urine analyses were made which comprised
semiquantitative estimations, with sensi-
tized paper, of pH, sugar, protein, occult
blood and acetone, and microscopic studies
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TABLE 1
Composition of basal diets used in
feeding studies
Diet
1 2 3
% % %

Casein 10 25 10
Soybean oil meal 30
Isolated soy protein 1 20
Wheat starch 46.2 61.2 56.2
DL-Methionine 0.2 0.2 0.2
Vitamin B mixture 2 12 12 12
Vitamin ADE-

preparation 3 0.4 0.4 0.4
Cellulose 4 2 2 2
Minerals (15) 5 5 5
Soybean oil 5 5 5
By analysis:

Calcium 0.82 0.81 0.79

Phosphorus 0.74 0.66 0.66

1Promine D, isolated soy protein,
Company, Chicago, 111

2In milligrams per 100 g diet: thiamine-HCI, 0.4;
riboflavin, 0.5; pyridoxine-HCI, 0.25; niacin, 2.5; Ca
pantothenate, 1.5; biotin, 0.01; folic acid, 0.1; vita-
min B12, 0.0025; choline chloride, 100; and sucrose,
1095.

Central Soya

3Per 100 g diet: 900 IU vitamin A; 300 IU vitamin
D; and 10 mg vitamin E.
4 Aku floe, AKU, Arnhem.

of the sediment. Possible kidney damage
was determined by urinary examination of
glutamic oxaloacetic transaminase activity
(16) and of phenol red excretion (17) dur-
ing 1 hour. Thereafter the rats were au
topsied, examined grossly and the weights
of 10 different organs of each rat were re-
corded. Tissue samples of these and of a
variety of other organs were fixed in a
neutral phosphate buffered 4% aqueous
solution of formaldehyde, embedded in par-
affin, sectioned (5 a), stained with hema-
toxylin and eosin and examined under light
microscopy.

RESULTS

Contents of lysine and lysinoalanine
(LAL), and nutritive value of alkali-treated
high protein materials. Table 2 contains
data of some alkali-treated products partly
obtained as such commercially, partly sub-
jected to standard alkali treatment in the
laboratory. Each of the laboratory-treated
products contained appreciable amounts of
LAL except for coconut meal. A decrease
in lysine content and NPU by alkali treat-
ment was noticeable as far as control sam-
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TABLE 2

Effects of alkali treatment on protein quality and contents of lysine and lysinoalanine (LAL)
in some high protein products

Product examined

Soybean oil meall
Treated with water, pH 7
Alkali treated 2
Alkali treated, protein isolate

Casein 3
Alkali treated

Sodium caseinate 4
Confectionery product, vegetable 5
Confectionery product, animal5

Animal protein concentrate, pH 12.2, 50°
pH 12.2, 65°
pH 12.2, 80°

Groundnut meal,lalkali treated
Coconut meal,lalkali treated
Sesame protein,6alkali treated

Brewer’s yeast protein,6alkali treated

Nutritive value

Lysine LAL
NPU D
9/16 g N 9/16 g N
63 89 6.2 0.0
61 91 6.8 0.0
41 91 6.1 0.57
24 92 5.4 0.80
63 101 8.3 0.0
53 90 7.7 1.15
62 98 8.8 0.0
40 94 14 0.0
3 49 4.8 5.5
61 85 9.1 11
61 — 8.7 1.0
26 79 8.1 2.3
— — 3.0 0.3
— — 25 0.0
— — 3.1 11
— — 6.5 0.8

1Defatted commercial product as used in feeds for farm animals.
2 Alkali treated means treated under standard conditions at pH 12.2, at 40° for 4 hours.

3Acid-precipitated commercial product.

4 Solubilized product obtained by converting acid-precipitated casein into its sodium salt,

s Commercial foaming agent in confectionery.

6Proteins from commercial feed product isolated by dissolving at pH 7.5, centrifuging and sub-
sequently treating the supernatant at pH 12.2 and 40° for 4 hours.

pies were tested. The protein isolated from
the alkali-soluble part of soybean meal by
acidifying and centrifuging contained nore
LAL and less lysine, and had a lonwer NPU
than the alkali-treated, not separated, soy-
bean oil meal. In contrast to casein after
standard alkali treatment, no LAL and no
decreased NPU was shown by commercial
sodium caseinate.

Digestibility was distinctly decreased in
laboratory-treated casein but not in soy-
bean oil meal treated in the same way. A
commercial confectionary product of ani-
mal origin contained a large amount of
LAL and showed very poor utilization. Ex-
perimental samples of an animal protein
concentrate treated at pH 12 and iIn-
creasing temperature contained LAL, and
showed a decrease in lysine content and
nutritive value when treated at 80°.

From these results it appeared that dras-
tic treatment of food proteins with alkali
may result in the formation of LAL which
is attended with decreased lysine contents
and impaired nutritive value.

Fecal analyses showed that LAL is poorly
absorbed. Upon ingesting the compound
with diets containing either alkali-treated
soybean meal, ISP or casein the excretion
in the feces of rats amounted to 38, 39 and
65%, respectively. Only 1.5% of the LAL
ingested was recovered in the urine of rats
fed alkali-treated ISP. The total amount
of LAL recovered in feces and urine in the
latter experiment was 40% . The fate of the
remaining 60% was not known

Effects of varying pH, temperature and
duration of treatment on amino acid com-
position and nutritive value of isolated soy
protein (1SP). The effects of different con-
ditions of alkali treatment on amino acid
composition and nutritive quality were
studied with ISP. The pH was varied be-
tween 7 and 12.2, the temperature between
23 and 80°, and the duration of treatment
from 1 to 8 hours. The determinations were
carried out only with that part of the start-
ing material which was recovered by cen-
trifuging at pH 4.5. The amounts of ma-
terial recovered decreased with increasing
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severity of treatment and ranged from 95
to 45%.

Results are presented in table 3. Sanple
5 was included three times, to complete
three different treatment series, although
its amino acid composition was determined
only once.

A number of amino acids, namely me-
thionine, threonine, arginine, histidine,
glutamic acid, proline and cysteic acid,
occurred at relatively constant levels after
all treatment conditions. A comparable
number of other amino acids, namely iso-
leucine, leucine, tyrosine, phenylalanine,
valine, alanine, aspartic acid and glycine,
showed increased contents in the drastic-
ally treated samples 5, 6, 9 and 10. The
contents of only three amino acids, i.e.,
lysine, cystine and serine, were distinctly
decreased by certain treatments with al-
kali. Cystine was decreased about 50% or
more in all samples treated at pH 12.2. The
extent of cystine destruction at pH 12.2
and 40° was independent of the duration
of the treatment between 1 and 8 hours,
but increased when the temperature was
raised above 40°. The contents of lysine
and serine were distinctly decreased only
after exposure to alkali at temperatures
above 40° (samples 8 and 9). Obviously
cystine is the amino acid which is most
sensitive to alkali.

Lysinocalanine was present in all sam-
ples treated at pH 122 and also in the
sample treated at pH 10. The amount of
LAL found at pH 12.2 increased with in-
creasing duration of alkali treatment and
also with increasing temperature.

Net protein utilization was considerably
reduced in all samples treated at pH 12.2
as could be expected from the lower con-
tents of S-amino acids. The effect became
more pronounced with increased exposure
time and tenmperature. Alkali treatment
also reduced true digestibility (D). The
effect was enhanced by both increased du-
ration and temperature. Very low D values
were obtained with protein exposed to pH
12.2 at 60 and 80°.

A distinct inverse relationship between
LAL and NPU is noticeable from the fig-
ures of table 3. Calculation of the corre-
lation coefficient resulted in a value of
r=- 0.96.

Effect of amino acid supplementation of
isolated soy protein (ISP) before and after

alkali treatment. To examine how far the
lonered NPU of alkali-treated ISP could be
restored to normal by supplementing the
protein with amino acids the effects of
various supplements were determined by
assays of NPU and D. The results are pre-
sented in table 4.

The addition of increasing levels of me-
thionine resulted in a considerably im+
proved NPU of both untreated and treated
ISP. The maximum value obtained with
the treated material, however, remained
far below that of the untreated ISP. The
difference may be explained by the lower
digestibility of the treated material. In a
second experiment, lysine together with
methionine did not bring about a further
rise of NPU over that of methionine alone
in the first series, which indicated that
lysine was not limiting the nutritive value
of ISP either before or after alkali treat-
ment. Threonine, however, caused a dis-
tinct further improvement of both un-
treated and treated ISP, which showed that
th_rgonine was the second limiting amino
acid.

In vitro release and absorption of amino
acids from wuntreated and alkali-treated
isolated soy protein (ISP). Amino acid
analyses of pepsinpancreatin digests of
untreated and alkali-treated ISP revealed
(table 5) that the enzymatic release of
several amino acids such as valine, argi-
nine, alanine, aspartic and glutamic acids,
and glycine was similar in both samples.
Practically no proline was released in either
digest. The other amino acids in alkali-
treated ISP were distinctly less susceptible
to enzymatic release than those in un-
treated ISP. Despite this difference the
pepsin digestibility was the same in both
samples, i.e,, 98%. This discrepancy is
ascribed to the fact that the pepsin digesti-
bility method measures solubility of pro-
teins rather than actual digestibility.

Cystine, cysteic acid, tryptophan and
LAL were not determined in these digests
because of low levels and difficulties in
chromatographic separation.

Marked differences between the enzy-
matic digests of untreated and treated ISP
were observed when the absorption of in-
dividual amino acids through the intestinal
wall was examined in vitro. The results are
presented in table 5, expressed as percent-
age of the total amount of amino acids ab-
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Amino acid composition and nutritive value after various treatments of isolated soy protein (ISP)
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TABLE 4

Effect of amino acid supplementation on nutritive value of isolated soy protein (ISP)
before and after standard alkali treatment

Protein and supplements

ISP

+

1%
2%
4%

L-methionine 0.
L-methionine 0.
L-methionine 0.

+ +

ISP, alkali treated
L-methionine 0.
L-methionine 0.

L-methionine 0.

+

1%
2%
4%

+

ISP
¥
¥

L-methionine 0.
L-methionine 0

3% + L-lysine 0.3%

ISP, alkali treated
+ L-methionine 0.
+ L-methionine 0.

3% +L-lysine 0.3%

.3% +L-lysine 0.3% +L-threonine 0.2%

3% + L-lysine 0.3% + L-threonine 0.2%

Nutritive value

NPU D BV
39 95 41
55 94 59
66 96 69
64 96 67

2 86 2
32 86 37
39 86 45
33 89 38
32 99 33
64 99 64
7 100 7
10 91 11
40 91 39
62 93 67

TABLE 5

Amino acid release

in vitro by pepsin-pancreatin from untreated and alkali-treated isolated

soy protein (ISP) and amino acid absorption from the digest into everted intestinal sacs

Released by _ Absorbed into

Amino acid pepsin-pancreatin intestinal sacs
Control Treated Control Treated

9/16gN  g/16gN amin adid aming adid

Isoleucine 1.05 0.96 6.3 8.2
Leucine 3.74 3.56 10.4 12.7
Lysine 2.28 2.10 7.0 8.4
Tyrosine 2.30 2.02 4.5 5.5
Phenylalanine 3.32 2.70 7.0 8.4
Methionine-I-methionine sulfoxide 0.18 0.10 1.3 0.8
Threonine 0.35 0.26 4.4 3.1
Valine 1.1 1.0 6.9 8.2
Arginine 3.9 3.9 9.1 11.9
Histidine 0.53 0.41 2.8 2.7
Alanine 0.61 0.59 6.1 6.3
Aspartic acid 0.06 0.07 8.6 4.9
Glutamic acid 0.33 0.35 12.0 9.3
Glycine 0.12 0.14 2.9 1.4
Proline 0.0 0.0 4.4 4.4
Serine 0.35 0.25 6.5 3.7

Total 20.2 18.4 100 100

sorbed after correction for the blanks. Most
of the nonessential amino acids were ab-
sorbed from the digest of untreated ISP
rather than from the digest of alkali-
treated ISP. The essential amino acids,
however, were in general better absorbed
from treated ISP, except for methionine
and threonine.

Short-term feeding trials. Table 6 sum-
marizes results of three successive experi-

ments with diets containing relatively high
levels of either soybean oil meal, casein or
ISP treated with alkali under standard con-
ditions (pH 12.2, 40°, 4 hours). Each of
the test and control diets contained 10%
untreated casein and a supplement of
0.2% dzZ-methionine (table 1). Experimen-
tal periods were 4 to 6 weeks.

Gain in body weight was not significantly
affected in any of the experiments. The
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weight of liver and kidney was generally
slightly higher on the diet with treated
protein than on the control diet Micro-
scopically no differences were noticeable
between the livers of treated and control
rats in any of these studies. In experiment
1 the kidneys of female test rats showed
distinct changes consisting of heavy cal-
careous deposits in the cortico-medullary
region attended with distorted tubules. Sim-
ilar renal changes were present also in the
controls, though less severe. This phenom-
enon, nephrocalcinosis, is a common obser-
vation in the strain of rats used and occurs
mainly in females. It is known to be ag
gravated in rats fed diets either low In
calcium, high in phosphorus or low in mag-
nesium (18, 19). The levels of these min-
erals, however, were adequate and similar
in all diets, basal as well as experimental
diets, and amounted t0 0.8, 0.7 and 0.05% ,
respectively.

To examine whether the acid used for
neutralizing and precipitating the protein
might affect nephrocalcinosis experiment
2 was carried out with alkali-treated ca-
sein precipitated with either hydrochloric
or acetic acid. The kidneys again showed
varying degrees of nephrocalcinosis in all
groups. The phenomenon was more pro-
nounced in females on acetic acid-precip-
itated casein than in other groups. This
difference, together with the absence of
increased nephrocalcinosis on the diet with
HCl-precipitated casein, and the distinct
nephrocalcinosis on treated soybean meal
precipitated with the same acid, does not
suggest that the kind of acid used affected
the renal changes.

Severe nephrocalcinosis induced by high
levels of dietary phosphorus is counter-
acted by increasing the level of dietary
calcium (19). Therefore, the effect of a
supplement of 1% CaCh-2H2 was exant
ined with a diet containing alkali-treated
ISP. The results again showed increased
renal changes in rats fed the diet contain-
ing the alkali-treated protein, but when fed
the same diet supplemented with calcium
the female rats showed a remarkably low
degree of renal calcinosis, even less than
the controls. These results suggest that the
renal changes on diets with alkali-treated
proteins are related with mineral metab-
olism
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Subchronic feeding study. Awverage re-
sults obtained on diets with alkali-treated
20% ISP or untreated (table 1) for a 13-
week feeding period are presented in table
7. Body weights on treated protein were
loner than in controls though not signif-
icantly (P > 0.05). Examination of blood
and urine failed to show any significant
differences between the two groups. Micros-
copy of the urine sediment and differential
counts of white blood cells, the results of
which are not included in the table, were
very similar. Organ weights and gross
autopsy findings did not show treatment-
related differences. Microscopic examina-
tion of about 30 different organs and
tissues did not reveal any distinct abnor-
malities, except for the kidney of one
treated female in which severe nephrocal-
cinosis was observed. In the remaining
four treated females and in the control
females the phenomenon was rated mini-
mal or slight. From the results of the feed-
ing studies with alkali-treated proteins it
appears that the only finding of possible
toxicological significance was an increased
degree of renal calcinosis in females which
could be alleviated by a dietary supplement
of calcium

DISCUSSION

These studies have shown that drastic
treatment of food proteins with alkali, at
pH 12.2 and 40° for 4 hours, may induce
chemical changes which are attended with
the occurrence of a new amino acid, ly-
sincalanine (LAL), and with decreased
contents of cystine and, to a lesser extent,
lysine. More drastic treatment at a tem-
perature between 40 and 80° also destroys
serine and arginine. Destruction of cystine
and lysine in alkali-treated fish meal has
been reported in the literature (20).

A primary change in proteins by alkali
treatment is supposed to be the formation
of dehydroalanine residues from cystine
and serire residues (5). This compound
may react with the e-amino group of lysine,
which results in the formation of LAL, or
with intact cystine residues, which leads
to the formation of lanthionine. The latter
amino acid was not observed in our chro-
matograms, but small amounts may have
escaped detection.

Destruction of cystine or lysine in pro-
teins often means decreased nutritive value
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TABLE 7

Average results of growth, examination of blood and urine and organ weights after feeding
isolated soy protein (ISP) before and after alkali treatment to groups of five male
and five female rats for 13 weeks

. Untreated Treated
Criteria
Males Females Males Females
Body wt, g/rat 318 202 304 174
Urine
Percentage phenol red
excretion in 1 hr 50.4 64.1 51.7 67.3
UGOT, RF units 5.8 15.2 8.3 18.3
pH 6 6 6 6
Sugar 0 0 0 0
Protein + + + + + o+ + o+
Occult blood 0 0 0 0
Acetone 0 0 0 0
Blood
Hemoglobin, g/100 ml 15.8 16.6 15.7 17.6
Hematocrit, % 49.4 495 49.5 51.1
Red blood cells, 10-6/mm 3 8.5 8.3 8.8 8.7
White blood cells, 10~¥mm3 17.2 14.7 20.0 15.9
Organ weights, % body wt
Heart 0.346 0.380 0.346 0.410
Kidney 0.86 0.66 0.81 0.72
Liver 2.92 2.80 3.01 2.74
Spleen 0.177 0.205 0.194 0.229
Brain 0.56 0.82 0.57 0.92
Testicle/ovary 0.95 0.031 0.89 0.035
Thymus 0.100 0.158 0.103 0.174
Pituitary 0.0033 0.0050 0.0033 0.0056
Thyroid 0.0059 0.0084 0.0062 0.0096
Adrenal 0.0131 0.0220 0.0128 0.0246
Renal calcinosis
Negative 0/5 0/5 1/5 0/5
Minimal 3/5 1/5 4/5 1/5
Slight 2/5 4/5 0/5 3/5
Moderate 0/5 0/5 0/5 0/5
Severe 0/5 0/5 0/5 1/5

because the majority of food proteins is
limited by either the sulfur-containing ami-
no acids or lysine. Exposure of ISP to pH

12.2 in the present experiment was invar-
iably accompanied by a decrease in NPU.

The extent of impairment of protein quality
was distinctly correlated with the severity
of alkali treatmrent.

The NPU of ISP samples submitted to
alkali treatment varying in pH, tempera-
ture and duration showed a highly signif-
icant negative correlation with the LAL
contents of the samples. Therefore, the
LAL content of proteins is a good criterion
for measuring damage to proteins caused
by alkali, as is the available lysine con-
tent for estimating damage caused by heat

treatment. A decrease in cystine is also a
good indicator of alkali damage, although
LAL is more sensitive and nmore specific.

At pH 12.2, protein damage as shown
by reduced cystine content, presence of
LAL and lonered NPU was apparent when
applied at 40° for 1 hour, and at room tem-
perature for 4 hours. Treatment of ISP at
pH 12.2 and room temperature for 60 and
10 minutes resulted in LAL contents of 0.2
and 0.03 g/16 gN. After 3 hours at pH 9
and 90° LAL was not detectable.

The results obtained suggest that expo-
sure of ISP at pH 12.2, even at room tent
perature for a relatively short time, will
destroy some of the cystine, which inevita-
bly results in decreased nutritive value.
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Bressani et al. (21) did not obtain a sig-
nificant difference in NPU or PER between
ISP before and after exposure to alkali of
pH 12.2 at room temperature for less than
10 minutes.

The NPU assays of alkali-treated ISP
supplemented with amino acids showed
methionine to be the first limiting amino
acid and threonine the second. The utiliza-
tion of the methionine-supplemented pro-
tein treated with alkali was considerably
loner than that of the untreated protein
with respect to both the total protein con-
sumed and the digestible part as well. Since
the amounts of threonine in treated and
untreated proteins were similar, the dif-
ference in nutritive value after methionine
supplementation suggests a decreased util-
ization of threonine in the treated protein.
This agreed with a decreased rate of thre-
onine absorption from alkali-treated ISP
observed in vitro. Decreased utilization
of threonine might be caused by alkaline
racemization of amino acids in intact pro-
teins (22, 23) leading to the formation of
dthreonine which is not utilized by rats
24).
( Szjme authors reported toxic effects in
rats (25) and chickens (26) from short-
time feeding of casein or fish meal severely
treated with alkali. The present feeding
studies with less severely treated proteins
failed to show any detrimental effect apart
from an increased degree of nephrocalci-
nasis in females which was prevented by
additional dietary calcium. The mechanism
of this phenomenon, which apparently is
related with calcium+phosphor metabolism,
remains to be elucidated.
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ABSTRACT Studies were conducted with chicks to determine the effect of copper
deprivation on collagen formation, mineral content and activity of selected enzymes in
bone tissue. After 7 to 10 days on copper-deficient diets, collagen extracted from cop-
per-deficient chick bone contained less aldehyde and was more easily solubilized than
collagen from control bone. Collagens were extracted with acetic acid, guanidine -HC1,
NaCl and alkali. In all cases, copper-deficient bones yielded greater amounts of solu-
ble collagen. Bone enzyme studies indicated that amine oxidase activity was reduced 30
to 40% in deficient chicks as compared with controls. In the enzyme assays for amine
oxidase the in vitro addition of copper resulted in an elevation of activity to that of con-
trols. Bone cytochrome oxidase was also markedly reduced with copper deficiency. The
copper-containing enzymes in bone appear to be similar to those reported in other tis-
sues. Catalase was not affected by the deficiency. Bone mineral analyses demonstrated
that the calcium, phosphorus and magnesium content of bone ash was normal in both
experimental groups. The copper content of control bone was twice that of deficient
bone. Extraction of mineral from bone of both copper-deficient and control chicks re-
moved over 96% of the bone mineral, but much of the bone copper was not extracted

and appeared to be tenaciously bound to the organic phase of bone.

Copper deficiency results in disorders
which affect the integrity of connective and
elastic tissues. In the chick and turkey
poult, these anomalies are characterized
by aortic rupture (1-3) and fragile, de-
formed bone (4, 5). In vascular tissue the
disorder is related to a decrease in the in-
tramolecular cross-linking of elastin (s ).

Collagen has also been shown to contain
intramolecular cross-links (7, s ). The ex-
act nature of the cross-links in collagen is
not known, but the biosynthetic sequence
for the formation of collagen cross-links ap-
pears to be similar to that of elastin. This
sequence presumably involves the oxidative
deamination of the e-amino group of lysine
with subsequent condensation with other
aldehydic or amine groups (s -:0 ).

The solubility of collagen is inversely re-
lated to the degree of cross-linking (7). It
has been demonstrated that collagen from
copper-deficient aortic tissue and tendon is
more soluble than collagen from corre-
sponding controls (4, 11). In this report,
the effects of copper deprivation on bone
collagen and several enzymes are studied
in an attempt to further clarify the appar-

98: 57-63.

J. Nutrition,

ent interrelationship of copper and collagen
to bone disorders.

MATERIALS AND METHODS

Chicks. Groups of 1-day-old Hubbard
White Mountain cockerels were fed cop-
per-deficient (< . ppm) and copper-supple-
mented (25 ppm) dietss consisting prinm-
arily of skim milk powder (55% ), glucose
(35% ) and cormail (5% ). The chicks re-
ceived deionized water ad libitum and were
housed in epoxy-coated electrically heated
brooders. Weight gain and the percentage
of aortic elastin after alkali extraction (. : )
were periodically determined to estimate
the degree of deficiency.

Preparation of hone homogenates. At

the termination of the experimental pe-
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riods, chicks from the two groups were
killed and the right femurs renmoved. The
bones were cleaned of adhering tissue,
broken and the marrow removed by wash-
ing with cold saline using a needle and
syringe. The cleaned fragments were then
placed in cold . . » sodium phosphate
buffer (pH 7.5) containing 0.25 » Sw
crose; they were homogenized in ablender s
at full speed for 2 to 3 minutes with the
container immersed in ice water. The ho-
mogenates were diluted with buffer to give
a.. % (w/v) solution and centrifuged for
30 minutes at 10,000 x g (4°). The 10,000
X g supermnate and pellet were separated.

Enzyme studies. Bone amine oxidase
was assayed by the method of Gorkin et al.
(13) with slight modification. One milli-
liter of the 10,000 x g supernate from
each femur and 2 ml of 0.1 » phosphate
buffer (pH 7.5) containing 10 nnmoles of
benzylamine were incubated for . hours
at 41° in a Dubnoff metabolic shaker. At
the termination of the incubation, the pro-
duction of benzaldehyde was determined
spectrophotometrically at 250 mu using a
spectrophotometer . Absorbance at 250 mu
in all cases was proportional to both pro-
tein concentration and incubation time.
Activity is expressed as nnoles benzal-
dehyde per hour per milligram protein.
Benzylamine was chosen since it is gen-
erally reacted upon by most copper-con
taining monoamine oxidases (14).

Cytochrome oxidase activity was deter-
mined by the method of Copperstein and
Lazarow (15). Bone homogenates were
centrifuged at 700 x g to remove bone
fragments and the supernatant fraction
was centrifuged for 30 minutes at 10,000
X g. The resultant pellet (10,000 x <),
presumed to consist primarily of mitochon-
dria, was subjected to sonication (250 w,
10,000 cycles/second) for 2 to 3 minutes
(5°). One-tenth milliliter of the sonicated
fraction was added to 29 ml of re
duced cytochrome c¢ (1.7 x 105 n )
in 0.03 » phosphate buffer (pH 7.3)
at room temperature. The decrease in
absorbance at 550 mu was folloned for
3 minutes. Activity is expressed as log
[ferrocytochrome c¢] per minute per milli-
gram protein.

Catalase activity in the 10,000 x g
supermate was determined by the decrease

in absorbance of HO at 250 nu (16).
The substrate consisted of 1 ml Superoxal
(Merck 30% H.Q.) diluted in 500 ml of
0.05 » phaosphate buffer (pH 7.0). The
assay mixture contained 0.05 ml of the
supernatant fraction and 1.95 ml of buf-
fered H O solution. The initial absorbance
of the assay mixture versus a water plus
supernatant fraction blank was 0.85, and
the decrease in absorbance was measured
at 20-second intervals for 2 minutes. The
molar absorbancy index for H0. at 250
mu is 43.6 in a 1-cm cuvette, and units
were defined as A A/minute x 1000
43.6 x milligrams protein per milliliter re-
action mixture.

Protein in all enzyme studies was deter-
mined by the method of Lowry et al. (17)
with bovine serum albumin as the stand-
ard.

Collagen extraction. Four methods were
used to extract bone collagens. Chicks at
o t0.. days of age were killed and the
femurs removed. Femurs were cleansed of
adhering tissue and freeze-dried; they were
then ground with mortar and pestle and
weighed. The ground bone from individual
femurs was then placed in 0.1 » NaOH
(100 M@ :o ml) for .. hours at room
temperature (18). After extraction, the
solutions were centrifuged at 110,000 x
g for 90 minutes in a preparatory ultra-
centrifuge. The supernatant fraction was
separated and the residue was again ex-
tracted for 2 hours with 0.1 » NaOH and
recentrifuged. The 110,000 x g supernates
were combined and the total protein was
precipitated by addition of trichloroacetic
acid (TCA) (20% w/v). The total colla-
gen from the ..o 000 X g residue and the
precipitated protein from alkali extract was
then extracted wvith 0.3 » TCA at 90° (19)
and made s » with HCL After hydrolysis
for .. hours in sealed tubes, the hydroxy-
proline content was determined (.. ).
Collagen is expressed as milligrams hy-
droxyproline x 7.7/mg dried bone x 100.

Collagen (as gelatin) was also extracted
from dried bone witho,1» NaCl (50 ml/g
bone) at 60° for 72 hours (21). Solutions
were clarified by centrifugation (30,000

6 lvan Sorval Inc., Type OM, Norwalk, Conn.
7Precision Scientific Company Chlcago m.

8Beckman DU, Beckman Instruments, Inc.,
ton, Calif.

9Model L2-50 ultracentrifuge; Splnco Division, Beck-
man Instruments. Inc.. Palo Alto, Calif.

Fuller-
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X g for 90 minutes) and the hydroxypro-
line content of the supernatant fraction
was determined. Other bone samples were
extracted similarly with 0.5 m acetic acid
or 5 m guanidine-HC1 for 3 weeks and 1
week, respectively. Extractions with acetic
acid and guanidine were carried out at 4°,
and in some cases bones were decalcified
with 0.5 m EDTA prior to extraction. In
extraction studies with NaCl, acetic acid
and guanidine, only diaphyseal bone was
used to avoid contamination with cartilag-
inous areas.

Aldehyde determination. The acetic
acid soluble collagen was purified as de-
scribed by Miller et al. (22) prior to the
determination of the aldehyde content by
the method of Paz et al. (23).

Mineral determinations. Bone samples
were extracted with ethanol and diethyl
ether and dried. The fat-free dried samples
were then ashed (550° for 24 hours) and
the percentage ash determined. The cal-
cium and magnesium content of ash was
determined with an atomic-absorption
spectrophotometer .. The phosphorus con-
tent of ash was determined by the method
of Fiske and Subbarow (24).

The left and right femurs from ten
14-day-old control and copper-deficient
chicks were removed, cleaned, extracted
and dried. The right femur was broken
into several pieces and placed in 5% (wW/v)
aqueous EDTA and demineralized for 4
days. The solution was changed daily (50
ml EDTA solution/g bone) and agitated
regularly. The corresponding left femur
was used to determine the percentage ash
and total bone copper. r was deter-
mined in the ash from the left femur and
in the residue after EDTA extraction (right
femur) by atomic-absorption spectropho-
tometry (25). The copper content of ex-
tracted residue is expressed as micrograms
copper per gram ash from the correspond-
ing left femur.

Liver copper was also analyzed by
atomic-absorption spectrophotometry. Liver
samples were first freeze-dried; then they
were weighed and ashed (500° for 24
hours). The ash was dissolved in 0.5n
HC1 and analyzed directly.

RESULTS AND DISCUSSION

As demonstrated by other workers (1-
s ), there was a reduction in chick weight

and the percentage aortic elastin in the
copper-deficient group (table 1). Liver and
bone copper were also markedly reduced.
Although the percentage bone ash showed
only a slight reduction in copper-deficient
chicks compared with controls, the femurs
from the copper-deficient chicks were quite
brittle and fragile. The calcium, magne-
sium and phaosphorus content of ash was
normal in both groups.

The interrelationship of dietary copper
and amine oxidase activity in the forma-
tion of vascular and connective tissue has
been established (11,26). Copper defi-
ciency results in decreased levels of this
enzyme. Bone amine oxidase activity, as
measured by tenzylamine oxidation, was
also reduced significantly in copper-defi-
cient chicks within 7 days of feeding the
diet compared with controls (fig. 1). At
about this time there also appeared to be
a slight decrease in the aldehyde content
of collagen from copper-deficient bone (fig.
2). In ancther experiment a significant
difference in aldehyde content could be
clearly demonstrated at .. days (table . ).
The aldehyde content of collagen should
be an indication of potential cross-linking,
if the final steps of the process involve con-
densation or coupling of aldehydic func-
tional groups (27).

A decrease In cross-linking should also
bring about a concomitant decrease in in-
soluble collagen. This effect could be dem-
onstrated by differences in the percentages
of insoluble residue from diaphysis bone
cylinders after extraction for 7 days with
5m guanidine-HCIl containing 5% EDTA
(fig. 2). At 10 days feeding of the diets
there was a significant decrease in the in-
soluble organic matter from bone of defi-
cient chicks compared with controls.

Both the aldehyde content of soluble col-
lagen and bone amine oxidase activity were
greater in . -day-old chicks than in chicks
of 2 to 5 days of age. Since this was ac-
companied by a decrease in the amount of
insoluble residue from bone of 2- to 5-day-
old chicks, it was concluded that soluble
and nonoxidized precursors of the bone
organic matrix may be synthesized very
rapidly at this time. The decrease in bone
amine oxidase level at 3 days was pre-

»Model 214, Perkin-Elmer Corporation,
Conn.

Norwalk,
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TABLE 1
Effect of copper deficiency on weight, aortic elastin, liver copper and the mineral content of bone ash
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Fig. 1 Bone amine oxidase activity of copper
deficient and control chicks. Each point and bar
represents the average of five determinations
+ se. Values from controls are indicated as
@ O, and values from copper deficient
chicks as ® ------------ 0. Activity is expressed as
~moles benzaldehyde per hour per milligram pro-
tein X 100. The 10,000 X g supernates from bone
homogenates were used in the assay.

sumed to be a dilution of activity due to
the presence of such precursors.

It has been demonstrated that the ease
of solubilization of collagen is related to
the degree of intra and intermolecular
cross-linking (27). It has also been dem-
onstrated that extraction of collagen in the
presence of strong dénaturants or neutral
salts at elevated temperatures solubilizes
these cross-linked polymers as gelatins
(21). By all extraction methods used in
these studies, the collagen from deficient
chicks was more soluble than collagen from
control chicks (fig. 3, table 2). The integ-
rity of bone collagen appeared also to be
closely associated to that of the mineral
phase. The collagen from bone that was
demineralized before or during collagen ex-
traction was more readily solubilized than
that from mineralized bone. It has been
denonstrated by Stevens (28) and Glim+
cher et al. (29) that calcium protects col-
lagen from solubilization. Food restriction
has been shown to result in a less poly-
merized acid soluble collagen in rat skin
(30). The possibility that some of the ef-
fects on collagen could have resulted from



EFFECT OF COPPER DEFICIENCY ON CHICK BONE 61

Fig. 2 Effect of copper deprivation on the al-
dehyde content of collagen and the percentage
insoluble residue after guanidine and EDTA ex-
traction of chick bone. The percentage insoluble
residue is expressed as the milligram residue per
milligram freeze-dried bone X 100. Values for al-
dehyde (¢imoles/100 mg collagen) are indicated
for controls and ® ------------- - for
copper-deficient chicks. Values for the percentage
insoluble residue are indicated as A--------—-- A for
controls for copper-deficient
chicks. Points and bars represent the mean of
five determinations = s.. Standard errors for in-
soluble residue at early ages were omitted for
clarity because the points were close together.

the poorer growth of the copper-deficient
chicks must be considered. This suggests
the need for pair-fed or weight-paired con-
trols in future work

Cytochrome oxidase activity was reduced
significantly in the mitochondrial fraction
of bone from copper-deficient chicks when
compared with controls (table 3). Bone

catalase activity was not altered by copper
intake. Catalase was determined, since
copper deprivation affects the level of this
enzyme in some tissues (31). At 20 days,
amine oxidase activity of bone from cop-
per-deficient chicks was again lower than
that from control chicks. Furthermore, the
dependence of bone amine oxidase activity
on the bone copper level was demonstrated
by the fact that addition of copper (o s
ppm) to bone homogenates from copper-
deficient birds completely restored activity

(mg /g BONE)

HYDROXY PROLINE EXTRACTED

nini
SOLVENT ACETIC ACID No CI GUANIDINE + HCI
MOLARITY 0.5 0.1 5
TEMPERATURE 4° 60° 4
DURATION 3 WEEKS 72 HR 7 DAYS
PRETREATMENT NONE 1EDTA NONE NONE \EDTA

Fig. 3 Effects of demineralization and type of
solvent on collagen extraction are demonstrated
with bones from copper-deficient and control
chicks. The material used for extraction in all
cases was freeze-dried diaphyseal bone from 20-
day-old copper-deficient and control chicks. The
dark bars indicate values from copper-deficient
bones and the light bars indicate values from con-
trol bones.

TABLE 2

Effect of copper-deficiency on alkali-soluble and insoluble collagen and
aldehyde content of soluble collagen

Soluble
Treatmentl collagen 2
%
Control 0.27+ 0.03(8) 4
Deficient 0.44+ 0.08(8) 5

Insoluble Aldehyde

collagen 2 content 3
% jimoles/100 mg
23.2+1.3(8) 2.04+0.18(3)

20.0£0.5(8) * 1.47+ 0.10(3) 5

1Chicks were killed_at 20 days on experimental treatments.
2Expressed as milligrams collagen per milligram freeze-dried bone X 100. }
3Determination from acetic acid soluble collagen (19) on samples pooled from two or three chicks.

4Mean * se

(number in_parentheses_ represents number of determinations).

5Differed from corresponding control with aP < 0.10
* Significantly different from corresponding control (P < 0.05).
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TABLE 3
Effect of copper deficiency on bone enzymes

Nunber of  Oytschrone ke 5 Catalase 4
Control 10 0.70 ** 1.62 ** 9.8+ 1.9
Deficient 10 0.38 1.00 10.8+ 1.5
Deficient+ copper 5 5 1.65 ** —

per minute per milli

ram protein.

1The chicks were 20 days of ajle and had been fed the experimental diets since 1 day old.

2Expressed as log [Icytochrome c

3Expressed as /;moles benzaldehyde per hour{)

4Expressed as A A/minute x 1000 s 43.6 x mi
5Copper (0.5 ppm)

er mil B x 1C
) ] Iligrams protein per milliliter.
added to the incubation mixture.

igram_protein_x 100.

** Significantly different from copper deficient (P < 0.01).

to that of control chicks. Thus, it was dem & '}ﬂgélfrv TEh- J"t'rG' tR- M?rlﬂn_ and E /?)-_ Piez
e utilization of lysine in the biosyn-
onstrated that SOTTE .bUt not all of the thesis of elastin cross-links. Biochem. Bio-

effects of copper deficiency on enzyme ac- phys. Res. Commun., 17: 248.

tivity previously shown for other tissues 7. Harding, J. J. 1965 The unusual links and

were also present in bone. cross-links of collagen. Advance. Protein

T - - Chem., 20: 109.

. '%. indicated in this reporg, copper dep' 8. Bornstein, P.,, A. H. Kang and K. A. Piez

rivation reduced the bone tissue level of 1966 The nature and location of intramo-

copper. Furthermore, much of this copper lecular cross-links in collagen. Proc. Nat.
could not be extracted with EDTA. EDTA Acad. Sci. US,, 55: 417. _

treatment extracted over 96% of the bone 9 Rolkind, M. L. Rhi and M. Aguirre 1967

N A onlv 62 38% of the Biosynthesis o e intermolecular cross-links

mineral, but Yy and 0 cop- in rat skin collagen. J. Biol. Chem., 243:

per was extracted from control and copper- 2266.

deficient bones, respectively. Hill (32) has 10. Partridge, S. M., D. F. Elsdan, J. Thomas, A.

a]so deterrnined 'ﬂ’e Copmr content Of Dorfman, A. Telser and P. L. Ho 1964 Bio-

chick bone. and likewise assumes copper synthesis of the desmosine and isodesmosine
to be "ated ith . h be- cross-bridges in elastin. Biochem. J., 93: 30C.

0 associated with organic phase, 11. Chou, W. S., J. E. Savage and B. L. O'Dell

cause of the high stability constant (33) 1968 Relation of monoamine oxidase activ-

for the EDTA-copper complex (log K = ity and collagen cross-linking in copper-defi-

18)_ The copper rernaining after EDTA ex- cient and control tissues. Proc. Soc. EXxp.

traction in deficient bone (10.9 +1.8 ppm) . El\‘/li‘)é 'V'Edl; 1T281H943- Gk YT K 1660

was not significantly different from that - Mesavack, 7. ., and . Y. . 1ao

The influence of age and sex on the soluble
of Conur_](ilsbone (1$$ih2-3) a“dSE'rl-JCIObab[aly collagen, insoluble collagen, and elastin of

represel copper ICN senves a ur rat tissue. Exp. Med. Surg., 18: 104.

rather than enzyrratic role in the cbve]op. 13. Gorkin, V. Z., I. T. Grindeva, L. A. Romanova

ment of the bone organic matrix and I. S. Sererino 1962 Spectrophotometric

" determination of monoamine oxidase activity
in mitochondria. Biokhimiya, 27: 1004.
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ABSTRACT The effect of varying the dietary intake of thiamine, protein, fat and
carbohydrate on the activity of transketolase in liver was studied in weanling rats.
Maximum levels of transketolase activity were observed when the diet contained 0.75
mg or more of thiamine hydrochloride per 1000 kcal. It was found that when dietary
thiamine is not limiting, the carbohydrate content of the diet appears to determine
the level of activity of this enzyme. Of the carbohydrates tested, fructose induced the
highest levels of transketolase activity. When either fat or protein was substituted for
carbohydrate in the diet, liver transketolase activity decreased. This finding helps
to explain why a high fat content in the diet has a thiamine “sparing” action. Like
transketolase, hexose monophosphate (HMP) shunt dehydrogenase activity (com-
bined glucose 6-phosphate and 6-phosphogluconate dehydrogenase activities) increased
in response to a high carbohydrate diet and decreased with a high fat diet. In con-
trast to transketolase, however, HMP shunt dehydrogenase activity increased in re-
sponse to a high protein diet. This divergent response between transketolase and
HMP shunt dehydrogenase suggests that the genes for the enzymes of the HMP shunt

are not all located on the same operon.

Major alterations in the levels of activ-
ity of a variety of enzyme systems, with
an attendant modification of metabolic pat-
terns, can occur in the fivers of animals
subjected to changes in dietary composi-
tion (1-3). One such adaptation which
has been studied in detail involves the
two hexose monophosphate shunt (HMP)
dehydrogenases — glucose 6-phosphate de-
hydrogenase (Glc-6-P DH) and 6-phospho-
gluconate dehydrogenase (6-PG DH). It
has been shown that the levels of Glc-6-P
DH and 6-PG DH are markedly influenced
by the type and amount of carbohydrate
in the diet (4-10). This finding has im-
portant implications relative to the capacity
for generation of NADPH2 and the forma-
tion of ribose (11, 12). Comparatively lit-
tle information is available regarding the
influence of dietary composition on other
enzymes of the HVIP shunt (13-15). It ap-

of interest, in considering gene con-
trol of shunt activity, to determine whether
the enzymes of the shunt are induced as a
group or respond individually to different
dietary stimuli. To obtain information re-
garding this point, the responses of trans-
ketolase activity in fiver to variations in
dietary protein, fat and carbohydrate were
measured and compared with the con-
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comitant changes in HVP shunt dehydro-
genase activity. In the initial phase of this
work, a specific and sensitive microfiuoro-
metric method for the measurement of
transketolase activity was developed,2 and
the level of dietary thiamine needed for
maximal transketolase activity was de-
termined.

EXPERIMENTAL

Animals. Female rats of the Sprague-
Dawley strain weighing 50 to 60 g were
housed individually in wire-bottomed cages
and were fed Purina Laboratory Chow 3
for s days during adaptation to the envi-
ronment. Rats of comparable weights were
then assigned randomly to the different
dietary groups and were pair-fed for 2
weeks. Water was supplied ad libitum
Body weights and food consumed were re-
corded daily. All rats were fasted 24 hours
before they were decapitated. Livers were
quickly excised in a cold room (4°); they
were rinsed with ao.25 m sucrose solution,

Received for publication December 13, 1968.

1Supported by a National Institutes of Health
Research Grant no. AM06309.

2Cheng, C. H, and R. E. Shank 1965 A micro-
fluorometric method for the determination of trans-
ketolase activity in rat liver. Federation Proc., 24:
690 (abstract).

3Ralston Purina Company, St. Louis, Mo.

J. Nutrition, 98; 64-70.
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blotted with filter paper, weighed and
stored at —70°. All assays were performed
within . month of storage.

Diets. The basal diet contained 73%
glucose, 18% vitaminfree casein, 4%
com oil, 4% Hegsted salt mixture (16),
: % cod liver oil, with the following added
vitamins: (milligrams per kilogram) thia-
mine-HCl, 4; riboflavin, s ; pyridoxine HCI,
4; Ca pantothenate, 25; niacin, 40; and
choline chloride, 1000 (17). This diet was
used throughout the experiments. Various
modifications are described in the ap
propriate tables.

Tissue preparation and assay procedure.
A 10% (w/v) homogenate in ice-cold
water was made from 300 to 500 mg of
frozen fiver immediately prior to the en
zyme assay. It was diluted to 0.2% (w/v)
with 100 mM imidazole buffer, pH 7.6,
containing 0.05% bovine plasma albumin.

Transketolase assays were performed in
triplicate. Fve microfiters of 0.2% ho-
mogenate were added to 35 U of an incuba-
tion mixture composed of imidazole buffer,
100 mM (pH 7.6); ribose-5-phosphate, 0.6
mM; sodium amytal, 1 mM; bovine plasma
albumin, 0.05% ; NADHZ2 0.1 mM; glycero-
phosphate dehydrogenase, 3 x 10.: EU;
tricse phosphate isomerase, 4 x 10.. EU;
and pancreatic preparation of pentose
isomerase and epimerase, 2 x 10.: EU
(18) ,ina50 mm by, mm tube in an ice
bath. The tube was incubated at 30° for
15 minutes. The reaction was stopped by
returning the tubes to the ice bath and
adding 4 (il of 5 n HCL After mixing and
standing at room temperature for 15 min-
utes, a ., -ul aliquot was mixed with ..,
uof s« n NaOH in a 3-ml fluorometer
tube and then incubated at 38° for 30
minutes. One milliliter of water was added
and the fluorescence of alkaline derivative
of NAD was read after the tube was cooled
to room temperature. The primary filter
of the fluorometer was Corning no. 5860 .
and secondary filters were nos. 5562, 4308
and 3387 as recommended by Lowry et al.
(19) . Tissue blanks and internal standards
were used to correct for any nonspecific
activity. The activities are given as milli-
moles of NAD formed per kilogram wet
weight of fiver per hour.

The method for the combined deter-
mination of Glc-P and  -PG dehydro-
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genases was a modification of procedures
in the literature (20-22). NADP reduction
was measured at 340 mu in a spectrophoto-
meter s in cuvettes of . -cm fight path, at
38°. One milliliter of reaction mixture con-
tained: bovine plasma albumin, . .. %;
MgCfi, 10 mM; glucase s -phosphate (di-
sodium salt), 3.0 mMm,- « -phasphogluconate
(tri-sodium salt), 3.0 mM; NADP (sodium
salt), 0.6 mM, in 100 mM imidazole (Sig-
ma, grade 1115 buffer, pH 7.6; and ho-
mogenate of 0.1 to 0.25 mg wet weight of
liver. Readings were taken at 1-minute
intervals starting immediately after the
addition of glucose s -phosphate and s -
phosphogluconate. The combined activi-
ties of the two dehydrogenases are given
as moles of NADPH. formed per kilogram
of wet weight of fiver per hour.

Protein content of the fiver was deter-
mined by the method of Lowry et al. (23).

All data were treated with analysis of
variance followed by Duncan’s new multi-
ple range test (24), and results are ex-
pressed as mean values + the standard
error.

RESULTS AND DISCUSSION

Thiamine pyrophosphate is the coen-
zyme of transketolase (25, 26). It had
been shown that varying the dietary con-
tent of thiamine influences the activity of
this enzyme in tissue (15, 17, 27, 28).
Studies were therefore conducted to de-
termine the thiamine level of the diet
needed to ensure that the vitamin would
not be a limiting factor when cther dietary
ingredients were varied.

As shown in table 1 (exp. . ), increasing
the thiamine content above 4 mg/kg of
diet had no effect on rat fiver transketolase
activity. A significantly lower level of en
enzyme activity, honever, was found when
thiamine content was reduced to . mg/kg
of diet. To determine the minimum dietary
thiamine level which would provide maxi-
mum transketolase activity, the experi-
ment was repeated with thiamine contents
in the diets varying between . mg/kg and
4 mg/kg. As shown in experiment 2 of
table . , transketolase activity was the same
in the fiver of rats fed 3 or 4 mg thiamine-

4Coming Glass Works, Inc., Coming, N. Y.

sBeckman model DU, Beckman Instruments, Inc.,

Fullerton, Calif.
6Sigma Chemical Company, St. Louis, Mo.
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TABLE 1
Effect of various levels of dietary thiamine on hepatic transketolase activity

- Added Body wt
Exp. Diet o) No. of b
no. group 1 t%a}jﬂ}g&e rats o5l IOiIr:%
mg/kg 9
i A 2 6 122.5
B 4 6 116.2
C 20 6 117.8
D 50 6 112.0
2 1 1 6 146.3
2 2 53 154.6
3 3 6 168.5
4 4 6 163.7

Liver Liver Transketolase
wt protein activity 2
9 % myvioles/kg per hr

4.29 21.1+ 0.7 170.7+ 5.4
3.93 21.0+0.6 216.3+ 4.4
3.85 21.7+ 0.3 214.6+ 6.4
3.53 22.1+0.3 213.9+ 7.2
4.84 20.7+ 0.2 38.8+ 13.2
4.19 20.5+0.3 150.7+ 19.4
4.58 21.6+ 0.5 194.1+18.6
4.52 20.9+ 0.7 199.9+ 7.6

1Groups B, C and D were pair-fed with group A in experiment 1. Average food intake was_12 g/rat per

day. Groups 2,
ment was 13 g/rat per day.

2Transketolase activity:
A versusB orC orD: P < 0.01.

30ne rat died of unknown cause.

HCl/kg diet, but was significantly lower
in liver of rats afforded . and . mg thia-
mine-HCl/kg diet. Byerrum and Hokstra
(29) used a diet similar to ours and de
termined the thiamine and cocarboxylase
content of liver, muscle and brain of rats.
They found that as the level of thiamine
was increased to. .. Mg ... g diet, maxi-
mum values for cocarboxylase content in
tissue were achieved. The highest thiamine
level in tissues was found when dietary
thiamine was increased to 0.4 mg/100 g
Our data indicated that maximum liver
transketolase activity was reached when
the dietary thiamine level was 3 mg/kg
or 0.3 mg/100 g Since the total caloric
value of the basal diet is 4000 kcal/kg,
the minimum dietary thiamine level in this
diet, to provide maximum liver transketo-
lase activity, would be close to 0.75 mg/
1000 kcal. Therefore, to insure that dietary
thiamine was adequate, thiamine HC1 was
added to the diet, used in subsequent stud-
ies at the level of 4 mg/kg or 1.0 mg/
1000 '@I.

The effect of the quality of dietary pro-
tein on liver transketolase activity was
studied by comparing diets containing
either methionine-supplemented casein or
gelatin. The results in table 2 clearly indi-
cate the superiority of the casein diet. This
difference is probably due to the fact that
gelatin is inadequate in tyrosine and cys-
tine and is completely lacking in trypto-
phan (30) which is essential for tissue
protein synthesis. The loss of body weight,

1versus 2 or 3 or 4:

3 and 4 were pair-fed with group 1 in experiment 2. Average food intake in this experi-

P < 0.01. 2 versus 3 or 4: P < 0.05.

the low liver weight, the decreased total
liver protein, are all compatible with the
effects expected from an incomplete pro-
tein.

The quantitative effect of dietary casein
on transketolase in liver is shown in table
3. In this experiment the casein contents
of the diets were nodified from the basal
diet by isocaloric interchange with the
glucose in the respective diet. The signifi-
cantly loner transketolase activity in the
livers of rats on the protein-deficient diet
is probably due to the lack of essential
amino acids. Interestingly, a two- to four-
fold increase of dietary protein above the
control level, with a concomitant reduc-
tion in carbohydrate, caused a marked
decrease in transketolase activity. More-
over, no significant change in liver protein
content was found among the three groups.

The effect of varying the type of fat
in the diet on liver transketolase activity
is shown in table 4. Cottonseed oil, butter,
coconut oil and lard were substituted for
the 4% corn oil of the basal diet. These
fats were chosen not only because they
are commonly used, but also because they
have different fatty acid compositions.
Nevertheless, they caused no significant
differences in hepatic transketolase activ-
ity over a period of . weeks.

It has been enphasized that fat has a
sparing action on thiamine (31-33). Ba
laghi and Pearson (31) reported that a
significantly higher percentage of the thia-
mine eaten by rats is excreted in the urine
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TABLE 2
Effect of the quality of dietary protein on liver transketolase activity

Diet 1 Dietary No. of Body wt Liver 'Il'i(\)/tearl Transketolase
group protein rats gain protein activity 2
9 9 rug mmoles/kg per hr
c Casein3 6 8.0 3.14 687.3 181.9%3.2
G Gelatin 4 6 -32.9 221 491.9 109.1+3.8

1Group C was pai(r)-(f)eld with group G. Average caloric intake was 32 kcal/rat per day.

2C versus G: P <

3Vitamin-free casein used in this diet was s_u?plemented with methionine at a level of 5%.

4Eighteen percent gelatin as sole source of die

ary protein.

TABLE 3
Effect of different proportions of protein in the diet on liver HMP shunt enzyme activity

Diet Dietary N _f Body wt Liver
group 1 DR, Mo gain wt
% 9 9

D 0 6 -21.1 1.47

C 18 6 17.7 2.99

2X 36 6 22.8 2.92

4X 72 6 22.2 3.47

protein Transketolase  CleRE ] and
content 3 Yy activity 5
% mmoles/kg per hr moles/kg per hr
18.2+ 0.8 116.1+ 8.9 0.389+0.022
20.7+ 0.6 171.3+ 13.2 0.860+£0.042
216+ 0.4 90.8+ 6.2 0.973+0.037
21.3+0.6 713+ 6.9 1.323+£0.091

i Groups C, 2X and 4X were pair-fed with group D. Average food intake for each group was 8 g/rat per day.
2Protein was isocalorically interchanged with glucose in the basal diet.

3Protein content:

D versus 2X, 4X: P < 0.01. D versus C:
4Transketolase activity:
Cversus D, 2X, 4X: P < 0.01. D versus 4X:

tween

P < 0.05.

P < 0.01. D versus 2X: P < 0.05.

3DerE/droger21)e%ses activity: Differences among all means are highly significant (P < 0.01) except that be-
an .

TABLE 4
Effect of different fats and oils in the diet on liver transketolase activity

Diet . Dietary No. of Body wt

group i fat or oil rats gain
9

CR Corn oil 6 35.3
Cs Cottonseed oil 6 42.2
B Butter 6 41.5
cC Coconut oil 6 38.9
L Lard 53 37.4

P Liver
LW protein Tty 5

9 % mmoles/kg per hr
3.44 20.1+0.3 152.0+ 8.6
3.92 20.2+0.3 166.3+ 11.9
3.76 19.9+0.4 1616+ 5.3
3.76 19.8+0.4 154.3+10.6
3.54 20.0x0.5 151.6+ 14.2

1Groups CR, CS, CC and L were pair-fed with group B. Average food intake was 12 g/rat per day.
2No significant differences were found_among the groups.

30ne rat in this group died of pneumonia.

when they are on a high fat diet compared
with a high carbohydrate diet. These find-
ings motivated us to determine whether
varying the amount of fat in the diet
would also affect transketolase which has
thiamine pyrophosphate as coenzyme. Our
data in table 5 indicate that there was no
significant difference between levels of he-
patic transketolase activity of rats given a
control diet containing 5% com oil, or of
rats on a diet entirely free of fat for 2
weeks, as long as the carbohydrate con-

tent is high. When the fat content of the
diet was increased to 11%, however, with
an isocaloric reduction in glucose, a highly
significant decrease of transketolase activ-
ity occurred (P < 0.01). Further increases
in fat and decreases in carbohydrate con-
tent resulted in an even greater reduction
in transketolase activity (table 5). These
findings suggested the possibility that the
decrease in carbohydrate in the diet re-
sulted in a decrease in the inducer for
transketolase. The reduction in the level
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of transketolase resulted in a decrease in
the number of specific binding sites for
the coenzyme thiamine pyrophosphate.
Therefore, with fewer such sites available,
less thiamine should be needed to saturate
the binding sites on transketolase. If other
enzymes containing thiamine pyrophos-
phate as cofactor also react similarly, this
might help to explain the mechanism by
which thiamine requirement is closely re-
lated to carbohydrate in the diet, and why
fat has a sparing action on thiamine. Bald-
win and coworkers (5) reported a de-
crease in the activity of Glc- -P DH, s -PG
DH and pentose-phosphate-metabolizing
enzyme when lard was substituted for
glucose. Freedland and Barmes (- ) found
that when margarine replaced dextrose in
the diet, Glc P DH activity was reduced.
Our finding that the isocaloric replacement
of dietary carbohydrate with either protein
or fat caused a significant decrease iIin
liver transketolase activity suggests that

KOCH AND ROBERT E. SHANK

when dietary thiamine is adequate, the
level of this enzyme is controlled by the
amount of carbohydrate in the diet

To obtain information regarding the ef-
fects of different types of carbohydrates
on transketolase activity, the responses to
diets in which glucose was completely re-
placed with either fructose, sucrose or
potato starch were studied. As shown in
table . , the diet containing potato starch
resulted in a significant reduction in trans-
ketolase activity, whereas sucrose and
fructose resulted in a significant increase.
The latter observation provided evidence
that fructose was a more effective inducer
of transketolase activity than glucose. This
was of particular interest in view of the
marked effect of dietary fructose on the
HMP shunt dehydrogenases (4, 7-9).

The observation that the level of liver
transketolase activity in rats fed potato
starch was significantly lower than that
found in rats fed glucose was somewhat

TABLE 5
Effect of different proportions of fat in the diet on liver HMP shunt enzyme activity

i Fat . Body wt i
grogp1  content No,of - BOM LN
% 9 9
A 0 6 50.8 4.31
B 5 6 49.0 4.10
C 11 6 50.9 4.37
D 25 6 46.9 4.16
E 62 6 67.3 5.13

1Groups A, B, C and D were pair-fed with group E.
2Diet B in this experiment contained per kilogram:
a-tocopherol; 1000 mg choline chloride
pantothenate; 40 mg niacin; 40 Xtur
diets were prepared by isocalorically substitutin

c 4 mgt thiamine HC1; 8 mg riboflavin; 4
salt mixture (}—iggfsted); 180 g
at for

protein Transketolase G And
content Yy activity 4
% mmoles/kg per hr moles/hg per hr
20.04+£0.59 182.6+ 10.7 4.310+0.250
20.40+0.62 1959+ 7.1 2.290% 0.170
20.36+ 0.52 1624+ 59 1.600+ 0.110
20.49+0.63 156.1+ 3.0 0.990+0.080
19.80+£0.41 855+ 45 0.740+£0.050

Average caloric intake was 46 kcal/rat per day.

20,000 IU vitamin A; 2,500 IU vitamin D; 150 mg
mg pyridoxine; 25 mg Ca
720 g glucose. The other

rotein; and t
0 maintain the consistency of the_diet,

lucose.

half of the above weights of the fat was afforded as hyd(’?’ogenated com oil and half as liquid corn oil.

3Transketolase activity:

BversusC, D, E P < 0.01. A versus D:

P < 0.05. Eversus A, B, C,D: P < 0.0l

4Dehydrogenases activity: All differences between means are significant: P < 0.01.

TABLE 6
Effect of different dietary carbohydrates on liver HMP shunt enzyme activity

Diet Dietal No. of Body wt  Liver Liver Transketolase Gle6-P DH and
group 1 carbohyg)r,ate rats ga¥n wt cgrr]‘%teer:’t‘ 2 activity 3 gclilt\s/ltDyF!l

9 9 % mmoles/kg per hr  moles/kg per hr

F Fructose 6 15.0 3.30 21.1+ 04 254.9+14.3 1.830+ 0.065

S Sucrose 6 20.2 3.20 20.4+£0.3 233.3+15.3 1.732+ 0.085

G Glucose 6 16.0 2.83 21.1+ 04 1798+ 7.1 1.217+ 0.099

P Potato starch 55 -6.6 1.87 20.0+ 0.9 110.8+ 9.3 0.620+0.062

1Groups F, S, G were_pair-fed with group P. Average food intake was 8 g/rat
2There were no significant differences between the means of protein content in

er day.

Iver.

_f3éb\lr%tdifferences between means are significant (P < 0.01) except that between F and S which is not sig-

niticant.

4All differences between means are significant (P < 0.01) except that between F and S.
50ne rat died due to severe diarrhea and weight loss.
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unexpected, since starch is broken to glu-
cose before absorption. A possible explana-
tion is that animals fed glucose, which is
rapidly absorbed, developed higher con-
centrations of glucose in the portal vein
blood and therefore in the hepatic cells
following a meal than do animals fed
potato starch, from which glucose is re-
leased and absorbed more gradually and
incompletely.

The observation that transketolase, like
Glc- -P DH and s -PG DH, appears to be
induced by fructose raised the possibility
that the genes for these HMP shunt en-
zymes might be located on the same operon
and therefore respond in parallel to the
same inducers and repressors. To test this
possibility, the levels of HVIP shunt dehy-
drogenase activity in the livers of the rats
subjected to the above described dietary
manipulations were measured.

The observation that fructose is a more
effective inducer of Glc--P DH and < -PG
DH was confirmed (table ). The HMP
shunt dehydrogenase activity also de-
creased progressively as increasing amounts
of dietary carbohydrate were replaced with
fat (table 5). This is in keeping with the
observations of Johnson and Sassoon (4),
Fitch and Chaikoff (. ), Tepperman and
Tepperman (34) and others (5, «, 35)
that increasing the fat content of the diet
decreased HMP dehydrogenase activity.

In contrast to the observed decrease of
transketolase activity, substitution of in-
creasing amounts of casein for glucose in
the diet resulted in a concomitant increase
in HVP shunt dehydrogenase activity
(table 3). This observation agrees with
the findings of Tepperman and Tepperman
(10), Johnson and Sassoon (4), Freed
land and Barnes (- ), and provides strong
evidence that transketolase and the HMP
shunt dehydrogenases are not located on
the same operon.
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Hepatic, Tyrosine Transaminase Rhythm:

Interactio

of envwonmginettgl&ightlng,

food consumption and
protein contents

M. J. ZIGMOND, W. J. SHOEMAKER, F. LARIN and R. J. WURTMAN
Department of Nutrition and Food Science, Massachusetts Institute of

Technology, Cambridge, Massachusetts

ABSTRACT Hepatic tyrosine transaminase activity was measured over a 24-hour
period in animals maintained under three environmental situations: normal lighting
(lights on from 9 a» to 9 »») and ad libitum dietary protein; reversed lighting
(lights on from 9 »» to 9 an) and ad libitum dietary protein; and normal lighting
and a nonprotein diet, with protein added at various times during the day. In each
case, the increase in tyrosine transaminase activity was not observed until after the
initial ingestion of protein. These results support the hypothesis that the daily rhythm
in the activity of this enzyme in rat liver is generated by the cyclical ingestion of

protein.

The activity of the hepatic enzyme tyro-
sine transaminase varies fourfold as a
function of the time of day (1-3). When
rats are kept under normal environmental
lighting (e.g., lights on from 6 am 1O 6
pm) and given access to food and water
ad libitum, enzyme activity is at a mini-
mum early in the morning, begins to rise
late in the afternoon and reaches a maxi-
mum several hours after the onset of
darkness.

A similar rhythm exists in food intake
(4). Rats eat relatively little until late in
the light period, and consume most of their
food in the hours following the onset of
darkness. Rats acutely deprived of food
show no rhythm in tyrosine transaminase
activity (5). Moreover, rats fed a nonpro-
tein diet also show no enzyme rhythm,
although the feeding rhythm persists (5).
It appeared, therefore, that the tyrosine
transaminase rhythm is generated by the
cyclical ingestion of dietary protein. To ex-
amine this hypothesis further, we altered
the rhythm in protein intake and observed
the consequent effects on the enzyme
rhythm

In the rat, the feeding rhythm is syn
chronized by light. An alteration in the
time of the daily light exposure is folloned
within a few days by a similar change in
the pattern of food intake. If an increase

J. Nutrition, 98: 71-75,

in the rate of protein consumption pro-
vides the necessary signal for the daily rise
in tyrosine transaminase, such a change
in the feeding rhythm should be accom:
panied by a parallel change in the enzyme
rhythm. Similarly, if protein consumption
is altered independently of the feeding
rhythm (by giving rats maintained under
a standard lighting schedule protein-free
food ad libitum and then replacing this
food with a protein diet at different times
during the day), the rise in tyrosine trans-
aminase activity should follow protein in-
gestion and not simply the feeding rhythm
Experiments are described which test these
hypotheses.

MATERIALS AND METHODS

Female rats of the Sprague-Dawley
strain, weighing 180 to.., g at the onset
of the experiment, were obtained commer-
cially. Animals were housed individually
and exposed to 50 to 70 ft-c of illumination
from cool-white fluorescent bulbs. Meas-
urements of food and water consumption
were made by weighing the containers and
correcting for the loss due to evaporation.
At intervals during a 24-hour period,

Received for publication December 2, 1968.

1Supported in part by Public Health Service Re-
search Grants nos. AM-11709 and AM-11237, and a
grant from the National Aeronautics and Space Ad-
ministration, NGR-22-009-272.
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groups of three or four animals subjected
to each experimental treatment were de-
capitated, the livers were removed and
stored on dry ice until assayed. Tyrosine
transaminase was assayed by a modifica-
tion (1) of the method of Diamondstone
(s ). Diets containing zero percent or 18%
protein were prepared as previously de-
scribed (5).

RESULTS

In experiment 1, Purina Laboratory
Chow: and water were available ad libi-
tum, and food and water intake were
measured at the beginning and end of the
daily light period (9 am t0o 9 pm). Food
consumption showed a marked 24-hour
rhythm; about 80% of the total daily in-
take was consumed during the dark pe-
riod. The lighting schedule was then re-
versed; lights were now on from 9 pm to
9 am. Animals were killed at intervals dur-
ing day 3 or s of exposure to the new
lighting regimen.

The rhythnms in feeding behavior and
tyrosine transaminase activity appeared to
shift phase at the same rate: after 3 days
under reversed lighting conditions, the rats
ate 40% of their food during the dark pe-
riod, and showed a 4- to s -hour shift in
the time of peak tyrosine transaminase ac-
tivity. After 5 days of reversed lighting,
rats ate 77% of their daily food intake
during the new dark period, and on day -
the peak in enzyme activity had shifted
by a full 12 hours (fig. 1). Other animals
killed after .. days of exposure to re-
versed lighting showed a rhythm similar to
that seen after s days, but with less vari-
ance.

In experiment 2, animals under a nor-
mal lighting schedule (lights on from 7
am to 7 pm) previously given access to
Purina Laboratory Chow were given a non-
protein diet beginning at 10 am. This was
replaced by an isocaloric diet containing
18% caseinat. pm,s pm,: am Or not at
all. The expected rhythm in food intake
was observed in each group, although ani-
mals eating the protein-free diet ate some-
what less than animals given the diet con-
taining protein (table . ).

The livers of rats which ate the nonpro-
tein diet shoned a low level of tyrosine
transaminase activity throughout the 24-

liour period; no marked rise in tyrosine
transaminase occurred until after this diet
was replaced by 18% casein. Thus, ani-
mals receiving protein at 1 pm showed a
significant increase in enzyme activity by
6 pm, animals given protein at 6 pm had
elevated tyrosine transaminase activity by
1o pm, and animals receiving protein at
1 am showed a similar increase by 5 am
(fig. - ).
DISCUSSION

It has previously been suggested (5)
that the daily rhythm in tyrosine trans-
aminase activity resulted from the cyclical
intake of dietary protein, and was not a
direct response to the time of day, the light
cycle, or an endogenous “biological clock.”
The experiments reported here support this
hypothesis.

If the rhythm in food intake generates
the rhythm iIn transaminase activity, ex-
perimental alterations of the former should
be accompanied by simultaneous changes
in the latter. This was observed in experi-
ment . : reversal of the light cycle was fol-
loned by coupled changes in the timing of
the food and enzyme rhythms. Moreover,
if the generating signal within food is pro-
tein, dissociating the time of day that the
animal consumes protein and the time
that it elects to eat should produce a paral-
lel dissociation between the transaminase
rhythm and the rhythm in food intake. In
experiment . , animals initially fed a non-
protein diet showed a feeding rhythm but
no enzyme rhythm The rise in enzyme ac-
tivity was not observed until after protein
was added to the diet

Under normal laboratory conditions, the
liver of the rat receives a large influx of
dietary protein via the portal circulation
for part of every 24-hour period. A parallel
rhythm in tyrosine transaminase activity

to be one of the adaptive responses
of the liver to this influx (5, 7). Tyrosine
transaminase activity is normally high dur-
ing the time of day that the animal ingests
tyrosine (i.e., in dietary protein) at the
greatest rate. The enzyme rhythm may
thus have the effect of dampening the
large fluctuations which might otherwise
occur in the tyrosine concentrations of
blood or liver.

3Ralston Purina Company, St. Louis, Mo.
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TIME OF DAY

FOOD  WATER FOOD WATER FOOD WATER

Fig. 1 Tyrosine transaminase activity and food and water intake in animals under nor-
mal (9am t 9pm) or reversed (9 »m to 9am) lighting conditions, a) Tyrosine transam-
inase activity after 3 or 6 days of reversed lighting is compared with enzyme activity in
rats kept under normal lighting. Each point represents the average of three animals. Shaded
horizontal bar along abscissa indicates hours of darkness under new (i.e., reversed) lighting
conditions, b) Food and water intake during the light and dark hours are compared for the
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last day of normal lighting, and days 3 and 5 of reversed lighting. Each bar represents the

average of 12 (reversed lighting) or 30 (normal lighting) animals.

the estimated standard error of the mean.

The tyrosine transaminase rhythm is a
reflection of the laboratory feeding habits
of the rat. An animal with a different
feeding pattern (such as the human) might
be expected to have a different enzyme
rhythm. Although maximal hepatic en-
zyme activity is normally observed at night

Vertical lines represent

in the adult rat, it has been shown that
rats fed during the hours of s am and ..
noon have an early morning peak in en-
zyme activity (7) and that before weaning,
the suckling rat (whose feeding activity is
maximal during the early morning hours)
shows maximal tyrosine transaminase ac-
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TABLE 1
Rate of food intake in rats fed protein and nonprotein diets 1

10AMto1PM 1PMto6PM 6PMto 10PM 10PMto 1AM 1AMto5AM 5 AMto 10 AM

g/hr g/hr g/hr g/hr g/hr g/hr
Nonprotein diet2 0.61+ 0.21 3 0.53x0.07 1.05%#0.17 1.02+0.23 0.69+0.13 4
Protein from 1 pm 0.66+0.11 1.10+0.13 1.67+0.22 0.92+0.72 0.97+0.15
Protein from 6 pm — 1.22+0.18 143+ 0.26 1.92+x0.42 0.5770.23
Protein from lam — — — 2.38+ 0.19 0.50% 0.40

1AIl animals received a nonprotein diet at 10 am. This was replaced by a similar diet supplemented with
18% caseinat 1pm, 6 pm, 1am or not at all.

2Data represent average food intake of all animals receiving nonprotein diet during each time interval.

3Mean + estimated se of the mean.

4Food intake was measured only once between lam and 10 am in this group.

TIVE OF DAY

Fig. 2 Tyrosine transaminase activity in animals given a nonprotein diet at 10 Am, and then an
18% protein diet at 1pm, 6om. 1am or not at all. Lights were on from 7, to 7am. Each point
represents the average of three or four animals. Lines connect enzyme activity determined the first
time after protein was made available with activity observed the previous time that it was sampled.
Vertical lines represent the estimated standard error of the mean.

tivity during the light period (s ). Pre- Tyrosine transaminase activity increased
liminary data suggested that rats trained only sloMy among rats receiving protein
to eat at a constant rate throughout a 24- at 1, » . In contrast, rats first given pro-
hour period would show no rhythm in tyro- )

sine transaminase activity4 tiéé:_ohn C., and R. J. Wurtman, unpublished observa-
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tein 5 hours later showed a much faster
rise (fig. 2). This difference may be re-
lated to the relative rates at which protein
was initially ingested: the rate of food con-
sumption is much slower in the aftermoon
than in the early evening (table 1). It
might also result from an underlying
rhythm in the extent to which the enzyme
can be induced.

The small but significant variation in
transaminase activity seen among animals
receiving no protein (fig. . ) has been noted
in previous experiments (4). Because the
concentration of corticosterone in the blood
varies rhythmically (1, 9) and because
the administration of pharmacological
doses of this compound is known to elevate
tyrosine transaminase activity (.. ), it is
paossible that the steroid rhythm may make
some contribution to the enzyme rhythm
Such a contribution, however, would nor-
mally be of minor significance compared
with the effects of dietary protein. the
amplitude of the transaminase rhythm is
unaffected following hypophysectomy or
adrenalectomy, so long as rats continue to
have access to dietary protein (. ).
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hologjcal Defects in the Epiphyseal Cartilage

Zinc-deficient Chicks 12
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ABSTRACT The objectives of this study were: 1) to compare the epiphyseal plates
of the tibiotarsus and also the hock synovia of zinc-deficient and control chicks, 2)
to gain information on the site of action of histamine and indomethacin, which were
found previously to alleviate significantly the leg abnormalities caused by zinc de-
ficiency, and 3) to compare the epiphyseal plates of zinc-deficient chicks with those
from chicks deficient in manganese and in vitamin D. In the proliferating region of
the epiphyseal plate of zinc-deficient chicks, the cartilage cells that were near blood
vessels were normal, whereas cells remote from vessels were larger and rounder and
were separated by more extracellular matrix. In these chicks the cells of the de-
generating region of the epiphyseal plate did not degenerate normally unless they
were near a blood vessel. In cross section these defects caused a characteristic and
easily discernible “bull’s eye” appearance around each blood vessel. This was not
seen in tissue from manganese- or vitamin D-deficient chicks. Neither histamine nor
indomethacin corrected the fundamental lesion due to zinc deficiency; however, the
gross defect was alleviated. No hyperplasia or inflammation of the synovia due to

zinc deficiency was observed.

The pathological defects of the hock
joint of zinc-deficient chickens fed diets
based on soybean protein have been de-
scribed (1, 2). Grossly, the leg bones were
shortened and thickened; the joint ap-
peared swollen and twisted, and move-
ment caused the chicken discomfort. In
normal chicks the cells of the epiphyseal
plate were arranged in long columns, and
the epiphyseal-diaphyseal junction was a
lengthy structure of cartilage tunneled by
blood vessels. It was reported that in zinc-
deficient chicks, the epiphyseal plate car-
tilage cells were arranged more randomly,
the epiphyseal-diaphyseal junction was
narrower, and penetration by blood vessel
tunnels was markedly reduced.

Recent work in this laboratory has con-
firmed the observation that zinc-deficient
chicks fed a diet based on soybean protein
show a leg abnormality (3). Some syn-
thetic chelating agents (4), histidine and
histamine (5), and sewveral antiarthritic
and anti-inflammatory compounds. (. )
have been found to alleviate the hock syn+
drome.

Because the epiphyseal plate is the site
of bone elongation, and the zinc deficiency
defect is characterized by altered bone
gronth and shape, this study was con-
ducted in an attempt to compare further
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the structure of the epiphyseal plate in
zinc-deficient and zinc-sufficient chicks fed
diets based on isolated soybean protein.
Moreover, the alleviating effects of num-
erous antiarthritic (i. e, anti-inflamma-
tory) agents on this syndrome caused us
to investigate the synovium of the joint
as well as the bone for any similarities to
arthritic syndromes in man. We hoped to
find an objective assay for the severity of
the syndrome and gain information on the
site of action of histamine and of anti-
inflammatory compounds in preventing ob-
vious leg defects.

When pathological defects characteris-
tic of zinc deficiency were found, they were
compared with those of chicks deficient in
manganese or vitamin D.

METHODS

The basal diet fed the chicks from 1
day of age is shown in table . ; it contained
13 to 16 ppm Zn on an air-dried basis.
Zinc at 80 ppm was added as zinc oxide
to the basal diet to form the control diet2
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TABLE 1
Composition of the basal diet

Ingredient
%
Glucose monohydrate 1 65.24
Soybean protein 2 22.50
Corn oil 5.00
Choline chloride 0.20
Mineral mix 3 6.00
Glycine 0.20
Methionine 0.50
Vitamin mix 4 0.25
Vitamin A mix 5 0.10
Alpha-tocopheryl acetate 0.01
Total 100.00

1 Cerelose, Corn Products Company, New York.

2 C-l Assay Protein, Skidmore Enterprises, Cincin-
nati, Ohio.

3 The mineral mix for 1 kg of diet contained: (in
grams) CaCO03, 15; K2HPO04, 9; Na2HPO04, 7.3;
Ca3(P04)2, 14; MgS04, 2.44; NaCl, 8.9; Fe2(S04)3-
6H20, 0.28; MnS04-H20, 0.42; KI, 0.04; CuS04-5H20,
0.02; and glucose, 2.56.

4 The vitamin mix for 1 kg of diet contained: (in
milligrams) thiamine-HCI, 100; niacin, 100; ribo-
flavin, 16; Ca pantothenate, 20; vitamin Bi2 (0.001%
triturate), 20; pyridoxine-HCI, 6; biotin, 0.6; folic
acid, 4.0; inositol, 100; menadione, 5; vitamin D3
cone (Vita Plus Corp., Madison, Wis.), 1 g (1500
ICU); and glucose monohydrate, 1.12 g.

5 The vitamin A mix for 1 kg of diet contained:
vitamin A cone (250,000 units/g, Chas. Pfizer and
Company, New York), 1.0 g; and sucrose, 24.0 g to
provide 10,000 IU/kg of diet.

Chicks fed a restricted amount of the zinc-
supplemented diet were used as weight-
paired controls. In the manganese-deficient
diet, MnS0O. was omitted from the mineral
mix of the above control diet The manga-
nese-deficient and the control diets con-
tained, on an air-dried basis, less than 4
and 140 ppm Mn, respectively. In some
experiments histamine dihydrochloride
(o = % of the air-dried diet) or indometha-
cin (0.025% of air-dried diet) was added
to both zinc-deficient and zinc-supple-
mented diets for comparison to their re-
spective controls (s ). The diet fed the
vitamin D-deficient chicks has been de
scribed previously cgs)

One-day-old chi not segregated ac-
cording to sex were placed in a stainless
steel battery at 37 to 40°. The feed and
water troughs were aluminum and dis-
tilled water was used throughout. Chicks
were killed at 10 days, 3 weeks, and 4
weeks on experiment by decapitation. The
hock joint was split longitudinally with a
razor blade and fixed with ., % formalin
plus 2% calcium acetate. In some cases
the entire longitudinal section of the hock

was decalcified either with nitric acid-
70% ethanol (5:95 by volume) or with
10% EDTA, and embedded in paraffin
before sectioning. At other times fixed
epiphyseal plate tissue was frozen and cut
on a freezing microtomes No structural
difference resulted from the different tis-
sue preparation techniques. Routine hema-
toxylin and eosin staining was used. The
epiphyseal tissue described in this study
was from chicks on several different ex-
periments. The descriptions apply to all
chick tissue viewed which in each case
represented at least three chicks per treat-
ment group in each experiment.

RESULTS

The synovia of the zinc-deficient and
control chickens appeared identical and
had no apparent abnormalities. There was
no evidence of hyperplasia or inflamma-
tion of the synovia as a result of zinc
deficiency.

Because the bones of fomd do not have
primary and secondary centers of ossifi-
cation that correspond to those in mam-
malian bones, and because the structure
of the analogous areas of the bone of
fowmls and mammals are different, there is
controversy (- ) about the use of the term
epiphysis in fomd. Fusion of the tarsal
bones with the tibia and the metatarsus
on either side of the hock joint causes these
areas to look much like classical mam-
malian epiphyses, and because of common
usage of the term, epiphysis is used
throughout this paper.

The chick epiphyseal plate can be di-
vided into four regions; the proliferating
region (composed of cells nearest the hy-
aline cartilage of the bone end and con-
taining cells that appear flattened in longi-
tudinal sections), the region of maturing
cells (cells are larger and more rounded
in longitudinal sections), the degenerating
region (an area of cells that have lost
varying amounts of their content) and the
calcifying region. These last two regions
overlap to some extent (fig. : ).

The entire epiphyseal plate of the fow,
unlike that of mammals, is penetrated by
blood vessels. Even the proliferating region
is penetrated by blood vessels that extend

5Lipshaw Manufacturing Inc., Detroit, Mich. 48210.



78 NELSON WESTMORELAND AND W. G. HOEKSTRA

Fig. 1 Four-week-old, control (+Zn) chick
fed ad libitum. Longitudinal section of epiphyseal
region of chick tibiotaxsus A) proliferating region,
B) maturing region, C) degenerating region and
D) calcifying region. H & E. X 27.

from the marrow of the bore into the
hyaline cartilage of the bone end. From the
marrow cavity of the diaphysis additional
blood vessels penetrate into the degen-
erating region and it is at the border be-
tween these later vessels and the degenr
erating cartilage cells that osteoblasts occur
and calcification ensues. Therefore, cross
sections through the proliferating and ma-
turing regions have fewer blood vessels
than sections through the degenerating
areas further toward the diaphysis. In this
paper the vessels that penetrate through
the epiphyseal plate will be described as
type . vessels and those that penetrate
only into the degenerating area will be
called type 2 vessels. Normal endochondral
bone growth in the chick has been de-
scribed by Wolbach and Hegsted (9).
The histopathological characteristics of
the zinc deficiency syndrome in chicken
hock epiphyseal plate are most easily seen
in cross sections, although the defects are
also apparent in longitudinal sections (fig.
2). FHgures 3, 4, 5 and s show the ap-
pearance in cross section of the epiphyseal
cartilage at different levels through the
plate from 4-week-old chicks fed the zinc-
supplemented diet ad libitum; comparative
areas from zinc-deficient tissue are shown

in figures 7, . , 9 and 10. Except for a dif-
ference in width of the epiphysis, as dis-
cussed later, the zinc-supplemented chicks
weight-paired by feed restriction to the
deficient chicks appeared identical to

H.-*

Fig. 2 Four-week-old zinc-deficient chick. Lon-
gitudinal section of epiphyseal region of chick
tibiotarsus. Note the difference in amount of
extracellular matrix between normal appearing
areas (A), and abnormal areas (B). H & E. X 27.

Fig. 3 Four-week-old, control (-f-Zn) chick
fed ad libitum. Cross section of the proliferating
region of the epiphysis. Note the regularity of cell
arrangement. H & E. X 27.
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m

Fig. 4 Four-week-old, control (~Zn) chick
fed ad libitum. Cross section of the proliferating
region of the epiphysis. Note the regularity of
cell arrangement and width of extracellular ma-
trix which fills the area between cells. H & E.
X 173.

Fig. 5 Four-week-old, control (+Zn) chick
fed ad libitum. Cross section of the degenerating
region of the epiphysis. Note the regularity of cell
arrangement. H& E. X 27.

the zinc-supplemented chicks fed ad libi-
tum Thus, the differences ascribed to zinc
deficiency were not caused by inanition.
In the proliferating region of the zinc-de-
ficient chick epiphyseal cartilage (figs. 7

and s ), only the cells near the blood ves-
sels appeared normal, although there was
a denser population of cells near the ves-
sels in zinc-deficient chicks. In contrast,
more extracellular matrix material and

Fig. 6 Four-wcek-old, control (-]-Zn) chick
fed ad libitum. Cross section of the degenerating
region of the epiphysis. Note that most of the
cells arc at about the same stage of degeneration
and that the extracellular matrix is evenly dis-
tributed. Il & E. X 173.

Fig. 7 Four-week-old zinc-deficient chick.
Cross section of the proliferating region of the
epiphysis. Note the unevenness of cell arrange-
ment that produces a “bull's eye” effect around
the blood vessels, also note that there are as
many vessels as ir_figure 3. H and E. X 27.
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Fig. 8 Four-week-old zinc-deficient chick.
Cross section of the proliferating region of the
epiphysis. Note that the cells near the blood ves-
sel are more tightly packed and there is more
extracellular matrix between the cells remote
from the blood vessel. H & E. X 173.

fewer cells were seen in areas more re-
mote from the blood wvessels of zinc-de-
ficient chicks. These renote cells were
slightly larger and were nmore rounded,
possibly because of lack of intimate con-
tact with neighboring cells. These defects
in the zinc-deficient chicks caused the
characteristic and easily discernible “bull's
eye” appearance about each blood vessel.
Longitudinal sections through the prolif-
erating area (fig. 2) showed that the 5 to
o cells nearest the hyaline cartilage of the
bone end and also the cells near blood
vessels were flattened and appeared nor-
mal. Areas which were near neither the
hyaline cartilage of the bone end nor the
penetrating blood vessels had more matrix,
and the cells instead of being uniformly
flattened and in regular columns as in
normal bone, had irregular shapes and
more random locations.

Cross sections through the degenerating
region of the epiphysis (figs. 9 and 10) of
zinc-deficient chicks showed defects similar
to those described above for the prolifer-
ating region. Only cells near type 1 vessels
were degenerating uniformly, whereas in
al other areas the cells were in various
stages of maturation and degeneration
with very few having the typical degen-

erated appearance shown in figure s . All
three age groups tested showed similar
defects but they were more pronounced at
3 and 4 weeks than at 10 days.

The area described earlier, in which
degenerating cartilage cells and the zone
of calcification overlap, is often called the
metaphysis, and in control chicks it is
extensive (fig. 1). When seen in longi-
tudinal section, long columns of degener-
ating cells are penetrated by blood vessel
tunnels, along the edge of which are osteo-
blasts and areas of calcification. In zinc-
deficient chicks, this area was much nar-
roner than in weight-paired controls and
relatively few degenerating cells were seen
on the diaphyseal side of the most proxi-
mal calcification (fig. . ).

In some longitudinal sections, it ap
peared that neither type . nor type . blood
vessels penetrated the epiphyseal plate
from zinc-deficient animals as abundantly
as in control tissue. This has been reported
previously (1). The excess of extracellular
matrix and nonuniform degeneration of

Fig. 9 Four-week-old zinc-deficient chick.
Cross section of the epiphysis. Because of the
convex shape of the epiphyseal plate, all regions
appear in this figure: proliferating region in upper
right; calcifying region in middle left and all
of the lower part; and degenerating region be-
tween. Note that certain blood vessels (type 1)
have a “bull’s eye” of normally degenerated cells,
whereas others (type 2) do not. The cells remote
from these vessels are in various stages of de-
generation. H&E. X 27.
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Fig. 10 Four-week-old zinc-deficient chick.

Cross section of the degenerating region of the
epiphysis. The upper left blood vessel is of type
1 and has around it normally degenerated cells.
There is another tyre 1 vessel just off the picture
at lower right and the edge of a normally de-
generated “bull's eye” of cells can be seen. The
lower left vessel is of type 2; note the area with
excess extracellular matrix and cells in various
stages of degeneration extending through the
middle right part of the picture. H & E. X 173.

zinc-deficient tissue would make this ap-
pear reasonable. The nore critical evalua-
tion for blood vessels at any given cross
sectional level, however, showed that there
were approximately equal numbers of ves-
sels per unit area in both zinc-deficient and
control tissue.

The epiphyseal plates of control chicks
weight-paired to the zinc-deficient chicks
by feed retriction were indistinguishable
from those of full-fed controls, except in
total width of the epiphyseal plate. When
growth rate was faster, the epiphysis was
wider as has been reported previously: Be-
tween zinc-deficient chicks and weight-
paired controls, no difference occurred in
the width of the epiphyseal plate from the
proliferating region to the early degener-
ating cells. As discussed previously, how
ever, the metaphysis was much narrower
in the zinc-deficient chicks.

The figures shown are all of epiphyses
from 4-week-old chicks;, however, the de-
fects described were present to nearly the
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same degree at 3 weeks and were less pro-
nounced but definite at .. days of age.

The epiphyseal tissue from manganese-
deficient chicks showed the disorganiza-
tion described previously (10). The cells
of the epiphyseal plates of vitamin D-defi-
cient chicks were irregularly arranged
compared with the controls. Contrary to
the zinc deficiency syndrome, in neither
manganese-deficient or vitamin D-deficient
chicks did proximity to blood vessels have
any effect.

Neither histamine nor indomethacin had
any readily discernible effect on the epiphy-
seal morphologic syndrome caused by zinc
deficiency although they did alleviate, in
part, the gross leg defect and lameness of
the chickens as observed previously (s ).

DISCUSSION

The simplest explanation for the path-
ologic defects of the epiphyseal plate due
to zinc deficiency is that the cells that are
nearer sources of nutrition (i.e.,, blood
vessels) obtain enough of the limiting nu-
trient, zinc, and are normal, whereas cells
more remote frcm the nutrient sources de-
velop abnormally because of lack of zinc.
Ancther possibility is that zinc (e.g., a
zinc metalloenzyme) is necessary for the
transport from the blood vessels to the
cartilagenous cells of a substance or sub-
stances that are essential for normal epi-
physeal cell maturation and degeneration.

In chicks deficient in manganese or vita-
min D, no relationship of cell defect to
proximity of blood vessels occurred.

There is no ocbvious explanation for the
fact that the metaphyseal region is much
different in the bones of control and zinc-
deficient chicks. It may be that normal
calcification, however, which occurs simul-
taneously around the entire circumference
of blood vessels penetrating the degener-
ating region of normal chickens, protects
from resorption the degenerating cells that
remain. In zinc-deficient tissue, gaps in
calcification on sides of the wvessels be
cause of delayed cell development might
fail to protect from resorption the remain-
ing degenerated cells. This could result in
the picture seen in which the metaphysis6

6 Fahmy, A. 1956 An experimental study of some

factors affecting bone growth. Ph.D. Thesis, Institute
of Orthopaedics, University of London, England.
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has no long columns of degenerating cells
deep into the bone spongiosa, as it does
in normal bone.

Wolbach and Hegsted suggested (10) that
the twisting of the hock joint in perosis
is due to weakening of the metaphyseal
region. The histologic picture of this region
is similar in perosis and zinc deficiency,
and their suggestion seems logical though
still unconfirmed. One further fact that
lends credence to this idea is that heavier
chicks usually had hocks that were more
twisted, as if a physical weakness might
be the cause. Body weight, however, had
no effect on the histologic syndrome.

The increased amount of extracellular
matrix material seen in areas not near
vessels may account for some of the thick-
ening or swelling of the bones, but this is
also not proved. Swelling could also be
caused by continued proliferation, but de-
layed maturation, of cells, and thus piling
up of cells in areas remote from the blood
vessels.

The mechanism whereby histamine and
indomethacin help to alleviate the lame-
ness associated with this syndrome was
not indicated in this study. It can be said,
however, that these agents do not correct
the fundamental lesion due to zinc de
ficiency, but in some way moderate the
gross defect. There was no sign of inflam-
mation or hyperplasia of the synovia of
even the untreated zinc-deficient chicks,
so the synovial membrane is probably not
the tissue beneficially affected by these
agents.

This investigation indicates that the
histopathologic defects in chick bone
caused by zinc deficiency are distinctly

different and recognizable from those
caused by manganese deficiency.
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ABSTRACT The object of this study was to compare histochemically the distribu-
tion of alkaline phosphatase, mucopolysaccharides and collagen in the epiphyseal
plates of normal chicks, zinc-deficient chicks and zinc-deficient chicks fed histamine
or indomethacin. A diet based on isolated soybean protein was used and manganese-
deficient chicks were studied for comparison. Alkaline phosphatase in normal chick
epiphysis was found in the proliferating cells near the maturing region, in maturing
cells, and in degenerating cells which contained remnants of cellular elements. Little
or no alkaline phosphatase was present in early proliferating cells or in fully degen-
erated cells, but it was again found in calcifying areas. The epiphyseal plate cells of
zinc-deficient chicks showed this normal progression of alkaline phosphatase activity
only if they were near blood vessels or in areas of calcification, where proximity to
blood vessels had no effect and normal alkaline phosphatase activity was found. In
the deficient chick, cells remote from blood vessels were much delayed in their develop-
ment of alkaline phosphatase. No difference in distribution of mucopolysaccharides or
collagen was found. The epiphysis from zinc-deficient chicks fed histamine or indo-
methacin showed the same distribution of alkaline phosphatase as did zinc-deficient
tissue even though these agents grossly moderated the leg defect. Manganese deficiency
did not affect the distribution of alkaline phosphatase in chick epiphyseal tissue. Alka-
line phosphatase in noncalcifying chick epiphyseal plate tissue appeared to be neces-

sary for normal cell maturation and degeneration, processes which were defective in

the zinc-deficient chicks.
are discussed.

Theories on the mechanism of calcifica-
tion almost invariably include a role for
alkaline phosphatases (1-3). In several
animal species, alkaline phosphatases are
known to be zinc metalloenzymes (4, 5).
Zinc-deficient turkey poults have been
shown to develop a characteristic hock dis-
order and have decreased alkaline phos-
phatase activity in the bone ends (s ).

Henrichsen has studied alkaline phos-
phatase in a) fibroblasts and ostedblasts
in tissue culture (7, : ), b) in the calcifica-
tion of tuberculous lymph nodes (9), and
¢) in chick embryonic bone (10). He has
presented evidence that the role of alkaline
phosphatase is often a degenerative one.
In our morphological studies (11) the epi-
physeal plate cells from zinc-deficient
chicks appeared to mature and degenerate
abnormally.

The cells of the epiphyseal plate are
active in the secretion of extracellular ma-
trix containing collagen and mucopolysac-
charides. Many investigators have linked

98: 83-89.
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This and other theories about alkaline phosphatase function

high alkaline phosphatase activity to ex-
tracellular matrix secretion (12-15), and
some specifically to collagen synthesis (16,
17) and mucopolysaccharide synthesis
(18).

Therefore, it seemed logical to study the
histochemical distribution of alkaline phos-
phatase, mucopolysaccharides and collagen
in zinc-deficient and control chick epiphy-
seal plate tissue.

Recent work in this laboratory has
shown that histamine and several anti-
arthritic compounds help to alleviate the
leg abnormality of zinc-deficient chicks.
(19). Tissues from chickens that were
zinc-deficient but had been fed histamine
or indomethacin were included in the hope
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that the site of action of these agents in
the relief of lameness might be found.

METHODS

The diets and experimental conditions
were as described previously (11). As in
the previous study, at least three chicks
were studied carefully in any treatment
group and any effects noted in this paper
were consistent in all chicks obsenved. To
be certain that any effects of zinc defi-
ciency were not the result of restricted
gronth, zinc-deficient chicks were com-
pared with controls fed ad libitum as well
as to weight-paired controls which were
restricted In feed intake.

One-day-old chicks were fed the experi-
mental diets and were killed at 4 weeks.
The hock joint was split with a razor and
the epiphyseal plate region was removed.
Fixation was in 10% formalin plus 2%
calcium acetate for 2 to 4 hours. Tissues
were rinsed and left overnight in 0.1«
POI buffer at pH 7.4 to which sucrose had
been added (to make 0.135. ) to bring
the osnmolality to about 425 milliosmols/kg.
Routinely, the tissues were then embedded
in paraffin prior to histochemical staining;
however, alkaline phosphatase staining
was preceded by freezing the tissue upon
removal from the buffer and cutting with
a freezing microtome:s

The techniques used for the various
histochemical tests were: alkaline phos-
phatase (.. ), mucopolysaccharides (.. —
23) and collagen (24).

RESULTS

The various regions of chick epiphyseal
plate (wege described in a previous publica-
tlon 11 .

Figures 1, 2 and 3 illustrate alkaline
phosphatase distribution in the epiphyseal
plate of normal chicks fed ad libitum the
diet supplemented with zinc (80 ppm).
However, cross sections from zinc-supple-
mented chicks weight-paired by feed re-
striction to the deficient chicks were indis-
tinguishable from the controls fed ad
libitum In the normal chick epiphyseal
plate, alkaline phosphatase activity oc-
curred in the regions of the proliferating
cells nearest the mature cartilage cells
(fig. . ), but not in the proliferating cells
nearest the hyaline cartilage. Enzyme ac-

NELSON WESTMORELAND AND W. G. HOEKSTRA

tivity was also high in the mature cells
(fig. : ) and in degenerating cells as long
as cell remnants remained (fig. 2). In
areas of maturing and early degenerating
cells the cellular elements were stained,
but extracellular matrix material stained
little, if at all. Fully degenerated cells had
essentially no alkaline phosphatase activ-
ity. Thus, as the cells developed and dif-
ferentiated into mature and then degener-
ating cells, there was a profound increase
in alkaline phosphatase activity folloned
by a sharp decrease. There was also alka-
line phosphatase activity in areas where
calcification was taking place (fig. 3); this
staining was extracellular as well as in the
cell.

Figures 4, 5 and .« illustrate the alkaline
phosphatase distribution in the epiphyseal
plate of zinc-deficient chicks. Only if they
were near blood vessels did the cells of the
epiphyseal plate of zinc-deficient chicks
show the normal progression of staining
for alkaline phosphatase as the cells ma-
tured and degenerated (see above) (figs.

Fig. 1 Control (+Zn) chick fed ad libitum.
Cross section of the proliferating region of the
epiphysis near the mature region. Note that the
relation to blood vessels had no effect on intensity
of cellular staining and that the extracellular ma-
trix was not stained. The azo-coupled alkaline
phosphatase stain was rose colored but appears
black in the figures. Alkaline phosphatase stain.
X 173.

5Lipshaw Manufacturing Inc., Detroit, Mich. 48210.
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Fig. 2 Control (+ Zn) chick fed ad libitum.
Cross section of the degenerating region of the
epiphysis; the upper left is nearest the mature
region and the lower right is nearest the calcify-
ing region. Note that all cellular elements pres-
ent stained and that the relation to the blood
vessel had no effect on the intensity. Extracellu-
lar matrix was not stained. Alkaline phosphatase
stain. X 173.

Fig. 3 Control (+Zn) chick fed ad libitum.
Cross section of the calcifying region of the
epiphysis. Note that only the calcifying area just
at the edge of the vessel is stained and that the
stain is both extra- and intracellular. Alkaline
phosphatase stain. X 173.
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4 and 5). Cells remote from type 1 blood
vessels (which completely penetrate
through the epiphyseal plate) (.. ) did not
stain for alkaline phosphatase until they

Fig. 4 Zinc-deficient chick. Cross section of
the proliferating region of the epiphysis near the
mature region. Note that the cells near the blood
vessel stained more darkly and that extracellular
matrix was not stained. Compare with figure 1.
Alkaline phosphatase stain, x 173.

Fig. 5 Zinc-deficient chick. Cross section of
the degenerating region of the epiphysis. Note
that the cells nearest the blood vessel stained
more darkly and that the extracellular matrix
was not stained. Compare with figure 2. Alkaline
phosphatase stain. X 173.
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approached the normally degenerating re-
gion, in which invading type . blood ves-
sels had penetrated into their immediate
proximity, after this they showed alkaline
phosphatase activity and then seemingly
degenerated (fig. 5). It appeared that the
cells anay from the type . blood vessels
were greatly delayed in their differentia-
tion and development until they were pro-
vided nutrients from the invading type -
vessels at which time they developed, but
in an apparently erratic and possibly in-
complete manner. In zinc-deficient tissue,
calcifying areas stained for alkaline phos-
phatase like controls (fig. s ).

Epiphyseal plate tissue from zinc-defi-
cient chicks fed either indomethacin or
histamine could not be distinguished from
their control zinc-deficient chick tissue by
any staining methods tried, despite the fact
that these agents grossly moderated the
leg defect as observed previously (19).

Epiphyseal plate tissue from manganese-
deficient chicks stained for alkaline phos-
phatase activity as did normal chick tissue
(figs. 7, - and 9). In manganese-deficient
chicks that have perosis, bone alkaline

Fig. 6 Zinc-deficient chick. Cross section of
the calcifying region of the epiphysis. Note that
there is no difference in staining of the calcify-
ing region from figure 3. At the bottom of the
figure are cells that have not degenerated com-
pletely and whose remnants stained positively
for alkaline phosphatase. Alkaline phosphatase
stain, x 173.

phosphatase activity is lowered (25, 26).
In this case the alkaline phosphatase meas-
ured was probably primarily located in
areas of active calcification, and because
these areas are more extensive in normal
than in perotic chickens, the results are
reasonable. The data reported here indi-

*JS
& *nf

Fig. 7 Manganese-deficient chick. Proliferating
region of the epiphysis. Note similarity to figure 1.
Alkaline phosphatase stain. X 173.

Fig. 8 Manganese-deficient chick. Degenerat-
ing region of the epiphysis. Note similarity to fig-
ure 2. Alkaline phosphatase stain. X 173.
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Fig. 9 Manganese-deficient chick. Degenerat-
ing region of the epiphysis. Note similarity to fig-
ure 3. Alkaline phosphatase stain. X 173.

cate that the alkaline phosphatase of non-
calcifying epiphyseal plate is not affected
by manganese deficiency, but is markedly
affected by zinc deficiency.

Staining for either mucopolysaccharides
by several methods or for collagen failed
to reveal any differences between zinc-
deficient and control tissue except in the
absolute amount of extracellular matrix,
which in zinc deficiency was increased
around the cells remote from type . ves-
sels as described previously (::).

DISCUSSION

The suggestion has been made that one
of the functions of alkaline phosphatase is
in collagen synthesis. This has been based
on a) the high activity in regenerating
tendon (.. ); b) the high activity in heal-
ing skin wounds (14); and c) the obser-
vation that vesicles rich in hydroxyproline
and alkaline phosphatase are located near
fibrils of chick bone cells that presumably,
when extruded, contribute to collagen fi-
bers (17). There are also many reports
of high alkaline phosphatase activity in
tissues that excrete extracellular matrix.
Moog and Wenger (18) have shown histo-
chemically that, in embryonic chick bone,
alkaline phosphatase activity was high in

the same areas that stain for mucopolysac-
charides.

The data reported here indicate that in
cartilage cells of the proliferating, matur-
ing, and early degenerating regions of the
epiphyseal plate of zinc-deficient chicks,
alkaline phosphatase was not necessary
for secretion of extracellular matrix. The
abnormal cells anay from the blood ves-
sels, although low in alkaline phosphatase,
were associated with especially abundant
extracellular collagen and mucopolysac-
charides. Possibly the matrix was abnor-
mal in these areas but nothing from this
study suggested this. Extensive mucopoly-
saccharide histochemistry showed no dif-
ference except for the increased amount
of matrix away from blood vessels in zinc-
deficient tissue. The same was true for
collagen staining.  Electron-microscopic
studies s also failed to reveal differences in
amount of collagen, mucopolysaccharide or
ratios of one to the other in the areas men-
tioned above. The results do not rule out
the possibility that the matrix in zinc-defi-
cient tissue not near blood vessels is ab-
normal in some way and ultrastructural
differences may yet be found. From the
present results, however, it appears that if
alkaline phosphatase is to be assigned a
role in matrix formation in noncalcifying
chick epiphyseal plate cartilage, it would
be more logical that its role is in control
of synthesis rather than one of absolute
necessity for synthesis.

it appears that the function of alkaline
phosphatase in the region of active calcifi-
cation is distinct from its function in the
proliferating, maturing, and early degener-
ating areas of epiphyseal plate cartilage of
chicks. In this study, no difference be-
tween zinc-deficient and control tissues was
seen in either intensity of staining for alka-
line phosphatase or distribution of areas
stained in calcifying regions. Also, the
alkaline phosphatase activity in the non-
calcifying cartilage was predominately, if
not entirely, in the cell, whereas in cal-
cifying regions the matrix stained deeply.
Starcher and Kratzer (s ) found that in
turkey poults the level of alkaline phos-
phatase activity in the bone ends was low
ered much more due to zinc deficiency than

6 Westmoreland, N. P., and W. G.

published results.

Hoekstra, un-
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was the level in the diaphysis. They stated
that this was possibly because their poults
were not fed the deficient diet until they
were 5-days old and some diaphyseal alka-
line phosphatase activity remained from
the early days of life. From the present
study, a more likely explanation of their
results is that the alkaline phosphatase as-
sociated with calcification is little affected
by zinc deficiency, whereas the enzyme
associated with the developing epiphyseal
plate cartilage is markedly affected. Also,
the cells of zinc-deficient epiphyseal plate
remote from blood vessels developed alka-
line phosphatase as they approached the
diaphysis and the cartilage became in-
vaded by nore blood vessels. It is clear
from this study that the effect of zinc de-
ficiency on bone alkaline phosphatase is
highly dependent on the exact site within
bone from which the sample is obtained.

In studies on the developmental pattern
and specificities of alkaline phosphatases
in embryonic chick limb, it was noted
(27) that bone alkaline phosphatase was
different from the enzyme found in muscle
and the integument. It would be of in-
terest to ascertain if a similar difference
exists between the enzyme seen in calcify-
ing regions and that seen in noncalcifying
epiphyseal cartilage.

From the present study, we concur with
the degenerative role that Henrichsen (7-
10) suggested for alkaline phosphatase in
certain cells. It appears to function in the
maturation and degeneration of chick
epiphyseal plate cartilage. Cells in zinc-
deficient epiphyseal plate cartilage that
were not near blood vessels were abnormal
morphologically, failed to degenerate nor-
mally, and histologically showed much less
alkaline phosphatase activity. Later, when
blood vessels invaded their immediate area
they did stain for alkaline phosphatase and
then degenerated. Zinc probably does not
senve a sinple prosthetic function, because
enough zinc to senve such a purpose was
likely present in the incubation medium
and any apoenzyme would have been ac-
tivated. The sinplest explanation is that
the cells need zinc before they can synthe-
size this alkaline phosphatase, and cells
renote from the blood vessels may not
have received enough zinc for this pur-
pose. This is not proved, however, and

zinc may be involved in the transport to
these cells of some other substance neces-
sary for normal differentiation character-
ized by appearance of alkaline phospha-
tase (11).

The fact that normal proliferating cells
from epiphyseal plate cartilage began to
stain for alkaline phosphatase only as they
approached the maturing region, coupled
with a consideration of the maturation
process as the beginning of degeneration,
also supports the theoretical degenerative
role for alkaline phosphatase in noncalcify-
ing chick epiphyseal cartilage. Moreowver,
the peak of alkaline phosphatase activity
has been related to cartilage cell degenera-
tion in a study on osteogenesis in vitro
using embryonic chick femora (28).
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Effect of Dietary Protein Levels on the Toxicity
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ABSTRACT

The purpose of this study was to show the effects of dietary protein

levels on the toxicity and metabolism of heptachlor. Male weanling rats fed either
a 5, 20 or 40% casein diet for 10 days were given heptachlor (a chlorinated hydro-
carbon insecticide) intraperitoneally for 1.Dso determinations. Rats receiving the 5%
casein diets exhibited a threefold tolerance to heptachlor, compared with their pair-fed
mates, due to their inability to form the toxic metabolite, heptachlor epoxide. The
epoxide itself was more toxic than heptachlor when administered intraperitoneally,
and its toxicity was not influenced by the dietary regimen of the rats. Metabolism
studies revealed that rats fed the 20 and 40% casein diets produced more of the epoxide
at a faster rate than those fed the 5% casein diet. Thus, populations on low protein
diets may fare better than their well-fed counterparts when exposed to heptachlor
and possibly other enzymatically activated toxicants.

Pesticides, particularly the chlorinated
hydrocarbons, retain their bioactivity for
long periods of time and represent a po-
tential hazard to nontarget or%anlsms.
These compounds are employed for crop
protection, storage and transport of food
and frequently are used in areas where
populations exist on nutritionally inade-
|quate diets, thus posing additional prob-
ems.

That the interactions of nutrients and
pesticide toxicity have not been extensively
studied is evident. Phillips (1) showed that
nutrient-pesticide interactions occur by ob-
serving that IlI-trichloro-2,2-bis(p-chlo-
rophenyl) ethane (DDT) in the diet of rats
decreased liver stores of vitamin A. Dietary
dieldrin also reduced liver vitamin A (2).
Krishnamurthy et al. (3) indicated that
rats fed poor rice diets were more suscepti-
ble to dieldrin than were rats fed nutri-
tionally ade(iuate diets. Stickel et al. ﬂ4)
reported that body condition, as reflected
by bod%/ weight, could influence DDT and
heptachlor toxicity in woodcocks. Those
birds which lost weight while adapting to
captive conditions showed higher mortality
than woodcocks which did not suffer
weight loss. Donaldson et al. 35) placed
chicks on DDT-supplemented diets for 4
weeks and the birds were either starved
or fed DDT-free diets for 96 hours. The
starved hirds mobilized DDT stores more
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rapidly as evidenced by higher DDT levels
in the blood. Boyd and DeCastro (6) con-
cluded that low protein diets did not sig-
nificantly alter DDT toxicity in the rat.
Similar studies with lindane” (7) revealed
that rats fed cachectic diets were twice as
susceptible to lindane poisoning as were
controls.

Heptachlor (1,4,5,6,7,8,8-heptachloro-3a,
4, 7, Ta-tetrahydro-4,7-methanoindene), a
chlorinated hydrocarbon insecticide, is en-
zymatically converted to its more toxic
metabolite, heéJtachlor epoxide, by rat liver
microsomes (8). The enzymatic nature of
this reaction suggests that altering dietary
protein levels would affect the metabolism
and toxicity of heptachlor. The purpose of
these studies was to determine the effects
of varying dietary casein levels on the en-
zymatic conversion of heptachlor to its
epoxide in weanling rats.

EXPERIMENTAL

~Male weanling rats,
Sé)rague-Dawley derived,3 wejghjng 45 to
55 ¢ were randomly placed in individual
stainless steel cages and fed semipurified

Received for publication October 31, 1968.
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i S%btained from Dublin Animal Laboratories, Dub-
in, Va.

Toxicity studies.
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ld,{)e_%s for 10 days. Water was provided ad
ibitum .

The rats were divided into four groups,
each consisting of 50 rats, and fed accord-
ing to the following protocol: three groups
were pair-fed and received either 5,20 or
40% vitamin-free casein. Group 4 received
20% casein ad libitum. The basal diet con-
sisted of the following: (in percent) su-
crose, 69.6; vitamin-free casein, 20.0; corn
0il, 4.0; minerals,44.0; vitamins,52.2; and
dl-methionine, 0.2. In preparing the other
diets, casein and sucrose were varied to
provide the desired casein level.

After 10 days on their respective diets,
heptachlor6 was administered by intra-
[)erltone_al injection using five levels of
he toxicant with 10 animals/treatment
level. Heptachlor was administered in a
solution of Tween 80 (polyoxY,etherne sor-
bitan monooleate) and  saline " (20:80)
with each rat receiving 0.5 m1/100 g body
weight. All animals were held for 96 hours
following injection and all deaths occurred
within 84 hours. The ramvalues were cal-
culated by probit analysis. _

A similarly designed experiment was
conducted to determine the acute toxicity
of heptachlor epoxide, Due to the lower
solubllity of the epoxide it was adminis-
tered in Tween 80 and saline (30:70)
with hetach rat receiving 1.0 m1/100 g body
weight. _

Metabolism studies. Male Wean“n%
rats were pair-fed according to the protoco
used in the toxicity studies. On the tenth
day 10 groups were randomly selected
from among the 150 pair-fed animals.
Each group consisted of 15 animals, 5
from each diet. Heptachlor was injected
intraperitoneally (20 mg/kP) and the rats
were decapitated at the following time in-
tervals: zero, 2, 4, 8, 15, 30, 45, 60, 90
and 120 minutes. Blood was collected in
oxalated tubes and the livers were im-
mediately excised; they were weighed,
minced and frozen until analysis. The liver
and blood samples from the five rats fed
each diet, at each time interval, were
Pooled for analysis. Heptachlor and hep-
achlor epoxide were extracted from blood
the procedure of Jain et al. (9).
Residues were extracted from liver by ho-
mogenizing the tissue in a glass-Teflon
homogenizer with «-hexane. After centri-

usin.g

fu%ing the supernatant at approximately
400 x ¢ for 10 minutes and evaporating
just to dryness, the residue was taken up
in 10 m| of «-hexane and cleaned up in a
co-distillation7 unit. The eluates were
evaporated just to dryness and made to
volume for gas-chrom_atoq(rapmc analysis.
Those samples to which known amounts
of heptachlor and heptachlor egomde were
added showed a recovery of 85 to 90%
for blood and 72% for liver tissues. Sam-
ples were not corrected for incomplete re-
covery. A gas chromatograph8 equipped
with "a @\i electron-capture detector and
a 6-foot glass column packed with a 3.8%
EC-30 on Chromosorb W was used with
nitrogen as the carrier gas at a flow rate
of 800 ml/minute. The detector was oper-
ated at 275° and the column oven at 200°.
Portions of the pooled liver sample were
analyzed for moisture, Kjeldahl nitrogen
and ‘ether-soluble extract le). Liver resi-
dues are expressed as micrograms per
gram dry liver protein and blood residues
are given per milliliter of blood.

RESULTS

~The acute toxicity studies revealed that
dietary protein level had a two- to three-
fold effect on heptachlor toxicity, but not
on the toxicity of heptachlor epoxide. The
LDso values are shown in table 1.

The differences in the toxicity of hep-
tachlor to the pair-fed rats were reflected
in subsequent metabolism studies. Those
rats which received 20% casein showed
that liver heptachlor increased rapidly for
30 minutes following injection, reaching

4 Jones-Foster salt mixture, obtained from Nutri-

tional Biochemicals Corporation, Cleveland, Ohio.
The mixture contained: (in percent) sodium chloride,
13.9; potassium phosphate (KH2PO4), 38.9; mag-
nesium sulfate, 5.73: calcium carbonate, 38.1; ferrous
sulfate (FeS04-7H2d), 2.70; potassium iodide, 0.079;
manganese sulfate (IMnSO:-2H20), 0.445; zinc chlo-
ride, 0.025; copper sulfate (CuS04*5H20), 0.047; and
cobalt chloride, 0.022.

sVitamin diet fortification mixture, obtained from
Nutritional Biochemicals Corporation. The mixture
contained: (in percent) vitamin A cone (200,000
units/g), 4.50; vitamin D cone (400,000 units/g),
0.25; a-tocopherol, 5.00; ascorbic acid, 45.00; inositol,
5.00; choline chloride, 75.00; riboflavin, 1.00; men-
adione, 2.25; p-aminobenzoic acid, 5.00; niacin, 4.50;
pyridoxine-HCI, 1.00; thiamine-HCI, 1.00; and calcium
pantothenate, 3.00; and (in milligrams per 100 g
diet) biotin, 20.00; folic acid, 90.00; and vitamin B1z2,

1.35.

6 Heptachlor and heptachlor epoxide were gen-
erously provided by Velsicol Chemical Corporation,
Chicago, 111

7Kontes Sweep Co-Distiller.
Kontes, Vineland, N. J.

*Micro Tek MT 220, Tracor, Inc., Austin, Tex.

Manufactured by
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TABLE 1
Comparative 1d5ovalues for heptachlor and heptachlor epoxide (mg/kg body wt)

—ar gy Heptachlor g Mot "
%
5 (pair-fed) 50 197.4+1.8 48 12.7+2.8
20 (pair-fed) 50 30.6% 1.7 50 13.0+ 1.6
40 (pair-fed) 50 28.6+ 1.9 48 12.8+1.4
20 (ad libitum) 50 74.1+ 1.4 50 13.6+1.3
1LD50 + SE.
a peak of 17.9 ug/g protein (fig. 1). The pear until 60 minutes postinjection. The
U

heptachlor subsequently declined to a level
of approximately 5 ug/g protein at 120
minutes. The epoxide appeared at 2 min-
utes, peaked at 45 minutes %19.4 ug/g
protein) and then declined slightly during
the subsequent time period.
~ Rats rece_lvmqh 5% casein showed an
increase of fiver heptachlor for 45 minutes
when 22.3 uglg protein was detected (fig.
2). Less conversion to heptachlor epoxide
occurred in this ?roup, with the highest
residue (10.5 ug/g protein) observed at
60 minutes. .

Figure 3 shows that the 40% casein
gIOUP metabolized heptachlor in a manner
simifar to the 20% casein group. The high-
est concentration of heptachlor (18.8 ug/g
Protem) was detected at 30 minutes an
he epoxide peaked between 30 and 60
minutes. .

In figure 4 the blood residues for the
5 and 20% casein groups are given. These
data show that the apBearance of hep-
tachlor epoxide in the blood of the 5%
casein group was retarded and did not

Fig. 1 Effect of 20% dietary casein, pair-fed
to rats receiving 5% dietary casein, on the epoxi-
dation of heptachlor in the liver.

a

28 casein group showed a different pat-
tern with heptachlor peaking at 45 minutes
and the metabolite at 90 minutes. Again,
the 40% casein ﬁroup showed responses
similar to the 20% casein group.

Fig. 2 Effect of 5% dietary casein on the
epoxidation of heptachlor in the liver.

TIME (min.)

Fig. 3 Effect of 40% dietary casein, pair-fed
to rats receiving 5% dietary casein, on the epoxi-
dation of heptachlor in the liver.



PROTEIN DEFICIENCY AND HEPTACHLOR TOXICITY 93

Fig. 4 Effect of dietary casein on the ap-
pearance of heptachlor and its epoxide in the
blood.

Feeding the three diets resulted in dif-
ferences In Kjeldahl nitrogen and ether
extract fractions whereas the moisture con-
tents showed little or no difference. These
data are summarized in table 2.

DISCUSSION

These data indicate that the dietary pro-
tein level has a significant effect on the
toxmn%_of heptachlor in the rat. Those
rats which were fed 5% casein diets were
much less susceptible to heptachlor than
were their pair-fed mates receiving the 20
and 40% levels. The rats fed 5% casein
also showed a much slower rate of hep-
tachlor metabolism as evidenced by the
lower epoxide-to-heptachlor ratios obtained
during the time study. Since these rats
had only two-thirds as much liver Kjeldahl
nitrogen as their pair-fed partners, it is
probable that the level of their microsomal
oxidative enzymes was also lowered. This
would result in a slower conversion to the

epoxide, and hence a lower toxicity. Con-
ney (11) stated that microsomal enzymes
have very low activity at hirth and in-
crease to maximal activity in the adult
rat. The weanling rats placed on the 5%
casein diet would have two factors retard-
ing the development of microsomal en-
zymes: 1) alow protein diet, and 2) a low
innate activity due to immaturity. Further-
more, the lower level of liver nitrogen in
the 5% casein group most likely includes
less microsomal enzyme protein, which in
turn results in differencesiin the 14 s values
for the pair-fed rats Caution should be
used when making conclusions of this na-
ture, however, since the toxicity of a sub-
stance results from the total response of
the animal (12), and the microsomal en-
zyme level is but a single factor to be con-
sidered. .

To some extent, another factor responsi-
ble for the lower toxicity in the 5% casein
group may be the fatty livers characteristic
of low protein diets. The highly nonpolar
heptachlor may have been trapped in the
fat and was therefore not available to the
epoxidase system. Data in table 2 indicate
that the low prctein-fed group had a three-
to fourfold Increase in"ether-soluble ex-
tract. Inspection of the data obtained from
the metabolism study indicated that the
blood from the %roup fed 20% casein con-
tained more total residue (heptachlor +
heptachlor epoxide) than did the 5%
f?roup. Possibly, this indicates that some
ieptachlor was trapped_bg liver adipose
tissue_and was not available for circula-
tion. This could mean that the lower rate
of epoxidation b?; the group fed 5% casein
results from both lowered microsomal en-
zymes and %reater storage of heptachlor
in fat de_?osm present in the liver.

The difference in toxicity of heptachlor
between the group pair-fed 20% casein

TABLE 2

Percentage Kjeldahl nitrogen, ether extract and moisture in livers of rats
pair-fed varying levels of casein

Dietary Kjeldahl
casein nitrogen
% %
5 6.3+0.8 1
20 9.1+0.4
40 10.3+£0.6

t Mean value + sd. Nitrogen and ether extract values ar

Ether

extract Moisture
% %
32.6+4.0 61.2+ 4.0
9.1+ 3.1 66.8+2.4
7.9+1.9 66.5+ 1.8

[

on a dry weight basis.
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and the group fed 20% casein ad libitum
is not easily resolved. Both groups re-
ceived the same Protem, but the pair-fed
group was subjected to restricted food in-
take. Dixon et al. (13) and Hospador and
Manthei (14) showed that starvation de-
creased microsomal detoxication of some
drugs, but work bg/ Kato (153 and Kato
and Takanaka (16) indicated that star-
vation may induce some microsomal en-
zyme systems. If starvation increased the
activity of the heptachlor epoxidase system,
this difference may be explainable. =

If, as the ahove data indicate, the toxicity
of heptachlor is dependent on the rate of
epoxide formation, the toxicity of hep-
tachlor epoxide should be independent of
factors influencing epoxidation. The data
derived from the heptachlor epoxide 1 s
studY support this hypothesis, The hep-
tachlor epoxide was more toxic than the
Par_er]t compound, as expected, and its
oxicity was not aitered by dietary protein
levels. These data confirm the observations
of Dahm and Nakatsugawa (17) which in-
dicated that the epoxide was not further
metabolized. If the epoxide did undergo
further metabolism, the possible induction
of hepatic microsomes by starvation should
have produced differing toxicities toward
the rats which received the two 20% casein
diets. The fact that there were no differ-
ences in the eﬁomde toxicities indirectly in-
dicates that the fat deposits in the livers
of rats fed low protein do not affect the
rate of heptachlor metabolism, as dis-
cussed above.
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Effect of Coprophagy on Experimental

Iron Absorption in the Rat%1

ERVING F. GEEVER,23 DORINNE KAN 2and STANLEY M. LEVENSON 3
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ABSTRACT

In a 7-day experiment of radioiron absorption (ferrous-59 sulfate) in

mature male Fischer rats the effect of coprophagy was studied in three groups: the
control group; a group prevented from practicing coprophagy by anal tail cups; and a

group with sham tail cups.

Hematocrits were similar and normal in all. There was

no difference in iron absorption between the “cupped” groups. The greater iron absorp-
tion of the control group was of borderline statistical significance.

In a study of absorption_of.ferr_ous-5_9
sulfate following gastric instillation in
germfree and conventionalized rats we en-
countered and discussed a possible effect
of coprophagy on absorption (1). This re-
port describes our experience in a similar
experiment with radioiron performed on
conventional open-animal-room rats in
which coprophagy was prevented by an
anal cup or cylinder attached to the tail.

MATERIALS AND METHODS

In two replicate experiments 24 mature
male rats of the Fischer strain 4were sepa-
rated into three groups: control group; a
Prou with coprophagy-preventing anal
ail cups which will be” described; and a
group with sham cups. The average body
weight at the time of the experiment was
about 300 3 but the animals were deliber-
ately sorted so that the cupped rats were
somewhat heavier. It was anticipated that
the cupped animals would lose some weight
during the 3-Weekex?erlmenta|perlod. e
mean body weight at the beginning of the
experiment was 268 g for control rats
(group A); 300 g for those with sham anal
cups during the radioiron absorption ex-
periment (group B); and 305 g for group
C which was to be prevented from practic-
ing coprophagy by the anal tail cupping
device. All the animals were individually
housed on raised no. 2 mesh stainless steel
wire flooring and were fed a special for-
mula Purina Laboratory Chow (formula
5010CH. Its iron content was 20.2 mg/
100 g? dry weight. Following receipt of the
rats from the supplier, the animals were
undisturbed for 1 week to allow them to be-

J. Nutrition, 98: 95-98.

come adjusted to the diet and local environ-
ment. At the beginning of the experiment
the animals in groups B and C were
“cupPed" with a device deslﬁned by Barnes
et al. in collaboration wit mvestlﬁators
from the National Institutes of Health (2).
During several years use in our laboratory
a few minor changes were made. The cup
consisted of a transparent rigid plastic cyl-
inder flared at its open end which spread
outward over the anal surface. The edge
was polished smooth with 'emerP/ cloth to
prevent irritation of the peri-anal tissue on
which it abutted. The distal end was
closed by a soft plastic cap perforated in
its center to slip over the tail. The cup
was kept in place by a safety pin attach-
ment to the raised seam of a rubber sheath
cemented to the tail. The perforation in
the plastic cap was enlarged in the shape of
a keyhole to accommodate the raised seam
of the rubber sheath. For 2 weeks prior
to ?a_stnc instillation of radioiron the ani-
mals in %roups B and C were cupped with
sham tall cups to allow them to become
familiar with the device. The sham cup
differed from the true tail cup in that one-
half of the proximal wall of the bottom
was cut out over about two-thirds of its

Received for publication August 19, 1968.
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length, and an equivalent amount of plas-
tic tube was attached by a screw to the top
of the cup so as to_ make it the same weight
as the true cup. The sham cup permitted
easy access of the animal to its anus and
feces. All tail cups were inspected twice
daily and cleaned at least once dallé. At
the time of gastric intubation group B was
continued on the sham cup regimen to de-
termine any effect on iron absorption of
the cupping device unrelated to copro-
Fhagy. Group C was switched at this time
o the copropha Y—preventmg cup.

At the start of the iron-absorption study,
after 24 hours without water and food,
each animal was given 0.23 uCi ferrous-59
sulfate by gastric instillation. Each dose
of radioiron6 was dissolved in 1ml dis-
tilled water to which 5.0 mg vitamin C and
0.24 mg ferrous sulfate had been added as
carrier iron. Within 2 hours postinstilla-
tion whole-body counts of radioactive emis-
sion were obtained on each animal in a
small animal whole-body scintillation
counter with attached scaler and timer
module.7 Counts were repeated at the same
time daily. The reference standard was
counted each time Fe retention was meas-
ured. All animals were killed by decapita-
tion following “Ph't ether anesthesia on
day 7 postinstalfation, immediately after
the final whole-body count was determined.

In four animals of each [group, under
ether anesthesia and just before decapita-
tion, the abdomen was quickly opened and
the duodenum incised 2.0 cm from the
pylorus. A glass electrode, 3.5 mm in di-
ameter, was inserted into the lumen and
the pH determined at two points on each
animal, 1.0 and 4.0 cm distal to the
pylorus.8 .

Blood samples were taken on all animals
for hematocrit determination at the time
of killing. Following decapitation the en-
tire gastrointestinal "tract was tied off at
the U_Pper and lower ends; it was weighed
and its radioactivity determined. Then it
was opened, qently washed clean of con-
tents, dried with paper toweling, reweighed
and its radloacnwt}/ determined in an
empty state. The diiference between the
radlloact[wt){ of the filled and empty gas-
trointestinal tract was subtracted from the
whole-body total to obtain the true whole-
body absorbed level.

LEVENSON

RESULTS

~ During the 2-week adjustment to the an-
t|coproph_agY device by the sham cups the
only clinical systemic effect was that body
weight gain was less in the two groups on
the anticoprophagy device. General ap-
pearance, vigor and activity seemed un-
affected. The mean weight gain in the con-
trols (group A), was 209 gt 129 (sa).
In those with anticoprophagy tail cups
Sgroup C) the corre_Sﬁond|ng values were

.2 0t 7.4; those with sham cups (group
B% ad a mean we|ght gain of 76 g1t
12.9. The difference between the controls
and those with the coprophagy-greventmg
cups was staUsUca!IY significant P < 0.005;
the other group differences were not sig-
nificant. o .
~ During the week after radioiron admin-
istration all animals lost Welﬁht, but the
mean loss was greater in both groups on
the cupping device. In group A ?c_ontrols)
it was 3.6 ¢ = 4.71; in group B with sham
cups it was 6.9 g £ 5.88; and in group C
it was 8.9 g + 10.73. . '
~ The means of the bod¥ weights at kill-
ing were 285 g+ 8.4 for the controls;
296 g + 16.7 for the groug with anal cups;
and 300 g+ 157 for those with sham
cups. The difference was significant be-
tween the controls and the group with
sham cups: P between 0.025 and 0.05. The
difference was not significant between con-
trols and the group with the true anal
cups, i.e., P between 0.10 and 0.20.

F|(;zure Lillustrates the daily whole-body
counts less background, but uncorrected
for decay in the three groups. In table 1
the data are tabulated for the three groups
at the end of the experiment. They include
the means of the percentage absorption,
after subtraction of gut contents and cor-
rection for decay, also the standard devi-
ation and standard error. The values for
Percentage absorption are higher in all
hree ([;roups than those reported for open-
animal-room rats by others (3). The dif-
ference in absorption on the final day be-
tween the controls and the other” two
groups is of borderline significance; i.e.,

6Radioiron was obtained from Abbott Laboratories,
North Chicago, 111

7Nuclear-Chicago Corporation, Des Plaines, 111

8Beckman no. 39042 glass electrode for gastrointes-
tinal pH measurements, Beckman Instruments, Fuller-
ton, Calif



COPROPHAGY AND

Means of Whole Body Counts x 103

POST-INSTILLATION DAYS

Fig. 1 Effect of coprophagy prevention on
9\Fe absorption in rats. Whole-body counts in-
clude intestinal contents and are not corrected
for decay.

TABLE 1
Percentage absorption of test dose of radioiron 1

Group B,

Group A, 2 Group C,

Controls 2 Shgu",‘);a" Tail cups
Mean 29.08 22.48 23.50
D 6.90 6.13 5.03
SE 2.44 2.17 1.77

1From formula: Average count for 3 min-
utes 7 days after instilla-
tion (corrected for decay
and radioactivity of gastro-

___intestinal__contents) __
Average count for 3 min-
utes immediately following
instillation
2P value between 0.10 and 0.05 for group A
versus either group B or group C.

y “aq

controls versus group with sham cups ¢ —
2.01,n = 14 and P between 0.10 and 0.05;
controls versus group with coprophagy-
preventing tail cups ¢= 1.84, n = 14 and
p between 0.10 and 0.05. The difference,
however, hetween the two cupped groups
is not significant. . o
“Hematocrits at the time of killing were
similar in all three groups: mean of con-
trols, 45.8 + 2.6% ; the group with anal
tail cups, 46.4 +1.6% ; and those with
sham cups, mean 45.6 + 2.0% . .
The mean of the duodenal pH determi-
nations in the control group was 7.1 £ 1.0
in the proximal portion and 6.9 £ 0.6 in
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the distal portion. Corresponding values
were 7.3+ 0.8 and 6.8 + 0.7 in the group
with anal tail cups, and 7.2+ 0.6 in the
proximal duodenum and 7.2+ 0.5 in the
distal duodenum of the group with sham
cups.

DISCUSSION

Many experimental nutritionists, notably
Elvehjem (4), Daft et al. (5) and Barnes
et al. (6) in this country, have shown that
intestinal flora may synthesize or destroy
nutrients and alter digestive mechanisms.
In many animal species a constant re-
cycling “of bacteria and their products
occurs due to coprophagy. Bamnes and as-
sociates (6f) estimated 50 to 65% con-
sumption of feces by rats and a 15 to 25%
decrease in growth rate (2) when coproph-
agY was prevented by anal cupping.

n a previous experiment with radioiron
we observed (1) a sudden abnormally ele-
vated reading during a series of “daily
whole-body counts in arat which had had
its mesh “flooring accidentally dislodged.
For onlg a few minutes the animal had
access fo fecal material with a hI([Jh con-
centration of radioiron in the bottom of
the cage. The sudden rise in whole-body
count was proved to be due to ingestion
of a fecal pellet. Upon immediate killing
and necropsy examination the radioactiv-
ity of its gastrointestinal contents was
found to be elevated to a level correspond-
mtho the abnormal whole-body count.

he results in this experiment, however,
show little or no opportunity for testln%. the
effect of coprophagy on iron absorption:
there was no difierence in whole-body
counts between the groups with coproph-
agy-preventing anal cups and sham cups.
If coproghag% had occurred at a 50 to 65%
level’ (6), the daily whole-body counts
(fig. 1) ‘'should have been highér in the
sham cupped group than in those with au-
thentic cups.. ,
~ Since feeding was resumed after gastric
instillation of radioiron, the question has
been raised as to the suitability of this
experimental model in detecting rePassaqe
and absorption of fecal radioiron. It could
be argued that isotope dilution by cold iron
in the diet might interfere with” detection
of a difference in absorption even after six
passages or cycles.
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_A difference of borderline statistical sig-
nificance was demonstrated between con-
trols without (_)Uﬁs and the other two
groups. This might be attributed to body
weight differences since Forrester et al.
(3) demonstrated less absorption of radio-
iron in larger rats. Another, and perhaps
more plausible, explanation would be that
it was a nonspecific effect of the cupping
devices. o

A possible psychologic inhibitory effect
of the device “on cogrophagy in both
“cupped” groups must be considered. The
experiment was designed to overcome this
by a preliminary 2-week adjustment period
before starting”the iron-absorption study.
Also, the design of the sham cup provided
easy access to the anus so that fecal pel-
lets” could be mgaest.e'd directly on passing
through the anal orifice. _

The findings suggest that in short-term
experiments such as this, where animals
are handled daily and kept on raised wire
screen flooring, coprophagy plays no part

in iron absorption except as a rare com-
plication.
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Similarity in Passage Rates of Plasma Proteins into
the Gut of Germfree and Conventionalized Rats 12
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Department of Surgery, Albert Einstein College of Medicine,
Yeshiva University, Bronx, New York

ABSTRACT lodine-131-polyvinylpyrrolidone (PVP), 13ll-rat albumin and 64Cu-rat
ceruloplasmin were injected intravenously in separate experiments into germfree and
conventionalized Fischer rats. The decline in whole-body radioactivity and the urinary
and fecal excretions of radioactivity were measured. In addition, the half-life of 6Cu
radioactivity in the plasma was measured in the rats injected with ceruloplasmin.
These experiments were undertaken to determine whether differences in the rate of
entry of plasma proteins into the gastrointestinal tract might account in part for the
greater fecal nitrogen excretion by germfree rats as compared with their conventional-
ized or open-animal-room counterparts. The decline in whole-body radioactivity was
similar in the germfree and conventionalized rats injected with the 13I-PVP &4Cu-
ceruloplasmin, but slightly faster in the conventionalized rats when the 13ll-albumin
was injected. We found no significant differences in the rate of appearance of radio-
activity of the injected tracer compounds in the feces or urine of the germfree as
compared with the conventionalized rats. The half-life of 64Cu radioactivity in the
plasma was the same in the germfree and conventionalized rats injected with cerulo-
plasmin. We infer that the rate of entry of plasma proteins into the gut, and the rate
of fecal excretion of these compounds and their metabolites, are similar in germfree
and conventionalized rats. It is likely, therefore, that these factors do not account
for the differences in fecal nitrogen excretion by germfree and conventionalized rats.

A number of years ago, we found that
germfree 3rats excreted more fecal nitro-
gen than their conventionalized 4 or open-
animal-room counterparts 51)‘. This was
so when the rats ate isocaloric diets con-
taining 5 to 40% protein, and also during
starvation. The experiments reported now
were undertaken to determine whether dif-
ferences in the rates of entry of Plasma
proteins into the gastrointestinal tract
might account in part for the observed dif-
ferences in fecal nitrogen excretion.

METHODS

~ Rats of the Fischer strain5were housed
in flexible vinyl isolators of the type de-
signed by Trexler and Reynolds ( F The
husbandry, sterilization and m|cr'0b|o|oP|c
techniques used have been described else-
where (1)

All isotope compounds were made up to
a known volume with a 0.85% NaCl solu-
tion and pushed throuqh 0.22-p Millipore 6
membranes into sterile glass ampoules.
About 0.8 ml of the isotope solution was
injected into the tail vein of a rat which
was held in a snug fitting perforated plas-

J. Nutrition, 98: 99-104.

tic container. The ratin its container was
then transferred into a closed tubular ex-
tension of the wall of the isolator which
could be ?Iaced into. @ whole-body gamma
counter 7for determining the initial'whole-
body radioactivity. .

Daily collections of urine and feces were
counted in the same manner along with
daily measurements of whole-body radio-
activity and a sample of the injected iso-
topic Solution.

When experiments called for the pre-
vention of coprophagy by the rats, plastic
tail cups were put on the rats 1 day be-
fore the injection of the isotope.

Received for publication October 10, 1968.
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3“Germfree” rats are rats free of viable bacteria,
parasites and fungi as judged by methods published
elsewhere (8).

4“Conventionalized” rats were littermates of the
germfree rats contaminated with cecal contents of
OAR rats on the day after weaning.

5Purchased from the Charles River Breeding Labo-
ratories, Wilmington, Mass.

6Millipore Corporation, Bedford, Mass.

7Tobor, Nuclear-Chicago, Chicago, 11
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Rats were housed individually in stain-
less steel metabolic cages with™ two-mesh
wire floors for 1 day before the injection
as well as during the entire experimental
period. The rats were fed a steam-auto-
claved sterile rat diet (5010C).8The ration
was coarsely ground and offered at the end
of a short tunnel away from the metabolic
funnel into which the excreta fell and
where the urine was separated from the
feces when the rats did not have tail cups

3),
( bn'e-half milligram potassium iodide per
milliliter drinking water was offered to the
rats ad libitum for 72 hours before the in-
jection of B-PVP 9 or I3U-rat albumin,D
and continued during the duration of these
experiments to minimize any uptake of
iodide bY the thyroid. One gram of Rexyn 12
201 (Cl-) mixed with 20 g of diet was
%wen to rats daily during the experiment.
he resin was sterilized by irradiation by
6Co, 2.5 x 106rep ﬁ93 ergs).
Copper-64-ceruloplasmin was prepared
by the method of Morell et al. (4). One
hundred thirty-five mCi/20 mg 6Cu Bwere
added to 1.0 ml concentrated HNOs and
heated gentIK until the copper completely
dissolved. The solution was neutralized
with NH4H to pH 5.0 and brought to a
volume of 50 ml with water, About 1.0 ml
of the pH 5 solution was injected intra-
peritoneally into 50 donor ‘rats (about
250 g body weight) at 4 .. The donor
rats ate and drank ad libitum overnight;
then they were guillotined at 6 = the next
mormn? and blood was collected for &Cu-
ceruloplasmin preparation. Two and one-
half micrograms of &Cu-ceruloplasmin in
0.8 ml0.85% NaCl (about 5.0 x 105¢cpm)
were injected intravenously into the test
rats. Total body counts and fecal and urine
counts were done as described above.

RESULTS

Experiments 1 and 2 (table 1). No tail
cups were used in experiment 1. The re-
tention of radioactivity in the bodies of
both groups of rats during the 4 days fol-
lowing the intravenous injection of 1.l-
PVP was not significantly different, aver-
aging 26.8% for the germfree and 34.2%
for the conventionalizéd rats. Nor were the
average urinary (55.4% for the germfree
and 50.8% for the conventionalized) and

LEVENSON, CHARLES GRUBER AND DORINNE KAN

fecal (17.8% for the germfree and 13.3%
for the convennonallzedz radioactivity ex-
cretions. The 13 accounted for at the end
of the study period was 100.0% of the in-
J’ected dose for the germfree and 98.3%
or the conventionalized rats.
Coprophaﬂy-preyentmg tail cups were
applied to all'rats in experiment 2 to obvi-
ate possible contamination of the fecal
specimens by urine during the collections.
Fecal radloactlwgy averag%ed 5.7% for the
germfree and 7.7% for the conventional-
ized rats for the 4 days following the in-
jection of the BT-PVP. These values were
not statistically different from one another,
nor were the urinary excretions (49.7%
and 46.9%, r.es.pecnveslyyg and the whole-
body radioactivities (39.9% and 42.8%,
respectively). The 1 accounted for at the
end of the 'study period was 95.3% of the
injected dose for the germfree and 92.4%
for the conventionalized rats. .
Experiment 3 (table 2). |Qd|n6'l3l'
albumin was used in this experiment; co-
grophagy-preventmg_t_all cups were used.
here was no significant difference be-
tween the germfree and conventionalized
rats in regard to fecal excretion of the ra-
dioactivity. The fecal radioactjvity during
the 4 days after injection of the "l-albu-
min averaged 3.4% for the germfree and
4.8% for the conventionalized rats. The
decline in whole-body radioactivity was
moderately faster in the conventionalized
rats. An average of 25.4% remained in the
body of the germfree at the end of 4 days,
and” 19.5% n the conventionalized (P <
0..005’). This was due principally to the
sh%hty greater urinary excretion of radio-
aclivity “by the conventionalized rats
73.7% for the germfree and 77.3% for
the conventionalized) though this differ-
ence was not statistically significant. The
13 accounted for at the end of the study
Perlod was 102.5% of the m*ected dose
or the %,ermfree and 101.6% for the con-
ventionalized.
Experiment 4 (tables 3 and 4). Copper-
64-ceruloplasmin was used; no tail cups
8Ralston Purina Company, St. Louis, Mo.
9Radiochemical Centre, Amersham, Buckingham-
shire, England.
ORat albumin was bought from Pentex, Inc.,
Kankakee, 111. and was iodinated by Abbot Pharma-
ceuticals at Oak Ridge, Tenn.

1 Fisher Scientific Company, Fair Lawn, N. J.
12Brookhaven National Laboratory, Long Island,
LY.
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lodine-131 in urine, feces and body of germfree and conventionalized rats 1 following intravenous injection of 13U-albumin
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TABLE 4

Half-life of eiCu-cerulopasmin in germfree
and conventionalized rats 1

Microbial status

Rat
no. Germfree Conventionalized
hours hours
i 17.5 19.5
2 - 19.5
3 23.8 18.7
4 18.0 18.0
5 15.5 -
6 16.0 23.5
Meantz se 18.2+ 4.6 19.9+1.0
P ns

1Female rats of the Fischer strain, 10 weeks old;
germfree and conventionalized rats, paired littermates.

were applied. There were no differences be-
tween the germfree and conventionalized
rats in regard to urinary and fecal excre-
tions of the radioactivity or whole-body
radioactivity. The fecal radioactivity ex-
creted in the 4 days following injection of
the 6Cu-ceruloplasmin averaged 14.2%

of the injected dose for the germfree rats
and 18.1% for the conventionalized. In
this experiment the half-life of the serum
radioactivity was measured. This averaged
18.2 hours in the germfree and 19.9 hours
in the conventionalized rats, values which

were not significantly different. At the end
of the study period, the 6Cu accounted for
was 100.1% of the injected dose for the
germfree and 99.1% for the convention-
alized rats.

DISCUSSION

It is apparent from these studies using
three different tracers (I13lI-PVP, Rl-albu-
min and 6Cu-ceruloplasmin) that there is
no difference in the rate of appearance of
the radioactivity of these compounds (and
therefore presumably of native plasma
proteins) in the feces of germfree and
conventionalized rats. The somewhat fast-
er rate of decline in total body radioactiv-
ity of the conventionalized rats following
the injection of 13l-albumin, as compared
with the germfree rats, was as mentioned
principally due to their slightly faster uri-
nary excretion of radioactivity. We are in-
clined to consider the difference in total
body radioactivity decline of little impor-
tance, particularly since there were no
statistically significant differences in the

PLASMA PROTEINS, GUT

103

urinary and fecal radioactivity excretions
between the two groups.

The limitations and virtues of these com-
pounds for studies of the entry of plasma
proteins into the gut have been discussed
by a number of investigators (5-8). We
had fed ion-exchange resins to the rats
in the Br-albumin and KBUI-PVP experiments
but we felt that the &Cu-ceruloplasmin of-
fered an advantage in regard to possible
absorption of radioactivity from the gut
after the labeled compound had entered
the gastrointestinal tract. Also, the 6&Cu-
ceruloplasmin was endogenously labeled.
Another advantage of the 6Cu-ceruloplas-
min is that much less of its radioactivity is
excreted in the urine than that of the 13-
PVP and Rl-albumin. Thus, the possibility
of contamination of the feces by urinary
radioactivity when these are collected in
the usual metabolic cages is minimized.
This possibility of urine-feces cross-con-
tamination is of particular importance in
the germfree rats because their feces are
stickier than those of the conventionalized
and cling more to the sides of the collecting
funnel. Such contamination may have oc-
curred in our first experiment with 13U-PVP
since the apparent fecal radioactivity was
somewhat higher than Sullivan (9) re-
ported for ordinary open-animal-room rats,
and than we found in subsequent experi-
ments with 13-PVP and 13l-albumin when
coprophagy-preventing tail cups were used.
If this alone were the case, however, one
would have expected the urinary radioac-
tivity to be proportionately lower in the
cupped rats, but this was not so. It is pos-
sible that the difference in fecal radioactiv-
ity in the cupped and uncupped rats receiv-
ing BI-PVP was not due to contamination
of the feces by urine in the first experiment,
but that the wearing of the coprophagy-
preventing cups might have induced cer-
tain physiologic changes, e.g., a slowing
of the entry of the tagged compound
into the gut of both the germfree and con-
ventionalized rats. The decline in whole-
body radioactivity was somewhat slower in
the cupped rats (13% for the germfree, P
< 0.02; 8.6% for the conventionalized, P
not significant) which suggests that there
may have been some difference in the way
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the rats in the two experiments handled
the injected BI-PVP. _

No tail cups were used for the experi-
ment with &Cu-ceruloplasmin because very
little of the label is excreted in the urine.

In all exf)enments, then, regardless of
whether tail cups were or were not used,
and regardless of which labeled compound
was used, the amount of radioactivity
which appeared in the feces following the
intravenous injection of the labeled com-
pound was similar in the germfree and
conventionalized rats, We conclude that
these experiments indicate that the rate of
entr){ of plasma proteins into the gut are
similar in the germfree and convention-
alized rats. It is likely, therefore, that the
entry of plasma ﬁrote_ms into the ?ut does
not account for the differences in fecal ni-
trogen excretion by germfree and conven-
tionalized rats.
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Synthesis and Distribution of Cholesterol, and the
Effect of Diet, at the Liver Endoplasmic
Reticula and Plasma Membranes

from Lean or Obese Rats 12
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IRA GORE, TADASHI SATOH and KATSUTO KOBAYAKAWA
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ABSTRACT To determine the significance of changes in cholesterol concentrations
in various membranous components of liver cells, lean as well as genetically obese
rats were fed diets containing cholesterol. Cholesterol was found to accumulate to
a greater extent in the smooth vesicles (versus rough vesicles) of the endoplasmic
reticulum, and the highest concentrations were in the plasma membrane fraction.
These increases included a significant proportion of esterified cholesterol. Using 14C-
mevalonate in vivo in rats fed a cholesterol-free diet, it was concluded (from the
total activities of the isolated labeled cholesterol up to 180 minutes) that in time
the total activity of newly synthesized cholesterol shifts from rough vesicles to smooth
vesicles and finally to the plasma membrane fraction. However, 14C-cholesterol incor-
poration in vivo revealed a pattern of incorporation that was similar for smooth and
rough vesicles in rats fed diets with or without cholesterol. Total activity of the rough
was always higher. From the analytical data, esterification perhaps takes place at
the level of the smooth vesicles (or cholesterol ester accumulation hastens the transi-
tion of rough to smooth). Polysomal profile analyses indicated that cholesterol feeding

resulted in a relative decrease in larger aggregates in obese rats.

Genetically obese rats of the Zucker
strain are of interest in studies on lipid
metabolism because they tend to have
elevated serum and liver lipids (1), as well
as higher levels of hepatic protein synthe-
sis and DNA-dependent RNA polymerase
activity, than seen in normal lean rats (2,
3). After obese or lean rats have been
maintained for short periods of time on
diets containing cholesterol, hepatic pro-
tein synthesis, RNA polymerase activity
and RNA synthesis in vivo are decreased
(4). In attempts to ex_rﬂam these phe-
nomena, various possibilities. have been
considered. One ‘approach is to study
changes in the membranous components
of the liver cell (5). In the present re-
Bort, cholesterol feeding procedures have
een used to study changes at the endo-
plasmic reticulum QER)[ In both lean and
genetically obese rats. This work includes
an examination of the cholesterol and pro-
tein  concentrations of both granular
(rough) ER and agranular ?_smooth) ER,
and a study of polysomal profiles. Also, the

J. Nutrition, 98: 105-112.

changes in both total and unesterified cho-

lesterol have been examined in plasma
membranes. Fmall?/, the incorporation of
1C into cholesterol has been followed in

rough and smooth ER and the plasma
membrane fraction, using labeled mevalo-
nic acid or cholesterol.

MATERIALS AND METHODS

Female obese or lean rats of the Zucker
strain,3 as well as commercial rats of the
Charles River strain (12 to 14 weeks of
age), were housed in a temperature- and
humidity-controlled room and fed Purina
Laboratory Chowdprior to the introduction

Received for publication November 27, 1968.

1Part of this work was begun during the tenure
of Louis Charles FiLios as an Established Investigator
of the American Heart Association and was supported
by grants-in-aid (HE 11073 and HE 07327) from the
Heart Institute of the National Institutes of Health
and general research support from University Hos-

ital.
P 2Part of these data were included in a talk given
bi/ Louis Charles Fillios at the Conference in Molec-
ular Biology and Pathology at Saratoga Springs,
New York on August 2, 1968. R )
3Bred by Dr. "Lois Zucker of the Bird Memorial
Laboratories, Stow, Mass.
4Purina Laboratory Chow,
pany, St. Louis, Mo.

Ralston Purina Com-
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of a purified diet,5 The purified diet in-
cluded 20% casein, 20% corn oil, while
either cholesterol alone $_1.5%,) or cho-
lesterol (1.5%?] plus cholic acid %0.5%)
was added at the expense of carbohydrate
level; the detailed composition has been
described (4). Rats were fed the purified
diets ad libitum for 28 days. Body weight
changes during this period remained simi-
lar for all dietary groups.

The isolation and analysis of subcellular
fractions. After an overnight fast, each
rat was killed and the liver was immedi-
ately perfused with ice-cold sterile 0.9%
saline. The initial procedure used for iso-
lating these liver fractions was modified
from that of Hallinan and Munro (6). A
fraction of fiver (about 4g% was taken
and immersed in ice-cold 0.25. sucrose
and homogenized in cold 0.88 » sucrose
using a tissue homogenizer;6 then the
equivalent of 1g of fiver was centrifuged
for 30 minutes at 2° at 12,000 x ¢ in a
centrifuge.7 The supernatant fraction &18
ml) was then centrifuged at 52,000 X ¢
for 90 minutes to obtain rou?h endoglasmm
reticulum. The isolation of smooth endo-
plasmic reticulum was then carried out by
a modification of the method of Dallner et
al. (7). The proteins, isolated by precipita-
tion with perchloric acid, were dissolved
in 0.3 KOH and aliquots saved for the de-
termination of total protein by the method
of Lowry et al. (8). Another 1-g sample
of fiver was used to isolate the lipids from
these subcellular fractions. Follow_m% the
above procedures, the lipids of the isolated
rough and smooth endoplasmic reticulum
were extracted with methanol-chloroform
(2:1). The residual protein was deter-
mined as described above. The lipid ex-
tracts were washed twice with 0.2 vol-
ume of 0.05% CaCfi to_ remove any
nonI|P|d contam|nat|ond(9). The lipid phase
was then collected and evaporated over-
night; the dried lipid materials containing
cholesterol were reextracted with an ace-
tone-alcohol solution (1:1) according to
the method of Shapiro and Kritchevsky
(10). After filtration, the acetone-alcohol
extracts were collected and portions were
taken for further purification and isolation
of the cholesterol bK digitonide precipita-
tion according to the method of Sperry
and Webb (11). Finally, the cholesterol
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precipitate was dissolved with methanol-
alcohol (1:5) and an aliquot saved for the
determination of cholesterol (le)' _
~Total rat fivers were used for the isola-
tion of the plasma membrane fractions.
The isolation was carried out according to
a modification of the procedure described
by Emmelot et al. (13), which is based on
the original method of Neville (14). Again,
isolation of cholesterol was carried out
after purification and digitonide precipita-
tion; the esterified cholesterol was deter-
mined by the difference of the total and
free cholesterol; protein determinations, as
above. '
Electron microscopy. Selected rat fivers
from lean and obese rats were removed,
perfused and sectioned. Small portions
were then fixed in 1% osmic tetraoxide
buffered with Millonig's buffer, dehydrated
with é;rade.d ethanol (50 to 100% ), and
embedded in Araldite. Thin sectioning was
carried out in a Potter-Blum MT-2 micro-
tome with glass knives. Specimens were
fmaII)( stained with uranyl acetate and lead
acetate. Viewing and photography were
carried out using an electron microscope.8
The electron microscopy was also used
to monitor subcellular fractions. The elec-
tron micrographs showed that the above
|soltlat|on procedures gave satisfactory re-
sults.
. Polysomal profile analysis. From por-
tions of fiver (control obese as well as
obese fed the test diets for 28 days) poly-
somes, oligosomes and monosomes were
obtained after their isolation by a modifi-
cation of the sucrose gradient techniques
described by Drysdale and Munro (15).
This technique Tirst removes interfering
ferritin by use of rabbit antiserum. After
the deoxycholate-treated fraction was cen-
trifuged, "the pellet was gently suspended
in a buffered ‘solution and thé suspension
was layered over a linear sucrose density
radient (10 to 40% ) and centrifuged for
hour at 110,000 x ¢ at 1°, using a
swinging bucket rotor. The ultraviolet ab-
SOI’PIIQn was measured at 260 mil after the
materials were collected by puncturing the
sAll dietar}q ingredients were_purchased from Nu-
tritional Biochemicals Corporation, Cleveland, Ohio.
6Tri-R Instruments, Rockville Centre, N. Y.
7B-60 Ultracentrifuge, International Equipment
Company, Needham Heights, Mass.

8Model EMU-2E, Radio Corporation of America,
Camden, N. J.
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bottom of the tube. A recording spectro-
photometer attached to a flow-through cell
system was used.

Studies on cholesterol metabolism using
2-uC-mevalonate or cholesterol-4-uc. Each
rat was fasted 16 to 20 hours (20 hours
at time of k||||ngg and then injected with
2-4C mevalonate.9 Two minutes after the
mt)ecnon (2 uCi/100 g body we|ght) of the
labeled mevalonate, converted to the
menvalonate potassium salt, a 25-fold in-
jection of unlabeled mevalonate saltDwas
given to dilute the labeled pool. Animals
were killed at various time intervals up to 3
hours after rece|vm? the labeled material.
Serum total cholesterol levels were
routinely determined and are in agree-
ment with previous observations for either
lean or obese rats (2, 3). For the measur-
ing of the specific activity in the circulat-
ing cholesterol, the lipidS were extracted
and finally the cholesterol was isolated as
the digitonide, dried and then redissolved
in methanol-alcohol (1:5). An aliquot
was taken for cholesterol determinations
and another was dried and measured for
radioactivity by means of a thin window
gas-flow counter.ll Specific and total ac-
tivities  (based on cholesterol-to-protein
ratios) for all subcellular fractions de-
scribed in this study were calculated.

In a related experiment, each rat re-
ceived an injection of cholesterol-4-14C (5
uCi/100 g) 2 and was killed at various in-
tervals up to 3 hours. The incorporation of
labeled cholesterol expressed as specific ac-
tivity or total activity was determined for
both the smooth and rough vesicles.

Further details are given in the legends
Otf (1;|gures 1 and 3 for this phase of the
study.

DISCUSSION OF RESULTS

The endoplasmic reticulum (ER) is a
major site for protein synthesis, as well as
cholesterol synthesis (16-17). The changes
that take place at this site have a direct
bearing on the events that control the
elaboration and secretion of the plasma li-
E)oprot_ems. A systematic examination of
he biochemical chan%es associated with
these organelles, and the more peripheral
organization of the liver cell, namely the
plasma membrane, is therefore of direct
Interest in such studies.
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Rough vesicles of the ER contain ap-
proximately 70% of the total protein as-
sociated with the endoplasmic reticulum
(6, 18). This distribution remains the
same after cholesterol feeding (table 1).
The data also reveal that the absolute
amount of total protein of the endoplasmic
reticulum in the liver is actually increased
following cholesterol feeding in the lean
rats, but the opposite appears to be the
case for obese rats. Despite these dif-
ferences in response, the relative distribu-
tion ofg)rotem between these two compo-
nents of the ER remains approximately the
same. The significance of this difference
between lean and obese has not been de-
termined, but may be explainable by dif-
ferences in the turnover rates of membran-
ous protein, or the rate of secretion of
plasma proteins between the two geno-

types. . .

~ The data in table 1also show an increase
in the cholesterol-to-protein ratio for both
fractions of the endoplasmic reticulum
after cholesterol feeding. The smooth vesi-
cles aBpear to have con3|stentl¥ higher
ratios before and after cholesterol feeding
and this agrees with observations on com-
mercial rats Bfrom this Iaboratorz 55). of
perhaps more significance, the cholesterol
of the rough vesicles is almost entirely in
the free form (98%); values for smooth
vesicles are somewhat less (91%) (table
2) and of course the circulating cholesterol
is predominately esterified. Normally, al-
most all of the cholesterol content of the
liver is in the free form. FoIIowmq cho-
lesterol feeding, the free cholesterol con-
tent increases onlr moderatel>{, but the
excess cholesterol that accumulates is al-
most entirely esterified. The evidence ap-
Pears to indicate that the site in_the liver
or cholesterol esterification is microsomal

(19).

92-14C-Mevalonic acid (specific activity: 5 fiCi/
¢cmole) was purchased as the lactone from Calbio-
chem., Los Angeles, Calif. It was converted to the
potassium salt by the method of Shapiro and Krit-
chevsky (10). Each rat received 2 /¢moles of labeled
mevalonate in 0.9% NaCl.

_10Mevalonic acid was also purchased from Cal-
biochem. After treatment with KOH, the dibenzyl-
ethenedione was extracted with petroleum ether, and
the mevalonic acid solution was neutralized with HC1.
Each rat received 50 /¢moles of the unlabeled meval-
onate in 0.9% NaCl. R

11 Nuclear-Chicago, Des Plaines, 1L ;

12 Cholesterol-4-i4C" (specific activity: 50 /;Ci//anole)
was purchased from New England Nuclear Corpora-
tion, Boston, Mass.



108 FILLIOS, YOKONO, PRONCZUK, GORE, SATOH AND KOBAYAKAWA

During cholesterol feeding, the rough
N vesicles appear to accumulate a significant
\—i amount of cholesterol (expressed In terms
x of the total protein of the polysome-free
i) material), but the smooth vesicles which
normally do not have adhering polysomes
consistently show an even greater capacity
for cholesterol accumulation. This gen-
b erally agrees with an earlier observation
for microsomal total cholesterol levels after
cholesterol feeding (20). Data in table 2
indicate that a significant portion of the
o additional cholesterol, which presumably
accumulates within the smooth vesicles, is
esterified; in the rough vesicles the choles-
terol content remains IargeIY in the free
form (over 90% of the total). Normally,
the obese rat has been found to have "a
_shgihtly lower percentage of free cholesterol
6 in the rough vesicles than seen in lean rats,
I & but the differences were not found to be
statistically significant. The smooth vesi-
cles of the obese rat, however, have a
lower percentage of free cholesterol (86% ),
suggesting that the esterification process
in these animals may be very efficient since
they spontaneously” also show hypercho-
lesteremia. _ _
To what extent cholesterol is an integral
art of the membranous component of the
&8, R is not known. It can be surmised that
5 free cholesterol may normally be an in-
te%rall'part of the membrane, whereas the
esterified cholesterol represents a “stor-
age” form. It is also of interest that the
amount of free cholesterol normally as-
sociated wtih the endoplasmic reticulum
of the normal rat represents a significant
percentage of total liver cholesterol. The
remaining free cholesterol is presumed to
be associated with other membranous com-
ponents in the cell, including the plasma
membrane which is relatively rich in cho-
lesterol (132. It is apParent from tables 1
and 3 that there is relatively more choles-
terol in the plasma membranes in agree-
ment with such earlier reports, but that
this cholesterol is relatively more esterified
as seen in table 2; following cholesterol
feeding, the percentage of esterified choles-
terol increases further, Therefore, as one
moves “peripherally” (from rough ER to
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TABLE 2

Free cholesterol concentrations in membranous

fractions (as percentage of total cholesterol)

Genotype Dietary Rough Smqoth Plasma
group vesicles vesicles membrane
Fa Fa Controls (6) 1 98+ 112 91+2.0 87+3.4
(lean) Cholesterol3(6) 491+1.2 78+2.1 70+ 2.1
fa fa Control (6) 94+1.4 86+2.2 81+2.8
(obese) Cholesterol (6) 80+2.3 72+ 3.0 66 £3.0

1Values in parentheses represent number of rat livers.

2% se Ofthe mean.
3Cholesterol refers t a purified diet containin
4Underlined values are significantly different

TABLE 3

Choiesterol-to-protein ratios in plasma
membrane fractions

Dietal Cholesterol 'y
Genotype treatm?rqt Protein
Fa Fa Controls (5) 1 202+ 122
(lean) Cholesterol3(5) 426.7+ 1.4
Cholesterol + (4) 314+ 24
fa fa Controls (5) 189+1.1
(obese) Cholesterol (5) 247+ 1.7
Cholesterol-)- (3) 30.0£2.2

_1Number in parentheses represents number of rat
ivers.

2t se of the mean.

3Cholesterol represents rats fed 1.5% cholesterol;
cholesterol F represents rats fed cholesterol plus 0.5%
cholic acid.

4Underlined values are significantly different from
their respective controls (P < 0.01).

smooth ER to plasma membrane), the per-
centage of esterified cholesterol increases,
especlally after cholesterol feeding. Fur-
thermore, the isotope data, in figure 1, em-
Phasue_ in a more dynamic way the rela-
ive shifts in total activity from rough to
smooth to plasma membrane in rats fed
control diets. This latter circumstance is
SUB orted by arecent report by Chesterton
(1 5) which”indicates that the rough, and
probably also the smooth, endoplasmic
reticulum is the major site for both the
s%nthesm and subsequent esterification of
cholesterol. Our electron micrographs show
that genetically obese rats have an appar-
ently richer network of rou,?h reticulum in
their parenchymal cells with more closely
[Jracked parallel cisternae than lean rats. 4
his observation may account for the rela-
tively higher level of protein synthesis and
output of Elasma proteins seen in this
enotype. Following cholesterol feedm?,
the level of protein synthesis is markedly

1.5% cholesterol.
rom their respective controls (P < 0.01).

reduced in such rats (2-4); this decreased
activity is reflected by the changes in the
polysome profile in figure 2, since optional
protein synthesis is presumably dependent
on polysomal aggregations (21). An ex-
aminafion of the liver polysome profiles

ldc- mevalonic ac.d incorporation into cholesterol

Fig. | 14C incorporation into cholesterol digit-
onide, using 2-14C-mevalonate, to study the total
activity of newly synthesized cholesterol in various
subcellular fractions.* Each rat received the la-
beled mevalonate and, 2 minutes later, a diluting
dose of unlabeled mevalonate. Two to four rats
were killed at the time intervals indicated (each
point represents four to eight determinations); a
total of 34 lean and 36 obese homozygotes of the
Zucker strain (fed the control diet) were required.
None of these rats was fed cholesterol. Specific
activities alone can be derived from the choles-
terol-to-protein ratios in tables 1 and 3.

*The biological half-life of the newly synthesized
cholesterol for rough vesicles can be determined from
the slope of the lines (on a semi-log glot). Lean rats
showed a turnover time of less than 3 hours whereas
obese rats had an apparently faster turnover time (less
than 2 hours). The effects of cholesterol feeding on
the total activity in rough and smooth vesicles follow-
ing 14C-mevalonate have been described in a Sprague-
Dawley strain of rats (5).

14 Satoh, T.,
published data.

Ira Gore and L. C. Fillios 1968 un-



Fig. 2 Polysomal patterns from livers of rats
fed the contol diet or a diet containing cholesterol.
The postmitochondrial fraction was layered over
a continuous sucrose gradient (10 to 40%) after
the suspensions were equilibrated in terms of
optical density. The right hand of the pattern
represents polysomal material; the left hand peak,
monosomes. “Cholesterol”
taining 1.5% cholesterol.

of obese rats fed the cholesterol-supple-
mented diet shows a relative decrease of
larger aggregates (polysomes) with a con-
comitant increase in monosomes and pos-
sibly disomes and trisomes. Similar obser-
vations have also been made in commercial
rats (5). Presumabl;r, all or most of the
monosomes are cytoplasmic. In support of
this, Kim et al. (.22? found that the normal
endoplasmic reticulum of the rat liver be-
comes highly disorganized, with the cis-
temae irregularly distended and many of
the ribosomes apparently dispersed into the
cytoplasms, following the. feedln? of a
thrombogenic d|et_conta,|n|n% cholesterol,
cholic acid and thiouracil. Although their
dietary procedures are quite severe and re-
sultin anorexia, somewnhat similar observa-
tions have been indicated in our observa-
tions where dietary treatments are rela-
tively mild. From ‘such observations, one
can argue that the accumulation of choles-
terol and triglycerides results in a disten-
sion of the cisternae and this interferes
with the normal protein synthesizing appa-
ratus at the ER, resultm? in a disaggrega-
tion of the polysomes at the surface, Ap-
parently exogenous or preformed (free)
cholesterol (using XC-cholesterol) accumu-

refers to a diet con-

FILLIOS, YOKONO, PRONCZUK, GORE, SATOH AND KOBAYAKAWA

lates preferentially in the rough ER .?_fig.
3). Thus, the accumulation and esteritica-
tion of cholesterol and other lipids maK
hasten the transition of rough to smoot

It can be visualized that the original lipo-
protein membranes from the ER may also
serve as vehicles for vésiculation in “order
to participate in the sequence of “trans-
Port” of excess lipids to the periphery of
the cell, and their subsequent extrusion
into the circulation. Such a'hypothesis had
been directly or indirectly suggested (2, 5,
23, 242.,One can assume that normally,
lipoprotein membranes of the smooth ER
eventually may be utilized for the “pack-
aging” of esterified cholesterol and other

I14C-CHOLESTEROL incorporation
INTO RAT LIVER FRACTIONS

MINUTES

Fig. 3 14C-cholesterol incorporation into rat
liver endoplasmic reticulum. Each point repre-
sents four to eight values from two to four rat
livers. A total of 30 rats of the Charles River
strain were fed either the control or purified diet
containing 1.5% cholesterol for 28 days. Ap-
parently the exogenous cholesterol is preferen-
tially incorporated into the rough vesicles. The
above data were corrected for cholesterol accumu-
lation per milligram of vesicle protein and thus
the total activity for both dietary groups is some-
what similar. “Cholesterol” refers to rats fed
cholesterol. Specific activities can be derived
from the cholesterol-to-protein ratios in table 1
but would be misleading since these ratios differ
between these two vesicle fractions.
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lipids. After undergoing modification,
these lipoprotein complexes may be ex-
truded in whole orin part into the circula-
tion via the plasma membrane to elaborate
the observed spectrum of circulating lipo-
Frotems,' the sizes and densities of the
ipoproteins being dependent on their ran-
dom lipid loads. Such a hypothesis is con-
sistent with our present knowledge. Fur-
thermore, it has not been determined
exactly how and where the various ||p0ﬁrq-
tein moieties are assembled prior to their
release. Electron microscopy, however, has
detected osmophilic bodies (purportedly
lipoproteins) associated with smooth ele-
ments within the cell and in spaces of
Disse (23, 24). .

In pursuing this idea, the “chasing” of
various labeled components is being stud-
ied using the ER as one of the possible in-
tracellular sites that may be involved in
this mechanism. The smooth elements, or
the Golgi apparatus, and other intracellu-
lar membranes, particularly the plasma
membrane, should also be “considered in
this approach. In the present study, la-
beled mevalonic acid was used to study the
postulated “movement” of cholesterol.” The
accumulation of newly synthesized cho-
lesterol in rough ER apPears to take place
early. In time, the total activity in the
smooth ER equals or exceeds that of the
rough ER. The precise route can only be
surmised and certainly appears to involve
other smooth elements of the cell, such as
the plasma membrane, Therefore, the al-
terations or modifications of the normal
liver protein sanhesumF apparatus dur-
ing cholesterosis is closely associated with
membranous changes. As I!P|ds accumu-
late, the synthesis (or activity) of certain
proteins (or enzymes, or both), is appar-
ently depressed in favor of these chemical
events required for the orderly extrusion
of I|F|ds, including cholesterol ‘and choles-
terol esters, into the circulation. To what
extent and how specific intracellular mem-
branes participate in these events is em-
phasized in the present study, which shows
an apparent sequential movement of cho-
lesterol with esterification taking place pre-
sumably at the smooth vesicle level; and
finally, the accumulation of free and esteri-
fied cholesterol at the plasma membrane
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prior to its extrusion as a glyco-lipoprotein
complex into the circulation.
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Glycine Metabolism in Vitamin BGdeficient
and Deoxypyridoxine-treated Rats %

THORA J. RUNYAN 2 and STANLEY N. GERSHOFF

Department of Nutrition, Harvard School of Public Health,
Boston, Massachusetts

ABSTRACT Further studies in support of previous work indicating that vitamin
B6 deficiency and deoxypyridoxine alter the metabolism of glycine by rats have been
conducted. Vitamin B6 deficiency resulted in significant elevation in the free glycine
of rat liver, kidney, blood and muscle. This effect was not accentuated by deoxypyri-
doxine and was prevented in liver and kidney. When vitamin B6deficient rats were
injected with glycine-1-14C less 140C2 was expired than by controls. Deoxypyridoxine
neither reversed nor increased this effect. Rats receiving deoxyridoxine converted less
labeled glycine, glyoxylate and glycolate to hippuric acid than vitamin B6deficient
rats not receiving the analogue. Liver and Kkidney homogenates from vitamin B6
deficient rats showed a decreased ability to oxidize glycine-1-14C to 14C02 This did not
occur in liver homogenates from rats fed deoxypyridoxine, although kidney homogen-
ates from these rats acted similarly to those from vitamin B6deficient animals not
receiving deoxypyridoxine. The addition of pyridoxal-5-phosphate to liver homogenates
increased glycine oxidation in the homogenates from control rats and from both experi-
mental groups to levels which were not significantly different. In contrast, pyridoxal-
5-phosphate did not alter the glycine oxidation of control kidney homogenates and

did not raise the activity of kidney homogenates from the deficient groups to control

levels.

Prior studies have indicated that vita-
min B6 deficiency in rats (1) is accom-
panied by oxaluria, and this effect can be
enhanced by dietary supplementation with
glycine, which acts as an oxalate precur-
sor, or with the vitamin B6 antagonist, de-
oxypyridoxine. The effects of deoxypyridox-
ine in depressing growth and ‘antibody
formation and in”increasing mortality in
vitamin B6&deficient rats can be partially re-
versed by feeding glycine or serine (1, 2).
Also, the ?rowth-depress_mg effects of feed-
ing_high Tlevels of glycine to vitamin Bo-
deficient rats can be reversed by deoxy-
p?/rldoxme administration. Obviously the
effects of deoxypyridoxine are not identical
to those of vifamin B6 deficiency. These
studies sug?est that in the vitamin B6
deficient raf receiving deoxypyridoxine a
dietary source of glycine or serine, or hoth,
becomes necessary.

Other studies have indicated that alter-
ations of glycine and serine metabolism
occur in vitamin Bo-deficient rats. These
have included decreased tissue serine levels
and increased tissue rqucm_e levels g3),
impaired conversion of glycine to C02 by
liver and kidney homogenates (4), de-

J. Nutrition, 98: 113-118

creased synthesis of glycine from glyoxylic
and glycolic acids (4) and decreased "in-
corporation of carbon 3 of serine into cho-
line and creatine (5).

The present work was done to further
study the effects of vitamin BO deficiency
and deoxypyridoxine on the metabolism of
glycine and related metabolites.

METHODS

In these studies male weanling rats of
the Charles River CD strain were used.
Ther were fed semipurified diets ad libitum
con ammg: (in percent) casein, 25; su-
crose, 60.7; corn oil, 9; salts IV (6), 4; cod
liver oil, 1; and choline, 0.3.  Vitamins
were added so that each 100 g of diet con-
tained: (in milligrams) thiamine-HCI, 0.4;
riboflavin, 0.8; niacin, 4; calcium panto-
thenate, 2; folic acid, 0.1; biotin, 0.02;
menadione, 0.1: dZ-a-tocopherol, 10; and
vitamin Bu, 0.005. Control diets contained
0.4mg pyridoxinesHC1 per 100 g and,
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when used, 125 mg of 4-deoxypyridoxine
were added per 100 g of vitamin B6defi-
cient diet. S '

In vivo experiments. HlppUlle aC|_d:
Radioactive compounds were obtained with
the following specific activities (microcur-
les permilligram) and usedwithout further
purification for in vivo experiments: _?Iy-
cine-1-4C (68), calcium ?I colate-I-JC(76)
and sodium glyoxylate--4C(42). The la-
beled compounds Injected were dissolved
in 0.05. sodium benzoate for hippuric
acid experiments. Each milliliter of solu-
tion contained 1 to 7 uCi of radioactivity.
The rats were divided into groups of three
and housed in metabolism cages so that
24-hour urine collections could be made
following intraperitoneal injections of these
solutions. Each animal was injected with
0.5 ml of solutloné)er 100 g of body weight.
A minimum of 30 hours elapsed between
injections when rats were Iinjected with
more than one labeled compound. All in-
erctlons were made when the rats had been
ed the experimental diets not less than
5 or more than 9 days. Samples were
counted in a scintillation counter3using a
scintillation solution consisting of 3ml
ethanol plus 6 ml toluene containing 0.4%
2,5-diphenyloxazole and 0.005% p-bis-2"
(5-phenyloxazolyl) benzene; corrections
for efﬂmencg were made by the channels
ratio method. _ _

Hippuric acid was isolated br addmg
2ml of carrier hippuric acid solution (10
mg/mlin 2 n NaOH) to an aliquot of
urine in a 40-ml centrifuge tube. The solu-
tion was acidified with 1 ml 5 n HXS04and
was allowed to stand overnight in the cold;
it was then centrifuged and the superna-
tant fraction was diScarded. The crystals
were dissolved in 5ml Hz0 in a hot-water
bath, and the hot solution filtered into a
12-ml centrifuge tube. The samples were
allowed to recrystallize overnight in the
cold; they were centrifuged and the super-
natant solution was discarded. Rec_r}/stalh-
zation was repeated, omitting the filtering
step. The crystals were dried in an oven,
welghed, and counted using the same vol-
ume and composition of scintillation fluid
described above. One drop of 20% NaOH
was added to each sample to prevent acid
quenching.

STANLEY N. GERSHOFF

_ Respiratory 4C02.  Glycine-l-4C (6

ijCilmg) was dissolved in 0.5 m NaCl
solution. Each rat was injected with 0.5
ml solution/L00 g body weight. Each m illi-
liter of solution contained 3 aCi of radio-
activity. Respiratory 4C02was collected for
1 hour in NaOH solution and 0.2-ml ali-
quots of the NaOH solution were counted
in counting solution of the same volume
and composition as described above.

In vitro experiments. RlatS that had
been fed the experimental diets for 5 to 7
days were used. They were decapitated;
a portion of liver and both kidneys were
removed and weighed, and each tissue ho-
mogenized in 10 volumes of cold 0.15 .
KCI solution. The time between decapita-
tion and the beginning of the incubation
was 6 minutes for liver homogenates and
8 minutes for kidney. '

Each incubation mixture consisted of
1.0 ml of homogenate Blus 20ml of
0.0075 » glgcme-l-lét in a buffer prepared
bK mixing 30 parts of 0.10 « Botassmm
B osphate buffer, pH 7.4, and 70 parts of

A5 . The samples were incubated
for 1 hour at 37°C in a Dubnoff metabolic
shaker set at 100 reciprocations/minute,
using 10-ml Erlenmeyer flasks with center
wells containing 0.1 m| of 20% NaOH and
a filter paper fan to absorb 4C02 The ab-
sorbed 4C02was counted by the method of
Buhler (7). The protein content of the
homogenates was determined by the
method of Lowry et al. (8). _

The glycine used in the in vitro experi-
ment was purified as follows: Several
milligrams of labeled glycine were mixed
with 1 g of unlabeled glycine; the mixture
was dissolved in water and recrystalliza-
tion was induced by the addition of eth-
anol. The crystals were separated and
additional radioactive glycine, recovered
from the supernatant solution by addition
of 500 mg unlabeled gI*cme, dissolved in
a minimum of water.” This recovery step
was regeated' the three batches of crystals
thus obtained were combined and the en-
tire procedure was repeated. _

Tissue glycine. Free tissue %chme
levels were determined by the method of
Alexander et al. (9) using blood collected
from the neck, and homogenates of liver
kidney and skeletal muscle from the hind

3Nuclear-Chicago, Des Plaines, 111
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limbs. Tissues were homogenized in a
solution of 1% sodium tungstate solution
—0.66 nH2504 (9:1) to obtain a protein-
free filtrate.

RESULTS

In vivo experiments. Table. 1 indicates
that the glycine content of tissues from
vitamin BGdeficient rats was significantly
higher than that of tissues from control
animals. The time of the appearance of
these differences in glycine content, how-
ever, varied from tissue to tissue, being
seen earliest in muscle and last in liver.
Table 2 shows that the addition of deoxy-
pyridoxine to vitamin BGdeficient diets did
not enhance the effect of vitamin Bs de-

TABL
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ficiency in increasing tissue glycine levels.
Instead it appeared to reverse it. In this
study the kidneys and livers were more
sensitive to the effect of the deoxypyridox-
ine_than muscle. o

Tahle 3 shows that significantly less la-
beled hippuric acid was excreted by vita-
min Bs-deficient rats than by controls when
they were injected with labeled glycolate-1-
1C or glyoxylate-I-4C. W ith each of these
compounds the feeding of deoxypyridoxine
to vitamin Bs-deficient rats resulted in a
further decrease in hippuric acid labeling.
The increase in labeled hippuric acid ex-
creted by vitamin Bs-deficient rats injected
with glycine-1-14C was not significantin this
study although it was in a previously re-

E 1

Effect of vitamin Bs deficiency on glycine content of rat tissues at different stages of deficiency

Days
on dists + -Bs P
fig glycine/g or mi
i Liver 168+20 1 177+20 1 ns 2
3 157+ 14 167+39 ns
6 150+14 153+7 ns
10 261+22 298 +34 ns
15 216+ 10 27421 < 0.05
1 Kidney 32719 361+11 ns
3 403 £ 20 419+3 ns
6 466 £ 15 430+ 14 ns
10 452+16 595 +47 < 0.02
15 318+24 483+12 < 0.001
1 Blood 32.7+ 0.8 319+ 1.1 ns
3 27.4x1.8 254+2.1 ns
6 28.2x 1.0 27.9+1.6 ns
10 31.2+3.2 44.2+4 .4 < 0.05
15 32.0+1.5 40.4+1.2 < 0.01
1 Muscle 327+ 18 28515 ns
3 255+15 224+ 32 ns
6 301+28 42210 < 0.01
10 422 +46 680+32 < 0.01
15 289+28 493 +28 < 0.001
1Values represent the mean mm se of duplicate samples from six rats.
2ns —not significant.
TABLE 2
Effect of vitamin Be deficiency and deoxypyridoxine on the glycine content of rat tissues
Diet Liver Kidney Blood Muscle Liver 1
fig glycine/g or ml
+ B6 157+ 16 308+ 24 18+ 2 16722 173+6
-Bs 217+37 417+ 23 20+2 346 £37 185+ 11
Deoxypyridoxine 138+19 28519 16+2 319+ 15 121+ 8

1INine rats per _group receiving the experimental diets for 11 days. All other values were obtained

from groups of six rats fed the diets 8 days.
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Forted study of vitamin Be deficiency of
onger duration (4). However, deoxypyri-
doxine caused a significant decrease in hip-
puric acid Iab.elln? from glycine-1-1C.

When _P|y0|ne--1£ was injected into
rats, significantly less respiratory 4C02was
excreted by vitamin B6deficient rats than
b}/ controls, as seen in table 4. The feeding
0 de0>éypyr|doxme to vitamin Be-deficient
rats had no further effect on 4C02produc-
tion from labeled glycine in vivo.

In vitro experiments. The 0X|dat|Qn of
ﬁlycme-I-MC to MC02 by liver and kidney
omogenates was studied with and without
the addition of pyridoxal-5-phosphate to
the media. As shown in table 5 when py-
ridoxal ﬁhosphate. was omitted from the
media the oxidation of glycine by liver
homogenates from vitamin Be-deficient rats
was depressed. The feeding of deoxypyri-
doxine to vitamin Be-deficient rats, how-
ever, significantly increased the ability of
h,omog{ﬁnates of their livers to oxidize 8Iy-
cine. When pyridoxal phosphate was added
to the media, glycine oxidation was mark-
edly increased in liver homogenates from
all three groups, and homogenates from all
three ?roups oxidized about the same
amount of glycine. -

Kidney homogenates from both vitamin
Be-deficient and ..deoxypyrldoxme-treated
rats oxidized significantly less glycine than
did control kidney homogenates when Fy-
ridoxal phosphate was omited from the
media. Addition of pyridoxal phosphate
increased the activity of kidney homogen-
ates from hoth deficient %{qups, but "not
to control values. The ability of kidney
homogenates from control rafs to oxidize
glycine was not affected by the addition of
pyridoxal phosphate.

THORA J. RUNYAN AND STANLEY N. GERSHOFF

DISCUSSION

The data presented Frovide further evi-
dence that the metabolism of glycine and
some of its associated metabolites is mark-
edly affected by vitamin B6 deficiency.
Variations in tissue levels of glycine may
reflect alterations in the synthesis, or
catabolism, or both, of this amino acid.
As in the report of Swendseid et al. JS),
vitamin Be deficiency in rats resulted in
an increase in tissue glycine levels. In the
present study glycine determinations were
obtained at different times shortly after
the animals were placed on the experi-
mental diets. There appeared to be differ-
ences in the time it took for the tissues
studied to show significant rises in glycine
content, with the process occurring most
rapidly in muscle and least rapidly in liver.
It ‘cannot be assumed that the feeding of
deoxypyridoxine to vitamin Bf-deficient ani-
mals merely intensifies the deficiency state.
In fact, under certain conditions the anal-
ogue a1ppears,to reverse some of the ef-
fects of vitamin Be deficiency (10, 11). In
the present study the feeding of deoxy-
pyridoxine did not increase the glycine
content of the tissues of rats fed the ex-
Ferlmental diet for 8 days. In the case of
iver and kidney, but not muscle, it pre-
vented the rise in glycine content in vita-
min Be-deficient rats.” In rats fed the diets
for 11 days there was significantly less
glycine in the livers (the only tissue stud-
ied) of vitamin Bo-deficient rats receiving
deoxywndoxme than in the livers of their
controls, o _
The liver is the major h|1ppur|c acid
synthesizing organ in rats. The data of
table 3 and of apreviously published study
(4) indicate that when vitamin Bo-deficient

TABLE 3

Effect of vitamin Bs deficiency and deoxypyridoxine on the conversion of labeled
compounds to urinary 1AC-hippuric acid

14C-compound

% of compound excreted as 14C-hippuric acid

injected +Be -B6 Deoxypyridoxine
Glycine-1-14C 9.05+0.70 1 11.16+0.95 1 7.89+0.42 1
Calcium glycolate-1-14C 15.90+2.50 7.80+0.50 3.50+ 0.40
Sodium glyoxylate-1-14C 10.20+ 1.10 4.30+0.50 3.10+0.10

1Values represent the mean * se of excretions of four groups of three rats fed the experimental

diets 5 to 9 days
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TABLE 4

Effect of vitamin Bi deficiency and deoxypyri-
doxine on the conversion of glycine-I-1iC
to UCO02 in vivo

Injected

alyctne 11
14 02per hour
%
+ Bo 9.86+0.71 1
-Be 6.14+ 1.02
Deoxypyridoxine 5.82+0.51

1values represent the mean * se for eight rats fed
the diets for 12 days. The deoxypyridoxine-treated
rats were fed a vitamin B6-deficient diet for 7 days,
then the same diet with deoxypyridoxine added for
5 days. Respiratory «CCL was collected for 1 hour
after injection of glycine-1-14C.

rats are injected with labeled glyoxylate
or glycolate, which are glycine precursors,
less labeled hippuric acid is excreted than
by control rats.  The opposite is true when
labeled glycine is administered to control
and vitamin Be6deficient animals. This
may be mterFreted as indicating that the
activity of the pyridoxal-containing en-
zymes responsible for the interconversion
of glycine and its two carbon precursors is
decreased in vitamin B6deficiency. In the
current study rats receiving deoxym{rldox-
ine converted less labeled glycine, glyoxyl-
ate and glycolate to labeled h|pPur|c acid
than vitam'in Bjj-deficient rats no recelvm%
the analogue. Both this observation an

the decreased Igcme observed in the livers
of vitamin Bbdeficient, deoxypyridoxine-
treated rats maF have been the result of
increased oxidation of glycine by liver, as
reflected in the increased oxidation of gly-
cine by liver homogenates from deoxypyri-
doxine-treated rats étab[e,S). _

~ When vitamin Bédeficient rats were in-
jected with glycine-|-14C, less 4C02was ex-
pired than by controls. This may have been
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due to decreased catabolism as observed in
vitro with kidney and liver homogenates,
but might have also been a reflection of an
increased glycine pool in vitamin B6 defi-
cient rats. The feeding of deoxypyridoxine
to vitamin B6deficient rats neither reversed
nor accentuated the inhibition of total in
vivo glycme oxidation caused by vitamin
Be deficiency. . .

~The oxidation of glycine by rat liver and
k|d_ney_hom0(%enates in these studies was
quite different. When pyridoxal phosphate
was not added to the incubation media, the
decreased ability of liver homogenates from
deficient rats to oxidize glycine was clearly
not seen in liver homogenates from defi-
cient rats recelvm% deoxypyridoxine. Thus,
it appeared that the feeding of deoxypyri-
doxine to vitamin B&deficient rats, inStead
of accentuating the decreased ability of
their livers to oxidize glycine, prevented it.
This was not seen in “studies of kidney
homogenates from these same animals. In
these studies, there was a similar marked
decrease in the ability of kidney homoge-
nates from deficient rats receiving and not
receiving deoxypyridoxine to oxidize gly-
cine,

~ The increased qucine catabolism by
liver homogenates from deoxypyridoxine-
treated rats may be a result of displace-
ment of pyridoxal phosphate from some
enzymes, making it available for others.
Sandman and Snell (12) used such an ex-
Planatlon in d|scussm? the vitamin B6 ac-
ivity of omega-methylpyridoxine, and
Rosen et al. (11) used this ‘explanation for
the effect of deoxypyridoxine in reversing
the anemia of vitamin B6 deficiency in
dogs. The administration of deoxypyridox-
ine to vitamin B&deficient do%s 11) and
rodents (13) has been reported to increase

TABLE 5

Effect of vitamin Be deficiency and deoxypyridoxine on the conversion of
glycine-I-iiC to ,,C02in vitro

Tissue (OPO/EIIPM , +Bo
Liver 17.3+0.9 1
Liver + 59.2+ 8.1
Kidney — 34.4+2.2
Kidney + 30.0+2.3

lvalues represent the mean + .
15 mmoles of substrate in a volume of 3 ml.

of duplicate samples from six rats. Ea
Rats were fed the experimental diets for

-Be Deoxypyridoxine
fimoles 140C2/hr per mg protein
14.2+0.91 21.4+2.11
57.5£2.9 47.7+6.3
121+1.6 14.5+0.8
24.1+1.2 20.2+ 1.4

Each sample contained
to 7 days.
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their liver levels of vitamin Be. Another
possibility is that deoxypyridoxine, after
conversion to the 5'-phosphate, stabilizes
an enzyme, thereby performing a function
normaly[ performed by pyridoxal phos-
phate. Thus, a protective effect may be
exerted by deoxypyridoxine similar to the
effect reported for it on aspartate beta-de-
carhoxylase (14(}. . .

The decreased conversion of glycine to
C02by kidney homogenates from ‘vitamin
Bsdeficient and deoxypyridoxine-treated
rats indicates that pyridoxal phosphate is
important in the metabolism of glycine by
this organ, as well as br the liver. The
failure of added pyridoxal phosphate to re-
store glycine oxidation to control levels in
kidney homogenates from vitamin Bs-defi-
cient'and deoxypyridoxine-treated rats in-
dicates a decrease in the protein moiety of
the kidney enzymes under the conditions
of these experiments. '

The fact that the addition of pyridoxal

Ehosphate to liver homogenates from con-
r

ol rats markedly increased their ability
to oxidize glycine, but that pyridoxal phos-
Bhate did not stimulate glycine oxidation
y kidney homo?enates from the same ani-
mals, suggests that the enzymes involved
in glycine metabolism by kidney and liver
may be quite different.
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ABSTRACT

The effects of two types of gallotannic acid, of three types of con-

densed tannins and of gallic acid, ellagic acid and catechin were compared when fed
to weanling rats. These phenolic compounds were compared at dietary levels of 5%

and at dietary levels ranging from 2 to 10%.

Mortality was greatest with galloyl

glucose compounds and least with gallic acid, but it was not related to growth depres-
sion. Growth depression by condensed tannins was less than that caused by galloyl

glucose.
any effect.

“Most plant phenolic pomﬁ)ound_s exhibit
either no toxic properties to animals, or
onl){ alow order of toxicity even in massive
oral doses (1), but tannins occurrmg in
carob meal, %ram sorghums, lespedeza
forage, shin oak bark and other tissue have
been reported to depress growth and cause
toxicity to cattle, rabbits, rats and chicks.
The metabolism of a wide variety of phe-
nolic compounds in animals has been re-
viewed recently by Williams 322 and De
Eds (3). Though chemically defined phe-
nolics have been used in metabolic investi-
Panons, tannins have been |mFI|cated in
eeds only indirectly by analytical proce-
dures of doubtful specificity. Very rarely
have the tannins actually present been iso-
lated, characterized andfed to experimen-
tal animals. Usually unpurified commercial
“tannic_acid” is used in supPo.rtmg evi-
dence. This was true in the early investiga-
tions of Lease and Mitchell (4) and Muel-
ler ES), and the more recent investigations
of Bornstein et al. (6) and Chang and
Fuller (7(}. Only Camp et al (8} and
Booth and Bell ((192 fed the actually iso-
lated and purified tannin. .

The commercially available tannins may
be either h?/ldrolyzable or condensed tan-
nins. The hydrolyzable Chinese tannins,
the so-called gallotannins, are a mixture of
gallic acid m-dl%alllc acid, trigallic acid
and galloylated glucose; taratannin essen-
tially is a polygalloyl ester of quinic acid;
and” ellagitannins contain ellagic acid in-
stead of gallic acid (10). The heterogeneity

J. Nutrition, 98: 119-126.

Gallic acid and catechin depressed growth but ellagic acid was without

ofdgallotannins has long been recognized
and only recently has the structure of the
more commonly available gallotannins
been elucidated {11). The composition and
structure of condensed tannins still re-
main to be mclecularly defined but these
are known to be condensed catechins, leu-
coanthocyanidins, or mixtures of the two
(10,12

“In the earlier literature there was con-
siderable confusion as to the nature of
substances designated as “tannin.” Thus
Valaer (13), in referring to tannic acid,
stated that “tannic acid, gallotannic acid

tannin and digallic acid are terms use

mterchangeabLI}/ for the same substance,”
and cited the United States Pharmacopoeia
as authority for this. In the 17th revision
of this reference work, published in 1965,
tannic acid is described only in the Re-
agent, Indicators and Solutions section in

the most general terms. Rose and Rose
(14), however, describe tannic acid as
Valaer did. In the Merck Index of Chemi-
cals and Drugs (ed. 7, 1960), it is stated
that “digallic ‘acid has been used to denote
tannic acid” (p. 356% but on p. 1010 at-
tention is called to the fact that “tannin,3
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gallotannic acid, is incorrectly termed di-
gallic acid.” The source of tannin and its
chromatographic degree of purity should
be known to adequately define the prepa-
ration used. .

Comparison of the growth-depressing ef-
fect and toxicity of the wide variety of
vegetable tannins has rarely been made
for the same test animal. Vohra et al. (15)
compared ?allotannlc acid with several
condensed tannins and related phenolics
for their growth-depressing effect on
chicks. We report a comparison of the
toxic properties of several tannins and re-
lated polyphenols fed to rats at varying and
fixed dietary levels to relate these proper-
ties to the composition and structure of
the phenolics studied.

MATERIALS AND METHODS

All rats used were males of the Long-
F.vans strain weighing 50 to 70 g, caged

TABLE 1
Composition of the basal diet
% wt
of diet
Vitamin-free casein 1 20.00
Cotton seed oil 5.00
Jones-Foster salt mixture (100) 4.00
Choline bitartarate 0.18
Vitamin A, D, E mix 1.00
Vitamin B mix 1.00
Sucrose powder 68.82
Total 100.00
Composition of vitamin B mix
mg/500 g
mix
Thiamine HC1 200.0
Riboflavin 300.0
Nicotinamide 2250.0
Ca D-pantothenate 1500.0
Pyridoxine-HCI 350.0
Folic acid 100.0
D-Biotin 50.0
Vitamin Bk (or 1500 mg of
0.1% triturate) 1.5
Menadione (vitamin K) 50.0
Granulated sucrose 493.7
Total 500.0
Composition of vitamin A, D, E mix
units/g 9/1000 g
Vitamin A distillate 500,000 2.00
Vitamin D2 (irradiated
ergosterol) 400,000 0.25
Tocopherol acetate 1 5.00
Cotton seed oil 992.75
Total 1000.00

hObtaned from General Biochemicals Inc., Chagrin
Falls, Ohio.

M. A. JOSLYN AND Z. GLICK

individually, and given food and water ad
libitum. In" each experiment rats were di-
vided into groups containing 5 to 10 rats/
grqup. Food intake per rat was measured
aily, and weights were recorded every 3
to 4 days. . - .

The Dbasal diet composition is shown in
table 1. It was prepared by mixing the
seven Qom?onents in sufficient quantities
to provide feed for 4 weeks, and stored at
5°. Tannins were added as indicated in
the particular feeding experiment, thor-
oughly mixed with the basal diet powder.
The data were analyzed statistically and
their significance was established by Stu-
dent’s ¢ test. The phenolics used were the
following: chestnut oak bark extract tan-
nin; 45D-catechin, crystalline;6ellagic acid,
crystalline;7gallic acid, crystalline;8qrape
seed tannin 9 (Newmarks' enotannin from
Australia); Dquebracho extract tannin; 1R
tannic acid, amorphous light brown pow-
der, source unknown, chromatographically
impure; 134 taratannic acid, light brown
colored powder, major constituent penta
galloylated quinic acid; B6and wattle bark
extract tannin. 7B

RESULTS AND DISCUSSION

The effect of these substances on growth
of the rats is shown in figures 1, 2 and 3.
As shown in figure 1, tannic acid decreased
growth at all levels, the decrease being

reater at higher levels. At 6% and above
the rats actually lost weight and reached
initial weight onIIy after 6 to 20 days, ex-
cept at the 10% [evel where they all died.
Both catechin and gallic acid also depressedd

4 Hydrolyzable tannins. The Folin-Denis reactive
phenolic content of the chestnut oak bark extract is
given in Vohra et al. (15).

5Eastern Regional Research Laboratory, Philadel-
phia, Penna., 1952.

6Mann Research Laboratory, L 2360, New York.

7K & K Laboratories, Plainsville, N. Y.

8Mann Research Laboratory, L 2203, New York.

9Condensed tannins. The Folin-Denis and vanillin
phenolic content of these tannins except for the grape
tannin are shown in Vohra et al. (15). The phenolic
reactive groups of Newmark’s grape tannin are given
in Joslyn and Dittmar (16).

_10McKesson, Langley, Michaels Company, San Fran-
cisco, 1934.

11 See footnote 9.

12 See footnote 5.

13 See footnote 4.

14 Baker analyzed reagent grade, gallotannic acid
R‘owger, J. T. Baker Chemical Company, Phillipsburg,

15 See footnote 4.
_ 18Mallinckrodt tannic acid T-8, Mallinckrodt Chem-
ical Works, St. Louis, Mo.

17 See footnote 9.

18 See footnote 5.
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Fig. 1 Effect of level of tannic acid in diet on
weight gain.

GRAMS WT. GASN

Fig. 2 Effect of level of gallic acid in diet on
weight gain.
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Fig. 3 Effect of level of D-catechin in diet on
weight gain.

growth rate but not as markedly as tannic
acid (figs. 2 and 3).

Comparative studies of the toxicity of
tannic acid, gallic acid, and D-catechin at
dietary levels of . to .. % showed tannic
acid to cause a higher mortality within a
shorter period of time at dietary levels of
5 . and 10% (table 2).

A true comparison between the toxic ef-
fects of tannic acid and those of the other
two phenolics could not be obtained from
these experiments because the initial
weight of the rats on the tannic acid-con
taining diet was 70 g compared with the
50-g weight of those rats fed the gallic
acid and catechin diets. The tolerance of
rats to tannic acid was found to depend
greatly on their initial weight (as will be
discussed in a later report) with the heav-
ier rats having a higher tolerance. This
would invalidate a comparison of toxicity
where gallic acid and catechin were shown
to be more toxic than tannic acid on the
one hand, yet would further verify the ob-
servation that tannic acid was more toxic
a5 . and 10% levels.

The toxic properties of these three phe-
nolics were later compared by feeding at
a 5% dietary level to weanling rats (table
3). The awverage weight gain of the rats
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TABLE 2
Effect of tannic acid, gallic acid, and d-catechin at 2 to 10% dietary levels on rat mortality
OC(f:lérretrF]ce
No. of Dietary doa sef{il'om Total
Treatment rats level the t}/e ginning deaths
of feeding
%

Tannic acid 10 2 0

10 4 0

10 5 5to 8 3

10 6 0

10 8 4to07 7

10 10 4t05 10

Gallic acid 10 2 0

10 4 0

5 5 0

10 6 12 1

10 8 12 and 15 2

10 10 10 to 19 6

D-Catechin 10 2 0

10 4 10 1

5 5 0

10 6 15 2

10 8 7 to 20 4

10 10 6 to 27 7

TABLE 3
E ffect of various phenolics on weight gain, feed intake and mortality
Avg wt Avg food
No. of No. of No. of H K
Treatment gain per intake per
rats deaths days rat per day rat per gay
9 9
Control 15 0 21 5.2+ 081 13.8+ 151

5% tannic acid 5 2 21 11+0.2 *** 7.9+0.2
5% taratannic acid 10 0 21 2.4+0.4 *** 9.9+0.8
5% gallic acid 5 0 18 0.6+0.2 *** 7.9+ 1.2
5% D-catechin 5 0 18 1.4+ 0.7 *** 9.6+ 1.6

SD

i ignificant at P < 0.001.
fed various tannins is shown in figures 4
and 5. Growth depression caused by the
various phenolic compounds did not nec-
essarily coincide with mortality (tables 3
and 4). Gallic acid had a higher growth
depressing effect at 4 and « % (in weeks
2 and 3) and at a 5% dietary level than
did tannic acid, yet a higher mortality oc-
curred with the tannic acid but not with
the gallic acid. Food intake was the same
in the gallic acid group as in the tannic
acid group (table 3). A similar observation
on food intake was found when a « %
dietary level of each of these two phenol-
ics was fed, but not at other levels (table 5).
D-Catechin had a loner growth and food
intake-depressing effect than tannic acid

(tables 3 and 5). No mortalities occurred
at a5% level of catechin, whereas two out
of five rats died under the same treatment
with tannic acid (table 3). Earlier results
(table : ) showed that . rat out of ., died
at a4% level and 2 out of 10 rats at as %
dietary level of D-catechin. Thus, D-catechin
appeared to show lethal effects more simi-
lar to tannic acid than does gallic acid.
When taratannic acid, in which quinic
acid replaces the glucose of gallotannic
acid, was fed at a 5% dietary level (table
3), it alleviated to some extent the growth-
depressing properties. Growth, however,
was still less than 50% that of the control.
A comparative study on the effects of
tannic acid, ellagic acid, grape seed tan-
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®— CONTROL
n— S5%ELLAGIC ACID

Fig. 4 Effect of ellagic acid, grape seed tan-
nin, quebracho tannin and gallotannic acid at
5% level on weight gain.

nins and quebracho tannins at 5% dietary
levels on growth of rats is shown in figures
4 and 5. Ellagic acid (which is the conden-
sation product of two gallic acid molecules
in which each carboxyl group is bonded
forming a depside with the meta hydroxyl
of the adjacent molecule) was completely
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devoid of any of the deleterious effects of
any of the other polyphenolics tested, both
in regard to growth and to feed intake (ta-
ble s ). This observation may suggest that

Fig. 5 Effect of taratannin at 5%
weight gain.

level on

TABLE 4

E ffect of the type and level of phenolic on growth of rats

No. of f
Phenolic rat Dllg\t/giy
(survivors)

%
Tannic acid 10
Gallic acid 10 2
D-Catechin 10
Tannic acid 10
Gallic acid 10 4
D-Catechin 9
Tannic acid 10
Gallic acid 9 6
D-Catechin 8
Tannic acid 3
Gallic acid 8 8
D-Catechin 6

* Significant at P < 0.05.
** Significant at P < 0.01.
*** Sjignificant at P < 0.001.

Growth depression (expressed

as percentage growth of control)
1week 2 weeks 3 weeks
78 81 82 **
89 88 89 *
85 82 83 **
48 56 58 ***
56 55 55 ***
50 52 55 *x*
8 24 31
7 20 24
25 34 37
-30 -13 4.4
-11 7 15
0 8 11
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TABLE 5
d level of phenolic on feed consumption

(expressed as percentage food intake of control)

Phenolic No. of Tannic
level rats acid
2 10 85
4 9 68
6 8 58
8 3 43
10 — —

Effect of various polyphenolics on mortali

Treatment rats deaths
Control 5 0
5% tannic acid 5 1
5% ellagic acid 5 0
5% quebracho

acid 5 0
5% grape seed
tannins 5 0

1+ SD.
* Significant at P < 0.001.
** Not significant.

Effect of various polyphenolics on

Treatment Control

No. of rats 9.00

No. of days 32.00

Avg wt gain, 6.30
g per rat per day +0.75 1

Avg food intake, 15.50
g per rat per day +1.88 1

1+ SD.
* Significant at P < 0.02.
** Not significant.

ellagic acid is not broken down

gallic acid components in the gastrointes-
tinal tract, or the toxic properties of gallic
It is also
possible that if the sole effect of gallic acid
is on feed palatability, ellagic acid, which

acid would have been revealed.

is obviously palatable, even if it

pases into its gallic acid components, will

be nontoxic. The latter possibility

feasible by data showing that intraperi-

No. of

No. of Gallic g i
rats acid rats D-Catechin
10 103 10 83
10 89 7 85
9 58 8 64
6 57 6 54
4 49 2 44
TABLE 6
ty, growth and feed consumption of rat when fed at 5% level
Growth
depression
Avg wt Avg food (expressed
days ain per intake per as percent-
Y rat per day rat per day age growth
control)
9 9
12 4.65+0.63 1 10.1+1.1 1 100
12 1.37+0.48 * 7.9+2.0 30
12 4.69+0.73 ** 11.3+ 1.2 101
12 2.26+£1.10 * 7.7+ 1.4 48
12 2.56+0.43 * 8.1+ 0.9 55
TABLE 7
growth and food intake of rats when fed at 1% level
Tannic Chestnut Quebracho V\égtr?t'!e
acid oak bark extract extract
10.00 9.00 10.00 10.00
32.00 32.00 32.00 31.00
5.30 * 5.70 ** 5.90 ** 6.10 **
+0.79 +0.47 +0.46 +0.75
13.80 14.60 15.00 15.80
+1.37 +0.94 +0.92 +0.92
into its toneal injections of gallic acid are non-

toxic (17).

The condensed tannins from quebracho
and grape seed showed a significant growth
and feed intake depression (fig. 4, table ).
The extent of growth depression caused by
a 5% level of quebracho or grape seed tan-
nins (table s ) is of the same order as that
caused by 4% catechin (table 4), i.e.. 55,
48 and 52% of controls for the grape seed

decom+

is made
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tannins, quebracho tannins and catechin,
respectively, suggesting that condensation
of the catechin moiety reduces its gronwth-
depressing properties.

A comparative study of the effects of
tannic acid, chestnut oak bark extract, que-
bracho extract and wattle bark extract tan-
nins given at a 1% dietary level (table 7),
show tannic acid to be most effective as a
gronth and food intake depressant. Al-
though our data on the effect of a : %
dietary level of tannic acid agree closely
with the results of analogous feeding to
chicks (15), higher lewvels of this com-
pound, i.e., 3 to 7% , caused a higher mor-
tality in chicks than did similar levels in
rats, suggesting that chicks are more sus-
ceptible in their tolerance to the tannic
acid diet.

DISCUSSION

Qur results are similar to the earlier data
reported by Lease and Mitchell (4) who
found that adult albino rats tolerated 5%
crystalline tannic acid (digallic acid?)
whereas higher levels were toxic. They ob-
served gallic acid to be more toxic than
tannic acid but did not give the data on
which this conclusion was based. Mueller
(5) found that even . % crystalline tannic
acid depressed growth of rats. On the other
hand, Booth and Bell (9) reported that
sericea tannin could be fed to albino rats
at 28 days of age for periods of 121 to 150
days without any effect on mean body
weight gain or feed efficiency (weight gain
per gram feed intakes). Grape pomace
phlobatannin, similar to the grape seed
tannin we used, was fed to rats at a . %
level for 400 to 700 days without any sig-
nificant effect. With sericea tannin, Booth
and Bell (9) did not detect any phenolic
degradation product in rat urine and con-
cluded that little if any absorption of the
tannin occurred. With chicks Vohra et al.
(15) reported that tannic acid at a level
as low as 0.5% depressed growth signifi-
cantly. At 1% level, wattle bark depressed
gronth more than tannic acid, and que-
bracho tannin had no effect after 7 days
feeding, but after ., days, wattle bark and
quebracho were similar and tannic acid
considerably more toxic.

Though much of the decrease in gronth
was related to a decrease in food intake,
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which with tannic acid and gallic acid at
the 5% level was about 50% of the con-
trol and decreased with increase in level
from 2% to .. %, other factors also were
involved. It will be reported in succeeding
papers that the phenolic reduced absorp-
tion of dietary components and in addition
exerted a still unknown toxic effect.
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The Journal of Nutrition welcomes
concise reports of original research bearing
on the nutrition of any organism. Prelim-
inary notes, or papers already published or
in the press elsewhere are not acceptable.
Consideration will be given to the publi-
cation of supplements at the author's ex-
pense.

In addition to reports of original re-
search, consideration will be given to pa-
pers in which new nutritional concepts are
developed from information available in
the existing nutrition literature.

Letters to the Editor will be considered
for publication when the writer comments
constructively concerning a paper that
has been pUbllSl’Ed iN The Journal of
Nutrition. Such letters will be subject to
the usual editorial review and at the same
time, the author or authors of the paper in
question will be given the privilege of sub-
mitting a rebuttal. Final acceptance of
Letters to the Editor shall be the prerog-
ative of the Editorial Board. (Letters and
authors’ rebuttals must be limited to 500
words, including references cited.)

The American Institute of Nutrition sub-
scribes to the Principles of Laboratory Ani-
mal Care dewveloped by the Institute of
Laboratory Animal Resources of the Na-

J. Nutrition, 98: 127-132.

tional Research Council, and expects that
authors who submit manuscripts will have
adhered to these principles in their experi-
mental procedures.

ORGANIZATION OF MANUSCRIPTS

The manuscripts should be prepared in
complete and finished form, typed double-
spaced throughout, including references,
footnotes, tables, table footnotes, and figure
legends. Papers should be organized in the
following sections.

Title page. The following information
should be listed on page . :

1 Complete title of paper in upper
and lower case letters.

2. Name or names of authors.

3. Institution or laboratory, with city
and state.

4. Shortened form of title (not more
than 48 letters and spaces).

5. Address and name of author to
whom proof is to be sent.

Titles should be concise to permit effective
automatic indexing. They should include
the name of the organism studied. The
numbering of titles in a series of papers
is no longer permitted. If reference to the
number of such a paper is desired for a se-
ries started previously, this may be placed
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in a footnote. Titles not meeting these
specifications will be reworded in the Edi-
torial Office, subject to the author's ap-
proval.

All footnotes, including those pertaining
to the title page, should be placed on a
separate sheet, typed double-spaced.

Abstract. An abstract of 200 words or
less, typed as a single paragraph on a sep-
arate sheet and double-spaced, should be
included as page 2. Abstracts should state
the objective of the study and give a con-
cise description of the plan or design. New
observations or methods should be pointed
out, with results and conclusions stated
clearly. An abstract should be intelligible
by itself.

Text. The text should begin on page 3
Use care to make the text readable, clear,
and concise. It should be written so as to be
understandable in itself, without reference
to tables or figures. Use the active voice
whenever possible. The text is usually di-
vided into sections, with centered upper-
case headings, in the following sequence:
Introduction (without heading); Methods,
Procedures, or Materials and Methods; Re-
sults; Discussion (or these two sections
combined as Results and Discussion); and
Acknowledgments. This arrangement is not
binding on the author if another approach
is more suitable.

The words “et ah,” “per se” and “ad lib-
itum” are not underscored. In footnotes
giving details of composition of diets, the
repeated use of a unit may be avoided by
stating the common unit used, as “the diet
consisted of the following: (|n grams) SU-
crose, 50; casein, 130; or“, 12 and

14%.” The expression ‘fed a diet” is pre-
ferred to “on a diet” or “given a diet.” Cer-
tain other preferred usage is described in
the Style Manual for Biological Journals’
Avoid the use of laboratory jargon and
such phrases as “it can be seen that,” “it
is interesting that,” and “it can be noted
that.”

Numbers: Use arabic numerals, not
Roman or ordinal numerals, throughout,
including those in tables and figures (e.g.,
group 3, not the third group or group IlI;
table 1, not table I). If possible, avoid be-
glnnlng a sentence with a numeral or a
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Statistical methods: Tests of statistical
significance should be identified, and ref-
erences used should be cited. Statements
that results are statistically significant
should be accompanied (in text, tables,
and figure legends) by indications of the
level of significance (as P, the probability
of the event's being due to chance alone,
a decimal quantity; or as a, the level of
significance, a percentage).

Units of measure, abbreviations, sym-
bols, and nomenclature: The metric sys-
tem is used for all units, and temperature
is expressed in the centigrade scale (de-
gree sign without C). Letters in abbrevi-
ations such as NAD and 1U are not spaced;
periods are omitted except when the ab-
breviation might be read as another wbrd.
Do not add “s” when the plural is meant.
Folloning is a list of the more common
abbreviations and symbols used in the
Journal:

average avg (tables only)
calorie (“small;®
gram calorie) cal

Calorie (“large,”
kilogram calorie) not used; use kcal
centimeter cm

counts per minute cpm

cubic millimeter mm3

degree ° (omitC)
degrees of freedom df (tables only)
gram

hour ﬁr (tables only)
international unit U

kilocalorie kcal

kilogram kg

liter (spell out)
meter m

microcurie yCi

microgram tig (not 7)
microliter &l (not X)

micromicrogram picogram, pg
(preferred to [i4)
micron (10-6 meter)
micromolar
(concentration)
micromole (mass) pinole (never fiM)
millicurie mCi
milligram mg
milligrams % (never use;
use mg/100 mg,
mg/100 ml,
or mg/100 g,
as appropriate)
ml (not cm3orcc)
mm
nanogram, ng
(preferred to ntyig)

milliliter
millimeter
millimicrogram

1Conference of Blologlcal Editors, Committee on
Form and Style t){e Manual for Biological
Journals, ed. 2. Amerlcan nstitute of Biological™ Sci-
ences, Washington, D.C.
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millimicron
(10~9meter)

millimole

minute

molar (moles per liter)

mole

nanogram (10-9 g)

parts per million

percent

picogram (10-12 g)

probability (statistics)

second

square centimeter

square meter

square millimeter

standard deviation

standard error

standard error of
the mean

t (statistics)

weight

year

my

mmole

min (tables only)
M

mole (never m)
ng

ppm

%

Pg

P

sec (tables only)
cm2

m2

mm?2

S0

SE

SEM

t

wt (tables only)
yr (tables only)

Other commonly accepted abbreviations
may be found in the Style Manual for
Biological Journals. In general, chemical
and biochemical terms and abbreviations
should conform with the usage recom-
mended by the International Union of
Pure and Applied Chemistry (IUPAC) and
its committees on nomenclature. Names of
chemicals are written out in the text; for-
mulas may be used in tables or figures,
or both. When appropriate, identify en-
zymes with their EC number and system
atic name..

Isotope specification should conform to
the IUPAC system, with the mass number
placed as a superscript preceding the chem-
iw] Syn.ml, as MC, not C]4

Acknowledgments. Financial support
should be listed in a footnote to the title.
Credit for materials should be listed as
footnotes in the text. Technical assistance
and advice may be cited in a section headed
Acknowledgments, which will appear at
the end of the text.

Literature cited. Accuracy and ade-
quacy of the references are the responsi-
bility of the author. Literature cited should
be checked carefully with the original pub-
lication. List references in the order of
citation in the text. Be sure all references
in Literature Cited have been mentioned
in the text (or tables or figures). Ref-
erences to a paper in press may be in
cluded in Literature Cited. If such a paper
would be useful in the evaluation of the
manuscript under consideration, it is ad
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visable to make a copy of it available to
the Editor. When a manuscript is one of
a series of papers, the preceding paper
should be included in Literature Cited.
References to abstracts of verbal reports
and to other unedited material (as the ab-
stracts in Federation Proceedings, theses,
and industrial technical bulletins) should
be treated as text footnotes. Personal com:
munications and unpublished experiments
should be treated as footnotes to the text.

Follow the style in recent issues of the
Journal for references. Do not underscore
titles of journals or books; do underscore
volume numbers of journals. All references
should be double-spaced. Names of jour-
nals should be abbreviated in accordance
with the list of abbreviations in the Style
Manual for Biological Journals.

Footnotes.  In the text, footnotes should
be numbered consecutively, including any
indicated on the title page. For tables, foot-
notes should be typed double-spaced di-
rectly beneath the table, and numbered
1, 2, 3, etc. Superscripts in the table should
appear consecutively, starting at the top of
the table and reading from left to right
across each line. Footnotes to tables are
independent of footnotes to the text.

Footnotes are used for the following
types of information;

1. Address(es) of author(s) if different
from the institution or laboratory given
on page 1. Include zip code number.
Approval of paper for publication.
Acknowledgment of support of research.
Prior presentation at meetings or sym-
posia, with name, location and date of
presentation. If an abstract was pub-
lished, a citation should also appear in
this footnote.
5. Name and address for reprint requests,
if not the first author and address stated
on page 1.

Eal S

6. Source of materials, feeds, instruments,
etc. (name, model number, manufac-
turer's name and location (city and
state)).

7. Source of laboratory animals (same in-
formation).

8. Composition of diets, or vitamin or min-
eral mixtures, if not presented in a table.

9. References to abstracts, verbal reports or
other unedited material.

10. Personal communications and unpub-
lished experiments, including names of
information sources and year.

2The Internatlonal Union of Biochemistry Commis-
sion of Editors of Biochemical Journals "1965 En-
zyme Nomenclature Elsevier Publishing Company,
Amsterdam, London and New York.
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Registered trade names are not used in
text, tables, or figures. A trivial or descrip-
tive name should be used in text and
tables, with a footnote giving the registered
trade name, manufacturer and address
(city and state).

Tables. Follow form in current issues
for the use of upper and lower case letters
and italics. Do not use vertical rules. Units
of measure should be indicated clearly two
spaces above the first value in a column.
Tables and their footnotes (numbered in-
dependently from those in the text) should
be typed double-spaced; if this requires the
use of more than one page per table, sinply
indicate “contd” on the first page and
“Table X, cont'd” on the following page(s).
A table or figure should be constructed so
as to be intelligible without reference to
the text. Lengthy tabulation of essentially
similar data can often be avoided by giving
the number of experimental results and
their mean values, with standard devi-
ations, standard errors or ranges within
which the values fall. Statements that sig-
nificant differences exist between the mean
values of two groups of data should be
accompanied by indications of probability
derived from the test of significance ap-
plied. Tables should be numbered (table 1,
table ., etc.) in order of appearance in
text; references cited in table should be
numbered according to the location of the
table in the text. Authors are urged to
economize on space used for tables and
figures. These should fit one column width
(: % inches) or, when necessary, two col-
umn widths (5v2 inches).

Figures. Original drawings, with two
reproductions to be sent to reviewers, or
in the case of photographs, the original
and two glassy prints, should accompany
the manuscript. They should be marked on
the back in ink or pencil — not ballpoint
pen— with the author's name, complete
address, and with the figure numbers. They
should not be glued, stapled or clipped.
The top should be indicated to avoid con-
fusion. Such drawings and photographs
must not exceed 8Vv2 x 11 inches in size
and must be at least 514 inches wide in
order to fit the . %-inch single column
width when reduced by one-half. When a
complicated figure requires more space for
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clarity, a proportionately larger illustration
will be acceptable. But two copies of prints
should be submitted on sheets of the same
size as the text. Owersize or undersize fig-
ures are difficult to handle in editing.

Drawings should be on white or blue-
white paper or bristol board — not cream-
white. They should be prepared for re-
production as line or halftone engravings.
Abbreviations, units, and symbols in fig-
ures and legends should conform to Jour-
nal style. Letters and numbers should be
uniform and large enough so that no char-
acter will be less than . mm high after
reduction. A line 0.4 mm wide reproduces
satisfactorily when reduced by one-half.

Figures should be lettered (preferably
by stencil) in black India ink For any
charts made on cross section paper, use
India ink on paper printed in light blue
only. Charts drawn in India ink should be
so executed throughout, with no typewrit-
ten material included. Graphs and charts
should be given consecutive figure num-
bers as they will appear in the text Leg
ends (including any keys to symbols or
charts) should be numbered consecutively
and combined on a separate sheet, typed
double-spaced.

For the reproduction of any illustra-
tions) in color, the author must have
funds available for full payment and must
make advance arrangements with the pub-
lisher.

ASSEMBLY OF MANUSCRIPTS

Manuscripts are to be typewritten on
bond paper (- x 11 inches). Double
spacing must be used throughout, includ-
ing the title page, tables, legends, foot-
notes, and references. A margin of about
Iva inches (or 3cm) is needed at each
side of the sheets.

Follow the style of a recent issue of the
Journal for general format. Never divide
or hyphenate a word at the end of a line.
Do not staple together the pages of the
manuscript.

Start each of the following sections on
a new page: . ) title page; . ) abstract
3) text; 4) literature cited, arranged in
the order of citation in the text; 5) foot-
notes; ) figure legends, numbered and
listed consecutively, each legend as a new
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paragraph; 7) tables with appropriate
headings, a separate sheet for each table,
with headings, data, and footnotes all
double-spaced.

Number all pages at top center of page
consecutively in the following order: title
page, abstract, text, literature cited, foot-
notes, figure legends, and tables. Assemble
in this order, placing figures and illustra-
tions (not to be given page numbers) at
the end.

Auxiliary publication:  To conserve
space in the Journal, unusually lengthy
descriptions of experimental procedures,
detailed data such as those on individual
animals or subjects, extra figures and
other material considered important sup-
plementary information, may be deposited
without charge to the author with the
American Society for Information Science
(formerly the American Documentation
Institute), Library of Congress, through
the Editor's Office, with a footnote refer-
ence. This footnote gives information on
the availability of photostat or microfilm
copies at moderate cost.

SUBMISSION OF MANUSCRIPTS

An original and two copies (legible car-
bons or photocopies) of the manuscript
and abstract should be sent flat by regis-
tered mail to

DR. RICHARD H. BARNES

GRADUATE SCHOOL OF NUTRITION
CORNELL UNIVERSITY, SAVAGE HALL
ITHACA, NEW YORK 14850

After the manuscript is reviewed and
possible revisions made, it is processed be-
fore release to the printer by the Redactory
Service of The Journal of Nutrition.
If any minor clarification is needed, edi-
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torial queries are noted on page . of the
manuscript. They should be carefully an-
swered at the time the author reads proof.
Since authors receive page proof of their
articles, only essential changes can be
made; authors are charged for changes
from manuscript. Corrections should be
made in regular pencil only, using stan-
dard proof reader's marks. Proof must be
returned promptly or publication will be
delayed.

CHARGES TO AUTHORS

Excess illustrative material. A charge
of $40 per page will be made by the pub-
lisher for that space used for tables and
figures which exceeds one-quarter of the
space used for the manuscript exclusive of
tables and figures.

Page Charg&c The Journal of Nutri-
tion levies a charge of $30.00 per page.
Authors will be billed after they receive
page proof. Ability to pay this charge will
in no ivay prejudice the acceptance of the
manuscript. Charges will be invoiced di-
rectly by the business office; the edi-
tor's office is not advised concerning the
author’'s payment or nonpayment of the
charge.

Reprints. Reprint order forms and rates
will be sent with page proof. The amount
paid in page charges WiR be credited
against the cost of reprints. Anyone other
than an author desiring reprints must have
orders approved by the author, and give
written assurance that . ) distribution will
be restricted to those interested in the sci-
ence of nutrition, and . ) no advertising or
imprinting will be attached to the reprints
thus furnished.

The Journal of Nutrition

9650 Rockville Pike
Eethesda, Maryland 20014



ERRATUM

Ross, Morris H. 1969 Aging, nutrition and hepatic enzyme ac-
tivity patterns in the rat. J Nutr., 97: 563. On page 569, column 2,
following line . : , the cube root sign is missing in the formula.

To correct this error in your copy of volume 97, number 4, supple-
ment 1, page 569, please cut along the lines of reprinted section below
and paste over the incorrect formula immediately following line : .,
column . .

Pb,
+y2T

J. Nutrition, 98: 133. 133
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