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Norman H. Jolliffe

— A Biographical Sketch

(August 18, 1901 — August 1, 1961)

My acquaintance with Norman Jolliffe
began at the time of the first Hearings of
the Food and Drug Administration on the
advisability of a standard for enriched
flour. Already, at that time, Jolliffe had
become outstanding for his recognition of
the prevalence of deficiency diseases in
the clinics of our cities. Pellagra and beri-
beri were then very prevalent especially
among alcoholics and derelicts of the
streets and it was his testimony very
largely that made it evident that these
diseases were not confined to remote
countries but were practical medical prob-
lems in this country.

Of course, among the people who pro-
posed to testify at the Hearings there was
a considerable diversity of views. The
proponents included millers and bakers,
leading nutritionists and many members
of the then proposed Food and Nutrition
Committee, later to become the Food and
Nutrition Board of the National Research
Council. There had long been a strong
feeling that something should be done to
re-enforce our flour and bread, but there
was poor agreement as to just what meas-
ures should be taken. | recall very dis-
tinctly that it was Jolliffe’s genial attitude
which resulted in a substantial concur-
rence among the various people who of-
fered testimony without the omission of
any of the essential facts. Jolliffe, more
than any other person among the partici-
pants at the testimony, emphasized the
medical need for the remedial measures.

For many years thereafter Jolliffe and
1were closely associated in the promotion
of wise measures for cereal enrichment.
This biography of Dr. Jolliffe will be con-
fined very largely to his contribution in
the field of nutrition but he was very active
in other related fields. Notably he was an
early student of alcoholism, and a biog-
raphy especially bearing on this aspect of

J. Nutrition 80: '63

his work appeared in the Quarterly Journal
of Studies on Akohol (vol. 22: 531, ('61))
of which journal he was long an editor.
As we look back at the matter, there was
much that we did not know at the time
about the subject of nutritional deficien-
cies among the general population. Parti-
cularly there was no real idea as to the ex-
tent of the human need for nicotinic acid
or niacin as it became presently to be
known. The original standard was fixed
far too low to be effective and the revision
came gradually over the following two or
three years. Another major problem was
the extent of ariboflavinosis, and Jolliffe
added very much to our knowledge of the
occurence of these symptoms among the
deficiently fed people of the country.

Unlike many nutrition and medical
people of the period, Jolliffe did not share
the suspicion of many that the desire for
enrichment on the part of the baking and
milling industries was dictated entirely by
their desire to profit by it. He gave every-
one credit for being honest in his inten-
tions and soon became recognized as one
of the most trustworthy contributors to
the subject. The American Bakers Associ-
ation and the American Institute of Bak-
ing recognized this large contribution by
Jolliffe in awarding him a diploma at a
dinner held by them on the twentieth an-
niversary of enrichment.

My further associations with Norman
Jolliffe were broadened very considerably
in 1941 when he became a member of the
Williams-Waterman Fund Committee and
continued until his death to advise with
the Committee very frequently about the
entire range of nutrition projects with
which the Committee was concerned. The
following resolution was enacted at the
Committee’s meeting immediately after
Norman’s death:



4 NORMAN H. JOLLIFFE

In Memoriam, Norman Jolliffe,
1901-1961

It is with sincere sorrow and a deep sense of
loss that we record the passing on August 1, 1961
of our esteemed colleague, Norman Jolliffe, Mem-
ber of the Williams-Waterman Fund Committee
since 1941.

From almost the very beginning of the Fund’s
operations, Dr. Jolliffe helped shape the policy
and direction of this organization’s activities,
thereby lending his beneficial influence and wise
counsel to worldwide work in nutrition over a
period of two decades. In addition, he under-
took for the Fund the leadership of investiga-
tions in Formosa and Cuba where his friendly
nature instantly won the hearty collaboration of
those peoples whose customs and traditions were
largely foreign to his own.

Dr. Jolliffe will be remembered for his many
professional contributions toward better health
and for the ever-constant qualities of sincerity,
integrity, and good judgment which he brought
to every endeavor. He will be remembered
equally for his inspirational example of unflag-
ging zeal and determination in the face of, what
would have been to lesser men, overwhelming
physical handicaps. He will be remembered as a
great and kindly man, a good friend. It is not
possible to assess his contributions, for they will
be endless. One can only rejoice that building
will continue on the firm bases he has estab-
lished, and that the lives he has touched will in
turn transmit his influence to other lives.

In this time of sorrow, we join in extending to
his widow, Lillian Jolliffe, the sincere sympathy
of those who were so fortunate as to know him
as a friend and to be associated with him in
one of the organizations through which his ad-
mirable characteristics were made manifest.

THEREFORE, BE IT RESOLVED, that an en-
grossed copy of this memorial be forwarded to
Mrs. Jolliffe.

Norman Jolliffe was born on August 18,
1901, in Knob Fork, West Virginia. He took
his B.S. degree at West Virginia University
and received the M.D. degree from the
New York University College of Medicine
in 1926. He interned and was a resident
physician at Bellevue Hospital, and in 1932
became Chief of the Medical Service of
the Psychiatric Division where he remained
until 1946. In 1945 he opened the first nu-
trition clinic in the New York City Depart-
ment of Health and in 1949 became Direc-
tor of the Bureau of Nutrition, Department
of Health, City of New York.

He was a Diplémate of the American
Boards of Internal Medicine and Preventive
Medicine and Public Health; Fellow of the
American College of Physicians; Fellow
of the New York Academy of Medicine;

and a member of numerous scientific
societies.

Dr. Jolliffe was a participant in both
the 1944 and the 1948 Newfoundland Sur-
vey teams, an international group of nutri-
tion experts who assessed the nutritional
status of that island's population. In 195]
he visited Brazil on the invitation ofJublic
health authorities of Sao Paulo to advise
them on nutrition surveys in connection
with their proposed enrichment program.
In 1952 and 1953 he visited Rome on in-
vitation of the Centro per lo Studio dell'li-
ment azione Infantile, Consiglio Nazionale
Delle Richerche, to assist them with nutri-
tion problems.

Of course, we had many consultations
with Dr. Jolliffe concerning his participa-
tion in the introduction of enriched flour
and bread in Newfoundland, and his as-
sistance in preparing reports on this sub-
ject was invaluable. As it happens, the
evidence of benefit of enrichment of ce-
reals is more clear-cut and unequivocal in
Newfoundland than in any other country.
In the U. S the introduction of enrich-
ment accompanied many changes in the
economic conditions of the country, espe-
cially the development of better transpor-
tation through good roads and the migra-
tion to the South of many war industries.
These features so greatly modified the
economic condition of the people as to
make difficult the separation of enrich-
ment from other causes of dietary improve-
ment. However, the almost simultaneous
disappearance of metabolic and nutritional
diseases from both rural and city clinics
made the story quite convincing. There
was really no reason why improvement of
economic conditions had anything to do
with the sharp decline in beriberi or pel-
lagra among alcoholics on skid-row in
Chicago.

As time went on the Williams Water-
man Fund Committee increasingly turned
its attention to foreign countries and be-
gan its major activities in India and espe-
cially in the Philippines. Jolliffe took an
extraordinary interest in these studies
and when, in 1954, there was an occasion
for a nutrition survey of the civilian popu-
lation of Formosa, | did not hesitate to
ask Jolliffe if he could not undertake it.
He readily assented and anyone who goes
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to Formosa today will find among the nu-
tritionists and physicians of the country a
host of very warm friends of Norman and
Lillian Jolliffe. A word is in order at this
point about Lillian, whom Norman married
as a secretary at Bellevue Hospital. She
was always keenly interested in his work
and active as an assistant in many aspects
of it. When it came to organizing the
school children of Formosa into groups for
inspection, Lillian was almost as valuable
as Norman himself in effecting a system-
atic examination. The Jollifies continued
their journey to Hong Kong, Manila, Bang-
kok, and some cities in Northern India,
and at each place Norman held consulta-
tions with the local scientists and gave
lectures to large groups. He thus made a
great impression throughout Asia concern-
ing the importance of nutritional disease
and the means of combating it.

Two years later, when a nutrition survey
of Cuba seemed in order, Norman also
gladly undertook that and Lillian played
much the same role that she had in For-
mosa. Norman very effectively organized
a large group of young doctors to partici-
pate in the survey and to learn the diag-
nosis of deficiency diseases. Both Norman
and Lillian are as much loved in Cuba as
they are in Formosa.

Norman undertook studies of many
medical topics other than those | have
mentioned. At the end of World War II,
the New York City Department of Health
recognized his high standing in nutrition
by appointing him Chief of its first Nutri-
tion Clinic and a few years later, Director
of its Bureau of Nutrition. In toto, he
made more than 150 contributions to the
medical literature, among which were two
popular books. He was co-editor of the
medical textbook, Clinical Nutrition, pub-
lished in 1950 by Paul Hoeber, which has

become the standard work in the field.
Best known of his writings was How to
Reduce and Stay Reduced. A second edi-
tion of Clinical Nutrition was prepared by
Norman before his death and has appeared
under the same publisher in 1962.

In his later years he concentrated a
great deal of his attention on heart dis-
ease and conducted the so-called “Anti-
Coronary Club” in the New York City De-
partment of Health which collected a vast
amount of data on the relationship of fat
and cholesterol to the incidence of coro-
nary problems.

The Mayor's annual message to the
Council included the following statement:

“A research project of immense potential im-
portance, the study of the relationship of diet to
heart disease, is being conducted by the Health
Department. Our physicians, by following care-
fully the results of especially prepared diets, are
trying to learn the effect of fat and cholesterol
in the diet on hardening of the arteries and heart
disease. | believe this work, done quietly and
efficiently, is an important and necessary addi-
tion to the responsibilities of local government.”

Although Norman was always a very
convivial and jovial spirit at any gather-
ing, few knew of the very serious handicap
from which he had suffered since his stud-
ent days. He was a severe diabetic and
only by the most careful control which he
asserted with utmost nonchalance, was
he able to keep going and particularly to
partake in various lunches and dinners in
his honor. Most men would have crumpled
under the weight of his disability but Nor-
man’s spirit rose above his bodily weak-
ness and urged him to continue without
letup his arduous duties as teacher, re-
searcher and administrator. How often |
admired the nonchalance with which he
dismissed his ever-present cares from his
mind.

Robert R. Williams
Summit. New Jersey



Fat Accretion and Growth in the Rat1

THEODORE F. ZUCKER and LOIS M. ZUCKER
Laboratory of Comparative Pathology, Stow, Massachusetts

ABSTRACT The normal course of fat accretion in male rats from birth to 3 years
is described. The relative amount of fat and relative size of fat pads increased steadily
throughout life (except for a brief cessation in fat accretion at weaning), in a manner
closely related to body weight and independent of age. Several new rat strains with ex-
tremes of growth or fat accretion, fed the same diet, were used to define and illustrate
courses of fat accretion: very large and very small non-obese strains and a hereditarily

obese rat.

obesity are discussed:

Rats of different known strains fed a variety of more refined diets show a
course of fat growth different from that obtained with stock diets.

Several types of

insulin obesity, nutritional obesity, and hereditary obesity. He-

reditary size and growth of the rat were readily (in a few generations) altered up or

down, by consistently using the largest or the smallest 25%

breeders.

of the population for

It is probable that the large increase in size of some laboratory rats over the

past 40 years has been accomplished not only by improvement in stock diets and colony
conditions, but also by selection for increased hereditary size.

This report deals with the body fat of
the rat both under conditions that would
be called “normal” and conditions that
justify classification as obesity. Relatively
few data on "normal” fat accretion are
available. We will reproduce some of
these for comparison with our data.

On the subject of obesity in laboratory
animals the following should be con-
sidered. In mice Fenton (1, 2) found that
some strains become obese when fed high
fat diets, while others do not. Mickelsen
et al. (3) studied such nutritional obesity
in rats and more recently found2 indica-
tions that in this species also a genetic
predisposition is a factor. Extreme obes-
ity can be produced in rats, mice, monkeys
and dogs by surgical interference with the
intactness of the hypothalamus (4). In
mice hypothalamic lesions with resulting
obesity also follow injection of goldthio-
glucose (5, 6). Continued injection of
protamine insulin in rats and mice causes
increased lipogenesis and fat accretion (7).
In some species (mouse and man, but not
rat) corticosteroids can lead to hyperin-
sulinism with resultant obesity (8). In
every case it appears that obesity is made
possible by an increased caloric intake.

Besides the above instances which de-
pend on conditions imposed by the ex-
perimenter, there are also obesities related
to a cause entirely within the animal. Four
mutations in mice are known which lead
to obesity. Two of these are due to single

recessive genes — the gene ob, called
obese (9), and the gene ad, called adipose,
which is at a different locus from ob (10).
The yellow obese mouse depends on a
dominant gene A" which is an allele of
agouti (11). These 3 types of obesities,
with genetically different mechanisms,
presumably also operate through physio-
logically different mechanisms. With re-
gard to Bielschowsky's (12) NZO obese
mouse the genetic situation has apparently
not been worked out.

Recently we described an obese muta-
tion in the rat (13, 14) which is depend-
ent on a single recessive gene fa, called
fatty. It was found that this obesitv is not
caused by any hereditary lesion of the hy-
pothalamus.3

We are concerned in this report princi-
pally with three questions:

(1) Is fat accretion related to age or
body weight?

Received for publication December 17, 1962.

1This investigation was supported in part by re-
search grants C-4241 and A-4085 from the National
Institutes of Health.

2Personal communication from Dr. Mickelsen.

3We are greatly indebted to Dr. James Q. Miller of
the Neuropathology Laboratory at the Children’s Hos-
ﬁital Medical Center, Boston, for his study of the
ypothalamic region in two old and one young fatty.
He reported: “The brains were removed, after sacri-
ficing the animals, fixed in formalin and embedded
in celloidin. Serial step sections were stained with
cresyl violet and hematoxylin and eosin. Fat rat
brains and controls were examined and compared to
one another. No evidence of degenerative, neoplastic,
or infectious disease was found, and there was no
anatomical defect identified in the region of the
hypothalamus in any of the specimens.”

J Nutrition, 80: '63
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(2) Is there, under conditions which
can be considered “normal” for the labor-
atory rat, a definable controlled path of
fat accretion?

(3) Can a reasonable distinction be
made between “normal” fat accretion and
obesity?

first question is of importance since
in most extant studies fat accretion has
been related to age. To decide the ques-
tion it is necessary to have rats that dif-
fer largely in weight for a given age.
Widdowson and McCance (15), using
early (preweaning) food restriction, con-
cluded that fat is related to weight, not
age. As appears below, we have used ani-
mals of hereditarily different growth rates,
thus avoiding any further imposed experi-
mental conditions. The third question de-
serves consideration because old rats have
frequently been considered obese with the
implication of a pathological state associ-
ated with senility.

Net

Fig. 1 (left) and 2 (right)
data for individual male rats of 4 rat stocks.
material.

Body

GROWTH

Weight

Post-weaning fat accretion; log-log plots of carcass analysis
FAUnRNs indicates fatty acids plus unsaponifiable
Net weight is gross weight minus intestinal contents.
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METHODS AND MATERIALS

Random-bred rats. Male rats from a
random-bred colony of Sherman origin,
with body weights from 5 g (newborn) to
500 g (about 6 months old), were used
for the carcass analysis data of figures 1,
7 and 8, as well as the data reported in
the following paper (16). For older ages
these were supplemented by rats of
Sprague-Dawley (SD) origin in groups
aged 5 months, 2 and 3 years; they came
from the colony of Dr. H. S. Simms, a
colony which is maintained for studies in
aging. These particular old animals had
remained in good physical condition and
had shown no weight losses.

Rats selectively bred for body size. Two
long-time experiments were carried out
by breeding heavy to heavy rats and light-
weight to lightweight rats over many gen-
erations with avoidance of inbreeding.
The heaviest (or lightest) 25% of the
available rats in each generation were used

gm

(Fig. 1) The diet was a

commercial pelleted stock diet containing whole milk powder, soybean meal, meat and bone
scrap, yellow corn, barley, oats, wheat, small quantities of alfalfa, molasses, salt and calcium

carbonate. (Fig. 2)

The data line is the same as that of figure 1 The 2 dotted lines repre-

sent 13.14 or 8.63% of fat; these are the mean percentages as given by the authors (22) for

their Yale and Wistar rats.

culated from the individual percentage values (22).

The individual values for FAUns shown in the graph were cal-

The diet was a commercial pelleted

stock diet supplemented with lettuce twice weekly.
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for breeders, and changes were very ap-
parent within a few generations. The
first of these experiments was carried out
with the above-mentioned Sherman rat
stock. The earlier results of this experi-
ment have been described in a progress
report (17). Three sizes of strains re-
sulted: the small 9B strain, the medium
size 13C, and the large 14C. These strains
are the subject of figure 3. The second
size selection experiment was carried out
on a foundation stock made up by crossing
4 known rat stocks: 13C mentioned above;
an albino strain of Wistar origin given to

Fig. 3 (left) and 4 (right)

Post-weaning growth of retroperitoneal fat pad.

us by Dr. Oser of the Food Research Lab-
oratories; Long-Evans hooded rats from
the colony of Dr. P. E. Smith at Columbia
University; and a black strain from the
Merck Institute for Medical Research. The
purpose of setting up such a foundation
stock was to provide a larger gene pool.
The foundation stock and selective breed-
ing scheme have been described together-
with some experimental data (18, 19).
The 2 strains resulting from this experi-
ment are designated 4StS (small) and
4StL (large). Photographs and growth
curves for these rats are shown in figures

(Fig. 3)

Log-log plot against gross weight for individual male rats of 3 strains derived by selective
breeding for body size from our Sherman stock. These rats were fed an unpelleted stock

diet composed of wheat, 25; cottonseed flour (Proflo, Traders Oil
Texas), 20; whole milk powder, 25; lactalbumin,
ash, yeast, salt, added vitamins and trace elements.

Mill Co., Fort Worth,
10; glucose, 14; small amounts of bone
(Fig. 4) Log-log plot against the cube

of tibia length for individual male rats of 2 strains derived by selective breeding for body

size from a cross of 4 known rat stocks.

The appearance and growth of these strains are

shown in figures 5 and 6. The diet was a commercial pelleted stock diet containing soybean
meal, fish meal, skim milk powder, yellow corn, wheat, and small quantities of alfalfa, corn
oil, salt and calcium carbonate, supplemented with spinach weekly and a monthly vitamin
supplement. Up to 7 weeks of age there was also available ad libitum a lactation diet com-
posed of wheat, 45; skim milk powder, 35; lactalbumin, 10; yeast, 2.5; bone ash, 1.9; salt,
0.5; cottonseed oil, 5; and a vitamin and trace element supplement.
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5 and 6, and data on fat in figure 4 and
table 1

Spontaneous mutation to hereditary
obesity. In building up the foundation
stock for the size-breeding experiment, the
13C and Merck stock M were crossed to
give 13M. This was carried on as a ran-
dom-bred strain to serve as a control.
Within this strain a spontaneous mutation
occurred which produced obesity, always
recognizable by 5 weeks of age and in-
creasing steadily thereafter. The recessive
mutant gene is called fa (fatty), and
obese rats are designated as 13M strain,
fafa genotype (13, 14). Figure 5 includes
a photograph, figure 6 mean growth
curves, and figure 10 and table 1 show
data on fat in these rats.

Since the fatty condition is due to a
single recessive gene, fatty rats (genotype
fafa) and normal rats (FaFa or Fafa) regu-
larly occur in the same litter. There is no
intermediate condition: a rat is either a
fatty or of normal appearance. This is
quite different from the result of selective
breeding for large and small size, where
the size difference is due to the accumula-
tion of appropriate genes at many loci
(thought to be of the order of 10 to 100).
It is possible to have a continuous grada-
tion in individual rat size from very large
to very small; the cross of a large and a
small rat will give intermediate-size rats.
Random-bred closed colonies will vary
around a stable mean size anywhere from
large to small, generally in each case with
a coefficient of variation of the order of
10. Very large and very small rat strains
have mean sizes so far apart that there is
no individual overlap.

Fat determinations. After washing out
the intestines, the weighed body was cut
into convenient pieces with large shears
and ground in a meat grinder4 with a
known weight of NaZ0.4(1 to 3 times the

4Meat grinders with a 4-pronged knife revolving
against a perforated plate will not properly com-
minute connective tissue. Excellent results were ob-
tained with an “Enterprise” grinder (now apparently
no longer available) in which the tapering worm with
very oblique ground edges works against the side of
the tapering shell, which has many perforations to-
wards the forward end. We have also used a “Uni-
versal” food and meat chopper no. 1 (Landers, Frary
and Clark, New Britain, Connecticut) which has the
cutter outside the perforations. Sieve analysis showed
the superiority of the “Enterprise” grinder. Extremely
fine comminution has been obtained by running the
oven-dried product from a meat grinder through a
hammermill.



Fig. 5 Adult males of three rat strains — 4StS, 4StL and 13M fafci. They were all 45 weeks old
(within a few days); weights were in order from left to right 254, 837 and 1025 g. The scale is 30
cm.

Fig. 6 Average growth curves for males and females of the 3 strains illustrated in figure 5. The
13M fafa curves represent a random selection (56 males, 30 females) from all the rats of this type
(“fatties”) born during one year. The 4StS and 4StL groups shown here represent the fourteenth gen-
eration of 2-way selection for body size. The extreme values for individual body weights at 9 weeks
of age in the entire generation comprising 33 to 44 rats of each sex and strain were as follows: the
largest 4StS male weight 222 g, the smallest 4StL 320; the largest 4StS female weighed 143, the small-
est 4StL female 201. Diets were as in the legend to figure 4.
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carcass weight). The material was mixed
by hand and again run through the
grinder. It was left for approximately an
hour to allow the mixture to set. The
shears and grinder parts were scraped off
and the mixture was given a final grind-
ing. resulting in a sufficiently homogenous
mass. The mixture was air-

dried in a thin layer for several hours,
thoroughly mixed, transferred to a bottle
with well-fitting closure, and weighed. At
this stage the mixture was by no means
dry, in the sense of water-free, but was
stable under refrigeration, did not sup-
port mold growth, and could be sampled
by weight. Total water loss to this point
could be calculated as the difference be-
tween body weight plus NaZz04 and air-
dried weight. Aliquots of afew grams each
were analyzed in duplicate for the remain-
ing water (oven at 105°) and for total
nitrogen and lipid components; sampling
for all these constituents was quite satis-
factory. Results on water,5nitrogen,5phos-
phatides and cholesterol (16) will be re-
ported elsewhere. The samples for lipid
analysis (4-g) were heated to boiling in
an alcohol ether mixture (3:1), the sus-
pensions were cooled, made to volume,
and allowed to settle overnight. Aliquots
of the supernatant solution were concen-
trated, transferred quantitatively to the
apparatus of Stetten and Grail (20), and
saponified. After acidification, the fatty
acids and unsaponifiable matter (FAUnNS)
were removed by continuous extraction
with petroleum ether for 2 hours, and
finally weighed after evaporating the sol-
vent. All solvent evaporations were car-
ried out in a stream of CCh. The rat-
NaZz04 mixtures could be stored in the
refrigerator for as long as 2 weeks before
analysis. Data on rats below 15 g repre-
sent pooled carcasses of 2 to 5 individuals.
To show that the course of fat accretion

is not related to conditions in one labora-
tory, we present quantitative comparisons
of data from several other laboratories. In
several such cases fat was determined by
direct solvent extraction of a dried carcass
or aliquot (without saponification). We
have made reasonable reductions in such
values in order to make them comparable
with FAUns: for petroleum ether we used
15% (see fig. 12); for ethyl ether we used

n

20% (data of Pickens et al. (21) in fig.
8). In the following paper which deals
with phosphatides and cholesterol (16)
we suggest a reasonable correction of
FAUnNns to approximate triglyceride values
which more closely represent storage fat.

Diet compositions are given in the figure
or table legends where they apply.

Fat in relation to body weight or age

As an example of the relation between
body weight and carcass fat we have in
figure 1 an allometric (i.e., log-log) plot of
these two quantities in post-weaning male
rats of our Sherman strain and the Simms
SD strain, all fed the same commercial
pelleted stock diet. Data for young and
old rats overlap and all are closely related
to body weight.

In a paper of Harned and Cole (22),
body weight and percentage of fat (deter-
mined as FAUnNns) are given for rats of
Wistar and Yale origin. The Yale rats
were heavier for any given age than the
Wistars. Since the animals had been bred
for several generations in their laboratory
under identical conditions including diet,
they assumed— and gave their reasons for
it— that the Yale rat had in the past been
bred for larger body size. In groups of
the 2 strains aged approximately 100, 160,
225 and 400 days, Yale rats had at each
age a higher average percentage of body
fat, and on this basis they designated the
Yale rat as obese. For figure 2 we have
calculated their data back to weight of
FAUnNs and platted as in figure 1. The line
(slightly curved) drawn through the points
is identical with the line of figure 1 fitted
to our data. The average values for per-
centage of fat in the 2 strains were 13.14
and 8.63. In such a graph equal percent-
ages of fat lie of necessity along a line of
slope 1 (45°). The 2 dotted lines of this
slope are drawn through the mean values
for Yales and Wistars and indicate the per-
centage values at the abscissa for 100 g
body weight. The observed much steeper
slope corresponds to a constantly increas-
ing percentage of fat, whereas the adher-
ence to the same course by all 4 rat stocks
of widely varying age for a given body
weight (as shown in figs. 1 and 2) means

sUnpublished data.
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Fig. 7 (left) and 8 (right) Lifetime fat accretion. There are two patterns, corresponding to crude
stock diets (lower curve) and more refined diets (upper curve). (Fig. 7) In the lower curve in-
dividual rats (or pooled samples for rats under 15 g) are represented by dots. Means for successive
small groups are shown as small filled circles; mean ages in days for these groups are O (23 rats),
4 (6 rats), 10 (14 rats), 15 (9 rats), 25 (11 rats), all preweaning. In the postweaning period ages
and numbers are 36 (6), 39 (7), 54 (9), 162 (8) and 201 (4). For the Simms SD rats ages and
numbers are 5 months (13) and 2.5 years (7 two-year and 5 three-year); the mean point for the old
rats has a vertical line through it. The commercial pelleted stock diet used was described in the legend
to figure 1

In the upper curve individual rats are represented by small crosses. These have been averaged to
give 5 points, one for each of 3 diets and 2 points for the fourth diet. The paste food supplement
was composed of whole milk powder, 25; wheat germ, 20; crude casein, 25; hydrogenated vegetable
oil, 28; bone ash, 1; and calcium carbonate, 1. There were 14 rats in this group, all unweaned, with
an average age of 25 days. The diet with 2% of fat contained crude casein, 27.9; glucose, 61.4; caro-
tene in oil, 0.1; cod liver oil, 0.1; wheat germ oil, 0.2; cottonseed oil, 1.6; salts, 3.2; rice bran ex-
tract, 5; yeast extract, 0.5; and added riboflavin. There were 6 rats in this group, with an average age
of 163 days. The diet with 27% of fat was obtained by isocaloric substitution of equal parts of cot-
tonseed oil and hydrogenated vegetable oil for glucose in the preceding diet. The 5 rats fed this diet
were combined into 2 means, one averaging 48 days, the other 181 days. The diet with 38% of fat
contained purified casein, 27.8; dextrin, 28.5; hydrogenated vegetable oil, 31.4; cottonseed oil, 7; salts,
5.3; and complete vitamin supplement. The 7 rats in this group were all 37 days old.

(Fig. 8) Data from other laboratories. The data lines are the same as in figure 7. Positions for
several different percentages of fat are indicated by the dotted lines. Hamed and Cole (22) fed a
commercial pelleted diet. The paste food differed from that in the legend to figure 7 in having 30%
of lard instead of 28% of hydrogenated vegetable oil plus 2% of salts. The stock diet of Pickens et
al. (21) was an unpelleted mixture of linseed oil meal, skim milk powder, corn, barley, oats, wheat
and small amounts of blood meal, bone meal, salt and cod liver oil, plus supplements of lettuce and
yeast. Pickens et al. determined fat as ethyl ether extract, without saponification; their values have
been adjusted down by 20% in an attempt to make them comparable with FAUns.

that fat is closely related to body weight
irrespective of age.

The relation of carcass fat to body size
rather than to age has been verified in
several other experiments. Figures 3 and
4 deal with the several strains bred for
body size, and therefore differing greatly
in growth rate, or body weight at a given

age; fat is represented by the weight of
the excised retroperitoneal fat pad. Ac-
cording to Hausberger (8): “Changes in
body fat closely reflect the weight changes
of dissectable adipose tissue.” The rats
of figure 3 are the 3 strains of different
growth rate which resulted from our first
size-selection experiment (see Methods and
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Materials section). As an illustration of
the determining role of body weight rather
than age, we note that at body weights of
about 300 g all 3 strains are represented
in figure 3; at this weight the mean ages
for the 3 strains were 105, 75 and 58 days.
Over the body weight range of 150 to
600 g the points fall on a single line of
high slope irrespective of age.

Later we will deal with obese rats whose
fat content was so large that it became a
very appreciable part of body weight. To
avoid any “spurious correlation” in using
body weight as abscissa we substitute in
figure 4 a skeletal measure of body size,
namely the cube of the tibia length. These
data were obtained from the rats of our
second size-selection experiment, the 4StS
and 4StL strains. Here again the fat pad
data fall on a straight line of slope similar
to that of figure 3. One-year-old 4StS rats
and 9-week-old 4StL rats of the same skel-
etal size appear together, with the same
fat, in the graph of figure 4. In figures 5
and 6 the two left-hand parts show in
photographs and growth curves the obvi-
ous differences between 4StS and 4StL
rats.

Lifetime fat accretion

In figure 7 the data on carcass fat
(FAUnNs) and (net) body weight of figure 1
are repeated, together with additional ear-
lier points. Both colonies represented
(Sherman and Simms SD) had been fed
the same colony diet for generations. The
break in the curve at about 10 g body
weight may stand for some unknown
change in developmental pattern. Alter-
natively the events surrounding birth may
deplete the fat. The near horizontal sec-
tion around weaning is also unexplained,
but is quite widely observed and will be
taken up later. From about 25 g body
weight (about 15 days) the graph shows
2 diverging courses. The lower one repre-
sents animals that remained on the crude
colony diet. In the upper curve are data
for rats fed more concentrated or refined
diets, the composition of which is given
in the figure legend.

The upper curve of figure 7 has been
drawn through 5 mean points; the rats
represented in these means are shown in-

dividually by small crosses. The first mean
(large circle with horizontal bar) repre-
sents 14 rats aged 19 to 28 days and not
yet weaned. They received from the age
of 2 weeks a paste food supplement ad
libitum, with stock diet pellets also avail-
able. The next mean (large filled circle)
represents 7 rats that had received stock
diet and paste food ad libitum to the age
of 25 days and were then weaned to a
casein dextrin diet containing 38% of fat
(7% of cottonseed oil, 31% of hydrogen-
ated vegetable oil); they were killed at
37 days of age. The remaining rats re-
ceived no paste food supplement prewean-
ing. The open circle represents 6 rats
with an average age of 163 days fed since
weaning a casein glucose diet with only
2% of fat (cottonseed oil). The 2 half-
filled circles represent rats fed a diet with
27% of fat (one-half cottonseed oil, one-
half hydrogenated vegetable oil) isocalori-
cally substituted for glucose in the pre-
ceding diet; average ages for the 2 points
were 48 (2 rats) and 181 (3 rats).

The effect of preweaning supplements
of the paste food was rather transitory;
such rats transferred to stock diet at
28 days of age were on the stock diet line
by 40 days of age. Such rapid adjustment
to a new body fat level either up or down
has been illustrated by Peckham et al. (23).

All 4 of the experimental diets led to
significantly fatter rats than stock diet;
the significance ratio t was over 4 for each
diet. For this calculation we used the curve
drawn through the mean points for stock
diet animals and measured the deviations
of points for individual rats in the vertical
direction.

In figure 8 we have repeated the lines
of figure 7, and plotted some data from
the laboratory of A. H. Smith (21) on his
Yale rats. Each point represents the mean
of 8 rats. The large circle with horizontal
bar signifies a diet of paste food ad libitum
in addition to stock diet. The first 2 such
points (newborn and 14 days old) agree
well with our preweaning curve. The later
points are in excellent agreement with our
upper curve for a variety of refined diets;
these consist of a group at 21 days,
2 groups at 42 days (one of which got
somewhat less than an ad libitum intake
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of paste), and groups at 110 and 230 days.
They also had groups aged 110 and 230
days which had received paste food ad
libitum to 21 days, one-half of the ad li-
bitum intake to 42 days, and thereafter
none, with stock diet fed ad libitum
throughout. These 2 groups, represented
by filled circles with horizontal and verti-
cal bars, are approaching the stock line
and are well below the upper experimental
line. This upper course of fat accretion is
also related to size and independent of
age. The rats of Pickens et al. are the
large Yale strain; they are much younger
at any given weight than our Sherman
strain. Yet both strains fed this type of
diet lie on the same plotted course. Lying
on the stock diet line in figure 8 are mean
values for the Harned and Cole rats on
stock diet (the same data shown individ-
ually in figure 2).

The data of Widdowson and McCance
(15) give further confirmation of con-
trolled fat accretion. These investigators
were interested in body composition with
varying growth rate which they produced
by limiting some litters to 3 pups, while
increasing others to 15 to 20 pups per
dam. Figure 9 (data obtained as
age of fat from their figure 11 and recal-
culated to absolute weight of fat) shows
that except for the near horizontal parts
around weaning, both the fast-growing
and slow-growing rats show the steep
slope for fat accretion. Also, rats weigh-
ing 200 g or more have body fat content
values that fall on the same line — i.e.
body weight determines fat content. As
soon as growth-inhibited rats had under-
gone enough realimentation, the fat con-
tent was determined by body weight
independently of age. As far as fat is

Body W (gm)

Fig. 9 Effect of very large early difference in food supply on the pattern of fat accretion
(15). The lower curve corresponds to a litter size of 15 to 18, the upper curve to a litter size
of 3. Fat was determined as petroleum ether extract, without saponification, and is plotted

as such without adjustment.
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concerned, experimental differences dis-
appear, although there are still large
differences in body weight for a given age.
Their data do not show the same absolute
values as presented in figure 7, presum-
ably because of differences in experi-
mental conditions. The curves clearly
show periods when body fat does not in-
crease even though body growth is con-
tinuing. This phenomenon, which is quite
similar to the pause in fat accretion
around weaning shown in figure 7, is also
shown by data of Mayer and Vitale (24);
groups of rats with mean body weights of
38 g at 21 days and 48 g at 24 days had
2.07 and 2.02 g of fat, respectively. Indi-
cations of the same thing are reported in
a number of other papers.

Data so far shown demonstrate several
points: (1) at all times except for a short
period around weaning, the rate of fat
accretion as shown by the steep slope of
the lines is much greater than the rate of
body growth (approximately twice); (2)
rats as old as 3 years adhere to the same
controlled path of fat accretion as rats
5 months old; (3) certain differences in
the diet, independent of its fat content
which varied between 2 and 38%, alter
the course of fat accretion in the post-
weaning period in a controlled manner.

Obesity

Hereditary obesity. The 13M fafa rat
presents an obviously obese appearance
(figure 5) and is even heavier as an adult
than the skeletally very large 4StL strain,
although it is skeletally not much larger
than the very small 4StS strain (compare
mean tibia lengths of figure 6). The fatty
(genotype fafa) is also skeletally smaller
than its normal 13M sibs (genotypes FaFa
or Fafa) which are, judged by tibia length
and body weight, about midway in size
between 4StS and 4StL. One variety of
obese mouse (genotype obob) also shows
a smaller frame than its normal sibs (25).
Figure 10 shows the state of adipose tissue
in the hereditarily obese rat. Part of the
fine of figure 4, for the retroperitoneal fat
pad in relation to the cube of tibia length,
is repeated; the points represent individ-
ual fafa rats. All but one of these fatties
were raised with the stock diet.6 Due to
hyperphagia (14) these rats deviate from

the “normal” pattern and the longer this
process goes on — the older the rats —
the more obese they become. However,
the fattest of all is a single fafa rat which
was raised with a high-fat diet; obviously
this was more efficient for fattening than
the stock diet. The obese hyperglycemic
mouse (obob) is said to do poorly with
a high fat diet (26).

In a fat animal various fat depots may
not all be enlarged to the same degree.
It is well known for man that there are
various characteristic patterns of excess
fat distribution, some definitely associated
with particular causes of obesity (e.g.
Cushing’'s syndrome). The fatty is char-
acterized by emphasis on subcutaneous
fat, especially about the neck, chest and
upper back. Table 1 shows weights of
various fat depots in a representative fatty,
compared with a 4StL (a large non-obese
rat) of the same body weight. From the
ratio of fat pad weights in the 2 rats it
appears that the retroperitoneal fat pad
used in figure 10 to measure the obesity
of fatties is of an intermediate degree of
enlargement. Sibs of fatties which are
normal in appearance but which carry one
fatty gene (genotype Fafa) became some-
what obese when fed a high fat diet (14).
Such rats displayed a different distribu-
tion of excess fat, with primary emphasis
on retroperitoneal and mesenteric fat de-
pots. In the obese mouse (obob) fat ac-
cumulation in the hind quarters is char-
acteristic (25).

Insulin obesity. This is well delineated
by data of Hausberger and Hausberger
(7). Their experiment was performed with
rats started at a body weight of 240 g; all
experiments lasted 14 days and each group
contained 4 to 6 rats. In figure 11 the
groups representing initial and final un-
treated control rats (open circles) fit our
line for stock diet animals. The rats
treated with protamine insulin were but
slightly heavier than the 14 day controls
but had a much higher fat content. Cor-
tisone alone did not increase fat but rather
diminished it (unlike the situation with
mice and men), but rats receiving corti-
sone and the standard insulin dose (lower
asterisk) were obese, and when the in-

6Soy protein used was ADM C-l Assay Protein,
Archer-Daniels-Midland, Minneapolis.



16 THEODORE F. ZUCKER AND LOIS M. ZUCKER

-——-——3n 1,11l [ 1 rTT
1 1 mzHausberger 8 Hausberger
I0-— H rat 15d - | All Stock Diet
) - Wistar Rats .
50— (200-300 g _ 3-6 Rats per point )
RP Fat - Stodky 4454 0? 7/ — FAUns ¢
Pad-gmr- Diet | 0y © [/ O No Treatment
20 Individual /= X Insulin
I3 fata Males / Oz # Insulin*Cortisone /
0 — _
> 1 11V1ul J MM j_ 11L
20 50 160 10 500

(Tibia Length)3 (cm)3

Gross (Live) Body W

Fig. 10 (left) The relation of weight of retroperitoneal fat pad to tibia length in hereditary obes-
ity. The line was taken from figure 4. Each plotted point represents an individual male fatty. All
but one of these were raised with the stock diet regimen described in the legend to figure 4. One fatty
was raised with a high fat diet containing cottonseed oil, 24.5; hydrogenated vegetable oil, 15.5; cod
liver oil, 0.2; carotene in oil, 0.2; casein, 26; soy protein (see footnote 6 in text), 20; glucose, 6; salts,

6; cellulose, 1.6; and complete vitamin supplement.
Carcass fat in insulin obesity (7).

Fig. 11 (right)
line is our line of figure 1 (lower curve of fig. 7).

sulin dosage was further increased (upper
asterisk), the obesity was as great as on
the lower dose of insulin alone.
Nutritional obesity. The demonstration
by Mickelsen et al. (3) that immensely
obese rats can be produced by feeding
diets with as much as 60% of fat has
opened up the study of nutritional obesity
in the rat. Peckham et al. (23) set up
2 groups of weanling rats, one fed a pel-
leted stock diet and the other Mickelsen’s
60% fat diet. After 31 weeks the diet of
one-half of each group was switched to
the other diet; at 64 weeks a switchback
was made. Both in body weight and body
fat an adjustment to the new diet was
apparent in a few weeks. To present the
Peckham data in the form of a relation of
fat to body weight, the fat-inflated body
weight has to be considered. In figure 12
we show lines for the same rats as in
figure 7, but based on fat-free net weight
rather than net weight. Their 4 points
for stock diet (open circles) fit our stock
line quite well. Their points for rats fed
the high fat diet (crosses) rise further and
further above the line as the animals be-
come older. We have also added to figure
12 some data from Mickelsen and Ander-
son (27). The 2 stock diet groups (filled
circles) agree well enough with our line.

The diet was a commercial pelleted diet. The

The single rat fed a high fat diet (asterisk),
with a fat-free carcass weight of 440 g,
had petroleum ether-soluble fat weighing
770 g, which we have corrected down to
655 for comparison with our FAUNns data.
This marked obesity shows to what extent
fat accumulation can progress above “nor-
mal” fat accretion.

DISCUSSION

It appears that under conditions of good
health and good food, with no extraneous
procedures, fat accretion in the laboratory
rat is a controlled process characterized by
a relative rate of fat increase about twice
that of body weight increase. This is in-
dependent of age and, within limits, inde-
pendent of fat content of the diet. Data
from several laboratories for body weights
above 150 g are in good agreement. The
path of fat accretion at smaller body
weights is not as well established and
presents several unsolved problems.

We are concerned with 2 processes:
increase in body size and increase in fat.
The most objective presentation results
from using weight of fat as such (not
percentage), or weight of a fat pad, plot-
ted against a measure of body size. Body
size can be measured by live weight, net
weight, fat-free weight, or a skeletal meas-
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Fig. 12 The relation of carcass fat to fat-free net weight in nutritional obesity (23, 27).
The same 60% fat diet and analytical procedures were used by both groups of investigators.
Fat was determined as petroleum ether extract, without saponification; the values have been
adjusted down by 15% to make them more comparable with FAUns values. The original un-
adjusted values are also indicated (upper end of the vertical line through the symbol). The
abscissa is fat-free net weight. The lines have been fitted to our data; they differ only slightly

from the lines fitted to plots against net weight.

urement; if the latter is a length measure-
ment it should be cubed. To visualize the
relations most clearly, allometric (i.e. log-
log) plotting is used. This type of plotting
is based on the fact that growth is multi-
plicative, not additive. It results in a very
uniform dispersion of individual points
around the mean course over the entire
life; the steadily increasing spread of in-
dividual points around the mean course
when one uses observed values as such,
rather than their logs, is a familiar feature

of ordinary time-growth curves, and is
illustrated for the bone-to-body weight re-
lation by figure 2 of Zucker and Zucker
(28). The reason that the various meas-
ures of body size are admissible is that
they are all related to each other allome-
trically. The slope of the line will differ
slightly according to which measure of
body size is used.

In carcass analysis percentage compo-
sition has its place for many types of pres-
entation. However, when we are interested
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in how much of each component is pro-
duced, the use of actual weights is recom-
mended. Percentage values change with-
out change in the actual amounts of the
component under consideration, whenever
any other component changes appreciably.
Therefore expressing composition as per-
centage can be seriously misleading. Thus
Widdowson and McCance (15), discus-
sing a plot of percentage of fat, state:
“All the animals gained fat during suck-
ling and lost it afterwards.” This hides
the fact that fat content did not decrease,
but merely remained constant, whereas
other body components increased (see our
figljlre 9 in comparison with their figure
12).

The effect on fat accretion produced by
crude and more refined diets adds another
example to the list of such unexplained
differences that have been observed. Just
as Ganther and Bauman (29) recently
observed something in a crude stock diet
that radically affects the metabolic paths
involved in selenium excretion, so we may
postulate an unknown factor which influ-
ences fatty acid metabolism.7 Alternately,
it may be that more rapid absorption of
soluble carbohydrate from refined diets
stimulates insulin production which in
turn leads to more fat accretion. Also the
greater bulk of stock diets may spread out
food intake and lessen any peaks of carbo-
hydrate absorption. Measurements of food
intake and fecal weight in adult rats have
resulted in a figure of 31 g of fecal solids
/100 g of food solids (31% ) for the stock
diet used in figure 7, as against 6% for
the purified casein-sugar diet containing
2% of fat, and 10% for the purified diet
containing 27% of fat.

Although we are concerned here only
with laboratory rats, it may be asked
whether the fat accretion described may
apply only to animals confined in cages,
not in their natural habitat. It may how-
ever be noted that many animals in the
wild state store fat in the summer to have
its energy available during the winter. For
such a species the ability to store consider-
able amounts of fat may be a condition
for survival.

Let us again consider the difference
in body weight for a given age as
seen in the data of Harned and Cole (22)

and in our rat strains which were selec-
tively bred for body size. Breeding prac-
tices involving the mating of large to large
and small to small will, in succeeding
generations, produce animals of distinctly
different body sizes for a given age, i.e.,
it will very quickly change the growth
rate. This has been amply established for
mice (discussion in Falconer (30)) and
for rats (figure 6, and Zucker (19)). Since
the inception of nutrition work with rats,
there has been a steady increase in aver-
age body size of colony rats. This has been
illustrated by Mendel and Hubbell (31),
who describe the arduous task of improv-
ing stock diets. In the handling of a col-
ony it is an almost common practice that
one selects the biggest and healthiest look-
ing animals for breeders; thus it is almost
inevitable that selection for large heredi-
tary size will occur. In the Mendel and
Hubbell paper it is stated that at an ear-
lier time, definite but unsuccessful at-
tempts were made to select for increased
hereditary size. However, this was a period
when the rats were fed a distinctly infe-
rior diet. Apparently at that time the
inferior diet was growth limiting so that
the genetic potential for growth could not
assert itself. With the improvement in
rations since then, the combined effect of
hereditary size and good nutrition is quite
apparent.

Falconer (32) notes that in mice, guinea
pigs and rabbits there is an association
between body size and litter size. With
respect to rats, we have observed that in
large-size and small-size strains (4StL and
4StS) the first fitters averaged 13.8 and
6.5 young per fitter, with maximal num-
bers reaching 22 and 10, respectively. The
repeated observation in independent ex-
periments of such an association suggests
that it is genetically based. Thus the ex-
pectation that the frequent practice of
breeding from females with numerous off-
spring per fitter will also gradually in-
crease body size suggests another path by
which body size has increased through the
years.

Di Giorgio, J., R. A. Bonanno and D. M. Hegsted
Nutrition, 78: 384, 1962) has appeared. They find
that lipogenesis is less with stock diet than with puri-
fied diet” when epididymal fat tissue is observed in
vitro, and suggest the” presence of an unknown food
factor in stock diet.

7 Since submission of this manuscript, the paper (gy
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Phosphatides and Cholesterol in the Rat Body:
Effects of Growth, Diet and Age1

THEODORE F. ZUCKER ana LOIS M. ZUCKER
Laboratory of Comparative Pathology, Stow, Massachusetts

ABSTRACT Data are presented on the content of phosphatides, free and total cho-
lesterol, and neutral fat in 152 male rats from birth to 3 years of age. The ratio of
phosphatides to total cholesterol remained remarkably constant at near 4 (mol ratio of
2) for the first year of life with a variety of diets. Two- and three-year-old rats showed
a highly significant decrease in this ratio, corresponding to an increase in total cho-
lesterol of about 10%, with no change in phosphatides. The percentage of free choles-
terol decreased steadily throughout life from 90 to 72, diet and senescence having no

effect thereon.

The pattern of accretion of neutral fat with stock diet was in many

respects very different from the common pattern observed for both phosphatides and

cholesterol.
fat content (2%
phosphatides or cholesterol.

In the preceding paper (1) we discussed
rat carcass fat as estimated either by ex-
tracting fatty acids plus unsaponifiable
material (FAUnNs) or by direct solvent ex-
traction of the dried carcass. Storage or
reserve fat is considered to be essentially in
the form of triglycerides (the element vari-
able). Other lipids, essentially phospha-
tides and cholesterol, represent the cellular
components (the element constant). The
present report deals with phosphatides and
cholesterol in the carcasses of some of the
same rats used in the preceding paper.
These data have their own significance and
also afford means of calculating good ap-
proximations to the actual triglyceride
content.

METHODS AND MATERIALS

Lipid determinations. The grinding
and sampling procedures and estimation
of FAUns have been described (1). From
the same alcohol ether extract used to de-
termine FAUNs, other aliquots were taken
for the determination of lipid P (2) and
total and free cholesterol (3). Neutral fat
was estimated by correcting FAUnNns values
for cholesterol, for fatty acids esterified
with cholesterol, and for 2 fatty acids (or
one fatty acid and one fatty alcohol or al-
dehyde of similar weight) for each P. The
calculation is shown in the figure legend.

Rats. Males of our Sherman stock from
birth to 321 days were included; also 3
groups of Simms rats of Sprague-Dawley

20

The substitution of more concentrated, refined or purified diets of varying
to approximately 40% ) for the crude stock diet led to no change in
These same rats showed large increases in neutral fat.

origin (Simms SD), aged 5 months, 2 and
3 years.

Diets. Most of the Sherman rats and
all of the Simms SD rats were raised with
a single commercial pelleted stock diet.
In addition, 24 of our Sherman rats were
fed a variety of more refined diets that led
to somewhat fatter carcasses. These diets,
although varying in fat content from 2 to
approximately 40% , appeared to be equiv-
alent in their effect on carcass fat. They
are characterized in the table legend; for
details of composition see Zucker and
Zucker (1).

RESULTS

In figure 1 the top graph shows mean
values for the calculated approximation to
triglycerides, for rats fed crude stock diets
up to 3 years of age. As before, it is an
allometric (log-log) plot of the lipid data
against net body weight. An interesting
difference between this and the FAUnNs
plot of the preceding paper is the elimina-
tion of curvilinearity in the postweaning
data. This places the data for neutral fat
more in line with the expected rectilinear-
ity of such log-log plots, as illustrated by
the fat pad data of the preceding paper and
the phosphatide and cholesterol data of
the present report.

Received for publication December 17, 1962.
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Institutes of Health.

J. Nutrition, 80: *63
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Fig. 1 Relative growth of storage fat (neutral fat or triglycerides), phosphatides and
total cholesterol in male rats.

Phosphatides were calculated as 25.1 X lipid P. Neutral fat was calculated as follows:
FAUns — 0.7 X phosphatides — free cholesterol — 1.7 X esterified cholesterol = fatty acids
(FA) of neutral fat; this was multiplied by 1.05 to get triglycerides (neutral fat). The FAUns
(fatty acids plus unsaponifiable) results have been presented elsewhere (1).

In the upper plot (neutral fat), mean values are shown, and for stock diet rats only; the
values for the low-bulk diets, being far above the line, are omitted. The symbol for the 2-
and 3-year-old rats has a vertical line through it. In the middle and lower plots individual
data are shown, including both stock and low-bulk diets. The old (2 and 3 years) rats are
symbolized by filled circles, all others by open circles. Diet made no difference in these two
plots.

The dotted lines represent various constant percentage values. The data lines in the two
lower plots follow the equations log y = bilog X + log a, up to 30 g body weight, and the
same form of equation with parameters b2 and a2 thereafter. The values of the parameters
are:

ai bi a2 b2
Phosphatides 0.0052 1.27 0.026 0.80
Total cholesterol 0.0013 1.27 0.0063 0.80

The ratios of the intercepts are 4 and 4.1 for the 2 periods; slopes (b) are the same in each
period. While percentages, i.e. y/x, are constantly changing during growth, the straight
lines mean that ratios of the form y over x raised to a power are constant; thus in the first
period, for both lipids, y/x1-2Z remains constant, and in the second period y/x08is a constant.
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In the middle plot are the data for
weight of phosphatides obtained on the
same individual rats for which FAUns was
reported in the preceding paper. Similarly
the lowest plot reports total cholesterol
values. The remarkable parallelism of
phosphatides and cholesterol is evident.
The ratio of phosphatides to cholesterol is
about 4 throughout (mol ratio of 2). In
figure 1 dotted lines of slope 1 are drawn
in. These lines describe the path along
which constant percentage values he. For
instance, the line for 2% passes through
0.02 at one g body weight, and 20 at
1000 g. In both the phosphatide and cho-
lesterol plots the slope before the break is
1.27 and after this it is 0.80. This means
that up to 30 g body weight the percent-
age values increase, and after that point
they decrease. At the weight of 30 ¢
which is at about 17 days of age, the rats
began to partake of diet other than
mother’'s milk. This also coincides approxi-
mately with the time when myelination of
the nerve fibers is complete.

The wide fluctuation in phosphatides of
the newborn was not observed elsewhere
among phosphatide values or in the cho-
lesterol or fat data.

During growth the pattern of phospha-
tides and cholesterol is entirely different
from that of neutral fat. There is no re-
flection in the upper plot of the break
shown at about 30 g (body weight) by
both phosphatides and total cholesterol.
On the other hand there is a sharp break
between birth and 5 days corresponding to
a very high rate of fat accretion right after
birth; there is a cessation of neutral fat
accretion around weaning (21 to 35 days
of age) and a rather steep course of fat
accretion from there on. During growth
none of these features is reflected in the
pattern of phosphatides and cholesterol.

In the previous paper it was shown that
rats of various ages fed various experi-
mental diets of low bulk are consistently
fatter than rats fed stock diet. In figure 1,
values for the rats fed these experimental
diets have been omitted from the plot of
neutral fat. They would lie well above the
line. However, they are included individ-
ually in the plots of phosphatides and total
cholesterol. Because of crowding it was
not feasible to designate these points by

separate symbols, but they were not in
any way distinguishable in distribution
around the lines from the points repre-
senting stock diet.

Other information can be derived from
the data of table 1. 1 The proportion of
cholesterol that is unesterified (% free)
decreases steadily during growth. The
overall trend is highly significant statisti-
cally, although neighboring small groups
do not always show a significant differ-
ence. 2. The ratio of phosphatides to
total cholesterol is fairly constant through-
out the first year, with an overall value of
around 4 (mol ratio of 2). This has al-
ready been noted in connection with the
parallelism of the lines in figure 1, but the
means and standard errors in the table
make a more precise analysis possible.
From birth to about 17 days of age, when
the rats are ingesting mother’'s milk only,
and while myelination is being completed,
the ratio is consistently slightly lower than
later. The difference between the 2 means
shown in the table, 3.84 and 4.17, is statis-
tically significant. Thus this ratio is not
precisely constant during growth; never-
theless even the very close approach to
constancy is rather remarkable.

In old age (cf. fines 14 and 15) there is
a striking and highly significant lowering
of the ratio, from 4.2 to 3.7. This is re-
ferable to an increase in cholesterol con-
tent, with no particular deviation in phos-
phatides (see fig. 1, where the old rats
are distinguished by a separate symbol).
Deuel (4, p. 759) has cited evidence of an
increase in brain cholesterol in human old
age. We have observed2another deviation
in the carcass analysis of these old rats;
there is a very significant increase in the
proportion of water to nitrogen, a change
also indicated by Shock (5). Neutral fat,
on the other hand, appears to be about the
same as in the younger rats of the same
size.

On fines 11, 12 and 13 of table 1 are
data for the 3 groups of rats fed low-bulk
diets. In each case there is approximately
twice as much neutral fat as in stock diet
carcasses of comparable lean mass (net
weight minus adipose tissue). This dif-
ference can be seen by comparing the neu-
tral fat value on fine 11 (5.37 g) with that

2Unpublished data.



TABLE 1

lipids in male rats

Carcass

TOTAL PHOSPHATIDES AND CHOLESTEROL IN RATS
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of similarly sized rats fed stock diet, on
line 5 (2.54 g), and by comparing the
values on lines 12 and 13 (averaging about
60 g) with any reasonable interpolation
between the values for stock diet animals
on lines 9 and 10 (possibly about 30 g).
This large difference in fatness has prac-
tically no effect on phosphatides and cho-
lesterol (table 1, fig. 1).

DISCUSSION

The division of lipids into element con-
stant and element variable was based orig-
inally on the intactness of the former dur-
ing starvation. While this concept may
be in need of some amendment (see (4,
p. 597 ff); (8, p. 104)), we see in the
foregoing further evidence for the differ-
ential behavior of the groups of lipids un-
der conditions other than starvation. Dur-
ing growth the patterns of accretion of
the triglycerides on the one hand and of
phosphatides and cholesterol on the other
differ markedly. Differences also exist in
the response to certain dietary effects and
old age.

The close parallelism of phosphatides
and cholesterol appears to indicate func-
tional interaction of these components.

As we have shown by the use of rats of
widely differing body weights at a given
age, composition expressed as either ab-
solute weight or percentage is a function
of body weight, not of age (1). It has been
quite customary to express results of car-
cass analysis in percentage values, usually
related to age. Unless body weights are
also reported, the actual weights of com-
ponents, which are often essential infor-
mation, are lost to the record. This is un-
fortunately true of the paper of Williams
et al. (9). However, this paper and others

by the same authors make a very impor-
tant plea for more discerning methods of
lipid analysis. The fullest significance of
this has been impressed on us only in the
course of studying our own results. It is
reassuring that recently simpler and more
reliable methods have appeared, which
can be used for the direct determination
of lipid entities, especially triglycerides.
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Nutritional Studies with the Guinea Pig

VIII.

EFFECT OF DIFFERENT PROTEINS, WITH AND WITHOUT
AMINO ACID SUPPLEMENTS, ON GROWTH

MARY E. REID anda OLAF MICKELSEN1

Laboratory of Nutrition and Endocrinology, National Institute
of Arthritis and Metabolic Diseases, National Institutes of Health,
Bethesda, Maryland

ABSTRACT Both casein and purified soy protein produce good growth rates in
young guinea pigs fed purified diets, especially if they are used in the ration at levels
of 35 to 40%. To obtain a rapid rate of growth with protein levels of 30%, the casein
ration must be supplemented with 0.3% arginine and the soy protein with 0.5%
DL-methionine. Poor growth occurred when these proteins were used at levels of 20%.
Marked improvement occurred with the addition of 1.0% of arginine to a 20% casein
diet and of 1.0% methionine to a 20% soy protein diet. No further improvement
occurred when methionine and tryptophan were added to the arginine-supplemented
casein diet and this was also true of arginine and tryptophan added to the methio-
nine-supplemented soy diet. Diets containing both casein and soy protein, each at a
10% level, produced better growth than when either protein was used alone at a
20% level. Supplementation of the ration containing both proteins with methionine
improved the growth rate. The use of a mixture of soy protein and gelatin, each at a
10% level, produced poor growth. Addition of a mixture of the essential amino acids,
except arginine and tryptophan yielded a considerable improvement in growth and
with the further addition of tryptophan, a fairly good rate of growth was achieved.
Substitution of an isonitrogenous amount of alfalfa for 20% of the casein of the
purified diet resulted in a growth rate equal to that obtained with the commercial

ration.

Previous results reported from this lab-
oratory with guinea pigs reared with a
semipurified diet containing 30% casein
showed a growth rate which equalled that
observed with a commercial pelleted diet
(1). Male guinea pigs (Hartley strain),
2 to 5 days old with an average weight of
104 g, attained an average weight after
6 weeks of 350 to 365 g when fed either
the purified or commercial pelleted diet
containing approximately 18% protein.
A few years later, however, commercial
pelleted diets containing approximately
25% protein were formulated to suit the
special needs of the guinea pig. In tests
made in our laboratory with these latter
diets and without any supplements, an
average weight was obtained after 6 weeks
of 469 =+ 16 g. The new diets contained
alfalfa and, judging by the brighter green
color of the pellets, it was of higher qual-
ity with more leafy material than that
formerly used. By rapid curing of the
alfalfa and selection of plants in an active
stage of growth, an improvement might
occur, not only from gains in quality and

J. Nutrition, 80: '63

quantity of proteins as such, but also from
the presence of other nitrogenous sub-
stances such as peptides and free amino
acids (2-4). A change in the amount and
quality of the alfalfa may have produced
an improvement in the nutrient balance
of the ration and may have overcome a
partial arginine deficiency. Alfalfa is a
good source of this amino acid which the
guinea pig requires in large amounts (5-
7). The possibility that the alfalfa con-
tributed special carbohydrates of nutritive
value is also recognized.

The present study was planned to evalu-
ate in the guinea pig the growth-promot-
ing effect of different proteins fed at
different levels, in different combinations
and with a variety of amino acid supple-
ments; also, to attempt to obtain clues as
to the factors responsible for the better
growth with the commercial than with
the purified diets.

Received for publication November 23, 1962.

_ i Present address: Department of Food and Nutri-
tion, Michigan State University, East Lansing, Mich-
igan.
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METHODS

The same methods were used as de-
scribed in previous publications (1, 8),
namely the use of male guinea pigs (Hart-
ley strain) 3 to 5 days of age, ranging in
weight from 95 to 115 g and with an aver-
age weight of approximately 103 g. Varia-
tions in the protein level of the diet were
made by altering the amount of starch2in
diet no. 13 (1).

To study the protein requirement and
growth-promoting value of amino acid sup-
plements, diets were prepared with vita-
min-free casein,3 purified soybean protein4
and gelatin. The levels of the proteins
and the various combinations with or with-
out amino acid supplements, are indicated
in the tables.

RESULTS AND DISCUSSION

Amino acid supplements. The rate of
growth with 30% casein, although only

70% of that obtained with a commercial
stock diet (as is shown later) is considered
to be very good for a purified diet. With
a 20% level of casein, growth was much
poorer (table 1). Growth was increased
with the addition of 0.3% arginine to a
diet containing 30% casein. The increase
with a 1.0% arginine supplement was
slight, if any. No increase occurred with
the addition of methionine or tryptophan.
Addition of the latter amino acids, together
with arginine at a 1.0% level, yielded the
same result as the 0.3% arginine supple-
ment. The addition of 1.0% arginine to a
20% casein diet resulted in a marked in-
crease in growth. No improvement in

2To minimize the danger of changes in flavor such
as would occur if sugar were the only variable.
~ 3The_vitamin-free casein was obtained from Nutri-
tional Biochemicals Corporation, Cleveland, or from
General Biochemicals, Inc., Chagrin Falls, Ohio.
4ADM C-| Purified Soybean Assay Protein, Archer-
Daniels-Midland, Minneapolis.

TABLE 1
Effect of amino acid supplements on the growth of guinea pigs fed purified rations containing
30 or 20% casein
i ino aci No. No. Avg wt
Casein Amino acid supplements, % experiments animals Geve%{(s

% 9
30 None 8 45 348+3V
30 0.3 L-Arginine-HC1 2 10 411 +29
30 1.0 L-Arginine-HCI 3 19 363+50
30 0.5 DL-Methionine 2 9 369+36
30 1.0 L-Arginine-]-0.5 DL-methionine 2 10 369+45
30 0.25 DL-Tryptophan 2 10 370+51
30 0.5 DL-Methionine+

0.25 DL-tryptophan 1 5 374+28
30 1.0 L-Arginine + 0.5 DL-methionine

+ 0.25 DL-tryptophan 3 15 400+34
20 None 5 27 245+52
20 1.0 L-Arginine-HC1 3 13 354+36
20 0.5 DL-Methionine 2 10 241 +48
20 0.1 L-Tryptophan 1 5 267+28
20 1.0 L-Arginine + 0.5 DL-methionine 3 16 352+40
20 1.0 L-Arginine + 0.1 L-tryptophan 3 15 355+36
20 1.0 L-Arginine+ 0.5 DL-methionine

+ 0.1 L-tryptophan 3 14 37422
20 1.0 L-Arginine+ 0.5 DL-methionine

+ 1.5 glycine 1 5 350+35

1SD.
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growth occurred with the addition of me-
thionine or tryptophan. The addition of
methionine or tryptophan, together with
arginine, did not produce an increase in
growth over that secured with the 20%
casein diet supplemented with 1.0% ar-
ginine. There appeared to be a slight in-
crease in growth when all three amino
acids were added to the diet simultane-
ously. None of the 20% casein diets sup-
plemented with amino acids produced as
good growth as the 30% casein diet sup-
plemented with arginine, methionine and
tryptophan. This suggests that the 20%
casein diet was deficient in one or more
of the other amino acids. The substitution
of glycine for tryptophan in the amino
acid mixture added to the 20% casein diet
appeared to reduce growth slightly.

Good growth was secured with the 30%
soy protein ration (table 2) but growth
was poor when the protein was used at a
20% level in agreement with previous re-
sults (9). Addition of 0.5% DL-methio-
nine to a diet containing 30% soy protein
stimulated growth but increasing the me-
thionine level to 1.0% did not produce
significandy better growth than that of
the basal group. The addition of trypto-
phan to the basal diet or to the one con-
taining 0.5% methionine produced no bet-
ter growth than did the diet without it.
The addition of arginine to the mixture
gave no increase in growth.

Adding 0.5% DL-methionine to a 20%
soy protein diet resulted in a marked in-
crease in growth. A further increase oc-
curred with the addition of 1.0% methio-

TABLE 2

Effect of amino acid supplements on the growth of guinea pigs fed purified rations containing
30 or 20% soy protein

Protein Amino acid supplements, %

%

30 None

30 0.5 DL-Methionine

30 1.0 DL-Methionine

30 0.25 DL-Tryptophan

30 0.5 DL-Methionine +
0.25 DL-tryptophan

30 0.5 DL-Methionine +
0.25 DL-tryptophan +
0.5 L-arginine

20 None

20 0.5 DL-Methionine

20 1.0 DL-Methionine

20 2.0 DL-Methionine

20 1.0 DL-Methionine +
0.25 DL-tryptophan

20 0.5 DL-Methionine+
0.2 L-arginine-HC1

20 0.5 DL-Methionine + 0.2 L-tyrosine

20 0.5 DL-Methionine +
0.2 DL-tryptophan

20 0.5 DL-Methionine +

0.2 DL-tryptophan +
0.2 L-arginine

Iso.

No. No. A;’ é’}’t
experiments  animals G s
9

8 54 353+34*
4 24 394+37
2 16 367140
1 5 349+ 30
2 10 397+21
2 10 396+35
2 10 262+16
5 26 344 +34
2 10 368+23
1 5 341+30
1 5 331+35
2 10 346+39
2 10 341+30
2 10 345+38

1 5 346+ 14
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nine, but a 2.0% level appeared to be too
high. No improvement was noted with
the addition of tryptophan, arginine or
tyrosine to a 20% soy protein diet supple-
mented with 0.5% DL-methionine. The ad-
dition of arginine, methionine and trypto-
phan simultaneously gave the same result
as the addition of methionine alone.

Protein mixtures. With 10% each of
casein and soy protein, a complementary
effect on growth was observed (table 3).
Growth was further stimulated with the
addition of 0.25% of DL-methionine but
no benefit resulted from the addition of
0.1% of L-tryptophan. Addition of the
methionine and tryptophan with 0.3% of
L-arginine-HCI appeared to have a greater
stimulatory effect than the addition of me-
thionine alone.

The addition of 10% gelatin to a 10%
soy protein ration produced poorer growth
than was obtained with a 20% level of
soy protein, probably a consequence of an
amino acid imbalance involving an ex-
cessively high arginine supply and an in-
adequacy of tryptophan and methionine.
Addition of the amino acid mixture, pre-
viously described (see Methods section)

resulted in a definite improvement in
growth. With the further addition of
0.1% L-tryptophan there was an addi-

tional improvement both in growth and in
protection of the eyes from cataracts (8).

The apparently high protein need of
the guinea pig is chiefly a consequence of
a high arginine requirement (5-7). For
this reason it is not unexpected that a
small supplement of arginine (0.3%)
added to a 30% casein ration produces an
improvement in growth and a much great-
er improvement when added (1.0%) to
a 20% casein ration. In diets prepared
with soy protein, methionine is the chief
limiting amino acid (table 4). In agree-
ment with previous results (10) growth
was poor when guinea pigs were fed a
20% soy protein ration. These observa-
tions with soy protein are to be expected
since legumes are recognized as deficient
in methionine (11, 12).

In agreement with results reported by
Heinicke et al. (6) growth with a 35%
casein diet was found to be greater in
another study (387 + 39, Reid (10)) than
that with a 30% diet (354 £+34). Growth
as good as that secured with the 35%

TABLE 3

Supplementary effect of protein mixtures with and without amino acid supplements

Diet Protein and amino acid

no. supplements, %

A 20 Casein

B 20 Purified soy protein

C 10 Casein-)-10 soy protein

D Diet C+ 0.25 DL-methionine

E Diet C+ 0.1 L-tryptophan

F Diet C + 0.25 DL-methionine +
0.1 L-tryptophan

G Diet C+ 0.25 DL-methionine
-f0.1 L-tryptophan
+ 0.3 L-arginine-HCI

H 10 Soy protein+ 10 gelatin

| Diet H + amino acid mixture2

J Diet I + 0.1 L-tryptophan

1D

No. No. A;’ é’}’t
experiments animals 6 weeks
9

5 27 245+ 521
2 10 262+16
4 20 300+35
3 15 32727
1 5 298+27
1 5 330+48
2 10 349+33
3 14 234+23
4 20 286+34
3 15 339+21

2 Mixture of essential amino acids (except for tryptophan and arginine) to bring their level in the diet up

to that in a 20% soy protein diet plus additional methifmine.
of diet consisted of: L-cystine, 0.5; L-glutamic acid, 5;0; L-histidinesHC1, 1.5; L-leucine, 4.0; DL-isoleucine,

The mixture of amino acids, added as g/kg
10.0;

L-lysine-HCI, 2.5; DL-methionine, 5.0; DL-phenylalanine, 3.0; DL-threonine, 5.0; L-tyrosine, 3.0; and DL-valine, 7.0.
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TABLE 4
Amino acids in diets
Purified, 30%
by weisht
Casein2 Soybean3

Commerciall

% % %
Arginine 1.49 1.26 2.49
Cystine 0.36 0.12 0.18
Glycine 1.06 0.63 1.23
Histidine 0.57 0.96 0.78
Isoleucine 1.35 2.25 1.95
Leucine 1.86 3.00 2.25
Lysine 1.32 2.55 2.04
Methionine 0.44 1.05 0.30
Phenylalanine 1.17 1.89 1.50
Threonine 0.92 1.35 1.17
Tryptophan 0.31 0.39 0.30
Valine 1.25 2.31 1.65
1Purina Guinea Pig Chow, (Ralston Purina Com-
Bany, St. Louis); composmongglven on page 34 of
urina Laboratory Manual, 1962.

2Values from Block and Bolling (20) based on a
content of 16% N.

3yalues. from ADM C-l Assay Protein, Archer-
Daniels-Midland, Minneapolis, also based on a N
content of 16%.

casein diet was noted in the present study
with diets containing 30% casein supple-
mented with 0.3% L-arginine. With the
soy protein diet a weight of 404 £+ 38 g
after 6 weeks was obtained (10) by in-
creasing the protein level to 40% , whereas
in the present study the same result was
achieved with a 30% protein diet supple-
mented with 0.5% DL-methionine (394 +
37). When a diet containing a mixture of
10% casein and 10% soy protein was fed,
much better growth was obtained than
with 20% of either of the proteins alone.
Although casein contains from 2.6 to
3.5% of methionine, the total amount in
the mixture (0.36 to 0.45% in the diet)
was inadequate. An addition of methio-
nine produced an increase in growth.

The 10% gelatin, 10% soy protein mix-
ture was undoubtedly deficient in most of
the essential amino acids except arginine,
and for this reason, produced poorer
growth than was obtained with a 20%
level of soy protein. By supplying the es-
sential amino acids in sufficient amount
to this protein mixture, fairly good growth
was obtained.

Availability of amino acids in proteins
for guinea pigs. The availability of ammo
acids in a protein may be an important
factor in influencing the growth rate. This
was true of the tryptophan in casein pres-
ent in a diet lacking niacin (9). With the

TABLE 5
Composition of commercial and purified diets

Commerciall Purified2

% %
Protein 24.623 30.04
Fat 4.20 7.3
Fiber or cellulose 10.40 15.0
Ash 8.50 7.5
Nitrogen-free extract 40.88 38.1
Total accounted for 88.60 97.95

1Purina Guinea Pig_Chow; see footnote 1, table 4.

2Calculated from diet composition, not by proxi-
mate analysis.

3Based on nitrogen content of 16.0%.

4Diet contains_30% vitamin-free casein of which
90%_|S£)rote|n. Therefore, the level of protein in the
diet is 27.0%. . . .

52.1% of the diet consisted of vitamins and acetate
from 2.5% of added potassium acetate.

soy protein, however, the utilization of
tryptophan was good. This previous work
by one of the authors showed that if the
diet contains ample niacin, the tryptophan
requirement was about 0.2% of the diet.
This is present in a diet containing 20%
of soy protein. In the present experiments,
no response was obtained with tryptophan
added to a 20% soy protein diet.

The results with a diet containing a
mixture of 10% casein and 10% soy pro-
tein, suggest that not all of the methionine
in this ration is utilized. The soy protein
and casein provide 0.45% methionine,
whereas the commercial ration5 (table 4)
which produces good growth contains
0.44% methionine. Despite the similarity
in methionine levels, the purified ration
produced even better growth when extra
methionine was added to it.

There is evidence that part of the ar-
ginine in casein cannot be fully utilized by
the guinea pig. Heinicke et al. (7) re-
ported that a diet containing 35% casein
provided 1.22% of arginine, whereas the
commercial pellets8then in use were found
by microbiological assay to contain 0.94% .
They considered it doubtful that more than
70% of the arginine in casein is available
for the young guinea pig. Since in the
present studies the most rapid growth with
the casein diets occurred with a 30%
level (1.26% arginine) supplemented with
0.3% arginine, it appears that the argi-
nine requirement with this protein is ap-
proximately 1.56% of the diet.

3Purina Guinea Pig Chow, Ralston Purina Com-

pan&, St. Louis. | . .
"6 ockland Guinea Pig Pellets. A. E. Staley, Peoria,
Illinois.
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Growth with purified diets compared
with that with diets composed chiefly of
natural materials. Animals reared with
the commercial diet especially adapted to
the needs of the guinea pig, showed an
average gain of 126 g over that obtained
with the purified diet prepared with 30%
protein. Supplementation of the purified
diets with suitable amino acids reduced
the difference by 50%. The major con-
stituents of the 2 types of diets are shown
in table 5 and the percentages of amino
acids in table 4. In the commercial diet,
11.4% of its content is unaccounted for.

The purified diet has a higher content
of protein, fat and cellulose. The mineral
constituents of the 2 diets are not shown
in table 5. The chief differences are the
higher iron and lower iodine levels in the
commercial ration. The zinc content was
also higher than in the earlier studies with
purified diets. The substitution of the
N-salt mixture (13) for the salts used in
the earlier studies, increased the zinc con-
tent of the purified diet to a slightly higher
level than that in the commercial ration.
This change in zinc content was not asso-
ciated with any change in the growth rate.
Compared with the commercial ration, the
purified diet has a higher concentration
of the B-vitamins and ascorbic acid but a
considerably lower level of tocopherol and
vitamin A plus carotene.

Changes in the purified diet to make
its composition more nearly equal to that
of the commercial one, produced no fur-
ther increase in growth rate (table 6).
These changes included a reduction of
the fat to 5% and cellophane to 10%, a
substitution of the N-salt mixture for the
previous mixture (14), a doubling of the
iron content and a tripling of the levels of
vitamins A and E.

It appears that the greater growth of
the guinea pigs fed the commercial ration
was probably related to its amino acids or
carbohydrates, or to both. Possibly the
amino acid composition of the improved
commercial diets more closely approaches
the guinea pig’s requirements than do the
purified diets. The chief differences in the
amino acid content of the commercial and
purified rations involve arginine, methio-
nine and tryptophan (table 4). The puri-
fied diet with 30% casein is lower in ar-
ginine and cystine but considerably higher
in methionine than the commercial ration.
The purified diet with 30% soy protein
has a higher concentration of arginine but
a lower level of methionine and cystine
than the commercial ration. The present
work shows that amino acid supplementa-
tion of the purified diets to levels compar-
able to those in the commercial ration,
increased the growth rate but it still did
not equal that produced by the commer-

TABLE 6
Comparison of the growth rate with the commercial and purified diets, the latter
w ith various alterations and additions
No. No. Avg wt
experiments animals 63\%2'1’(3
9
Commercial dietl 2 13 474+£242
Purified diet (30% casein) 8 45 348+ 31
Purified diet+ 0.3% arginine 2 10 411+28
Purified diet (30% soy protein) 8 54 353+34
Purified diet (30% soy protein+ 0.5% methionine) 4 24 394+37
Modification of 30% casein diet3 1 5 356+ 15
Modification of 30% soy protein diet3 1 5 340+18
30% Casein diet 1 5 34725
27%5Casein diet+13.7% alfalfa4d 1 5 370+36
24%6Casein diet-}-27.4% alfalfa 1 5 469+16
21%7Casein diet+ 41.1% alfalfa 1 5 439+59

iPurina Guinea Pig Chow, Ralston Purina Company, St. Louis.

3Modifications of ﬁurified diet to make it more like the commercial diet. The changes were: change of the

salt mixture to the N-salt mixture _&13),
iron, and tripling the amounts of vitamins A and E.
4Rapidly dried alfalfa harvested in budding stage.

try, U.S.D.A,

i 5 The alfalfa was supplied b
Department of Agronomy, University of Maryland, and by the Fiel

reductionEof the fat to 5%, of the cellophane to 10%, doubling the

the Bureau of Plant Indus-
Crops Laboratory, U.S.D.A.,

Albany, " California. ) o ) o
io, 20, and 30% casein substitution levels, respectively, with isonitrogenous amounts of alfalfa.
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cial ration. There is a possibility that fur-
ther refinement in establishing the amino
acid requirement of the guinea pig may
bring the growth rate produced by the
purified diet up to that of the commercial
ration.

To determine whether alfalfa had any
effect on the growth of guinea pigs fed
the purified diet, the casein level of the
rations was reduced progressively by 3%
increments and an isonitrogenous amount
of alfalfa was added. Increases in growth
were observed at the 10, 20 and 30% sub-
stitution levels,7with the greatest effect at
the 20% level (table 6). After 6 weeks
the average weight of the animals fed the
20% substitution level of casein with al-
falfa was 469 +16 g, a weight equal to
that obtained with the commercial pel-
leted diet. The gain over that secured
with the basal diet containing 30% casein
amounted to 35%. It thus appears that
the increased growth obtained with the
improved commercial diet may have been
largely due to changes in quality and pos-
sibly also in quantity of the alfalfa com-
ponent of the diet.

Ershoff (15) found no significant in-
crease in body weight gains as a result of
adding 15% of oven-dried alfalfa to diet
13 (1). In his tests the alfalfa was added
to the 30% casein diet, not as a substitu-
tion for an equivalent amount of nitrogen
in the casein. Briggs,8 however, obtained
a 17% increase in weight as a result of
adding 10% alfalfa leaf-meal to the basal
ration.

Comparison of the protein and amino
acid requirements of the guinea png as
compared with those of the rat. With
casein as the dietary protein, the minimal
requirement of the rat for maximal growth
ranges from 16.3% (16) to 25 to 30%
(17), whereas for the guinea pig it is about
35% (6, 10). The sequence in which the
amino acids in casein become limiting for
growth of the guinea pig is arginine, tryp-
tophan and methionine. With the rat,
however, the sulfur-containing amino
acids are most limiting, threonine is next,
then tryptophan, isoleucine, leucine, histi-
dine, valine and phenylalanine all are
equally limiting. Lysine is slightly less so
than the preceding 6, and finally arginine
is the least limiting (18). Table 7 sum-

TABLE 7
Comparison of the requirement for arginine,
tryptophan and methionine by the
rat and guinea pig

. . Requirement
Amino acids

Rati Guinea pig
% of diet % of diet
Arginine 0.2 0.82
Tryptophan 0.2 0.23
Methionine 0.4 0.484

1Harper (18).

2Approximate requirement if fully utilized.

3Reid (9). . i i

4Unpublished data obtained by the author with diet
containing 0.12% cystine.

marizes the requirements of the rat and
the guinea pig for arginine, tryptophan
and methionine.

Suitability of dietary proteins for the
guinea pig. Purified casein9 and soybean
protein are both good proteins for the
young guinea pig if supplied at an ade-
quate level, namely 35 to 40%. Because
of its high arginine content the soybean
protein is somewhat better adapted to the
guinea pig's needs and some of its amino
acids such as tryptophan are more readily
available. Its low methionine content,
however, explains why a dietary intake of
35 to 40% is needed to insure a rapid rate
of growth. Casein at a 30% level, sup-
plemented with 0.3% arginine produces
an excellent rate of growth. For long-con-
tinued studies with purified diets, present
evidence is insufficient to justify a state-
ment as to which of these 2 proteins better
serves the nutritional needs of the guinea

I:)'Q‘he differences herein observed m com-
parative value of casein and soy protein
for the guinea pig are considerably less

7The casein levels were 27, 24, and 21%, respec-

tively.

8I¥rig s, G. M. 1961 An unidentified growth fac-
tors) from plant sources for guinea pigs — an im-
proved assay. Federation Proc., 20; 454 (abstract).

9Difficulties were encountered in a few experiments
with diets containing casein (not included in this
reportz. Poor growth occurred, mortality was high,
and little difference in_growth was seen’between ex-
perimental %roups which should have shown wide
variations. Il of the animals produced soft feces.
Dr. Robert Habermann, the pathologist who exam-
ined the animals, was unable to identify an infective
organism. He .invariably found large amounts of
white material in the ceCcum and large intestine, evi-
dently undigested casein. At the time this condition
was occurring, similar groups of animals were fed soy
protein diets.” They all ct;rew well from the start. This
suggested strongl}( that the unsatisfactory results were
due to a certain lot of casein which may have been a
result of some nutritional damage that occurred in
the preparation.
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striking than those found by Hove and
Herndon (19) in the rabbit. They obtained
daily growth rates of 15 g with a 20%
casein diet, 30 g with an equivalent level
of defatted soybean meal and 30 g with a
commercial ration. Supplements of argi-
nine, glycine and tryptophan improved
growth with the casein diet and accounted
for part of the soybean meal effect. The
type of carbohydrate in the diet had a
minor effect on rabbit growth.
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ABSTRACT

Male guinea pigs were supplied with purified diets containing either

vitamin-free casein or purified soybean protein at 2 to 5 days of age and were main-
tained with the diets for 6 weeks. The protein levels ranged from 20 to 70%. Protein
level of the diet influenced growth of the young guinea pig most markedly during the
first 2 to 4 weeks. The minimal protein level for maximal growth was 35% with both
casein and soy protein. The maximal dietary protein level compatible with good growth

was 60% for casein and 70% or possibly more for the soy protein.
The dietary protein level affected notably the rate of growth of the liver and

testes.

creas and heart, were not influenced by the dietary protein level.

The relative weights (as a percentage of body weight) of the adrenals, pan-

The level of soy

protein had a slight effect on the relative weights of the kidneys and spleen, whereas

casein had little, if any, effect.

The relative weights of both liver and kidneys were

greater in the animals fed soy protein than in those fed casein.

Many types of laboratory animals thrive
well with diets high in protein if adequately
supplied with minerals, vitamins, and es-
sential fatty acids. It is difficult to com-
pare the effects on growth of wide varia-
tions in dietary protein levels because few
studies have been reported in which the
dietary variations involved only the pro-
tein and carbohydrate components. There
is a lack of reliable information concern-
ing the relationship between the dietary
protein level and the organ-to-body weight
ratios. Although a number of investigators
recorded the weights of the internal organs
of their animals, very few of these studies
were related to changes in dietary protein
levels. Huxley (1) noted that for different
animals the growth of the organs was pro-
portional to growth of the body. Webster
and Liljegren (2) determined the relative
change in weight of the liver, kidneys,
lungs, heart and spleen with increasing
body weight in mongrel guinea pigs, ran-
domly mated in a closed colony. Eaton
(3) reported that the liver and lungs of
the guinea pig varied with the body weight,
whereas the heart, spleen, kidneys, adre-
nals and testes in the adult were prac-
tically the same weight, regardless of body
weight. Walter and Addis (4) observed
that in the rat, organ weights may fluctuate

J. Nutrition 80: '63

within wide limits. Dietary changes, in-
troduced under otherwise constant condi-
tions gave results which indicated that the
weight of the liver and kidneys but not
the heart varied directly with the protein
content of the diet. Hamilton (5) re-
ported similar findings. Bong et al. (6)
observed that exclusive ingestion of pro-
teins and peptones by dogs produce an
increase in weight of the liver, pancreas
and kidneys. Addis et al. (7) observed a
decreased weight of the liver and an in-
creased weight of the kidneys in rats main-
tained with a diet containing 70% casein.
No pathological changes were observed in
the kidneys.

Osborne et al. (8, 9) reported that there
is an almost invariable increase in size
of the kidneys of the rat when the protein
content of the diet exceeds 50%. The hy-
pertrophic condition appeared when the
protein content of the diet was approxi-
mately 40%. The Kidney response oc-
curred with a variety of proteins. The
period required for renal enlargement was
unexpectedly brief and retrogression oc-
curred when the protein level was lowered.
No reports have been found concerning the
relation of the dietary protein level to the

Received for publication November 23, 1963.
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weight of the spleen, testes, adrenals, pan-
creas and heart.

An investigation has been under way in
this laboratory to determine the effect on
growth of the young guinea pig of 1) dif-
ferent proteins; 2) protein mixtures; and
3) amino acid supplements with dietary
protein levels of 20 and 30%.' Since the
laboratory and dietary conditions, except
for variations in protein and carbohy-
drates, were so constant it appeared desir-
able to study a wider range of dietary pro-
tein levels and to determine the effect of
protein level on growth of the body and
on some of the internal organs.

METHODS

Male guinea pigs of the Hartley strain
with a weight range of 95 to 115 g were
supplied with the experimental diets at 3
to 5 days of age. From 5 to 15 animals
were used in each group. The basal diet
(no. 13) and the procedures for the care
of the animals were described previously
(10). The ration consisted of the follow-
ing: (in %) protein, 20 to 70; vitamin-free
casein2 or purified soybean protein;3 corn
oil, 7.3; sucrose, 10.3; cellulose, 15.0;4
cornstarch, 20; glucose, 7.8;5 potassium
acetate, 2.5; magnesium oxide, 0.5; salts,
6 (Briggs et al. (10)); and 0.2 each of cho-
line chloride, ascorbic acid and inositol,
and liberal amounts of the known vita-
mins.6 Variations in the amount of pro-
tein were made by altering the quantity of
starch, sucrose and glucose monohydrate.7
Table 1 shows the variations in carbohy-
drates made in the formulation of diets
containing 20 to 70% protein. The ani-
mals were maintained with the diets for
a period of 6 weeks, at the end of which
time they were Kkilled and the organ
weights determined.

MARY ELIZABETH REID

RESULTS

Maximal gains in weight for the 6-week
period were secured when guinea pigs
were fed aration containing 35% of casein
or soybean protein8 (table 2). At protein
levels up to 60%, growth was about the
same for the 2 proteins. No additional in-
crease occurred when the casein level was
increased to 60% or the soy protein to
70%. Diets containing 70% casein re-
duced survival and growth. A total of 30
animals were fed the latter ration — of
these, 8 died early and 7 grew slowly but
succumbed before the end of the test. The
apparent unpalatability of the 70% casein
diet was attributed in part to its lack of
sugar. The addition of a noncaloric sweet-
ening solution9 appeared to improve its
acceptability somewhat but it was unneces-
sary to use the sweetener with the 70%
soy diet. Some differences in growth de-
pression were noted with different lots of
casein but all showed the effect to a con-
siderable extent. No fat was observed
around the internal organs of the animals

1The results of this study are reported in paper
no. VIII of this series (11). _ .

2 The nitrogen content of the casein, determined by
Kjeldahl analysis ranged in different lots from 13.26
to _14.00%. A ) n

3ADM-CIO made by Archer-Daniels-Midland Com-
pany, Cincinnati, Ohio. The nitrogen content by
Kjeldahl analysis was 12.98%.

4Cellulose in the form of Cellophane Spangles, ob-
tained from the Rayon Processing Company of Paw-
tucket, Rhode Island.

sThe glucose was used in preparing the mixes of
the B-vitamins.

6The vitamin E content of the diet (no. 13) was
increased in the present study. The amount used
consisted of 2.5 mg DL-a-tocopheryl acetate + 2.5 mg
DL-a-tocopherol/100 g of diet. This change not only
increased the amount of vitamin E but also increased
the protection of the vitamin A in the diet.

7Cerelose, Corn Products Company, Argo, lllinois.

8The differences in weight between the 30 and 35%
levels of the 2 proteins are not significant. However,
when the values for the 30% protein levels, obtained
in another experiment by Reid and Mickelsen (11)
are used (45 animals, 348 + 31 g with casein; 54 at
353 + 34 with soy protein), the differences become
significant.

9Sucaryl, Abbott Laboratories, North Chicago,

¢ -
nois.

TABLE 1
Percentage amounts of protein and carbohydrates in diets

Protein 20

25 30 35 40 50 60 70
Starch 30.0 25.0 20.0 20.0 15.0 5.0 0.0 0.0
Sucrose 10.3 10.3 10.3 5.3 5.3 5.3 0.3 0.0
Glucose monohydratel 7.82 7.8 7.8 7.8 7.8 7.8 7.8 0.0
Cellophane3 15.0 15.0 15.0 15.0 15.0 15.0 15.0 10.01
1Cerelose, Com_ Products Company, Argo, lllinois.

| Cerelose used in preparing the B-vitamin mix.

Cellophane Spangles, Rayon Processing Company, Pawtucket, Rhode Island.

-vitamin mix prepared in 3.1%

Solka Floe

(The Brown Company, Berlin, New Hampshire)

instead of Cerelose and the Cellophane Spangles was reduced accordingly.
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TABLE 2
Effect of type and level of protein on early growth

Protein Amount a'r\1|iorhgfs Average weights Gain in
2-weeks 4-weeks 6-weeks 6 weeks

% 9 9 9 9
Casein 20 12 128+ 13’ 174 +27 245+32 136+28
25 14 136+20 207 +30 281+33 176+31
30 11 156+ 15 26127 354+34 247 £42
35 10 164+ 10 27027 387+39 281 +39
40 10 167+ 15 27923 388+42 282+51
50 10 168+20 278+26 382+34 277+23
60 5 194+ 4 298+14 379+26 269+ 25
70 152 171+£23 233+32 277+48 169+53

Purified soybean

protein 20 14 125+ 11 188+14 235+30 130+23
25 9 127+ 8 1978 258+23 153+24
30 15 158+ 16 257+24 355+35 250+35
35 9 166+ 10 283+16 386+32 280+30
40 9 172+ 16 297+22 404 +38 297+39
50 5 185+ 12 300+15 384 +25 280+27
60 5 194>44 29712 386+17 28016
70 9 183+28 292+20 398+29 293+ 27

1sp.
2The number of animals that survived to 6 weeks. A total of 30 animals were started with the diet.

fed the 70% casein diet but there was an
abundance of it in the 70% soy protein
group. Animals fed a 20% level of either
casein or soy protein grew very slowly dur-
ing the first 2 weeks and thereafter growth
gradually increased. The retarded growth
was associated with a low rate of food in-
take, which, because of the difficulty in
making accurate measurements, was not
determined directly. Food consumption
was estimated from the length of time a
kilogram of diet lasted for a definite num-
ber of animals. As the protein levels were
increased to 50%, the rate of food con-
sumption and growth both increased dur-
ing the first 2 to 4 weeks. The average
rate of gain in weight per day throughout
the 6-week period was 6.7 g for the 35%
casein diet and 7.0 for the 40% soy pro-
tein diet. Increases of 8.0 g/day occurred
in some of both the casein and soy protein
groups during the second to fourth weeks.

Effect of protein level on organ weights.

In table 3 are shown organ weights ex-
pressed as percentage of body weight. The
results indicate that the liver and testes
were more affected by the level of dietary
protein than were those of the other or-
gans.D In the animals fed casein, liver
weights of the group fed 35, 40 or 50%
protein were significantly heavier (P <

0.05) than the livers of animals fed 20
or 25% protein.1l In the soy protein group,
the liver weights at 20 and 25% levels
were not different, but all higher levels
were significantly greater than those of
the 2 lower protein groups. The 35% soy
protein produced heavier livers than did
30% (P < 0.01) but higher levels showed
no appreciable increase (the high value
for the 50% protein may be a result of
too few animals).

The greatest effect of the dietary protein
level on organ-to-body weight ratios was
noted in the testes, particularly in the ani-
mals fed the soy protein. The differences
in the relative weights at successively
higher levels of soy protein up to 35%
were all significant (P < 0.05). With both
proteins the testes weights reached a
plateau at levels higher than 35%. The

101In the late phases of this_stqd¥ it became evident
that the level of dietary protein influenced the weight
of the cecum and large ‘intestine in relation to body
weight. At the lower protein levels there was a ten-
dency for a greater accumulation of contents in the
cecum and large intestine. In a later study, compar-
ison of these changes at high and low protein levels
were measured and will be subsequently reported.
Even with this allowance for differences in weight of
cecum and large intestine at_different protein levels,
a clear-cut difference persists in the percentage weight
of the liver and testes. i

_ 1In calculating the averages for the standard devia-
tion values (Sigma) of_all organs of animals fed the
casein_diets the first 7 %roups only were included.
The eighth group, with the 70% casein level, was
omitted because it obviously belonged in a class by
itself due to its toxic effect.
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much lower value with 70% casein was a
result of the toxicity previously mentioned.

The kidneys of animals fed the soy pro-
tein were not different at 20 and 25%
levels but all higher amounts increased the
weight of the kidneys over the two lower
groups (P < 0.05). Differences in casein
levels produced no significant changes in
kidney weights. The weights of the spleen
in relation to body weight appeared to be
increased slightly by increases in the level
of protein; the effect was greater with
casein than with soy protein. The relative
weights of the adrenals were not influenced
by the level of protein in the diet. This
was true also of the pancreas. Because of
the diffuse nature of the pancreas in the
guinea pig, an accurate measurement of
its weight is difficult, if not impossible, to
make. There was no effect of the dietary
protein level on the weight of the heart in
relation to body weight.

DISCUSSION

The young guinea pig, unlike the rat,
shows no depression in growth when the
dietary protein level reaches 60% with
casein and up to 70% with soy protein.
However, the slowing in the growth rate
which occurs after a few weeks at levels
of 50% and higher, suggests a limitation
to the protein tolerance levels. This was
definitely so with casein at a 70% level.
The lack of any accumulation of fat
around the internal organs of the animals
fed the 70% casein diet suggests a defi-
ciency in the conversion of protein to fat.
J. N. Williams, Jr.Robserved that maximal
growth of rats was not achieved with ca-
sein levels higher than 50% . The minimal
level of dietary protein for maximal growth
in the guinea pig is approximately 35%
with both casein and the soy protein. The
minimal level is determined by the pecu-
liar need of the guinea pig for certain
amino acids. Its high arginine require-
ment sets it apart from the rat. By in-
creasing the protein level of the diet a
deficiency of an essential amino acid can
be overcome. Arginine is the critical amino
acid in casein, and methionine is critical
in soy protein. It has been shown (11) that
maximal growth can be achieved with a
30% level of casein or soy protein if a
small amount of the deficient amino acid

is supplied. Other studies have shown that
the guinea pig does not have a require-
ment for protein as such since it grows
well with a diet containing a well-balanced
mixture of amino acids.B The stimulating
effect of high protein diets on the early
growth of the guinea pig, followed later by
a slowing in the rate, agrees with observa-
tions on rats by Osborne et al. (9). They
noted that rats fed high protein diets grew
rapidly up to a body weight of 200 to 250 g.
After that the body weight increased at a
slower rate.

The guinea pig shows an increase in
liver weight with increase in dietary pro-
tein, particularly with the soy protein. The
maximal size of the fiver occurred with a
35% level of casein and with a 50% level
of the soy protein.

In the guinea pig, in contrast to the rat
(7, 8) changes in the dietary casein level,
produced little or no change in weight of
the kidneys but with the soy protein there
appeared to be a slight enlargement at
very high levels. On the basis of present
knowledge, comparisons between the rat
and guinea pig as to the effect of protein
level on kidney size, are not justified since
the guinea pig studies deal only with the
early stages of growth whereas most of the
work with rats has been with older ani-
mals.

The only other organ in the guinea pig
to show a marked response to level of
protein was the testis. Growth in weight
of this organ appears to be directly related
to the protein level of the diet. This was
true both with casein and soy protein. The
results indicate that even though body
weight gains of young guinea pigs are bet-
ter at high dietary protein levels than nor-
mal, the testes increased in weight at a
greater rate. Since no histological studies
were made, no conclusions can be drawn
as to a possible relation of the increased
size to the rate of maturation of the tis-
sues. Jackson (12), however, found that
by holding the body weight of very young
rats constant by underfeeding (milk),
there was a marked increase in the weight
of the testes accompanied by a normal dif-
ferentiation of the tissues. It is conceivable
that this feeding procedure may have pro-

12 Personal communication.
1BUnpublished data by the author.
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duced a result somewhat similar to that of
an increase in the dietary protein level.
Another illustration of the growth of the
testes during periods of starvation is that
which occurs in the salmon during their
migration back to their breeding grounds.

Evidence from the present studies with
guinea pigs, together with the results re-
ported by other workers with rats and sal-
mon, strongly suggest the importance of a
high dietary nitrogen level for growth of
the testes.
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Effect of Chromium, Cadmium and Other Trace Metals
on the Growth and Survival of Mice1
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ABSTRACT Seven hundred weanling white mice were fed a diet of rye, corn oil
and dried skim milk containing no detectable cadmium and only small amounts of
chromium, titanium, lead and nickel. They were housed in quarters from which most
contaminating metals were excluded. Groups of 100 or more animals were given
5 ppm of these metals in drinking water as soluble salts. Trivalent chromium in-
creased the growth of both sexes and lessened the mortality of male animals up to
17 months of age. Tetravalent titanium increased growth, but did not significantly
affect mortality. Divalent lead, nickel and cadmium had no marked effect on growth,
mature weights nor mortalities up to 18 months of age, but after that, cadmium and
lead significantly increased death rates in males when tissue levels were less than or
equal to those of adult human beings. Mice “cadmium-free” by microanalytical
methods (< 0.02 /¢:g/g, wet tissue) grew normally and did not differ in any obvious
way from those given the metal, except for prolonged survival of males. Chromium
appears to act as an accessory trace metal for growth and survival while cadmium

is not essential in these terms, having an innate

Several “abnormal” trace metals have
been found to accumulate with age in the
tissues of man (1, 2), these include cad-
mium (3), lead (4), titanium (5) and tin.
Six considered “essential” as having im-
portant metabolic functions (manganese,
iron, cobalt, copper, zinc, molybdenum),
do not accumulate, despite relatively large
exposures in food and water. Three other
transitional metals also do not increase in
concentration with age, except in lung,
but their biological significances are not
known; vanadium, chromium (6) and
nickel (7).

The purpose of this communication, the
first of several on the subject, is to report
the effects on growth and survival of 5
“abnormal” trace metals given to wean-
ling mice fed a diet adequate for growth
and reproduction. The metals were pres-
ent in the diet in low concentrations or
were absent, whereas the “essential” ones
were provided in adequate amounts. “Ab-
normal” metals were given in concentra-
tions designed to reproduce in so far as
possible the tissue concentrations found
in man (2). Environmental contamina-
tion was kept at a minimum. One metal,
trivalent chromium, appeared to show bio-
logical activity on both these parameters,

J. Nutrition, 80: '63

“toxicity” similar to lead.

while lead and cadmium affected only
survival.

METHODS

About 700 weanling white mice of the
Charles River CD strain were housed in
acrylic plastic cages with stainless steel
covers (8). Six mice occupied each cage.
Kiln-dried wood chips were used for bed-
ding. Water bottles were of polyethylene
with rubber stoppers and stainless steel or
Pyrex drinking tubes (depending on the
metal given). Stoppers were protected
from nibbling by mice.

The animal quarters, constructed of
wood, were situated at the top of a remote
hill 500 m high at the end of a mile-long
(1.609 km) dirt road, in order to avoid
airborne contaminants, especially those
from motor vehicle exhausts (4). Mate-
rial used in the building was analyzed for
the trace metals studied, and contamina-
tion prevented by triple coats of plastic
varnish.3 Cage racks were of white pine;

Received for publication July 30, 1962.
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2Requests for reprints should be sent to 75 Linden
Street, Brattleboro, Vermont.

3Fabulon, Pierce and Stevens Chemical Corporation,
Buffalo, New York.
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all nail heads were covered with plastic
wood. A minimum of varnished metal ob-
jects was allowed in the quarters and no
galvanized metal was used inside or out-
side. Quarters were heated by butane gas
vented externally and were dehumidified.
Environmental temperatures were kept be-
tween 21 and 28° C. Air inlets, near a
forest 100 feet (30 m) from the road,
consisted of two electrostatic precipitators
continuously operated; negligible quanti-
ties of dust accumulated in them vyearly.
Maximum precautions were taken against
introducing metallic contaminants from
the outside, and shoes were removed when
entering the animal room. All procedures
were performed in a separate room.

The diet consisted of whole ground seed
rye,4 60%; powdered skim milk, 30%;
corn oil, 9%; and sodium chloride, 1%.
The rye was ground into flour at a local
mill. To each kilogram was added: 100 mg
ferrous sulfate; 5,000 IU vitamin A; 1,000
IU vtamin D; 10 mg Ca pantothenate;
50 mg niacin; and 1.0 mg pyridoxine
hydrochloride. These amounts, plus others
present in rye and milk, were similar to
the vitamin contents of standard com-
mercial diets. Concentrations of “abnor-
mal” trace metals are shown in table 1
Food was prepared twice a week. Diet
was given ad libitum.

Soft water was supplied from a forest
spring through 210 feet (65 m) of poly-
ethylene pipe, passed through a bulk water
softener, a bulk demineralizer%and a lab-
oratory demineralizer.51t contained no de-
tectable metal and showed a resistance of

more than one million ohms. To it was
TABLE 1
Concentrations of “abnormal” trace metals in

mouse diets and bedding

. P Bedding

Metal Coml}gﬁsrual Sgtiaé:tlil ( Sé’ﬁ?r’fé’)"d
A9/9 99/9 99/9

wet wt wet zvt wet wt
Chromium ND2 2.33 0.10 0.11
Titanium ND -11.7» 0.03 231
Nickel 0.4 - 3.03 0.40 0.32
Cadmium 01 - 0.2 ND 0.05
Lead 0.4 - 1.93 0.19 1.83

1The intake in food per day per mouse was ap-
proximately 4 times the amounts shown.

2ND indicates not detected (< 0.005_¢¢9/0).

30btained by Keenan, see footnote 7 in text.

added in ppm metal: Zinc acetate, 50;
cupric acetate, 5; manganous citrate, 10;
cobaltous chloride, one; and sodium mol-
ybdate, one; these amounts being com-
parable to those found in commercial diets
when converted to a mean water intake of
4 g/day.7 This solution was known as
‘basic water.” To it was added one of the
following at 5 ppm metal: Chromic ace-
tate, potassium titanium oxalate, nickel-
ous acetate, cadmium acetate, or lead
acetate. The final solutions were clear
and colorless.

Water bottles were weighed to the near-
est gram and tabulated continuously to
measure the total intakes of metals. The
mice were weaned 21 to 23 days after
birth and immediately presented with the
appropriate water solution, which re-
mained identical for their lifetimes. They
were weighed in groups of 6 at weekly
intervals for 2 months and thereafter
every month: they were handled as little
as possible and no therapeutic measures
were used. Cages, washed in demineral-
ized water, were not interchanged from
one group to another. Unnecessary noise
and traffic in the quarters was restricted.
Pilot studies with metal-containing and
deionized water revealed no aversion to
the basic water. During the period of the
experiment no epidemics occurred in the
animal quarters.

Data were analyzed statistically to de-
termine the significance of differences be-
tween two means, using Students’ t test,
and for abnormal distribution, using chi
square. Tissues of mice dying of “natural”
causes were analyzed by microanalytical
chemical methods previously reported
(3-7).

4Untreated seed rye, one lot for a year’'s supply,
was obtained from_ Eastern States Farmers Exchange
and stored in a tightly closed space provided with
dehumidification. No gross spoilage occurred.

5Culligan Water Institute, Northbrook, Illinois.

6Barnstead Still and Sterilizer Company, Boston.

7According to Keenan, commercial diets contain
the following “essential” metals b spectrog7raph|c or
chemical methods (ppm): Zinc, 58.8 to 66.7; copper,
7.1 to 11.7; manganese, 6.3 to_20.7; cobalt, < 0.4 to
< 08;. molybdenum, < 0.5 to 5; iron, 130 to 600. A
diet similar to ours devised by Schneider, using whole
wheat, showed: Zinc, 50.1; copper, 3.4; man%anese,
6.0; molybdenum, not detected; and iron, < 05 ppm.
Keenan, R. G., U. S. Public Health Service 1958
ccupational Health Field Headquarters, Cincinnati,
personal communication). Therefore, the intake of
trace metals on our regimen was somewhat high for
zinc but was well within the ranges of other metals
found_in commercial diets considered adequate for
nutrition and without mineral imbalances.
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RESULTS

Growth and mature weights. The mean
weights of the mice given the several
metals are shown in tables 2 and 3. No
significant differences from the controls
appeared in those receiving lead, cadmium
and nickel. Males and females given chro-
mium and titanium, however, gained
weight more rapidly and when mature
were heavier than their controls. Although
significant differences were not evident at
2 months of age, the growth curves di-
verged at 80 to 100 days of age (figs.
1-5). These two metals increased mean
body weight of males about 14% at
6 months and 22% at 12 months of age;
they likewise affected female mice ap-
proximately 9 to 16% at both intervals.

Mortalities. Under the conditions of
the experiment, all female mice were
healthier than males in terms of survival.
Tables 4 and 5 illustrate survival at vari-
ous periods. No significant differences in
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mortality occurred among the female
groups. Males given chromium had a
lower mortality at one year of age than
did the controls (P < 0.001), which con-
tinued to 16 months (P < 0.02) and 17
months (P < 0.05) but not later. There-
fore, chromium appeared to affect male
mortality in the first half of life.

Cadmium and lead, on the other hand,
caused increased mortalities appearing in
the latter half of life. The administration
of cadmium was associated with signifi-
cant differences at 21 months (P < 0.001)
and 24 months (P < 0.01) of age, as
compared with their controls, 98.0 and
81.1%, respectively, having died. Simi-
larly more males given lead were dead at
21 months (P < 0.05). These increased
mortalities were not apparent at 16 or
18 months. Neither titanium nor nickel
obviously affected mortality at any inter-
val up to 18 months of age.

TABLE 2

Mean -weights of male mice given various

trace metals (5 p-pm in drinking -water)

Body weight at indicated ages

No. of
animals 60 days 180 days 360 days
9 9 9

Control 62 35.6+0.381 45.2i1.091 45.1i1.611
Chromium 54 36.3+0.89 51.6+ 1.19 55.4+ 1.15
P2 <0.005 <0.001
Titanium 54 36.7+ 1.84 52.4+1.40 54.8+1.36
P <0.005 <0.001
Nickel 50 34.9+1.27 45.6+2.05 45.8+2.35
Cadmium 65 35.4+0.62 46.0+ 1.57 51.5+ 1.77
Lead 52 33.5+ 1.56 46.7+ 1.97 48.8+2.18

1Mean weight + se of mean.

2Probability of difference being due to chance by Student's t test.

shown.

Only significant P values are

TABLE 3
Mean weights of female mice given various trace metals (5 ppm in drinking -water)

Body weight at indicated ages

No. of
Metal animals 60 days 180 days 360 days
9 9 9
Control 88 29.4i0.381 41.0i0.731 46.4i1.201
Chromium 54 30.7+0.62 45.0+ 1.32 50.7+ 1.64
P2 <0.025 ~ 0.03
Titanium 53 31.3+ 1.08 46.2+ 1.19 53.9+ 1.86
P <0.005 <0.005
Nickel 54 29.8+1.45 39.7+2.05 43.7+ 1.63
Cadmium 60 28.6+0.46 43.1+1.00 49.5+ 1.12
Lead 52 27.9+1.22 43.2+2.52 48.6+2.46

1Mean weight + se of mean

2P indicates probability of difference being due to chance by Student’s t test. Only significant

P values are shown.
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Significant differences between groups
are shown in table 5. Males given chro-
mium outlived those fed cadmium, lead
and nickel. Females given lead outlived
those receiving cadmium.

When the half-lives of the male groups
(time when 50% were dead) were com-
pared, the various metals appeared in the
following order of lethal effects: Nickel >
lead > cadmium > titanium = control
>> chromium. The first 3 metals de-
creased the half-lives of their groups by
1 to 2 months from that of the controls
while chromium increased it by 100 days
(19.6%).

Nutritional adequacy of diet. Growth
curves provided by the manufacturer8 of
a commercial diet showed that male mice

H. A. SCHROEDER, W. H. VINTON, JR. AND J. J. BALASSA

60 days old weighed about 27 g and fe-
males 24 g. Although the strain of mice
fed this diet may have differed from ours,
our control animals at 6 weeks of age
were about equal in weight to those fed
the commercial diet at 8 weeks, and were
about 15 and 28% heavier at 2 months.
None of the metals depressed growth or
mature weights. The rate of growth of
animals given cadmium, lead and nickel
was almost identical to that of controls.
In this sense the diet appeared adequate.
There was, however, a somewhat exces-
sive mortality confined to males (tables 4
and 5), 20% of the controls having died
at 9 months and 31% at 12 months of*

*Rockland Mouse Diet, Rockland Farms, New City,
New York.

TABLE 4
Mortality of mice given various trace metals

No. animals

Metal
given of age 6
Male

Controls 61 96.7
Chromium 54 100.0
P1
Titanium 54 98.1
P
Nickel 50 100.0
Cadmium 65 83.1
p <0.02
Lead 52 96.2
P J—

Total 336

Female

Controls 88 97.7
Chromium 54 98.1
Titanium 53 96.2
Nickel 54 100.0
Cadmium 60 98.3
Lead 52 100.0

Total 361

1P indicates probability of the differences from controls being

2 Series incomplete.

% Surviving, months

Half-
12 18 1 life
days
68.8 47.3 35.9 510
92.6 61.1 38.8 609
<0.001
85.2 42.1 27.8 513
<0.05
66.0 38.0 30.0 449
60.0 32.2 8.0 476
<0.001
67.3 28.8 19.2 463
<0.05
93.2 72.7 53.4 662
98.1 72.2 48.2 639
88.7 78.6 49.1 624
92.4 71.7 57.4 673
90.0 66.7 50.0 636
92.3 78.8 69.2 704

due to chance by x2 analysis.

TABLE 5

Significant differences between groups by

Months

X2 analysis, P

Cadmium Lead Nickel
Male
Chromium 12 <0.0005 <0.001 <0.001
18 <0.005 <0.001 <0.0005
21 <0.0005 ~ 0.025
Female
Cadmium 21

<0.05
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MALE MICE
WEIGHT, GV
DAYS
Figure 1
FEMALE MICE
WEIGHT,GM
Figure 2
Figs. 1 and 2. Curves of growth of white mice given trivalent chromium at 5 ppm in
drinking water from the time of weaning (shown by arrow). The continuous line indicates
the mean weights of the controls, the interrupted line those of the treated animals. The
abscissa shows days of age. Differences are statistically significant at 180 and 360 days of
age (see tables 2 and 3).
age. This early mortality was shared hy Absorption of trace metals. Analyses

the groups given cadmium, nickel and
lead, but not by those fed chromium and
titanium. The survival of all female groups
for the duration of the experiment was
reasonable and in them the regimen
showed no innate toxicity.

of several organs for each of the trace
metals given to mice revealed that con-
centrations were increased, whereas less
was usually found in tissues of the other
5 groups serving as internal controls. De-
tailed results showing rates of accumula-
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MALE. MICE
WEIGHT.GM
o loo 200 300 400
DAYS
Figure 3
FEMALE MICE
WEIGHT, SM.
o 1 100 200 300 400
T
DAYS
Figure 4
Figs. 3 and 4 Curves of growth of white mice given tetravalent titanium at 5 ppm in
drinking water. Notations same as in figure 1. Differences are statistically significant at
180 and 360 days of age (see tables 2 and 3).
tion will be reported in a subsequent virtually “cadmium-free.” Renal and he-

communication, but a brief summary is
indicated in table 6. No cadmium (< 0.02
pg/g, wet weight) was detected in more
than 50 kidneys and livers from the con-
trol and the other 4 groups not given this
metal. These animals can be considered

patic cadmium were regularly found in
mice given it, but not in the high concen-
trations usually seen in adult American
human beings (1). Little chromium ap-
peared in tissues from 5 groups; while
concentrations exceeded those of adult
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Fig. 5 Curves of growth of white mice given divalent nickel at 5 ppm in drinking water

from the time of weaning.

Notations are same as in figure 1 Differences were not sig-

nificant.
TABLE 6
Abnormal trace metals in tissues of mice and manl
Sroup o ) Mice Adult man3
rgan Not given Given
metal metal Mean Range
Bg/g wet wt Bg/g wet wt B9 /g wet wt B9/79 wet wt
Chromium liver 0.0 -0.1 0.87- 1.28 0.02 <0.001- 0.3
Titanium lung 25 -4.0 7.7 -18.1 2.8 0.1 -11.0
Cadmium kidney 0.0 29 - 6.14 32.0 11.0 -66.0
Lead liver 0.05-0.71 0.67- 3.3 2.0 05 - 3.2
Nickel kidney 0.08-0.59 09 - 3.7 0.09 <0.05 - 0.9
1Data based on analyses of animals dying at 360 to 480 days of age.
20rgan of high concentration.
3From Tipton (1).
DISCUSSION

man many fold in animals receiving it.
Nickel was considerably increased in mice
given it, whereas their controls showed
lesser amounts.

We were unable to prevent accumula-
tion of lead and titanium by animals re-
ceiving little of these metals in the diet,
probably because of the large amounts
present in bedding. Control animals had
pulmonary concentrations of titanium in
the range of those of adult human beings
and accumulated several times as much
when given the metal orally. Mice given
lead, on the other hand, showed hepatic
and renal levels comparable to those of
adult man, with lesser amounts in the
controls.

The purpose of these experiments was
to duplicate in mice the tissue concentra-
tions of metals found in man and to ob-
serve any obvious effects. We were partly
successful. Thus, “cadmium-free” mice
were grown and compared with mice hav-
ing renal concentrations up to one-fourth
of that of man. Mice with relatively low
levels of hepatic lead were compared with
animals having concentrations approxi-
mately similar to the human. On the other
hand, control mice with concentrations of
chromium, titanium and nickel compar-
able to those of adult human beings were
paired with animals accumulating larger
quantities.
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Cadmium-fed mice grew normally, with
almost identical growth curves to those
“cadmium-free.” The striking difference
between the 2 male groups was the late
mortality in that given the metal. This
difference was significant at 21 and 24
months. Females did not show this trend.
The data indicate that cadmium is not
essential for the growth of mice; on the
contrary, it shortened the life span of
males at renal and hepatic concentrations
considerably less than those found in
adult human beings. Therefore, cadmium
can be considered a metal with innate
toxicity in terms of the survival of male
mice.

The effects of lead were similar, but
less strikingly so with male mice, whereas
females tolerated it better than any other
metal. A late mortality appeared when
hepatic concentrations were in the human
range. These sex differences in results
are unexplained.

The action of chromium on growth and
survival differed considerably. Growth
rates were enhanced in both sexes. Fur-
thermore mortality up to 17 months of
age was partly inhibited in male animals,
who also outlived their counterparts given
cadmium, lead and nickel. Therefore,
chromium appeared to act as an accessory
trace metal in terms of growth and of
male survival.

It is unlikely that the enhancement of
growth by chromium was the result of an
action on intestinal bacteria such as oc-
curs with certain antibiotics. The daily
dose was too small, about 20 ag (or < 1
ag/g body weight). There is no evidence
that chromium accumulates in the lumen
of the large intestine. Trivalent chromium
has a low order of toxicity for most living
things (6), much less than some of the
metals given in water (copper, cadmium,
lead).9 Furthermore, a similar effect with
titanium was probably not caused by a
favorable action on intestinal flora, for
titanium has little or no toxicity to living
organisms (5). The animals, however,
had access to their feces, and this expla-
nation, although improbable, must be con-
sidered.

Titanium at high tissue concentrations
did not appear to affect mortality of males,
the half-lives of this group and of the

controls being similar. Evidence for its
action as an accessory trace metal does
not include effect on survival. The mech-
anism of action is unknown. Nickel did
not manifest toxicity at any specific inter-
val, although the half-life of the male
group was shorter than any other.

More than 200 analyses of various
foods were made to obtain a diet cadmium-
free and low in the other metals used in
the experiment. Our diet represents the
best compromise, other than the use of
synthetic foods, some of which are also
contaminated by metals. The cost is low.
Softwood chips were used for bedding de-
spite the lead and titanium present. A
number of other materials were analyzed
and tested, but none was free from cad-
mium, lead and chromium and had ab-
sorptive qualities. Stainless steel wire cage
floors were considered, but were found to
donate traces of nickel and chromium to
slightly acid solutions. Obviously, the en-
vironmental exposures of the regimen
were poor for studying titanium and only
fair for lead, facts which did not become
apparent until tissues were analyzed. On
the other hand they were reasonably good
for chromium and nickel and excellent
for cadmium.

The work of Schwarz and Mertz (10)
has indicated that trivalent chromium
may be an accessory essential trace metal
for rats, preventing the low glucose toler-
ance induced by deficient diets and, with
insulin, promoting in vitro the synthesis
of glucose from acetate (11). The obser-
vations here reported tend to support their
idea of the essentiality of chromium for
mice, not especially for “normal” growth
and development, but possibly for general
health or resistance to disease. Parallel
effects on these parameters for male rats
will be reported subsequently (12). The
effect of chromium, cadmium and lead
on survival of male mice make these trace
metals pertinent to study with other mam-
mals, especially at tissue levels similar to
those of man.

The following conclusions may be
drawn from these experiments on mice:
1) Cadmium is not “essential” in terms
of growth and survival, cadmium-free
mice being successfully raised. On the

9In fact, chromium ions stimulated the growth of
azobacteria (9).
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contrary, small doses sufficient to provide
renal accumulations about one-fourth of
those of adult American human beings
caused significantly increased mortality in
males. Cadmium, therefore, exhibits an
innate toxicity in terms of survival; 2)
titanium acts as an accessory growth fac-
tor on mature weights when tissue con-
centrations are high, but does not affect
survival; 3) nickel in these doses affects
neither mortality nor growth; 4) lead, at
hepatic concentrations equal to those of
man, is associated with significantly in-
creased male mortality and exhibits an
innate toxicity similar to cadmium, al-
though not affecting growth; 5) chro-
mium acts as an accessory growth factor
and inhibits male mortality during the
first half of life. Thus, chromium resem-

bles an “essential” trace metal in these
terms.
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ABSTRACT Eight groups of more than 50 hooded rats were each given (at 5 ppm)
cadmium, trivalent chromium or lead in drinking water while fed a diet of rye flour,
dried skim milk and corn oil containing no detectable cadmium and only small
amounts of chromium and lead. Extensive precautions were taken to avoid environ-
mental metallic contamination. The diet was nutritionally adequate for survival, all
but 7 control animals surviving 21 months. Mortality of rats receiving chromium
was equally low. Although those given lead and cadmium grew normally, survival
was considerably reduced when their tissue concentrations of metal were approxi-
mately similar to or less than those of adult human beings. No metallic toxicity
appeared. Growth of males was stimulated by chromium and mature animals were
larger than the controls. Cadmium was not detected in the livers and kidneys of
animals not given it, although they grew normally and survived. Cadmium is not an
“essential” trace metal for rats in terms of growth and survival; it shortens their

lives at less than human renal concentrations.
has a similar innate toxicity in terms of survival.

Lead at human tissue concentrations
If chromium has a metabolic func-

tion, these experiments confine it to male rats.

In a preceding study on white mice (1),
we reported that: 1) Trivalent chromium

given in drinking water at 5 ppm in-
creased rates of growth and mature
weights; 2) chromium appeared to in-

crease survival in males up to 510 days;
3) cadmium and lead at the same con-
centrations did not interfere with growth;
4) “cadmium-free” mice grew normally,
whereas males given cadmium showed an
excessive mortality; 5) lead appeared to
increase death rates in older males. The
present parallel study on rats is concerned
with the effects of these trace metals on
growth and survival up to 21 months of
age. It shows that rats behave similarly
to mice in the presence of these metals.

METHODS

Weanling Long-Evans (hooded) rats of
the Rockland strain were housed in plastic
cages of 4 each in special “metal-free”
quarters, as described previously (1). Most
of them were raised in the quarters. All
428 animals were fed a diet of rye flour,
dried skim milk and corn oil, with added
vitamins and iron; it contained no detect-
able cadmium, 0.1 ug/g chromium and
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0.19 pg/g lead. “Essential” trace metals
were added to metal-free water exactly as
in the parallel study on mice, with 5 ppm
chromium, cadmium or lead given in the
water to groups of more than 50 males and
50 females from the time of weaning (28
days of age). Two groups receiving none
of these metals served as controls. Micro-
analytical chemical methods were used
to control metal intake in food and water
at regular intervals and to assess accumu-
lations in tissues of animals dying, as re-
ported (2-4). The conditions of the ex-
periments on rats exactly duplicated the
study of mice.

RESULTS

Effects on growth. Table 1 shows the
mean weights of the 8 groups at three
intervals. Males given chromium grew
more rapidly and weighed more when
mature than did the controls (fig. 1).
Males given lead and cadmium were sig-

Received for publication July 30, 1962.
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The Vermont Heart Association and Ciba Pharma-
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Street, Brattleboro, Vermont.
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TABLE 1

Weight of rats given chromium, cadmium and lead, 5 ppm in drinking water, at various ages

Body weights at indicated ages

Metal No. of
animalsl 60 days 180 days 360 days
9 9

Male
Controls 52 143.5+ 4.472 329.3+6.28 388.3+8.23
Chromium 54 168.0+3.50 358.6+6.86 440.7 +6.48
pa <0.001 <0.005 <0.001
Cadmium 52 165.2+3.73 340.5+5.97 393.1+6.13
p <0.005
Lead 50 157.5+3.15 330.1+4.12 375.2+ 10.57
P <0.01

Female
Controls 52 119.2+ 3.87 219.8+ 2.93 238.5+3.94
Chromium 54 131.0+3.76 229.4+5.39 256.8+5.92
P <0.025 ~ 0.01
Cadmium 61 140.1+2.87 233.8+3.14 254.0+4.56
P <0.001 <0.001 ~ 0.01
Lead 53 136.3+3.75 225.1+2.89 252.0+7.35
P <0.005

1Number started on metal at 28 days of age.
2Mean t se.

3p = probability of the difference from the controls being due to chance, by Student's t test.

the significant differences are shown.

nificantly heavier at 60 days, but not later.
Females given all 3 metals weighed more
at 60 days; those receiving cadmium and
chromium were larger than their controls
at one year of age (fig. 2), whereas those
receiving lead were not. No suppressive
effects on growth were apparent in the 3
metal groups. No obvious obesity was ob-
served, except for one female receiving
lead, apparently a chance deviation.

There were no significant differences in
weight among the 3 metal-fed groups of
either sex at 60 days of age, nor among
the females at 6 and 12 months. Males
fed chromium, however, were heavier at
6 and 12 months than those receiving lead
(P < 0.001) and cadmium (P < 0.05 and
<0.001, respectively), whereas the lead
and cadmium groups were alike in this re-
spect.

Mean weights of male rats differed at
21 months of age. The controls, at 401.5 g,
were significantly lighter than the chro-
mium group, at 466.1 g (P < 0.005). The
survivors of the cadmium group, weighing
447.7 g, also differed (P < 0.01), whereas
those of the lead group, at 435.8 g, did
not. Likewise chromium-fed females were
heavier than their controls (285.2 and
258.0 g P < 0.025) at 21 months of age,
whereas groups fed lead (274.5 g) and

Only

cadmium (275.5 g) were statistically sim-
ilar.

The rates of growth at 4 intervals up
to 6 months of age are shown in table 2.
Both control groups grew more slowly dur-
ing the second month of life and more
rapidly during the third and fourth months
than did the others. Rats fed chromium
grew somewhat faster after 60 days of
age than did those receiving lead and
cadmium. Males given chromium gained
10% more weight than their controls,
whereas females gained only 7 g more at
6 months of age.

Effects on survival. There were exces-
sive early mortalities in both sexes receiv-
ing cadmium and lead, 8 to 11 animals in
each group dying before 3 months of age
for a total of 37. No such early deaths
occurred in the control or chromium
groups. Table 3 showing the proportion
surviving at various intervals, is con-
cerned with animals alive and apparently
healthy at 3 months of age. Deaths of
males fed cadmium and females given
lead increased steadily, whereas males fed
lead and females given cadmium'did not
begin to die until they were 18 months of
age or older. At 22 months cadmium-fed
females were showing a relatively high
mortality compared with their controls
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(P < 0.005). Significant differences among
groups are indicated in table 4. Animals
fed chromium outlived those given cad-
mium and lead. Males given cadmium
died more rapidly than did females. No

overt signs of metal toxicity were appar-
ent in any of the groups.

Cadmium-free vs. cadmium-fed animals.
No cadmium was detected in the organs
of the control animals, nor in Kkidneys

MALE RATS
WEIGHT,GM.
Figure 1
FEMALE RATS
WEIGHT, 4M

Figure 2

Tigs.
water.

1-2 Growth curves of rats taking chromium and cadmium (5 ppm) in drinking
Control animals were "cadmium-free” by microanalytical chemical

methods and

their tissues contained only small amounts of chromium. Mean differences in weight of rats

given chromium were statistically significant at 2, 6 and 12 months.
mium did not differ from their cadmium-free controls, but females were heavier.

61 animals were in each group.

Older males taking cad-
From 52 to
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TABLE 2

Growth rates of rats given trace metalsl

Body weight gain during indicated age periods

Metal Total Evgei gg
eta gain, zo- 30-60 60-116 116-180 60-180
days of age days days days days
9 g/day 9/day g/day g/day
Males
Control 280 2.92 2.30 0.91 1.55
Chromium 307 3.62 2.27 1.00 1.59
Lead 283 3.47 2.02 0.94 1.44
Cadmium 287 3.47 2.05 1.00 1.46
Females
Control 172 2.23 1.34 0.41 0.84
Chromium 179 2.55 1.28 0.46 0.81
Lead 179 2.81 1.16 0.40 0.74
Cadmium 186 2.90 1.23 0.40 0.77
1Metals were begun at 28 days of age, when rats were weaned.
TABLE 3
Effect of chromium, cadmium and lead on survival of rats
No. alive % surviving, months
Metal at 3 months
of age 6 12 18 21 23
Males
Control 52 100 100 98.1 90.4 90.4
Chromium 54 100 96.3 91.1 91.1 87.0
Cadmium 38 76.3 71.1 60.5 47.4 21.1
P1 <0.0005 <0.0005 <0.0005 <0.005 < 0.0005
Lead 41 100 97.5 97.5 63.4 43.4
P <0.005 <0.0005
Total 185
Females
Control 52 100 100 96.1 96.1 86.5
Chromium 53 100 100 100 100 96.2
Cadmium 53 100 100 92.5 84.6 54.7
P <0.02 < 0.0005
Lead 44 90.9 81.8 72.7 68.2 50.0
P <0.05 <0.005 <0.006 <0.0005 <0.0005
Total 202
1P = probability of difference from control being due to chance, by x2 analysis. Only the significant

differences are shown.

TABLE 4

Significant differences in survival among groups
of rats at 21 months of agel (P)

and livers of those taking other metals.
Cadmium has been constantly observed in
mature breeders bought from the supplier;

Metal Chromium  Cadmium Lead they had been taking food containing
Males traces (0.1 to 0.2 ug/g) and had been
Controls NS2 < 0.0005 . 0.001 housed in galvanized iron cages, a source
Chromium - < 0.0005 < 0.001 of contamination. Five groups of animals
Cadmium - - NS not ingesting cadmium grew normally,
Females whereas those given it also grew well. The
Cﬁntrol_s NS < %ggs < 8-88%5 one distinct difference, shared by the lead-
romium - < . < . H . .
gad?niufn _ . < o005 ingesting group, was the considerably

1By x2analysis. o
2NS indicates not significant.

higher mortality of those fed cadmium
than the controls or those given chromium.
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Nutritional adequacy of diet. In terms
of survival the diet was adequate for rats
not ingesting cadmium or lead. In terms
of growth during the first months after
weaning, however, both control groups
weighed less than their counterparts tak-
ing a metal (table 2). Under the condi-
tions of the experiment, all animals were
treated alike, except for the metal given.
This difference is unexplained. The mean
weights at weaning time (28 days) of the
various groups were similar, the greatest
variation being 7 g (14%) in males and
49 (8% ) in females. In terms of growth
after the second month, the diet appeared
nutritionally adequate for this breed of
rats.

Absorption and accumulation of metal.
Only 7 control animals were available for
analysis, as the mortality rate was low.
All dead animals, however, were analyzed,
each group serving as an internal control.
The rates of accumulation of metals will
be reported in detail subsequently, but
results on kidneys are briefly summarized
in table 5. No cadmium was detected in
the tissues of controls or those given lead
and chromium, whereas concentrations up
to 8.55 ag/g, wet weight, were noted in
the kidneys of rats given the metal. Lead
levels in livers of animals receiving only
the small dietary quantities (0.1 ag/g)
were generally less than 0.5 ag/g, exceed-
ing 1.5 ag in most of those given it. Chro-
mium accumulated in lung and spleen in
quantities more than 1.0 ag/g; little was
found when it was not given. Human
levels for comparison are also shown in
the table.

DISCUSSION

The results of this study on rats largely
support the conclusions drawn from a

similar study on mice (1). Trivalent chro-
mium given in drinking water at 5 ppm
appears to have increased the rates of
growth and mature weights of male ani-
mals as compared with their controls.
Unlike the mice, however, cadmium and
lead in the same concentrations also af-
fected early growth. Furthermore, few
controls or chromium-fed animals had
died at 630 days, whereas mortalities of
the cadmium- and lead-fed males were
similar to or somewhat greater than others
have reported with diets fed ad libitum
(6, 7). Therefore trivalent chromium is
not “toxic” at these concentrations in
terms of survival and appears to have had
a favorable effect on growth, especially of
male rats.

A comparison of cadmium-fed with
cadmium-free animals shows the follow-
ing differences: 1) More rapid early
growth in those taking the metal, with
heavier mature weights in females but not
in males; 2) striking increase in mortal-
ity, especially of males at all ages; 3)
renal concentrations of cadmium less than
those found in adult man. We conclude
from this experiment that cadmium is not
an essential trace metal for rats; on the
contrary, it shortens their lives.

A similar comparison on lead-fed and
“low-lead” animals shows these differences:
1) More rapid early growth which does
not persist; 2) Strikingly increased mor-
talities in both sexes, but occurring at dif-
ferent periods of their lives; 3) Renal and
hepatic accumulations of lead similar to
those in adult human beings. We con-
clude from this experiment that lead is not
an essential trace metal for rats but that
concentrations in the range of the human
shorten their lives.

TABLE 5

Cadmium, lead and chromium in kidneys of rats

Rats1
Metal Not given Given Man
metal metal Mean2 Range
tig/g wet wt 3g/g wet wt
Cadmium 0.0 1.2-8.6 32.0 11.0 -66.0
Lead . 0.3-0.8 0.74.5 1.24 0.28 - 253
Chromium 0.0 2.4-2.9 0.03 <0.001- 04

1Data from analyses of gnimals at 12 to 18 months of age.

2From Tipton (5).
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Some overlapping of lead concentra-
tions in the lead and control groups is
disturbing (table 5). The obvious source
was the bedding (1), although the food
contained 0.1 ug/g. Enough lead was
probably absorbed from food and bedding
to account for this accumulation, for there
was no other discoverable source of con-
tamination and air-borne lead was avoided.

This study was designed to reproduce in
rats the tissue concentrations of several
“abnormal” trace metals found in man.
So far these goals have been reasonably
well attained. The high mortality caused
by cadmium and lead at or below human
tissue concentrations is unexpected. Most
of the female, but few of the male rats
given cadmium exhibited systolic hyper-
tension (8) a condition which probably
contributed to female mortality. Little or
no hypertension, however, was observed in
the lead or chromium groups. Both lead
and cadmium in small doses appear to
have an innate “toxicity” towards survival
of rats of this strain, while not inhibiting
growth.

That trivalent chromium may be an ac-
cessory “essential” trace metal fulfilling
a biological function was suggested by
Schwarz and Mertz (9) and Mertz et al.
(10). Our parallel study on mice lent
support to this idea, in that chormium in-
creased growth and mature weights con-
siderably and appeared to inhibit male
mortality up to 17 months of age. In rats,
the data are less clear. Survival experi-
ments are incomplete; both control and
chromium groups have had exceptionally
low mortalities to date.3 Because cad-
mium also affected growth and mature
weights in females, a specific action of
chromium was not shown by these ex-
periments.4 If chromium has a biological
function, the present data on rats suggest
that it is largely confined to males, with
a slight increase in the rate of growth of
females after the fourth month of life.

The question naturally arises as to
whether the diet contained some unspe-
cified “toxicity” or mineral imbalance for
rats. In the previous study on mice (1)
we have concluded that in terms of growth
and survival it did not. The lower rates of
early growth of the control animals, real
before 60 days of age but disappearing
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after that time, suggest on the surface
that some imbalance in the regimen might
have been responsible. If so, the “toxicity”
or imbalance was a peculiar one. It did
not affect all groups of animals. It was
correctable by cadmium, lead and chro-
mium. Furthermore, it was favorable for
survival in the control (or affected) ani-
mals and in the chromium groups. As all
groups of animals received the same diet,
were under the same regimen, were
weaned at the same time after birth, and
were bom within 3 months of each other
(December to February), we cannot con-
clude that the diet or regimen contained
some innate toxicity other than that in-
herent in the metal given. The cause of
the slow early growth of the control ani-
mals, however, is unknown (table 2).

Decker et al. (14) gave cadmium in
drinking water to Sprague-Dawley rats at
a number of concentrations; they noted
no adverse effects up to 10 ppm of the
metal for a year. Their diet of corn meal,
wheat, whole milk and alfalfa probably
contained cadmium, according to our anal-
yses (2), and could have as much as 24
ug/g. No comparisons of mortalities are
available. Mackenzie et al. (15), from the
same laboratory, gave trivalent and hexa-
valent chromium at several concentrations
to rats; they observed no toxic effects and
noted no evidence that chromium had any
influence on respiratory infections. Byer-
rum (16), from the same group, reported
on survival of rats given these metals;
at 12 months 57% of those on 5 ppm
cadmium were alive; 71% of those on
potassium chromate were alive, but only
38% of the controls survived, the last
figure incomparable to ours. The absorp-
tion, rates of accumulation and causes of
death of our animals will be reported sub-
sequently when all have died “natural”
deaths.

3Survival curves obtained by McCay and quoted
bv Comfort (7) show a 60% mortality of male and
50% mortallt(}/ of female rats at days. Berg
stated that 48% of his males survived 800 davs, while
Verzar's colony had a 50% survival rate at 705 days,
under varying conditions (11).

4We do not believe that the effect of chromium on
growth is due to an antibiotic-like action. Chromium
as a low order of toxicity to living things, even
stimulating growth of Azobacteria (12;J and reversing
metavanadate inhibition of Mycobacterium tubercu-
losis (13). The dose was too small for such a direct
action on internal flora, although stimulation of
growth of favorable strains is a possibility.
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From these experiments we may con-
clude, therefore, that cadmium in small
doses exerts a toxic effect on hooded rats
in terms of survival, when renal concen-
trations approach one-third of those in
adult American human beings. Further-
more, as no requirement for cadmium
could be demonstrated, it is not an essen-
tial trace metal for these rats. Similarly,
lead at human hepatic concentrations ex-
hibits an innate toxicity on survival but
not on growth. Trivalent chromium, on
the other hand, increased growth of male
rats and may possibly act as an essential
micronutrient. Rats “cadmium-free” with
low tissue lead and chromium levels by
microanalytical methods and those given
chromium have very low mortalities under
the conditions we have set.
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Quantitative Studies on Tryptophan Metabolism in
the Pyridoxine-deficient Ratl
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ABSTRACT Female rats weighing about 40 g were fed a pyridoxine-deficient diet.
Control animals received the same diet supplemented with 2.5 mg of pyridoxine
hydrochloride/kg of diet. After 2 or 3 weeks the animals were given 40 mg of L-trypto-
phan by the intraperitoneal route. Urine collected for 24 hours before and after the
supplementation with tryptophan was analyzed for several tryptophan metabolites.
The pyridoxine-deficient rats excreted abnormally large quantities of kynurenine,
3-hydroxykynurenine, acetylkynurenine and xanthurenic acid as compared with the
control rats. The deficient animals and the controls excreted similar quantities of
indoxyl sulfate, anthranilic acid glucuronide, o-aminohippuric acid and kynurenic
acid. Although precursors of both xanthurenic and kynurenic acids were increased
in the urine of the pyridoxine-deficient animals after a loading dose of tryptophan,
kynurenic acid excretion was no greater than that of the control animals. These
results are consistent with the view that the enzyme system concerned with the
transamination of kynurenine to form kynurenic acid is distinct from the enzyme
system which transaminates hydroxykynurenine to form xanthurenic acid. It is also
possible that there is an alternate pathway for xanthurenic acid synthesis which

remains active in pyridoxine deficiency.

Abnormal tryptophan metabolism sim-
ilar to that noted in a pyridoxine de-
ficiency state has been observed in a
number of clinical conditions (1). Wach-
stein and Lobel (2) demonstrated that
normal pregnant women exhibited in-
creased urinary excretion of tryptophan
metabolites, and these authors commented
on the similarity of paper chromatograms
of urine from pregnant women and urine
from pyridoxine-deficient rats. Brown et al.
(3) confirmed and extended the above
studies in pregnant women, using quanti-
tative assays of urinary metabolites. They
found that after a loading dose of trypto-
phan, normal pregnant women excreted
elevated urinary levels of kynurenine, N-
a-acetylkynurenine, 3- hydroxykynurenine,
xanthurenic acid and N-methyl-2-pyrid-
one-5-carboxamide (pyridone). Following
administration of pyridoxine hydrochlo-
ride to these women, the metabolism re-
turned to a more normal pattern, but the
excretion of kynurenine, pyridone, and
hydroxykynurenine remained somewhat
elevated.

It was previously shown (4) that pa-
tients receiving pyridoxine antagonists
had a pattern of tryptophan metabolism
that in some respects resembled the pat-

J. Nutrition 80: '63

tern observed in pregnancy (3). The ad-
ministration of pyridoxine to these pa-
tients, however, was associated with a
return of the metabolism to normal. Since
pyridoxine failed to completely restore the
metabolism of pregnant patients to nor-
mal, it was suggested (3) that in addition
to a functional pyridoxine deficiency, al-
tered hormonal control of enzyme activi-
ties was probably a factor in the abnormal
tryptophan metabolism in pregnancy.
The above speculation receives support
from studies by Mason and Gullekson (5)
concerning the effects of estrogen conju-
gates on the reactivation of resolved
kynurenine transaminase. Furthermore,
Porter and associates (6) showed that
adrenalectomized rats excreted extremely
low levels of kynurenic acid following a
loading dose of tryptophan even though
xanthurenic acid excretion was normal.
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Administration of cortisone to these rats
preceding the tryptophan load resulted
in the excretion of normal quantities
of both kynurenic and xanthurenic acids.

Consequently, it seemed important to
study in more detail the effects of pyri-
doxine deficiency per se on tryptophan
metabolism in the rat. Dalgliesh (7) stud-
ied tryptophan metabolism in pyridoxine-
deficient rats, but the assay procedures
were qualitative and semiquantitative in
nature. Furthermore, Boone et al. (8)
measured xanthurenic acid excretion and
Porter et al. (9) determined kynurenine,
kynurenic acid and xanthurenic acid in
the urine of pyridoxine-deficient rats. A
more complete quantitative study, how-
ever, was not available. Since the clinical
studies conducted in these laboratories en-
tail the measurement of 9 or more urinary
metabolites of tryptophan, it was decided
to measure these same metabolites in the
urine of pyridoxine-deficient rats, using
the same quantitative procedures as in the
clinical studies.

MATERIALS AND METHODS

Animals and diet. Female albino rats
weighing 40 to 45 g each were purchased
from the Holtzman Company of Madison,
Wisconsin. The rats were housed in steel-
wire pens in groups of 5 and were fed
ad libitum.

A purified diet was prepared which con-
tained no added pyridoxine (table 1). This
pyridoxine-deficient diet was converted to

TABLE 1

Composition of basal diet

Casein, vitamin-testl 20
Glucose 70
Corn oil 5
Salts2 4.2
Cystine 0.2
Choline 0.1
Vitamin mixture3 0.5

1vitamin-Test Casein, _Nutritional Biochemicals
Corporation, Cleveland, Ohio.

Similar_to the mixture used by Phillips and Hart

£21) prOVIdlng in %/kgl diet: CaCos3, 13; CaHP04-
HzO, ; K2HP 04 a 7: Fe citrate-6HD, 1.
MnS04-2H20, : 'MgS04-7HD, 4; ZnCIZ

0.012; and CuSO4~5HZ) 0012

SSupIplles in m /k diet: inositol, 100; a-carotene,
0.8; calciferol, O. Ca pantothenate, 20; nicotin-
amide, 10; blotln 01 2- methylnaphthoqumone ;
a-tocopheryl acetate, 100; thiamine HC1, 2; folic acid,
0.2; and riboflavin,

a control diet by the addition of 2.5 mg of
pyridoxine hydrochloride/kg of diet.

Urine collections. Five rats were fed
the pyridoxine-deficient diet and 5 rats
were maintained with the control diet for
14 days. The animals were then placed
in stainless steel metabolism cages in
groups of 5 and a basal 24-hour pooled
urine sample was obtained for each group.
Each rat was then given an intraperitoneal
injection of 40 mg of L-tryptophan in
aqueous solution, and a second 24-hour
pooled urine sample was obtained from
each group. The rats then continued to
be fed their respective diets for one addi-
tional week, after which time they were
returned to the metabolism cages and the
urine collections were carried out as out-
lined above prior to and after a second
intraperitoneal injection of 40 mg of 1-
tryptophan.

Analytical methods. Indoxyl sulfate,5
anthranilic acid glucuronide, o-aminohip-
puric acid, acetylkynurenine, anthranilic
acid and kynurenine were determined by
the previously reported methods of Brown
and Price (10). Hydroxykynurenine was
determined using the procedure of Brown
(11) , and analyses for kynurenic acid and
xanthurenic acid were performed accord-
i(ng )to the procedure of Satoh and Price

12

N-Methyl-2-pyridone-5-carboxamide was
not determined since an earlier study by
Brown and Price (10) had shown it to be
a trace metabolite in rats.

RESULTS

The urinary excretion levels of the vari-
ous metabolites of tryptophan (table 2)
represent data obtained from two separate
experiments, in each of which urine col-
lections were made after feeding the re-
spective diets for 2 and 3 weeks. Since
there was no apparent difference in the
metabolic pattern at 2 weeks as compared
with that at 3 weeks, these observations
were combined. Thus, the values in table
2 represent the averages of these 4 sepa-
rate determinations.

The pyridoxine-deficient rats excreted
abnormally large quantities of kynurenine,
hydroxykynurenine, and xanthurenic acid
and moderately elevated levels of acetyl-

5Previously referred to as “fraction A.”
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TABLE 2
Summary of the average values of urinary tryptophan metabolites from 4 experiments
Metabolit Control Pyridoxine-deficient
etabolite
Basal tl’ygtoosl;-han Basal trygggrg_han
fimoles metabolite/rat/day fimoles metabolite/rat/day
Indoxy!l sulfate 3.3+ 1.31 3.1+ 1.2 3.3+ 1.7 4.2+ 2.7
Anthranilic acid glucuronide 0 0.2+ 0.1 0 0.3+ 0.1
o-Aminohippuric acid 0.2+ 0.1 1.1+0.3 02+ 0.1 1.5+ 1.2
Acetylkynurenine and
anthranilic acid 02+ 0.1 2.3+0.5 0.1+0 4.0+ 0.9
Kynurenine 0.1+0 15+ 0.7 0.2+0 254+ 9.8
Hydroxykynurenine 0.4+0.3 23+2.4 0.2+0 21.3+ 81
Kynurenic acid 0.2+ 0.2 215+ 95 0 211+12.3
Xanthurenic acid 0.3+ 0.3 7.8+0.5 0.3+0.3 38.8+10.4

1SD.

kynurenine as compared with the control
rats. Kynurenic acid excretion by the pyri-
doxine-deficient rats was of the same mag-
nitude as that of the control rats.

During the course of the experiments,
the rats receiving the control diet had an
average weight gain of 59 g/rat/3-week
period. The rats fed the pyridoxine-defi-
cient diet had an average weight gain of
25 g/rat/3-week period.

DISCUSSION

The results of these studies corroborate
the earlier observations by Dalgliesh (7)
and by Wachstein and Lobel (2) of ab-
normal urinary levels of tryptophan meta-
bolities in pyridoxine-deficient rats and
demonstrate that the excretory pattern of
tryptophan metabolites in these animals
is qualitatively and quantitatively similar
to that in the urine of normal pregnant
women not receiving supplemental pyri-
doxine (3).

The magnitude of the increase in kyn-
urenic acid excretion by the pyridoxine-de-
ficient rats following tryptophan supple-
mentation was essentially identical to that
of the control animals (table 2). It was
previously noted that kynurenic acid excre-
tion by pregnant human females given
tryptophan supplements was not signifi-
cantly different from that of nonpregnant
females, whereas xanthurenic acid excre-
tion was elevated. This prompted the
speculation that kynurenine transaminase

and hydroxykynurenine transaminase may
be distinct enzymes which respond dif-
ferently to the hormonal stimuli of preg-
nancy. The studies of Porter et al. (6)
demonstrate clearly that cortisone had
markedly different effects on the in vivo
synthesis of kynurenic acid and xanthu-
renic acid in the rat. It appears, therefore,
that both hormonal factors and pyridoxine
deficiency may have different effects on
the biosynthesis of these two acids. Snell
(13) pointed out that various pyridoxine-
requiring enzymes exhibit a differential
sensitivity to pyridoxine deficiency. It may
be, therefore, that hydroxykynurenine
transaminase is less sensitive to pyridoxine
deficiency than is kynurenine trans-
aminase. Thus, in the presence of an ac-
cumulation of comparable quantities of
kynurenine and hydroxykynurenine, only
xanthurenic acid excretion increased,
which suggests that hydroxykynurenine
transaminase retained high capacity to
utilize substrate whereas kynurenine trans-
aminase had suffered from the deficiency
of coenzyme.

These results tend to support the sug-
gestion by Brown et al. (3) that the trans-
amination of kynurenine and hydroxykyn-
urenine may involve 2 distinct enzymes
with dissimilar characteristics. Another
possibility is that an additional pathway for
xanthurenic acid synthesis exists which
does not utilize pyridoxine-linked coen-
zymes. Knox (14) has suggested that
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oxidative deamination may play a role in
this metabolic scheme, and Chaxconnet-
Harding et al. (15) have demonstrated
that xanthurenic acid excretion was in-
creased in riboflavin-deficient rats. Hen-
derson and co-workers (16) showed that
riboflavin-deficient rats excreted elevated
levels of xanthurenic acid following the
administration of L-tryptophan but not fol-
lowing the administration of kynurenine or
3-hydroxykynurenine. The latter data sup-
port the theory that some alternate path-
way for xanthurenic acid synthesis exists.

Ogasawara et al. (17) explained the in-
creased formation of xanthurenic acid in
pyridoxine-deficient rats on the basis of a
decreased conversion of kynurenine to
anthranilic acid and to a lesser extent, a
decrease in its conversion to kynurenic
acid. This would result in an accumula-
tion of 3-hydroxykynurenine, which is not
readily metabolized to 3-hydroxyanthranilic
acid, but rather is converted to xanthurenic
acid by mitochondrial kynurenine trans-
aminase, which is not impaired extensively
by pyridoxine deficiency. However, the
results in table 2 show that the precursor
of kynurenic acid (kynurenine) accumu-
lated in pyridoxine-deficient animals to
levels comparable to the levels of the im-
mediate precursor of xanthurenic acid (3-
hydroxykynurenine). Thus, the mecha-
nism suggested by Ogasawara et al. (17)
does not account for the failure to observe
an increase in the conversion of tryptophan
to kynurenic acid in pyridoxine deficiency
unless one assumes either that kynurenine
transaminase suffers more as a result of
the deficiency than hydroxykynurenine
transaminase or that there is an alternate
pathway to xanthurenic acid which may
not involve pyridoxine.

The prior demonstration that adminis-
tration of pyridoxine to pregnant women
was associated with an improvement in
tryptophan metabolism was suggestive evi-
dence that pyridoxine deficiency may exist
in pregnancy. Furthermore, Willis et al.
(18) have reported the successful use of
pyridoxine in the therapy of hyperemesis
gravidarum, an extremely severe form of
nausea and vomiting observed occasionally
in pregnancy. In the past 2 decades ob-
stetricians have reported success in the
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use of pyridoxine in the treatment of
nausea of pregnancy (19, 20).

The data obtained in the present studies
indicate that pyridoxine deficiency per se
may play a role in the abnormal manner
in which tryptophan is metabolized by
pregnant women. Whether or not there is
a correlation between these biochemical ab-
normalities and the clinical observations
of Willis et al. (18) and others is still open
to speculation.
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Unidentified Chick Growth Factor in Fish Solubles1
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ABSTRACT

The unidentified chick growth factor (UGF) of menhaden fish solu-

bles, as measured by stimulation of the growth of chicks fed a purified diet, was
found to be organic in nature and partly dialyzable. About one-half the activity was
extractable into water or 50% ethanol, and about one-third into 80% ethanol. The
water-soluble UGF activity was retained on a strong acid, but not on a weak acid,
cation exchanger, and behaved, therefore, as a weak base. About one-half the activity
was held on a strong base anion exchanger and could be eluted with sodium hydrox-
ide. The factor was stable under strongly acidic conditions but was partly destroyed

by alkali.

Since the identification of vitamin Bz, a
number of natural products have been re-
ported to stimulate growth of chicks. The
literature on this subject has been ade-
quately reviewed by Bird et al. (1). The
work reported in this paper was an at-
tempt to determine some of the properties
of the unidentified growth factor (UGF)
present in fish solubles.

EXPERIMENTAL

Chick assay. The method used to de-
termine the presence of the unidentified
growth factor in fish solubles and the vari-
ous fractions of fish solubles was a 4-week
chick assay. New Hampshire X Single
Comb White Leghorn chicks of both sexes
were used in all experiments with 10
chicks/group and 2 or 3 groups/treat-
ment. The chicks were maintained in
electrically heated starting batteries with
the treatment groups being distributed
randomly throughout the battery. The
chicks were individually wing - banded
when one-day old and an initial group
weight and individual weekly weights
were obtained. At 4 weeks of age the sex
of the chicks was determined and re-
corded. The mean 4-week weights were
obtained by averaging the sexes within
each group and averaging the groups
within each treatment.

The composition of the basal diet,
which is a modification of the diet devel-
oped by Barnett and Bird (2) is shown in
table 1. For the first week of the assay
5 g of chicken feces were added/kg of
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TABLE 1

Composition of the basal assay diet

9

Sucrose 605.0
Isolated soybean protein (C-1)1 250.0
Soybean oil 44.0
Dried whey 20.0
Mineral mix2 60.0
Methionine hydroxy analogue 7.5
Glycine 3.0
Vitamin mix3 5.0
Choline chloride (70% ) 2.9
Vitamin A source (5000 1U/Qg) 25
Vitamin E source (10 mg/g) 10
Inositol 10
Vitamin D3 (1500 ICU/g) 0.8

Total 1002.7

1ADM C-l Assay Protein, Archer-Daniels-Midland,
Cincinnati, Ohio.

2 Sixty grams of mineral mix contains the following
in grams: CaCO03 22.8; KH2PO4, 15.48; CaHP04-2H20,
7.14; NaCl, 7.992; MgS04-7H2, 4.896; ferric citrate-
6HD, 1.32; MnS04, 0.240; Kl, 0.0384; CuS04-5H2,
0.0144; ZnCI2, 0.0600; NaZM004-H2D, 0.0192.

3Five grams of vitamin mix contains the following
in milligrams: niacin, 50.0; Ca pantothenate, 20.0;
vitamin B2 (0.1% in mannltol) 0.0; thiamine-HC1,
10.0; riboflavin, 6.0; pyridoxine=HC1, 4.0; folic acid,
4.0; menadione, 0.5; biotin, 0.2; pamlnobenZOK: acid,
100.0; sucrose to a total of 5000

diet, but for the remainder of the experi-
ment feces were not added. Feces were
added to the diets in an attempt to estab-
lish a more uniform intestinal microflora
between groups in each experiment and
between experiments. For this purpose
feces from basal groups in experiments

Received for publication December 27, 1962.

1SupPorted in part by a grant from Dawes Labora-
tories, rant number E-4419 from the
National Instltutes of Health, U. S Public Health
Service. Published with the approval of the Director
of the Wisconsin Agricultural Experiment Station.
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which gave a good growth response were
collected and stored in a —10°C freezer.

The sodium chloride levels of the diet
were adjusted, where necessary, for so-
dium present in fractions of fish solubles
to be assayed, e.g., fractions obtained by
ion exchange. Fish solubles and fractions
of fish solubles were added to the basal
diet at the expense of an equal weight of
sucrose. In all assays conducted, positive
(4% fish solubles) and negative (basal)
control treatments were included.

Menhaden fish solubles from the same
barrel were used in all fractionation pro-
cedures and chick assays. This sample of
menhaden fish solubles was processed on
July 8, 1959 and received at the Univer-
sity of Wisconsin on August 18, 1959. It
was found to have a dry matter content
of 51.4% and a pH of 4.5. The sample
was maintained in a 4°C cooler through-
out the experiments.

Fractions of fish solubles were concen-
trated for assay to a syrup by removing
solvents in vacuo at 40°C and 10 mm
pressure. Acidic fractions were concen-
trated until crystallization occurred, then
neutralized with 6 n NaOH and then fur-
ther concentrated to a syrup. Basic frac-
tions were neutralized with 1 n HC1 prior
to concentration in vacuo.

Ashing. The fish solubles were ashed
under both acid and alkaline conditions.
For acid ashing, the fish solubles were
first dried at the natural pH of 45 in a
stream of warm air. The dried cake was
then heated with six 250-watt heat lamps
and a hot plate at approximately 300°C
until the material was carbonized. The
carbonized material was ashed in a muffle
furnace at 600°C for 6 hours, cooled to
room temperature, and ground to a fine
powder with a mortar and pestle. The
percentage of ash found in 2 separate ex-
periments was 7.9 and 8.9. Alkaline ash-
ing was carried out in the same way except
that the fish solubles were first adjusted
to pH 9.8 with 6 N NaOH.

The water-soluble and insoluble frac-
tions of fish solubles were also ashed. The
water-insoluble fraction was obtained as
described below and ashed as above with-
out adjusting the pH. The water-soluble
fraction, obtained as described below, was
concentrated by means of vacuum distilla-

tion to remove most of the water. The pH
of the fraction was adjusted to 9.13 with
6 n NaOH, and the material was then
ashed as described above.

Water extraction. The water - soluble
fraction of fish solubles was used in a
number of experimental procedures. It
was obtained by diluting the fish solubles
10:1 with distilled water, stirring for 10
to 12 hours at 10°C, and then centrifuging
in a Sharpies centrifuge to remove the
insoluble fraction (fraction 1IB). The
water-soluble fraction will be called frac-
tion 1A. About two-thirds of the solids of
the original fish solubles went into this
fraction.

Alcohol extraction. The solubility of
the UGF of fish solubles in 50 and 80%
ethanol was determined by adding 95%
ethanol to give the desired concentration,
stirring one hour (experiment 2) or 15
hours (experiment 5) at room temperature
and filtering. The final dilution of fish
solubles was 3:1 with 50 or 80% ethanol.

The ethanol solubility of the UGF in
fractions 1A and IB was also measured.
Fraction IB was mixed with 3 parts of
80% ethanol and the mixture was ho-
mogenized in a Waring Blendor, allowed
to stand for 24 hours at room temperature,
and then filtered. The residue was ex-
tracted 3 additional times in the same
manner and the extracts combined and
assayed.

Fraction 1A from 500 g of fish solubles
(experiment 2) was concentrated in vacuo
to 205 ml, stirred for 0.5 hour at room
temperature with 1750 ml of 95% ethanol
and the mixture filtered through no. 1
Whatman paper In experiment 20, frac-
tion 1A from 1200 g of fish solubles was
concentrated in vacuo to 1000 ml, stirred
15 minutes at room temperature with
6 liters of 95% ethanol, and filtered. The
precipitate was redissolved in 350 ml of
distilled water, stirred 15 minutes with
4300 ml of 95% ethanol, filtered and the
filtrates combined for assay. The precipi-
tate was dissolved in distilled water and
assayed. Allowing for water in the prep-
arations extracted, the ethanol concentra-
tions used were estimated to be in the
range of 85 to 90%.

Dialysis. A 900-g portion of fish solu-
bles was placed in a 30.5-cm length of
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6.4-cm diameter dialyzing casing and di-
alyzed against 4 liters of distilled water at
4°C. The water was changed daily for
14 days. The dialyzates were combined
and both fractions were assayed.

lon exchange. A series of ion exchange
experiments on fraction 1A were con-
ducted with Amberlites2 IR-120, IRA-401
and IRC-50. These are strong acid cation,
strong base anion, and weak acid cation
exchangers, respectively. The resin beds
in the columns used had the following
dimensions: IR-120, 9 X 90 cm in experi-
ments 15 and 16, and 155 X 90 cm in
other experiments; IRA-401, 155 X 100
cm; IRC-50, 9 X 90 cm. Flow rates of
80 ml/minute were used with all proce-
dures and columns. Fraction 1A was proc-
essed at pH 4.5 except in experiment 23
where the pH was adjusted to 2.0 with
1 N HC1.

Columns were prepared by backwashing
the resin with distilled water, allowing the
resin to settle for 24 hours and again
washing with distilled water. The IR-120
columns were converted to the H- form
with 1 n HC1 of twice the column ex-
change capacity and washed with 20 liters
of distilled water to remove the excess
hydrochloric acid. The IRA-401 columns
were converted to the OH- form with 1 n
NaOH of twice the column exchange ca-
pacity and washed with 20 liters of dis-
tilled water. The IRC-50 columns were
converted to the H- form with 15 liters of
1n HC1, washed with distilled water, then
with 16 liters of 0.5 m sodium acetate,
and then with 10 liters distilled water.

In experiment 15, 60 liters of fraction
1A were passed through the IR-120 col-
umn and the effluent passed through the
IRA-401 column. The final effluent, which
had a pH of 7, was assayed. In experi-
ment 16, 24 liters of fraction 1A were
passed through the IR-120 column, one-
half the effluent was passed through the
IRA-401 column and both effluents as-
sayed for UGF activity.

In experiment 17, 70 liters of fraction
1A were processed on IR-120 and one-half
the effluent passed through the IRA-401
column. The IR-120 column was eluted
with 5 retention volumes of 1 n HC1 and
the IRA-401 column eluted with 4 reten-
tion volumes of 1 N NaOH. The effluents
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and eluates from both exchangers were
assayed.

In experiment 21, 24 liters of fraction
1A were passed through the IRC-50 col-
umn, the column was eluted with 15 liters
of 1 n HC1 and both fractions were as-
sayed. In experiment 22, 20 liters of
fraction 1A were processed on IRC-50, the
column was eluted with 16 liters of 1 n
acetic acid and both fractions were as-
sayed.

In experiment 23, 48 liters of fraction
1A at pH 2.0 were passed through the
IR-120 column, the resin was eluted with
36 liters of 1 n HC1 and both fractions
were assayed. Forty liters of fraction 1A
were processed on the IRA-401 column
(experiment 18), the column eluted with
4 retention volumes of 1 » NaOH and the
2 fractions were assayed.

Adsorption studies. Fraction 1A was
concentrated to one-fourth its original vol-
ume and portions equivalent to 1200 g of
fish solubles, adjusted with concentrated
hydrochloric acid or 6 n NaOH to pH 2.0,
4.5 or 8.5, respectively, were stirred for
45 minutes with 40-g portions of Nuchar3
C-190-N at room temperature. One hun-
dred-gram portions of Celite4 were added
and the mixtures filtered through 50-gram
Celite pads. The filtrates and carbon-
Celite mixtures were assayed for UGF ac-
tivity.

Ten liters of fraction 1A were passed
through a Florosil5column (5 X 50 cm)
at a flow rate of 5 ml/minute and the
effluent was assayed. The column was
prepared by making a slurry of 400 g of
Florosil in water and packing it under
20 mm of water pressure. The column
was washed with 3 liters of 1 n acetic
acid and with 5 liters of distilled water
before fraction 1A was passed through it.

Stability. In experiment 6, 1000 g of
fraction IB were mixed with 30 g of pan-
creatin and 10 liters of distilled water.
The pH was adjusted to 7.45 with sodium
carbonate and the mixture placed in a
37°C incubator for one week. The pH
was readjusted to 7.45 periodically. Chlo-

Rohm and Haas Company, Washington Square,
Phlladelphla 5, Penns?llvanla
3West Vlrglnla Pup and Paper Company, New
York 17, New York
4Diatomaceous _ silica _filter aid, Johns Manville
Company, Milwaukee, Wisconsin.
5Floridin Company, Tallahassee, Florida.
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roform and toluene were added to the
mixture to inhibit bacterial growth. The
pancreatin digest was separated into its
water-soluble and insoluble fractions by
filtration through Celite and both fractions
were assayed.

Another portion of fraction IB (600 g)
was heated with 6 liters of 6 n HC1 for
5 hours in an autoclave at 121°C. The
mixture was filtered through Celite and
concentrated to approximately 500 ml be-
fore neutralization with 6 » NaOH. Both
the soluble and insoluble fractions were
assayed.

In experiment 19, 9 liters of fraction
1A were adjusted to pH 1.3 with 1~ HCL.
The mixture was concentrated in vacuo
at 40°C and 20 mm pressure over a 10-
hour period to approximately 1500 ml and
then neutralized to pH 4.0 with 6 » NaOH.

A second 9-liter portion of fraction 1A
was adjusted to pH 11.7 with NaOH. This
mixture was allowed to stand at room
temperature for 44 hours, neutralized to
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pH 6.6 with concentrated hydrochloric
acid and the water removed in vacuo at
40°C and 20 mm pressure in 5 hours.

RESULTS AND DISCUSSION

A positive response to 4% fish solubles
was obtained in 25 of 26 assays conducted
(table 2). The negative response in ex-
periment 4 is attributed to insufficient rep-
lication. The response in the other 25
assays, although variable, clearly indicates
the UGF activity of the fish solubles.

Of 10 assays in which fish solubles gave
a response of 120% of the basal or greater,
7 occurred in the winter months and one
each in the other seasons of the year
(table 2). However, assays with responses
of less than 110% occurred irrespective
of the season. No definite pattern was
apparent when the results of all assays
in various seasons were compared, al-
though there appeared to be some ten-
dency for the responses to be lower during
the spring.

TABLE 2

Comparison of the UGF activity of zero, and 4% fish solubles and the water-soluble
fraction of fish solubles

no. Basal
9
i 8/21/59 225
2 9/11/59 174
3 10/23/59 224
4 12/11/59 260
5 1/29/60 199
6 2/26/60 195
7 4/ 1/60 269
8 4/13/60 197
9 7/ 1/60 158
10 7/ 8/60 166
11 9/30/60 193
12 11/25/60 194
13 12/23/60 148
14 6/23/61 218
15 6/30/61 196
16 9/22/61 247
17 11/ 3/61 182
18 12/ 1/61 165
19 12/22/61 215
20 2/ 9/62 258
21 4/20/62 237
22 5/25/62 220
23 7/13/62 243
24 8/10/62 174
25 9/14/62 217
26 9/21/62 208

1Date at which the assay was started.
2Fed at levels equivalent to: 4%
experiments 13 and 19; 8%

fish solubles in experiments 2, 3, and 4; 6%
fish solubles in all other experiments.

Mean 4-week gain

Water-soluble fraction2

4% Fish solubles
9 % of basal 9 % of basa

239 106
207 119 212 122
238 106 253 113
233 90 250 96
244 123
254 130 254 130
275 102
207 106 224 113
198 125
198 119 207 125
231 120
236 122 228 118
180 122 194 131
258 118
223 114
268 109 273 111
233 128 234 129
241 146 229 139
268 124 272 126
288 111 275 107
282 120 272 114
237 108 256 116
257 106 266 106
206 118 201 116
258 119 237 109
245 118 232 112

fish solubles in
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A low percentage response to the fish
solubles supplement was usually the re-
sult of high gains with the basal diet
rather than to low gains with the supple-
mented diet.

Ashing. The mean 4-week gain of
chicks fed the acid and alkaline ashes of
fish solubles, fraction 1A and fraction IB
are shown in table 3. The acid ash at
levels equivalent to 4 and 8% fish solu-
bles did not give a response in experiment
8. However, in experiment 9 a response
was obtained at the 4 and 8% equivalence
level and a much smaller response at the
16% equivalence level. The 16% level
contributed 12.8 g of ash/kg of diet. This
would not be expected to produce a toxic
effect. Although the acid ash gave a re-
sponse in experiment 9, it did not equal
the 4% fish solubles control at either the
4 or 8% equivalence levels and at the
16% level was far below the response of
4% fish solubles.

The assay of the alkaline ash of fish
solubles and of fraction 1A showed no
response. Similarly, the ash of fraction
IB gave no growth response over the
basal. Previous work at this laboratory by
Barnett6failed to show UGF activity in the
ash of fish solubles. Barnett obtained
gains in 2 experiments of 205 and 201 ¢
for the basal, 271 and 225 g for 5% fish
solubles, and 164 and 140 g for the alka-
line ash of 5% fish solubles. An acid ash
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of 5% fish solubles produced growth well
below that of the basal group, but the
result was equivocal since in this experi-
ment the group receiving 5% fish solubles
grew no better than the basal group.

From these results, despite some ap-
parent response in experiment 9, it ap-
pears that the UGF in fish solubles is not
inorganic in nature. This supports the
results of Menge et al. (3) but differs
with those of Mason et al. (4) who re-
ported some response from the ash.

Water solubility. The mean 4-week
weight gains produced by fractions 1A
and IB in 3 experiments are shown in
table 4. From these results, approximately
one-half of the UGF in fish solubles is
soluble in water. Additional extraction of
the insoluble fraction at pH 2.0, 4.5, and
8.5 did not solubilize additional UGF.
Fraction 1A in 18 of 19 assays in which
it was included gave a positive response
which averaged 17% increase in growth
for the 19 assays (table 2). The one
assay that gave no response also failed to
respond to 4% fish solubles. The data of
Menge et al. (3) show a similar equal
division between the water soluble and in-
soluble fractions.

Ethanol solubility. The UGF activity of
the ethanol extracts is shown in table 5.

6 Barnett, B. D. 1956 Dietary factors affecting
growth of chicks and turkey poults. Ph.D. Disserta-
tion, University of Wisconsin, Madison.

TABLE 3

Assay of ash of fish solubles and fractions

Supplement

8 None
Fish solubles(1) 2
Acid ash of 1
Acid ash of 1

9 None
Fish solubles(l)
Acid ash of 1
Acid ash of 1
Acid ash of 1

12 None
Fish solubles (1)
Alkaline ash of 1
Alkaline ash of fraction 1A
Acid ash of fraction IB

Levell Mean 4-week

gain
% 9 % of basal
197 100
4 207 106
4 190 96
8 167 85
158 100
4 198 125
4 182 115
8 186 118
16 169 107
194 100
4 236 122
4 196 101
8 200 103
8 185 95

1Figures indicate gercentages of fish solubles to which supplements are equivalent.

. 2 The following ab
fish solubles;

reviations are used in this table: 1, fish solubles; 1A, water-soluble fraction of
IB, water-insoluble fraction of fish solubles.
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TABLE 4

Assay of water-soluble and insoluble fractions of fish solubles

Mean 4-week gains

Exp.
no. Basal 4% Fish Water-soluble Water-insoluble
solubles fraction fraction
9 9 9
2 174 207 2121 242’
6 195 254 2542 2192
8 197 207 2242 2442
1Fed at levels equivalent to 4% fish solubles.
SFed at levels equivalent to 8% fish solubles.
TABLE 5
Assay of ethanol extracts of fish solubles
En)g?- Supplement Levell Mean 4-week gain
% 9 % of basal
2 None 174 100
Fish solubles (1) 2 4 207 119
Fraction 1A 4 212 122
50% ethanol-soluble fraction of 1 4 216 124
50% ethanol-insoluble fraction of 1 4 248 142
85-90% ethanol-soluble fraction of fraction 1A 4 199 114
85-90% ethanol-insoluble fraction of fraction 1A 4 202 116
5 None 199 100
Fish solubles (1) 4 244 123
80% ethanol-solubie fraction of 1 8 218 110
80% ethanol-insoluble fraction of 1 8 241 121
50% ethanol-soluble fraction of 1 8 241 121
50% ethanol-insoluble fraction of 1 8 244 123
11 None 193 100
Fish solubles (1) 4 231 120
80% ethanol-soluble fraction of IB 18 218 113
12 None 194 100
Fish solubles (1) 4 236 122
Fraction IB 8 225 116
80% ethanol-soluble fraction of fraction IB 16 229 118
80% ethanol-insolnble fraction of fraction IB 8 234 121
20 None 258 100
Fish solubles (1) 4 288 112
Fraction 1A 8 275 106
85-90% ethanol-soluble fraction of fraction 1A 8 271 105
85-90% ethanol-insoluble fraction of fraction 1A 8 278 107

1Figures indicate percentages of fish solubles to which supplements are equivalent.
2See footnote 2, table 3, for abbreviations.

Experiments 2 and 5 appear to indicate anol thus appears to be a somewhat poorer
that the activity of the original fish solu- solvent than water for UGF and to offer
bles divides about equally between the little value for purification purposes.
50% ethanol soluble and insoluble frac- Menge et al. (3) reported the UGF to be
tions, whereas about one-third went into soluble in 50, 60 and 80% ethanol. The
80% ethanol. The activity of the water- work reported here supports these obser-
soluble portion (fraction 1A) again di- Vvations although a smaller proportion of
vided about equally on treatment with the UGF was found soluble at the 50 and
85 to 90% ethanol (experiments 2 and 80% concentrations.

20), and about one-third of the activity of lon exchange. The mean 4-week growth
the water-insoluble fraction (IB) went responses to the fractions obtained by ion
into 80% ethanol (experiment 12). Eth- exchange are shown in table 6. The nega-
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TABLE 6

Assay of fractions from ion exchange experiments using IR-120, IRA-401, and 1RC-50

Exp.
nop Supplement

15 None
Fish solubles

Effluent from passage through both IR-120

and IRA-401

16 None
Fish solubles (1) 2
Fraction 1A

Effluent from passage through IR-120
Effluent from passage through both IR-120

and IRA-401

17 None
Fish solubles (1)
Fraction 1A

Effluent from passage through IR-120
Effluent from passage through both IR-120

and IRAMNOI
Eluate from IR-120
Eluate from IRA-401

233 None
Fish solubles (1)
FractionlA

Effluent from passage through IR-120

Eluate from IR-120

21 None
Fish solubles (1)
Fraction 1A

Effluent from passage through IRC-50

Eluate from IRC-50

22 None
Fish solubles (1)
Fraction 1A

Effluent from passage through IRC-50

Eluate from IRC-50

18 None
Fish solubles (1)
Fraction 1A

Effluent from passage through IRA-401

Eluate from IRA-401

Levell Mean 4-week gain
% 9 % of basal
196 100
4 233 114
8 168 86
247 100
4 268 109
8 273 111
8 258 104
8 236 96
182 100
4 233 128
8 234 129
8 179 98
8 171 94
8 198 109
8 172 94
243 100
4 257 106
8 266 109
8 231 95
8 259 107
237 100
4 282 120
8 272 114
8 259 109
8 244 103
220 100
4 237 108
8 256 116
8 238 108
8 215 98
165 100
4 241 146
8 229 139
8 203 123
8 199 117

1Figures indicate percentages of fish solubles to which supplements are equivalent.

2See footnote 2, table 3, for abbreviations.

3In this experiment the water-soluble fraction of 1 was adjusted to pH 2.0 before exchange on the IR-120

column.

tive response observed from the fraction
obtained after passage through both the
strong acid cation (IR-120) and strong
base anion (IRA-401) exchangers indi-
cates that all the UGF present in fraction
1A was ionizable. The same results were
obtained in experiment 16. Also, the ef-
fluent of the cation exchanger appeared
to give only a slight response, which indi-
cates that most of the UGF was held on
the IR-120 column. The results of experi-

ment 17 support these conclusions and in
addition show that some of the activity
can be eluted from the IR-120 column.
However, a large part of the activity was
retained on the column since the response
to the eluate was only one-third of that to
fraction 1A.

The results of the response to the frac-
tions in experiment 23 where the pH of
fraction 1A was reduced to 2.0 before pas-
sage through IR-120 appear to show that
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all of the UGF was held on the column
and then eluted. However, the actual re-
sponse is no greater than in experiment
17, whereas the response to fish solubles
and fraction 1A was much less. Under
these circumstances, it is difficult to say
whether all of the UGF was eluted.

In both experiments 21 and 22 most of
the activity appeared not to be held on
the weak cationic exchanger (IRC-50).
These results, along with those of the IR-
120 experiments appear to indicate that
UGF is a weak base.

About one-half the activity of fraction
1A was held on the IRA-401 resin (experi-
ment 18, table 6). Most of the activity
held by the column was subsequently re-
moved in the eluate. These results might
be interpreted to indicate that about one-
half of the UGF in fraction 1A has anionic
properties.

Dialysis. The chick assay of the di-
alysis fractions gave only a relatively
small response for the positive control
(102%) and for the dialyzable (104%)
and nondialyzable (105%) fractions.
These responses were insufficient to deter-
mine the proportions of UGF activity in
the 2 fractions but indicated that both
had activity. The dialyzable fraction con-
tained 65% of the total solids of the fish
solubles. The presence of UGF in this
fraction suggests that at least a part of
the water-soluble activity is due to rela-
tively low molecular weight compound(s).

These results correspond to those obtained
by Menge et al. (3) using similar experi-
mental procedures. Mason et al. (4) re-
ported the dialysis residue completly inac-
tive after continuous dialysis against tap
water, but dialysis was incomplete after
a 7-day dialysis against a daily change of
distilled water.

Stability. Table 7 shows the results of
acid hydrolysis and pancreatin digestion
of fraction IB and acid and base treat-
ment of fraction 1A. It appears that at
least 50% of the UGF in fraction IB was
still insoluble after pancreatin digestion.
Slightly more of the UGF in fraction 1B
appeared to have been solubilized by acid
hydrolysis. Neither of these procedures ap-
peared to cause any loss of UGF activity.

The acid treatment of fraction 1A also
did not cause any marked UGF destruc-
tion, whereas treatment with base caused
an appreciable loss of activity. Mason et
al. (4) also reported the UGF to be stable
under strong acidic hydrolysis, whereas
Menge et ad (3) found it stable at pH 2.0
and above. Menge et al. (3) also observed
some UGF destruction under basic condi-
tions whereas Mason et al. (4) reported it
stable to basic hydrolysis.

Adsorption. In the 2 experiments con-
ducted with carbon there was no adsorp-
tion at either pH 2.0 or 85. At pH 4.5,
equivocal results were obtained. It is most
probable that no adsorption of the UGF
occurred at any of the pH levels used.

TABLE 7

Stability studies

Er)g" Supplement Levell Mean 4-week gain
% 9 % of basal

6 None 195 100
Fish solubles (1)2 4 254 130

Fraction 1A 8 254 130

Fraction IB 8 219 112
Water-soluble pancreatin digest of fraction IB 8 232 119
Water-insoluble pancreatin digest of fraction 1B 4 234 120
Water-soluble acid hydrozylate of fraction 1B 8 226 116
Water-insoluble acid hydrolyzate of fraction IB 8 217 111

19 None 215 100
Fish solubles (1) 4 268 124

Fraction 1A 6 272 126

Fraction 1A, HCl-treated 6 263 122

Fraction 1A, NaOH-treated 6 248 115

1Figures indicate gercentages of fish solubles to which supplements are equivalent.

2See footnote 2, table 3, for abbreviations.
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This supports the results of Menge et al.T
who found no adsorption on Norit8at pH
3.0.

The effluent from the Florosil column
gave a response of 112% of the basal,
whereas fraction 1A gave a response of
109%. This would indicate that no ad-
sorption occurred on the Florosil column.

Concentration of active material. In
most of the fractionation procedures car-
ried out in this study the UGF activity
failed to go predominantly into either
fraction, but in general tended to divide
in about the same ratio as the total solids.
Little purification of the active material
was, therefore, achieved. The most active
preparation obtained was the 80% eth-
anol extract of fraction IB (table 5, ex-
periments 11 and 12) of which 3.4 and
3.8 g/kg of diet gave responses of 113 and
118% of the basal, respectively.

F. H. STEINKE, H. R. BIRD AND F. M. STRONG
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ABSTRACT The absorption of 1- and DL-methionine-C'TL from the alimentary
tract and the distribution of radiocarbon from these sources and DL-methionine-2-CH4
in blood components and 18 tissues of rats were investigated. Small, but statistically
significant differences in the absorption and tissue uptake of 1- and DL-methionine
were observed in these experiments. The absorption of L-methionine is calculated to
be 1.1 times that of its a- isomer.

After 30 minutes, the plasma and plasma proteins of rats fed L-methionine-methyl-
CM contained greater activity than the corresponding components of rats fed the d1-
form of this compound. More radiocarbon was observed in plasma, protein-free plasma,
and plasma protein of rats fed DL-methionine-2-CH than in those components of rats
fed the methyl-labeled DL-compound.

The variation in tissue response of individual animals similarly treated to uniform
doses of 1- and DL-methionine-methyl-C4 and DL-methionine-2-CH has been measured.
During a 30-minute interval, the greatest amount of variability in uptake of I,-methio-
nine occurred in pancreas, liver, bone marrow and thyroid.

Significantly greater concentrations of radiocarbon were present in brain, lungs,
liver, and heart of rats fed L-methionine-methyl-CH4 than in those tissues of rats fed
the a1- form of this amino acid. The concentration of the methyl carbon of methio-

and

nine in liver was significantly greater than that of the alpha-carbon.

Recent investigations have suggested
that the absorption of the a- and 1 - isomers
of amino acids may differ. Gibson and
Wiseman (1) observed that the rate of
disappearance of the L- isomers of several
amino acids was greater than that of the
corresponding d- enantiomorphs when so-
lutions of a1- amino acids were placed in
isolated loops of rat small intestine. In
these experiments, the absorption of the
1- isomer of methionine was 1.6 times
greater than that of the «- amino acid.
Delhumeau and co-workers (2) have estab-
lished the pattern of absorption in situ of
individual amino acids from mixtures of
18 1- amino acids introduced into sacs of
rat intestine.

Taylor and co-workersihave studied the
intestinal absorption of methionine in
chickens with Thiry-Vella fistulas. In their
studies, L-methionine was absorbed more
rapidly than its a- isomer.

In human small intestine, also, the nat-
urally occurring 1 - isomer of amino acids
disappears more rapidly than the D-form
(3). Orten2has established the pattern of

J. Nutrition 80: '63

absorption from an equimolar solution of
18 amino acids in man. The rate of ab-
sorption of DL-methionine from human in-
testine during a 30-minute period has been
measured by Cummings (4).

One phase of our studies of the metab-
olism of methionine has involved an in-
vestigation of the absorption of this amino
acid in the intact rat. Both i1- and DL-
methionine-methyl-CH4 were used in these
experiments. In addition, we investigated
the uptake of 1- and DL-methionine by 18
tissues in these rats. Similar experiments
were conducted with DL-methionine-2-CH4
to permit comparison of tissue uptakes of
the alpha- and methyl carbons of the amino

acid.
EXPERIMENTAL

Male, adult rats of Wistar Strain, 6
months + 2 weeks of age, were secured

Received for publication November 19, 1962.

1Taylor, M. W., H. J. Newman and C. M. Paine
1959 ‘Intestinal absorption of methionine and histi-
dine by the chicken. Federation Proc., 18: 548
(abstract). . i .

2Orten, A. U. 1961 Absorption of amino acids
and sugars from a Thiry loop in man. Federation
Proc., 20: 2 (abstract).
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from the Nutrition Laboratory of lowa
State University of Science and Technol-
ogy. L-Methionine-C¥H3 DL-methionine-2-
CHand DL-methionine-C¥43were obtained
commerically.3 The specific activities of
these compounds were 3.8, 0.7, and 4.5
mc/mmole, respectively. Paper chromato-
grams of the amino acids developed in
methyl-ethyl ketone indicated that the
radioactivity was present as methionine.

Following a 10-hour fast, 15 animals
were fed by stomach tube 0.5 ml of an
aqueous solution containing 18 mg of the
amino acid. The stomach tube was rinsed
with 0.5 ml of distilled water. So that the
same concentration of radiocarbon, 9.2
million count/min would be administered
to all groups, nonradioactive 1 - or DL-meth-
ionine was added to an appropriate amount
of methionine-C¥H3 to provide a total of
18 mg.

The rats were placed individually in a
plastic cage with wire mesh floor and were
not restrained. They were killed 30 min-
utes after the feeding of the radioactive
material. After light ether anesthesia, the
heart was exposed and the animal was
exsanguinated by cardiac puncture. The
tissues, including the gastrointestinal tract,
were removed quickly.

The esophagus was tied with silk thread
close to the stomach; the stomach was
separated from the gastrointestinal tract.
The small intestine was cut into 3 seg-
ments of approximately 35 cm each. The
contents of the stomach, 3 segments of
small intestine, the cecum, and large in-
testine were expressed individually into
calibrated tubes. The inner walls of the
tissues were rinsed with 3 successive ali-
quots of distilled water which were added
to vials containing the tissue contents.
These liquids were made to known vol-
umes, and carefully shaken. Aliquots were
applied to filter paper, dried, and counted
with a gas-flow counter.

The absorbed dose was calculated as the
difference between the radiocarbon ad-
ministered and that remaining in the
gastrointestinal tract.

Uniform sections of tissues were cut
and placed on aluminum planchets. These
were desiccated for 4 days and their ac-
tivities measured with a gas-flow counter.
Corrections for background and self-ab-

sorption were made. Specific activities of
the tissues were calculated as the percent-
age of absorbed dose in counts per minute
per gram of dry tissue.

One hundred-microliter aliquots of
whole blood were placed on filter paper,
dried, and counted with a gas-flow counter.
The total radioactivity present in blood
was calculated therefrom.

Other blood samples were centrifuged
to separate plasma and red cells. The red
cells were washed 3 times with physio-
logical saline. Plasma proteins were pre-
cipitated with acetone, plated on filter
paper discs, desiccated and counted. Ali-
quots of whole plasma, protein-free
plasma, and red cells were applied to filter
paper for counting. All measurements of
radioactivity were made with a gas-flow
counter. The measured activities were ex-
pressed as counts per minute per 100 mi-
croliters of sample adjusted to 9.2 million
count/min fed.

Two-dimensional chromatograms of the
contents of the 6 segments of the gastro-
intestinal tract, protein-free plasma, hy-
drolyzed whole plasma, and water-soluble,
hexane-soluble, and hydrolyzed protein
fractions of all tissues were run in water-
saturated phenol and butanol:propionic
acid:water. The procedures for chroma-
tography and fractionation of tissues have
been described in previous publications
(5, 6). The label was on methionine in
all segments of the gastrointestinal tract.
In tissues and plasma, although metabolic
activity had resulted in the formation of
other radioactive compounds within the
30-minute interval of the experiment, the
major portion of the activity was present
as methionine.

RESULTS AND DISCUSSION

Absorption of 1- and or-methionine.
In table 1, the concentrations of 1- and
DL-methionine-methyl-CHYabsorbed by adult
rats are presented. The means of the
absorbed doses of groups receiving 1-
or DL-methionine-methyl-CHlwere 94.6 and
90.2%, respectively. The standard devia-
tions were 2.61 and 3.81, for the i1- and
DL-methyl-labeled compounds, respectively.

3 The L-methionine-C14H3 and DL-methionine-2-C14
were purchased from Tracerlab, Inc., Waltham, Massa-

chusetts, and the DL-methione-C14H3 from the Isotopes
Specialities Company, Burbank, California.
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TABLE 1

Absorption of uniform doses of L- and VL-methionine-methyl-Cu

L-Methionine-C14H3

DL-Methionine-C14H3

D-Methionine-C14" 1

Rat no. Absorbed Rat no. Absorbed Absorbed
% % %

i 92.2 7 92.7 90.8

2 97.3 8 93.0 91.4

3 91.4 9 85.7 76.8

4 96.0 10 93.8 93.0

5 97.2 11 85.2 75.8

6 93.2 12 90.6 86.6

Mean 94.6 Mean 90.2 Mean 85.7

sb 2.61 sd 3.81

t= 2.342 t= 271
1Calculated.
2t0.05= 2.23.

TABLE 2

The difference between groups was signifi-
cant at the 5% level. Using the data in
table 1, the absorption of D-methionine in
30 minutes is calculated as 85.7%.

If a- amino acid isomers are absorbed
much more slowly by intestinal mucosa
than are their enantiomorphs, this would
be evidence for an “active” mechanism of
absorption which favors passage of 1-
amino acids into the body. The relatively
slower absorption of the D-isomers and
the time required for inversion are factors
that would be expected to reduce their
value for protein synthesis.

Considering the amount of radiocarbon
remaining in the alimentary tract, the
quantities of 1- and DL-methionine ab-
sorbed during the 30-minute interval were
17.0 and 16.2 mg, respectively.

Distribution of L- and DL-methionine in
blood. After 30 minutes, significantly
greater levels of radiocarbon from L-me-
thionine than from DL-methionine were
present in whole blood (table 2). The
concentration of D-methionine in blood af-
ter 30 minutes is calculated as 0.14 X 105
count/min, a small fraction of that ad-
ministered to the rat.

The distribution of activity in whole
plasma, protein-free plasma, red cells, and
plasma proteins of these rats after 30
minutes is shown in figure 1. As would be
expected, larger concentrations of radio-
carbon were observed in blood plasma
than in red cells. Although red cells were
triple-washed, it is possible that some of
their activity was due to absorbed me-

Radiocarbon in blood of rats fed 1- and a1-

methionine-methyl-Cu

L-Methionine-C14H3 DL-Methionine-C14H3

TOt;ﬂ Total
count/min count/min
Ratno.  “in biood Rat no. in blood
x 10-5 x 10-5
i 2.25 7 0.84
2 3.16 8 1.13
3 2.89 9 1.14
4 2.56 10 1.05
5 1.02 1 1.42
6 111 12 1.34
Mean 2.16 Mean 1.15
sd 0.21 sa 0.91
t= 2.661
1t0.05=2.23.
thionine, since in previous experiments

we found little activity in heme and globin
30 minutes after feeding radioactive me-
thionine (6).

Substantially less radiocarbon supplied
by the da1- in contrast with the 1- form of
methyl-labeled methionine was present in
whole plasma after 30 minutes, suggesting
more rapid elimination via the lungs or
kidneys, or both, or higher tissue up-
takes. Within 30 minutes, 0.90% of the
absorbed DL-methionine-C¥H3 had been
lost as C“02 whereas only 0.20% of the
L- amino acid had been so metabolized.
The calculated loss of D-methionine-meth-
yl-CHas CHD 2during the 30-minute inter-
val is 1.6%.



72 CECILE

1J

°

WHOLE
PLASMA

PROTEIN-FREE
PLASMA

H. EDWARDS, EVELYN L. GADSDEN AND GERALD A. EDWARDS

| L-METHIONINE-CI4H3
f~1 DL-METHION1INE-C,4H3

E3 DL-METHIONINE-2-C14

PLASMA
PROTEIN

RED CELLS

Fig. 1 Radiocarbon from uniform doses of L- and DL-methionine-methyl-CH¥ and bL-me-

thionine-2-CH4 in plasma and red cells.

The concentration of radiocarbon origi-
nating from the alpha-carbon labeled a1-
amino acid was greater than that from
methyl-carbon labeled DL-methionine in
whole plasma after 30 minutes. This is
interpreted to indicate more rapid oxida-
tion of the methyl carbon to CH 2

Differences in plasma concentrations of
1- and DL-methyl-labeled methionine were
due to the presence of significantly greater
amounts of 1- isomer-derived radiocarbon
in plasma protein. Although larger a
mounts of the alpha-carbon of the amino
acid were present in protein-free plasma,
plasma protein also accepted more radio-
carbon from this source than that arising
from the methyl carbon of the a1- isomer
of the amino acid.

Tissue uptake of L- and DL-methionine.
In table 3, data are presented relating to
the concentrations of radiocarbon from
1- and DL-methionine-methyl-CH¥4 and d1-
methionine-2-CH¥ in 18 tissues of these
adult rats after 30 minutes. The standard
deviations indicate that the greatest a-
mount of variability in the absorption of
the methyl carbon of L-methionine oc-
curred in pancreas, liver, bone marrow
and thyroid.

The t values,4reflecting the amount of
variation between means of tissues of

groups of rats fed i1- or DL-methionine,
are shown in column 6 of table 3. Sig-
nificantly greater concentrations of radio-
carbon from L-methionine-methyl-CH were
taken up by brain, liver, heart, and lungs
in contrast to that from the a1- isomer.

The conversion of both isomers of me-
thionine to alpha-keto-gamma-methiolhu-
tyric acid by the respective amino acid
oxidases has been demonstrated (7, 8).
Thus, the ability of D-methionine to sup-
port growth may be accounted for by its
oxidation to alpha-keto-parama-methiolbu-
tyrate and subsequent transamination to
L-methionine. D-Methionine can be uti-
lized for growth in the mouse (9), rat
(10—42), and for maintenance of nitrogen
equilibrium in man (13).

Similar comparisons of responses of
rats to the DL-aipha-carbon-labeled and
methyl-labeled methionine (table 3) indi-
cate that the liver accumulated signifi-
cantly larger concentrations of the methyl
carbon of methionine than the alpha-
carbon (t = 7.57).

Concentrations of the alpha-carbon of
methionine were strikingly similar to

it= X.-X,

I(ni-)s*+ (nN2-1)s2 .. sz
N TThinzT
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TABLE 3

Tissue

L-Methionine-C1H3 DL-Methionine-C14H3

uptakes of 1- and DL-methionine-methyl-C11 and DL-methionine-2-Cu

DL-Methionine-2-C14

Tissue % absorbed % absorbed t % absorbed ©
dose/g tissue dose/g tissue dose/q tissue

Adrenal 1.79+0.513 1.70+ 0.533 0.30 1.79+ 0.313 0.26
Bone marrow 3.65+0.75 457+ 1.24 1.56 3.79+1.26 0.88
Brain 0.84+0.08 0.62+ 0.10 4.40 0.60+0.14 0.26
Heart 0.92+0.18 0.69+ 0.11 2.56 0.60+0.17 0.98
Kidney 2.78+0.51 2.33+ 0.49 1.55 2.05+0.52 0.79
Liver 4.06+ 0.85 3.10+ 0.33 2.59 1.22+0.38 7.57
Lungs 2.42+0.24 1.64+ 041 3.76 1.80+ 0.07 0.64
Muscle 0.53+0.15 0.41 + 0.05 1.71 0.48+0.04 1.71
Pancreas 6.22+1.95 5.00+ 0.60 1.47 5.55+0.65 1.25
Pituitary 3.29+0.64 3.01+0.48 0.88 3.72+1.25 1.30
Prostate 1.02+0.53 0.90+ 0.27 0.45 1.10+ 0.45 0.81
Seminal vesicle 0.67+0.44 0.35+0.51 1.19 0.20+0.03 0.49
Skin 0.11+0.11 0.24+ 0.15 1.49 0.24+ 0.22 0
Spleen 1.26+0.15 1.08+ 0.18 2.00 1.05+0.16 0.25
Submaxillary 1.23+0.12 1.05+ 0.17 2.00 1.10+0.34 0.31
Testes 1.60+0.30 1.19+ 0.34 2.16 1.74+0.47 2.04
Thymus 1.25+0.66 1.45+0.22 0.64 1.15+ 0.58 1.08
Thyroid 1.99+0.73 1.43+ 0.47 1.60 1.75+0.39 1.00

to.025 —2.23 and is the value of t at the 5% level of significance.

1Compares means of r.- and DL-methionine-methyl-C14

%Compares means of DL-methionine-methyl-Cl4 and DL-methionine-2-C14

Mean + sd.

those of the methyl carbon in other tis-
sues. This observation reflects the role of
hepatic tissue as the site for demethyla-
tion of methionine and suggests that the
methyl group accumulates in liver where-
as the methionine residue containing the
alpha-carbon is quickly dispatched to other
tissues. Approximately 6 out of every 10
methionine-derived methyl carbons in liver
appear to be independent of methionine.

Larger concentrations of the residue
containing the alpha-carbon of methio-
nine, in contrast with its methyl carbon,
were present in plasma proteins at the
end of 30 minutes (fig. 1). It appears,
then, that the demethylated residue con-
taining the alpha-carbon of methionine
accepts a methyl group from the meta-
bolic pool prior to its incorporation into
tissue protein, possibly at the point of its
incorporation into plasma protein in the
liver.

Relatively large concentrations of radio-
carbon (6.22 and 5.00% for 1- and d1-
methionine, respectively) were absorbed
at this early interval by pancreas. After
24 hours the mean value for pancreas
decreased to 1.63% in groups fed 1- and
DL-methionine.

An analysis of variance was made on
the data in table 3. The F value of 9.69

(F o6 — 4.9646) indicated that there were
significant differences between the true
uptakes of 1- and DL-methionine by these
rats. After their absorption from the ali-
mentary tract, it appears, therefore, that
the response of the rat to L-methionine is
significantly different from that to the
DL- form.
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Effect of Barbituric Acid and Chlortetracycline upon
Growth, Ammonia Concentration, and Urease
Activity in the Gastrointestinal Tract of Chicks1

L. H. HARBERS,2A. P. ALVARES, A. L JACOBSON and W. J. VISEK
Department of Pharmacology, The University of Chicago, Chicago, lIllinois

ABSTRACT

Experiments were conducted with a total of 38 lots of 15 chicks.

Preliminary data from 22 lots indicate that the addition of either barbituric acid (1.28
g/kg) or Chlortetracycline (0.1 g/kg) will enhance 4-week gains with diets containing
either soybean meal or vitamin-free casein. An experiment with 16 lots fed a crude
casein diet showed enhanced growth of 17% with barbituric acid and 25% with Chlor-
tetracycline. The combination improved gain 26%. At the time these chicks were
killed, they had lowered gastrointestinal ammonia concentrations. Urease activity was
also lowered in birds receiving these supplements but activity in the small intestine
was variable. The data show that a cyclic urea compound can produce increased
growth coincidently with decreased ureolytic activity and ammonia concentration in

the gastrointestinal tract.

A number of investigators have postu-
lated that antibacterial agents increase
rate and efficiency of growth in animals
and birds by suppressing production of
toxic substances by gastrointestinal bac-
teria. Ammonia has been suggested as
one of these toxins (1-5). Work at this
laboratory has shown that the addition of
100 ppm of either chlortetracycline, peni-
cillin, or arsanilic acid to a casein diet de-
creased in vivo hydrolysis of urea-CH4 by
rats and reduced in vitro urea splitting abil-
ity of the gastrointestinal contents (6).
Gastrointestinal urease activity and in vivo
urea hydrolysis have been reduced coinci-
dently with increased growth and efficiency
of feed utilization following active immuni-
zation with crystalline jackbean urease (7,
8).

The apparent relation of urea hydrolysis
to growth and nutrition of the host, dem-
onstrated under the conditions of the
above experiments, prompted us to in-
vestigate the usefulness of chemical antag-
onists for studies relating gastrointestinal
urease activity and its ammonia producing
potential to growth of the host.

Much of the evidence that urea is not
metabolically inert in simple-stomach ani-
mals exposed to a conventional environ-
ment has been reviewed (6, 9). Uric acid
can be degraded in the gastrointestinal
tract by bacterial enzymes to compounds
including urea and thus serves indirectly
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as a substrate for urease and a source of
ammonia (10).

Gray et al. (11, 12) have observed that
certain cyclic urea compounds were cap-
able of inhibiting bacterial and jackbean
urease. In preliminary work in this lab-
oratory, a structurally related compound,
barbituric acid (malonylurea), depressed
urease activity in the gastrointestinal con-
tent of chicks without impairment of ap-
petite or growth when fed at a level of
1.28 g/kg of diet.3 Ruminants, on the
other hand, fed urea as the only source of
nitrogen and supplemented with the same
level of barbituric acid, lost weight. These
animals showed depressed cellulolytic ac-
tivity in their ruminal fluid (13). Bar-
bituric acid has been found to be non-
diabetogenic and nonhypnotic (14, 15).

The effects of barbituric acid and chlor-
tetracycline on chick growth, when either
or both were added to a purified diet fed
for 4 weeks, are reported in the present
paper. Data on gastrointestinal ammonia
concentration and urease activity are also
presented.
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EXPERIMENTAL

One-day-old cockerels of the Vantress-
Arboracre cross having an initial weight
of 36 to 40 g were randomly divided into
lots of 15. The chicks were housed through-
out the 28-day experimental periods in
heated battery-type cages with wire floors.
Feed and water were supplied ad libitum.
Body weights and feed consumption were
determined at weekly intervals. Several
preliminary experiments were conducted
using basal diets containing soybean meal
or vitamin-free casein (table 1). After
completion of the preliminary experiments,
the main experiment was conducted with
the basal diet (diet 1) of Stokstad et al.
(16) (table 2). In all studies with the ex-
ception of those with soybean meal, experi-
mental diets had the same composition as
the basal diet except for additions in
grams per kilogram as follows: Diet 2,
barbituric acid, 1.28; diet 3, chlortetracy-
cline, 0.1; and diet 4, barbituric acid, 1.28,
plus chlortetracycline, 0.1.

At the end of the 28-day experimental
period chicks from the experiments using
casein diets were fasted for 4 hours. Ten
randomly selected chicks from each lot
were killed for removal of their intestinal
tracts plus contents. The small intestine
and large intestine were separated,
weighed individually, and combined by lot
in appropriately marked bottles contain-
ing saline held at 4°C. The specimens
were stored in this manner, homogenized,
and analyzed for ammonia and urease ac-
tivity using an aliquot of the pooled homog-
enate. The total homogenates of the small
intestines and large intestines were di-
luted to 400 and 200 ml, respectively. Free
ammonia was determined in triplicate on
a 2.0-ml aliquot of homogenate following
addition of 2.0 ml phosphate buffer (pH
7.0) and incubation for 5 minutes at
37.5°C. The reaction was stopped with
one ml 1 » HC1 and the mixture was dis-
tilled in a micro-Kjeldahl apparatus with
collection of the liberated ammonia in
2.0% boric acid. The ammonium borate
was titrated with 0.0125 »n HC1 using brom-
cresol green-methyl red indicator. Urease
activity was determined indirectly by dif-
ference on a separate aliquot using the
same procedure except that the phosphate
buffer contained 3.0% urea. The latter
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method is that of Sumner (17) with in-
cubations carried out at 37.5°C instead of
20°C. All of the incubations of ammonia
and urea-splitting activity were completed
within 72 hours after the chicks were
killed. Following incubation and stoppage
of the reaction with acid, the samples were
frozen in a slurry of dry ice and ethanol.
They were stored at — 10°C until comple-
tion of the ammonia determinations. A
20-ml aliquot was used for dry weight
determinations.

RESULTS
Preliminary data (table 1) involving
several experiments indicate increased

growth when barbituric acid was added to
diets containing either soybean or casein
as the protein source. Data upon ammonia
concentration and ureolytic activity of the
gastrointestinal tracts from the casein-fed
birds suggest that ammonia production
and urea hydrolysis may be suppressed by
this cyclic urea compound. This suppres-
sion concurrently with a stimulation in
growth was also observed with chlortetra-
cycline.

To obtain further evidence upon the
effects observed in these preliminary ex-
periments a study was conducted using 4
lots/treatment. The growth data are pre-
sented in table 2. During the first 2 weeks,
growth was increased 6% by barbituric
acid and 24% by chlortetracycline (P <
0.05). The data on efficiency of feed util-
ization are lot averages obtained by divid-
ing the total weight gain per lot by the total
feed consumed. Efficiency of feed utiliza-
tion was higher during this period and the
difference due to chlortetracycline was
statistically significant (P < 0.05).

Barbituric acid influenced growth to a
greater extent during the second 2-week
period by increasing body weight 9% over
that of the basal groups (P < 0.05). This
improvement occurred when barbituric
acid was fed alone, and no increase in
growth was noted when chlortetracycline
was combined with barbituric acid. Chlor-
tetracycline increased growth by 13%
(P<0.01) during this period. Weight
gain per gram of feed consumed was
higher in all supplemented groups but the
differences were not statistically signifi-
cant.
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TABLE 1

Summary of preliminary investigations with cockerels fed diets supplemented with
barbituric acid or Chlortetracycline for 4 weeks

Additivel Weight gain Gain g/g feed
9
Soybean protein diet2
1 Basal (6)3 299.3+ 9.4¢ 0.52+ 0.01
2 Barbituric acid (4) 323.7+ 13.0 0.53+0.05
3 Chlortetracycline (8) 357.0+ 124 0.56+0.01
Vitamin-free casein diet5
I Basal (2)3 289.6+17.7 0.52+0.01
2 Barbituric acid (2) 312.7+ 11.6 0.55+0.01
3 Chlortetracycline (2) 335.9+ 16 0.58+0.02
4 Barbituric acid +
Chlortetracycline (2) 325.8+27.8 0.53+0.04
Ammonia concentration Urea hydrolysis
_ Small _Large Small Large
intestine intestine intestine intestine
lig/g -wet weight i19 /79 wetweight
1 Basal (2)3 72148 473157 1178+78 3594 + 26
2 Barbituric acid (2) 823+36 56652 837+34 3294 +89
3 Chlortetracycline (2) 440+ 65 496+26 817+ 101s 3334+37
4 Barbituric acid +
Chlortetracycline (2) 767+36 280+54 841+196 3016 +253

1Barbituric acid, 1.28 g/kg diet; Chlortetracycline, 0.1. . o

2Solvent-extracted soybean meal, 50% protein, 40; sucrose, 48.3; com oil plus 0.02% antioxidant,
3.0; cellulose (Cellu Flour, Chicago Dietetic_ Supply House, Chicago), 3.0; minerals, 5.43 and
vitamin mixture, 0.27 (mineral and vitamin mixture described by Morrison et al. (21).

3Number of lots indicated in parentheses.

4Mean + se. . i . i i i .

3Vitamin-Free Casein, General Biochemicals, Inc., Columbus, Ohio; proportion of ingredients
according to Stokstad et al. ﬁG). i o

6Chlortetracycline vs. no Chlortetracycline significant at P < 0.05.

TABLE 2

Body weight gain and efficiency of feed utilization of cockerels fed crude casein basal diet
supplemented with barbituric acid or Chlortetracycline, or both

Weight gain3
02 weeks 2—4 weeks 0-4 weeks
9 9 9

1 Basal 73.8 + 9.13 164.0 +18.2 237.8 +12.9
2 Barbituric acid 83.7 £3.5 194.1 + 4.6“ 277.8 + 391
3 Chlortetracycline 97.0 *4.35 200.8 + 8.96 297.8 + 4.56
4 Barbituric acid+ chlortetracycKne 97.9 £8.75 202.9 +11.046 300.8 +11.148

Gain g/g feed
1 Basal 0.43 +0.01 0.50+ 0.02 0.48+ 0.02
2 Barbituric acid 0.50 +0.02 0.55+ 0.02 0.53+ 0.01
3 Chlortetracycline 0.54 £+0.025 0.53+ 0.01 0.53+ 0.01
4 Barbituric acid + Chlortetracycline 0.55+ 0.025 0.54+ 0.02 0.54+ 0.01

1Diet 1, basal: crude casein (National Casein Company, Chicago), 20; gelatin, 8; sucrose, 61.6; bone ash,
2; calcium_gluconate, 5; salt mixture, 1.4; and vitamin (crystalline vitamins, Merck Institute for Therapeutic
Research, Rahway, New Jersey, and Distillation Products Company, Rochester, New York) and choline mixture,
2. Diet 2, basal plus barbituric acid, 1.28 g/kg. Diet 3, basal glus Chlortetracycline (Lederle Laboratories,
Pearl River, New York), 0.1 g/kg. Diet 4, barbituric_acid, 1.2 g/kg plus Chlortetracycline, 0.1 %/kg._

3Average initial weight, g, by groups were: Diet 1, 36.0 £+ 0.4; diet 2, 35.9 + 0.4; diet 3, 35.7 + 1.1; diet 4,
358 + 0.2.

3Mean + SE | N . N
4Barbituric acid vs. no barbituric acid significant at P < 0.05.

3Chlortetracycline vs. no Chlortetracycline significant at P < 0.05.
6Chlortetracycline vs. no Chlortetracycline significant at P < 0.01.
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Gain in body weight for the experimental
period of 4 weeks was increased by 8%
over control with the addition of barbituric
acid (P < 0.05) and 16% with chlortetra-
cycline (P < 0.01). When barbituric acid
was the only additive, growth was improved
by an average of 40 g (17% ) over the basal
diet, whereas chlortetracycline showed an
increase of 60 g (25% ). The combined
effects of the agents on growth were not
additive, there being only 63 g (26% )
more growth than control with the two in
combination. These data suggest that
barbituric acid and chlortetracycline influ-
ence the same system(s) that affect
growth.

Gastrointestinal ammonia concentra-
tion and ureolytic activity are expressed
in micrograms per gram, wet weight (table
3). The overall effect of barbituric acid
upon ammonia concentration in the small
intestine was a depression of 26% and for
chlortetracycline 18% . When fed in com-
bination the suppression was 40% (P <
0.05) as compared with the basal group.
Less effect was observed in the large in-
testine with chlortetracycline (5% ); how-
ever, the reduction due to barbituric acid
was 36%.

The effect on ureolytic activity was not
as consistent for the small intestine as for
ammonia concentration. Barbituric acid
inhibited urea hydrolysis by 53% (P <
0.05), whereas supplementation with chlor-
tetracycline increased urease activity 15%
over the basal groups. When fed in com-
bination the agents reversed the effect of

P. ALVARES, A. I
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chlortetracycline and produced a suppres-
sion of 64% (P < 0.05) as compared with
that of the basal group (diet 1). The
ureolytic activity in the large intestine was
suppressed by chlortetracycline (14% ) but
not by barbituric acid. Thus, it appears
that urease activity and ammonia produc-
tion may be altered concurrently with in-
creased growth.

DISCUSSION

The results of these experiments dem-
onstrate that free ammonia concentration
in both the large and small intestine of
chicks can be depressed by supplementa-
tion of a casein basal diet with barbituric
acid, alone or in combination with chlor-
tetracycline. This reduction in ammonia
concentration with antibiotics has been
reported by others, but a direct correlation
between ammonia concentration and
growth could not be demonstrated (2, 18).
The fact that barbituric acid, suggested to
be an antimetabolite of uracil (19), can
produce a reduction in ammonia concen-
tration and urease activity concurrently
with improved weight gain gives credence
to the contention that ammonia production
in the gastrointestinal tract may be re-
lated to growth and efficiency of food
utilization and suggests that antibacterial
agents enhance growth, in part, by affect-
ing this system (6, 7, 18). Complete in-
hibition of urease activity did not occur
under the conditions of these experiments
and the degree of this inhibition which is
optimal for growth has not been deter-

TABLE 3

Ammonia concentration and hydrolysis of urea by gastrointestinal contents of 4-week-old cockerels
fed a casein diet supplemented with barbituric acid or chlortetracycline, or both

(10 birds/lot;
Dietl Small intestine
Bg NHj/g
wet wt

1 Basal 1151 +253

2 Barbituric acid 902+150

3 Chlortetracycline 1000+82

4 Barbituric acid +

chlortetracycline 685+129

Diet 1, basal;
(1. 28) plus chlortetracycline (0
Mean + se.

diet 2, barbltuil)c acid (1.28 g/kg); diet 3, chlortetracycline (0.1);

4 lots/treatment)

Large intestine

f;% ILthr/eg';a1 B%V’;‘tHVK S Bs% lit/g
wet wt wet wt
74661 2113 +338 3279260
784+ 1313 1348+733 3043 +245
1496 +43 2011+87 2614+401
268+523 1273+3003 2850+485

diet 4, barbituric acid

3Average of groups fed barbituric acid vs. no barbituric acid statistically significant (P < 0.05).
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mined. The fact that barbituric acid and
chlortetracycline in combination failed to
produce greater growth than either agent
alone also suggests that there is an opti-
mal level and that they may be working
through a common system. The possibility
that this cyclic compound may have multi-
ple actions upon the gastrointestinal bac-
teria has not been excluded (13, 19, 20).

The evidence brought forth in this paper
demonstrates a third method, dietary sup-
plementations with a cyclic urea deriva-
tive, by which ammonia concentration and
urease activity of the gastrointestinal con-
tents may be altered concurrently with in-
creased growth of the host.
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Supplementation of Cereal Proteins with Amino Acids

V. EFFECT OF SUPPLEMENTING LIME-TREATED CORN WITH
DIFFERENT LEVELS OF LYSINE, TRYPTOPHAN AND ISO-
LEUCINE ON THE NITROGEN RETENTION OF

YOUNG CHILDREN12

R. BRESSANI, D. WILSON, M. CHUNG, M. BEHAR
anda N. S. SCRIMSHAW 3

Institute of Nutrition of Central America and Panama (INCAP),
Guatemala, Central America

ABSTRACT A lime-treated corn diet was supplemented with two levels each of
lysine and of tryptophan, as well as two levels of isoleucine with a constant lysine
and tryptophan supplement. Comparison of corn protein with the FAO reference pro-
tein indicates tryptophan to be the first limiting amino acid and lysine the second. In
18 3-day balance periods in two children lysine supplementation alone somewhat im-
proved nitrogen balance, but tryptophan addition had no effect. Analysis of 12 3-day
balance periods in 4 children indicated that the addition of lysine to give 180 mg/g N
in the diet (0.30% L-lysine-HCI) and of tryptophan to a total of 75 mg/ g N (0.28%
DL-tryptophan) approximately doubled the percentage of nitrogen retention compared
with the results when the basal diet was fed. Increasing the lysine to 270 mg/g N
(0.56% L-lysine-HCI) or the tryptophan to 90 mg/g N (0.35% DL-tryptophan) either
singly or together, did not improve significantly the nitrogen balance compared with
that obtained with these amino acids at the lower levels of supplementation. The addi-
tion of isoleucine to 270 mg/g N (0.45% DL-isoleucine) to the 270 mg lysine/g N plus
25 mg tryptophan/g N resulted in a slightly higher nitrogen balance. The addition of
isoleucine to a level of 225 mg/g N gave an intermediate value for nitrogen retention.
None of the amino acid combinations used to supplement corn-masa resulted in as
high nitrogen retention as those obtained from feeding isonitrogenous levels of milk.
The variable results with supplementation of different cereals with essential amino
acids to the level in the FAO reference protein provide further evidence that reference
amino acid patterns should include both upper and lower limits for the amount of
each amino acid per gram of nitrogen and specify the range of protein intake over

which they apply.

The effect of amino acid supplementa-
tion of a food cannot always be predicted
from comparison with a reference amino
acid pattern. In many instances supple-
mentation with the first limiting amino
acid to the reference level will accentuate
the deficiency of the second limiting amino
acid in the protein. This was clearly
shown in the studies of wheat flour sup-
plementation of Bressani et al. (1) and
Rosenberg (2). The latter concluded that
the amount of the most limiting amino acid
to add to a deficient protein for maximal
response in nutritive value should just
balance the second most limiting amino
acid. Since at low levels, at least, protein
intake affects amino acid requirement for
maximal response (3), the optimal amount
of the most limiting amino acid in a given

80

experimental situation may also depend
on the protein level.

Previous studies in children (4= 5) indi-
cated that the nutritive value of lime-
treated com could be best improved by the
simultaneous addition of lysine, tryptophan
and isoleucine. Similar results have been
reported for adults (6) and experimental
animals (7-10). In our previous studies
the levels for lysine, tryptophan and iso-
leucine used for supplementation of lime-
treated com were those of the amino acid
pattern of the FAO reference protein (11).
It was the purpose of this study to find
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TABLE |

Age and weight of subjects at start of experiment and protein and caloric intakes
during the experimental periods

Case

no. Age
77 2years, 10 months
82 1year, 5 months
12 5 years, 2 months
112 5years, 1 month
113 3 years

out whether lower levels of the 3 amino
acids in combination would result in nitro-
gen retention values as high or higher than
those obtained from the use of the levels
of the FAO reference amino acid pattern.

MATERIALS AND METHODS

Two children were fed lime-treated com
diets supplemented with 2 different levels
of lysine alone and of tryptophan alone.
One of these and three additional children
were used to study the effect of feeding
lime-treated corn diets supplemented with
different combination of lysine and trypto-
phan and of lysine, tryptophan and isoleu-
cine. The age and weight of the subjects
at the start of each experiment and their
protein and caloric intakes during the ex-
perimental periods are shown in table 1

In all cases nitrogen balance studies
using previously discussed techniques (1,
4-5) were carried out with a 2-day adapta-
tion period followed by two 3-day balance
periods for subjects PC-77 and PC-82 and
by three 3-day balance periods for sub-
jects PC-82, 102, 112 and 113. The basal
diet in grams per 100 g consisted of lime-
treated corn, 85; com gluten, 5; L-glutamic
acid, 2; glycine, 3; and cornstarch, 5. The
various amino acids were substituted for
an equal amount of cornstarch, the nitro-
gen from these replacing glycine nitrogen
so that all the diets remained isocaloric
and isonitrogenous.

The basal diet contained 14.4% protein
and 405 Cal./IOO g. Its essential amino
acid composition has been described pre-
viously (4). The test diets supplied the
specific level of protein and part of the
calories which were adjusted to the de-
sired level of caloric intake by the addi-
tion of sugar and vegetable fat. The
children were fed 3 times a day and a

: Protein Calorie
Weight intake 'Qgtﬁlég
kg g/kg/day Cal.
8.06 3.0 100
8.70 20 80
15.76 20 100
13.52 20 100
10.91 20 100

vitamin and mineral capsule given daily.4
Two levels of lysine, tryptophan and iso-
leucine were added to the basal diet. One
level brought the amount to that in the
FAO reference protein (11). The other
gave a 1:4 ratio of tryptophan to lysine
and a 1:3 ratio of tryptophan and isoleu-
cine using a lower level of tryptophan as
the reference base rather than the amount
in the FAO reference protein (11). Cor-
rections for the D-form of the amino acids5
were made by doubling the amount added.
The amount of lysine was corrected for
the hydrochloride molecule present in the
form used.

At the end of each 3-day balance period,
the pooled urine and feces collections and
aliquots of the diet were each analyzed
for nitrogen by the Kjeldahl method.
Only averages for each treatment are
given since the variations among 3-day
periods with the same diet combination
were similar to those previously reported
(1, 4-5).

RESULTS
Table 2 presents the nitrogen balance
results of the individual addition of 2

levels of lysine and 2 of tryptophan to the
basal diet. With subject PC-77 tryptophan
was tested first and with subject PC-82
lysine was the first supplement. Lysine
alone at either level improved nitrogen
balance, but tryptophan addition alone
did not. Table 3 presents nitrogen balance
results of the children fed combinations
of lysine and tryptophan or of lysine,
tryptophan and isoleucine.

The addition of lysine to give 180 mg/g
N in the diet (0.30% L-lysine-HCI) and

4 Gevral, donated by Lederle Laboratories, American
Cyanamid CompaBy. o

sDonated by DuPont de Nemours, Wilmington,
Delaware.
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TABLE 2

Nitrogen balance of subjects PC-77 and 82 fed lime-treated com supplemented with two levels each of
lysine and tryptophan

No. of i Nitrogen
Diet balances Weight i i )
Intake Fecal Urinary Absorption Retention
kg mg/kg/day % of intake % ofintake % of intake
Subject PC-77
Milk i 8.06 486 93 320 80.9 15.0
Basal i 8.00 474 185 349 61.0 -12.7
Basal + DL-tryptophanl 3 8.00 466 101 368 78.3 0.6
Basal + DL-tryptophan2 3 8.20 482 116 337 75.9 6.0
Basal 2 8.50 479 111 346 76.8 4.6
Basal + L-lysine-HC13 2 8.50 485 131 343 73.0 2.3
Basal + L-lysine HC14 2 8.80 479 110 305 77.0 13.4
Subject PC-82

Milk 2 8.70 392 45 295 88.5 13.3
Basal 2 8.50 320 56 273 82.5 -2.8
Basal + L-lysine *HC13 2 8.50 320 45 238 85.9 11.6
Basal + L-lysine sHC14 2 8.93 350 63 276 82.0 3.1
Basal 1 8.84 346 63 287 81.8 —1.2
Basal -f DL-tryptophanl 2 8.79 342 49 305 85.7 -3.5
Basal + DL-tryptophan2 2 8.80 333 56 311 83.2 -10.2

1To give 75 mg tryptophan/g N.

3To give 180 mg lysine/g N.
2To give 90 mg tryptophan/g N.

4To give 270 mg lysine/g N.

TABLE 3

Average nitrogen balances of subjects PC-77, 102, 112 and 113 fed lime-treated corn supplemented
zvith several combinations of lysine, tryptophan and isoleucine

Diet No. of Nitrogen
balances1 Intake Fecal Urinary Absorption Retention
mg/hg/day % of intake % of intake % of intake

Milk 9 338 55.4 255.5 83.6+ 0.62 24.4+2.9
Basal 12 337 77.8 317.8 76.9+1.1 57+ 31
Basal + DL-tryptophan +

L-lysine-HC13 12 334 66.8 279.2 80.0+ 1.0 16.4+1.3
Basal + DL-tryptophan +

L-lysine-HC14 10 342 72.2 281.5 78.9+1.4 17.7+1.9
Basal + DL-tryptophan +

L-lysine -HC15 6 330 59.7 271.6 81.9+ 04 17.7+ 2.9
Basal + DL-tryptophan+

L-lysine -HC16 10 333 66.9 278.1 79.9+ 0.9 16.5+ 1.2
Basal 14 367 82.9 3534 774+ 2.0 3.7+ 4.2
Basal + DL-tryptophan +

L-lysine-HC17

+ DL-isoleucine 14 363 68.6 291.5 81.1+ 1.0 19.7+ 2.5
Basal -f DL-tryptophan +

L-lysine -HC18

+ DL-isoleucine 14 364 74.6 289.4 79.5+1.0 20.5+2.5
Basal 6 308 57.9 256.9 81.2+1.3 16.6+ 3.4
Milk 9 363 55.2 277.7 84.8+ 0.9 23.5+ 1.3

1Each balance was of a 3-day duration.

2Mean £ s..

3Total tryptophan,
4Total tryptophan,
5Total tryptophan,
6Total tryptophan,
7Total tryptophan,
8Total tryptophan,

90mg/

75mg/g N and total lysine,
75mg/g N and total lysine,
90mg/g N and total lysine,
N and total lysine,

180 mg/g N in diet.
270 mg/g N in diet.
180 mg/g N in diet.
i 270 mg/g N in diet. i o
75mg/g N, total lysine, 270 mg/g N and total isoleucine, 225 mg/g N indiet.
75mg/g N, total lysine, 270 mg/g N and total isoleucine, 270 mg/g N in diet.
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of tryptophan to 75 mg/g N (0.28% da1-
tryptophan) approximately doubled the
percentage of nitrogen retention over the
results with the basal diet. Neither in-
creasing lysine to 270 mg/g N of diet
(0.56% L-lysine-HCI) nor tryptophan to
90 mg/g N (0.35% DL-tryptophan) singly
or together significantly improved nitrogen
balance over that obtained at the lower
levels of supplementation with these amino
acids. The addition of isoleucine to 270
mg/g N (0.45% DL-isoleucine) to the 270
mg lysine/g N plus 75 mg tryptophan/g N
resulted in slightly higher nitrogen bal-
ance than lysine and tryptophan supple-
mentation alone. The addition of iso-
leucine to the lower level of 225 mg
isoleucine/g N in the diet gave an inter-
mediate value for nitrogen retention which
was not significantly different from either.
None of the amino acid combinations used
to supplement corn-masa resulted in as
high nitrogen retention values as those
obtained from feeding isonitrogenous
levels of milk.

DISCUSSION

Previous work by Scrimshaw et al. (4)
and by Bressani et al. (5) indicated that
the single addition of either tryptophan or
lysine to the basal lime-treated com pro-
tein used in these studies did relatively
little to restore or improve the nitrogen
balance observed with the basal diet, and
it was difficult to conclude from the data
which of the two amino acids was first
limiting. The present results indicate that
lysine is definitely more limiting than
tryptophan in lime-treated corn protein
since in both children lysine at either
level of supplementation gave better ni-
trogen retention values than tryptophan.
This is contrary to the conclusion to be
drawn from comparison of the amino acid
pattern of lime-treated corn with that of
the FAO reference protein and suggests
once again that the amount of tryptophan
in the FAO reference protein is too high
relative to the other amino acids present.

When the protein intake was higher as
in subject PC-77, the response to the addi-
tion of tryptophan resulted in positive
nitrogen balance, whereas at the lower
level of protein intake, as in subject PC-
82, the single addition of tryptophan re-

sulted in a negative balance which wor-
sened with increased tryptophan. Similar
results have been obtained in experiments
with rats (12-14). These results are in-
terpreted to mean that at the lower level
of intake the relative deficiency of lysine
in the diet became greater when trypto-
phan was added, resulting in greater
amino acid imbalance. The fact that the
extent to which an amino acid is limiting
is affected by protein intake is now well
recognized (3, 15, 16)6and is one of the
important qualifications to the use of ref-
erence amino acid patterns for amino acid
supplementation studies of foods. As pre-
viously pointed out (1), a reference amino
acid pattern would be more useful if an
upper as well as lower limit were specified
for the amount of each amino acid per
gram of nitrogen and if the range of pro-
tein intake to which the pattern applies
were specified.

In the present study the addition of
lysine and tryptophan together markedly
improved the nutritive value of com pro-
tein as reported previously by Scrimshaw
et al. (4), Bressani et al. (5) in children
and by Truswell et al. (6) in adults. The
effect of isoleucine was small in all of
these studies. The present data give no
indication that levels of lysine, tryptophan
and isoleucine as high as those in the
FAO reference protein have any advan-
tage over somewhat lower levels. How-
ever, the optimal levels for maximal nitro-
gen balance in children cannot yet be
stated with confidence because the study
of a sufficient number of children for
statistical validity is so time-consuming
and costly that it has not been made.
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Effect of Methionine and Age of Rat on the Occurrence
of Hemorrhagic Diathesis in Rats Fed a Ration
Containing Irradiated Beef123
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ABSTRACT There was no mortality in weanling Sprague-Dawley rats fed non-
irradiated beef. A significant (P < 0.01) number of deaths occurred in the group fed
the irradiated-beef ration. Methionine reduced the mortality rate linearly (P < 0.01).
The prothrombin rate (reciprocal of prothrombin time X 1000) of rats fed an irradi-
ated-beef ration was lower (P<0.01) than that for rats fed a ration containing
nonirradiated beef. The prothrombin rate increased (P < 0.01) when the ration was
supplemented with methionine. Growth was depressed (P < 0.01) by dietary methio-
nine. Some adult Sprague-Dawley rats died of internal hemorrhages when fed a ration
containing nonirradiated beef, indicating adults were more susceptible than weanling
rats to hemorrhagic diathesis. Feeding irradiated beef increased the mortality (P <
0.01), but it was decreased (P < 0.01) by supplemental methionine. The methionine
required to prevent hemorrhagic disease in adult rats fed nonirradiated-beef diet was
less (P < 0.01) than that of rats fed irradiated beef. Feeding irradiated beef decreased
the prothrombin rate (P < 0.01) and supplementation with methionine increased the
rate (P<0.01). There was a linear (P < 0.01) decrease of body weight gain with
increasing supplemental methionine, which was less (P<0.05) for rats fed non-

irradiated beef than for those fed

It was reported by Carter and Warner
(1) that methionine administration in-
creased the Factor V (accelerator) activ-
ity. Tsien and Johnson (2) observed that
irradiated (5.58 megarads) beef per se
contained less methionine than nonirradi-
ated beef and since Mellette and Leone
(3) reported that Factor V was lowered
by feeding an irradiated-beef ration to
rats, we were led to investigate the pos-
sible role of methionine in the occurrence
of hemorrhagic diathesis.

MATERIALS AND METHODS

Ground nonirradiated or irradiated (5.58
megarads) beef was incorporated at the
level of 35% (ration solids) into a ration
which also contained: (in per cent) starch,
35; sucrose, 19; cod liver oil, 1.5; wheat
germ oil, 0.5; salt mix USP XIV, 4; and
vitamin mix, 5. The composition of vita-
min mixture was: thiamine-HCI, 50 mg;
riboflavin, 50 mg; pyridoxine-HCI, 50 mg;
Ca pantothenate (dextrorotatory), 400
mg; nicotinic acid, 200 mg; p-aminoben-
zoic acid, 1 g; inositol, 2 g; choline chlo-
ride, 20 g; and glucose monohydrate,4
976.25 g.

J. Nutrition 80: '63

irradiated-beef rations.

Beef contained 40.5% total solids,
17.1% protein, 19.8% fat and 0.8% ash
(4). The experimental procedure and care
of animals have been described (5). A total
of 102 weanling male rats were used in
4 different experiments; however, pooled
data is given. Rats were distributed into
6 groups. One group received a nonirra-
diated-beef ration without added methio-
nine. The remaining 5 groups were fed an
irradiated-beef (5.58 megards) ration sup-
plemented with zero, 0.23, 1.37, 2.06 or
2.74% DL-methionine (ration solids) at
the expense of sucrose. The animals were
kept on the experiment for 9 weeks except
in one experiment where they were fed
the experimental ration for 8 weeks and
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a group of rats fed nonirradiated beef
ration was discontinued at the end of the
seventh experimental week.

Seventy-seven adult rats (7.5 weeks old)
were distributed into 8 groups; 6 groups
received the same treatments as the 6
groups of weanling rats; remaining groups
were fed nonirradiated-beef ration supple-
mented with 1.14 or 1.83% DL-methio-
nine. Tsien and Johnson (2) reported
that 100 g of protein of nonirradiated and
5.58 megarads irradiated beef contained
2.93 and 2.16 g L-methionine, respectively.
Based on this report, the nonirradiated-
beef ration contained 0.44% L-methionine,
and 5.58 megarads irradiated beef ration
contained 0.32% L-methionine. Theirradi-
ated-beef ration supplemented with 0.23%
DL-methionine increased the amount of
available methionine to 0.55%.

The weanling rats were on experiment
for 9 weeks, the adults for 13 weeks. Blood
samples for determination of prothrombin
times (6) were taken at various intervals.
Prothrombin times do not follow the nor-
mal distribution curve and hence were
transformed into prothrombin rates (re-
ciprocal of prothrombin time for statisti-
cal analysis). In the text, prothrombin
rates are expressed as 1000/sec.

Rats that died of hemorrhage or after
a blood sample was obtained and their
prothrombin times abnormally prolonged
(longer than 20 seconds) were recorded
under “death due to hemorrhage.” Rats
that died of anesthesia or died after a
blood sample was obtained, and whose

AND E. F. REBER

prothrombin time was less than 20 sec-
onds, were recorded as accidental deaths
and were excluded from consideration in
the mortality data.

RESULTS

None of the weanling rats fed non-
irradiated beef died, but 79% of those
receiving irradiated beef without methio-
nine supplementation died within 4 weeks
(table 1). This difference was highly sig-
nificant (P < 0.01). Supplementing the
irradiated-beef ration with 0.23% DL-
methionine did not affect the mortality
rate, but 1.37% DL-methionine decreased
it from 79 to 12% at 4 weeks. The effect
of methionine added to the ration at the
level of 1.37% became less apparent with
time, 60% of the rats being dead by the
end of 9 weeks as compared with 89%
when no methionine was added. However,
when methionine was increased to 2.74% ,
no mortality occurred. There was a sig-
nificant reduction (P < 0.01) in mortality
by methionine at 4, 8, and 9 weeks. Eight-
weeks’ mortality data were tested and
showed a linear effect of DL-methionine.

Adult rats fed nonirradiated beef sur-
vived for 4 weeks, but a significant (P <
0.01) number (80%) fed irradiated beef
died (table 1). No hemorrhage or death
occurred in 4 weeks when the latter ration
was supplemented with 2.06 or 2.74%
DL-methionine. This effect of methionine
in reducing the mortality rate was highly
significant (P < 0.01). During 8 weeks,
40% of the rats fed nonirradiated beef

TABLE 1
Effect of methionine on mortality of weanling and adult male rats

Mortality (weanling)

Mortality (adults)

irra%iegtfion DL-methioninel Week Week
4 8 9 4 8 13
megarads %
6] 0 0/122 0/6 0/6 0/10 4/10 5/10
0 1.143 0/9 0/9 0/9
0 1.83 0/9 0/9 0/9
5.581 0 19/24 19/24 16/18 8/10 9/10 10/10
5.58 0.23 8/10 9/9 9/9 7/10 8710 8/10
5.58 1.37 2/17 6/16 6710 4/10 5710 6710
5.58 2.063 0/15 0/15 1/15 0/9 0/9 1/9
5.58 2.743 0/15 0/14 0/8 0/10 0/10 0/10

1Effect of methiraiine and irradiated beef highly significant (P < 0.01

e
contlnueg from the experiment.

)
r rats t?_lled/number rats per group after excluding those that died of accidents or dis-

reQnired by adult rats to prevent death due to hemorrhage was significantly lower
(P < 0.01) for those fed nhonirradiated than irradiated-beef ration.
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died, as compared with 90% fed irradi-
ated beef, a highly significant difference
(P < 0.01). The addition of 1.14% d1-
methionine to the nonirradiated-beef diet
was sufficient to prevent the hemorrhagic
disease completely. It was necessary to
add 2.06% DL-methionine to the irradi-
ated-beef ration to prevent the disease
completely. The methionine requirement
was significantly lower (P < 0.01) for rats
fed a nonirradiated-beef diet than for rats
fed irradiated beef. Mortality at 13 weeks
confirmed the results at 8 weeks; however,
2.74% supplemental methionine pre-
vented the occurrence of hemorrhagic di-
athesis to rats fed irradiated beef.

For the adult rats fed nonirradiated
beef not supplemented with methionine,
the average prothrombin rate was 67
(table 2), compared with 88 for stock
rats (5), and significantly lower (P <
0.01), 43, for adult rats fed irradiated
beef. Supplementing the rations with DL-
methionine significantly (P < 0.01) in-
creased the prothrombin rates linearly.
Rats fed nonirradiated beef required less
methionine to increase the prothrombin
rates than did rats that received irradiated
beef. When the irradiated-beef ration con-
tained 2.06% DL-methionine, the average
prothrombin rate was 87, about equal to
that for stock rats. For rats fed irradiated
beef, the percentage of plasma samples
with prolonged prothrombin time was
more than for rats fed nonirradiated beef.
Methionine supplementation decreased the

percentage of prolonged prothrombin
times.

The average prothrombin rates of wean-
ling rats fed nonirradiated or irradiated
beef were 73 and 51, respectively, differ-
ing significantly (P < 0.01). Supplement-
ing the irradiated-beef ration with 0.23%
DL-methionine had no effect on the pro-
thrombin rate. Increasing methionine to
1.37 or 2.06% , increased the prothrombin
rates significantly (P < 0.01) to 69 and
84, respectively.

Seven per cent of the plasma samples
of weanling rats fed nonirradiated beef
showed prolonged prothrombin times as
compared with 50% of the rats fed ir-
radiated beef. When the latter ration was
supplemented with 2.74% DL-methionine,
no prolonged prothrombin times were
noted. Thus, rats fed nonirradiated beef
had some hemorrhagic tendency, and high
levels of methionine could overcome this
tendency completely, even when the rats
were fed irradiated beef.

Four- and ten-weeks' body weight gains
for weanling and adult rats, respectively,
(table 3) were diminished significantly
(P < 0.01) by supplementing the rations
with DL-methionine. This effect was non-
linear for the weanling rats, 2.06 or 2.74%
methionine decreasing the weight gains
dramatically. The regression was linear
for adult rats. The effect was significantly
less (P < 0.05) for adult rats fed nonir-
radiated beef than for those fed irradiated
beef. There was no significant difference

TABLE 2

Effect of methionine on the average prothrombin rate

(1000/sec) and the percentage of

plasma samples with prolonged prothrombin times

Weanling Adult
. Beef. DL-methioninel
irradiation No. % Rate No. % Rate
samples Prolonged samples Prolonged

megarads %
0 (0] 28 7 73+£22 20 19 67+42
0 1.143 16 0 83+5
0 1.83 17 0 89+4
5.581 0 28 50 51+3 6 83 43+7
5.58 0.23 16 50 51+4 9 33 64+6
5.58 1.37 45 22 69+3 16 31 64+5
5.58 2.063 28 4 84+3 17 0 87+4
5.58 2.74 38 0 85dt3 26 4 85+4

i Effect of methionine and irradiated beef on rate significant (P < 0.01).

Ul lucecetll

ESMethionine requirement for adult rats fed nonirradiated beef was significantly (P < 0.01) less

than those fed irradiated beef.



OM P. MALHOTRA AND E. F. REBER

TABLE 3

Effect of methionine on average body weight gained by weanling and adult male rats

88
Weanling
Beef N ioni .
irradiation DL-methioninel No. Initial
rats wt
viegarads % 9
0 0 12 95
0 1.14
0 1.83
5.58 0 5 79
5.58 0.23 2 79
5.58 1.37 14 76
5.58 2.06 15 80
5.58 2.74 15 71

Adult
wt - wt
gained gcg In\:vt;al ained
(4 weeks) (1O weeks)
9 9 9
142+ 4.02 5 263 170+ 12.22
9 270 165+ 9.1
9 274 160+ 9.1
148 +6.3 1 242 183+27.4
154 9.9 2 264 159+ 19.4
137+ 3.7 5 277 170+ 12.2
113+3.6 9 274 131+ 9.1
67+3.6 10 274 111+ 8.7

i/lethionine significantly decreased (P < 0.01) the body weight gains.

e of mean.

between the weight gains by the rats fed
irradiated and nonirradiated beef in the
absence of supplemental methionine.

DISCUSSION

Forty per cent of the adult rats fed
nonirradiated beef died within 8 weeks
as compared with no mortality in wean-
lings, indicating that the adult rats were
more susceptible to the factors that cause
hypoprothrombinemia, hemorrhage, and
subsequent death. Mellette and Leone (3,
7, 8) and Doisy and Matshiner (9) ob-
served adult rats to be less resistant to
hemorrhagic disease as they died earlier
than weanlings.

There were some defects in blood coagu-
lation even in rats fed a nonirradiated-
beef diet, and these were more severe in
those fed irradiated beef. Therefore, the
implication was that radiation augmented
the factor or factors responsible for the
prolongation of prothrombin times. De-
spite the effect of methionine in reducing
the mortality rate, the occurrence of hem-
orrhage and subsequent death in rats did
not take place primarily because of the
destruction of methionine in beef by ioniz-
ing radiation. This was demonstrated by
increasing the available methionine to
0.55%, above the amount available in the
nonirradiated-beef diet, without beneficial
effect. Thomas and Calloway (10) ob-
served no appreciable change in methio-
nine in irradiated beef. Whether the me-
tabolism of sulfur-containing amino acids
in rats fed an irradiated-beef ration was
altered is not known.

There are few reports on the effect of
methionine on blood coagulation and they
are contradictory. Shin (11) reported a
decrease in prothrombin time with oral
and parenteral administration of methio-
nine in carbontetrachloride- and chloro-
form-treated rabbits. In thrombocytopenic
purpura, the beneficial effect of methio-
nine in the control of spontaneous bleed-
ing and restoration of clot retraction in
man was reported by Rabinowitz (12).
Methionine administered orally or intra-
venously prolonged both bleeding time and
coagulation time in man (13). Wilson
(14) observed no change in intravenous
coagulation time and in prothrombin time
after intravenous administration of me-
thionine to man. However, DeGowin and
co-workers (15) reported a decrease in
prothrombin and Factor V in man with
doubling or tripling of the normal intake
of methionine. When methionine intake-
was increased by 10 to 15% with vitamin
K present, the accelerator-activity values
were elevated in one patient (1).

Miller and associates (16) observed no
change in the one-stage prothrombin time
in dogs fed a diet devoid of proteins for
8 to 10 weeks. The accelerator-activity in
cholecystnephrostomized dogs fed protein-
free and methionine-free diets was almost
negligible and DL-methionine supplemen-
tation brought the activity to normal (1).
There was a moderate increase of accel-
erator-activity in normal dogs and rats
with the administration of methionine.
Carter and Warner reported faster recov-
ery of Factor V when methionine was
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given to partially hepatectomized rats, but
no effect on prothrombin. Intraperitoneal
injections of methionine to rats fed an
irradiated-beef ration improved Factor V
(Ac-globulin) but decreased prothrombin
to some extent (3).

Factor V appears to be necessary for
the formation of the prothrombin-convert-
ing substance in blood and in tissue ex-
tract (17). Because supplementation of
the irradiated-beef ration with methionine
completely prevented the occurrence of
hemorrhages, and prothrombin times re-
turned to normal, it is assumed that me-
thionine did not allow prothrombin levels
to fall. Ethionine, the ethyl analogue of
methionine, depressed prothrombin, Fac-
tor V, Factor VII, antithrombin and fibrin-
ogen (18). Pool and Spaet (19) reported
the reduced production of antihemophilic
factor. Since ethionine is considered to
interfere with methionine metabolism and
to promote its functional deficiency, it
thus presumably interferes with normal
manufacture and activity of the clotting
factors by causing functional methionine
deficiency.

Carter and Warner (1) observed an in-
crease of Factor VII in cholecystnephrosto-
mized dogs given methionine. It is a pos-
sibility that methionine increased Factor
VIl which was then converted to pro-
thrombin in rats receiving irradiated beef.
The metabolism of administered DL-me-
thionine may be different from that of
methionine bound with other amino acids
in natural proteins.

Another explanation of methionine’s
protective effect could be that it depressed
growth and hence the vitamin K require-
ment. Only 1.14% supplemental DL-me-
thionine prevented death due to hemor-
rhages in adult rats fed nonirradiated
beef and had no detrimental effect on
body weight gains. Addition of 1.37%
DL-methionine to the irradiated-beef ration
reduced the mortality from 79 to 12, and
from 90 to 50%, in weanling and adult
rats, respectively, without affecting the
growth of the rats adversely. These data
indicate that the methionine effect in pre-
venting the occurrence of hemorrhages
was not consequent upon a decrease in
growth.

IN RATS 89

Growth retardation in rats fed excessive
dietary methionine, reported here, has
been reported previously. This effect was
associated not with the d- form (20), but
with metabolism of the homocysteine
moiety of methionine and decreased feed
intake (21).
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Tissue Distribution and Excretion of Alpha-
aminoisobutyric Acid in the Rat

EFFECT OF DIETARY PROTEIN LEVEL AND COMPOSITION’

M. E. NIMNI, P. O'DAY and L. A. BAVETTA

Department of Biochemistry and Nutrition, School of Dentistry,
University of Southern California, Los Angeles, California

ABSTRACT The nature of the diet fed to rats greatly influenced the distribution
ratio of injected |-CMa-aminoisobutyric acid (AlIB) between tissues and serum, as
well as its pattern of urinary excretion. An increased concentration of AIB was ob-
served in the liver of animals maintained with deficient diets while at the same time
the non-hepatic tissues showed a decreased concentrative capacity. The levels of die-
tary protein ranging from a protein-free diet to as high as 54% casein, affected very
significantly the pattern of urinary excretion and the net AIB retention, but did not
affect to any great extent, the relative tissue distribution. At high protein levels the
urinary loss of AIB was greatly enhanced. The large amount of stored AIB in the
tissues of rats fed low protein diets over an extended period was immediately mobilized
and excreted when the protein content of the diet was suddenly increased. The im-
portance of taking into account the nature, as well as the amount, of the diet consumed

during studies on amino acid distribution is stressed.

The use of unmetabolizable amino acids
as a means of studying transport mecha-
nisms both in vivo and in vitro was initially
suggested by Christensen and co-workers
(1). These workers also demonstrated
that the distribution of these amino acids
between tissues and serum can be corre-
lated with the capacity of that particular
tissue to selectively incorporate amino
acids into its cells, by means of an active
transport process (2).

We have previously observed (3) that
the injection of labeled amino acids into
animals receiving testosterone propionate
resulted in an increased radioactivity in
the nonprotein fraction of sex linked tis-
sues. On the other hand a similar increase
in the radioactivity of the nonprotein frac-
tion of other tissues was observed under
conditions of growth inhibition induced
by toxic levels of dietary tryptophan (4).

These observations encouraged us to
conduct further experiments on problems
related to intracellular amino acid accumu-
lation as a result of dietary factors. The
use of an amino acid such as a-aminoiso-
butyric acid (AIB), which cannot be in-
corporated into tissue protein nor metab-
olized, proved very suitable for our pur-
pose.

In the following experiments the tissue
distribution of AIB and its pattern of uri-
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nary excretion under the influence of diets
differing both in the quality as well as the
quantity of their protein content was in-
vestigated.

EXPERIMENTAL PROCEDURE

Male albino rats of the Holtzman strain
were used. The basal diet, to which dif-
ferent protein and amino acid supplements
were added, consisted of the following in
grams: cornstarch, 143; HMW salt mix-
ture (5), 10; cottonseed oil, 10; choline-
HC1, 0.4; and vitamins (6). Vitamin-free
casein, zein and gelatin were used as pro-
tein sources. L-Leucine, L-isoleucine and
DL-tryptophan were added at the levels in-
dicated in table 1. The zein diet was sup-
plemented as indicated by Geiger et al. (7)
with an amino acid mixture at a 6% level.
All rats were injected subcutaneously
with 0.5 uc of AIB- I-C'VIOO g of body
weight (5 uc /ml normal saline) specific
activity, 6.05 mc/mmole. The animals
were killed at different intervals following
the isotope injection by overexposure to
ether after bleeding by cardiac puncture.
The organs under investigation were re-
moved and aliquots homogenized to a 100
mg/ml suspension in 0.1 N acetic acidi
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TABLE 1

Food consumption, changes in body weight and protein efficiency ratio (PER) of rats
fed different unbalanced diets and varying in their protein content

Avg
Basal diet food .
consumption
g/day
9% Casein 13.7+0.561
+ 3% Leucine 12.9+0.40
+ 3% Leucine
+ 0.5% isoleucine 13.4+0.42
18% Casein 13.8+0.47
+ 3% Leucine 14.1+0.36
18% Zein 8.2+0.32
+ 6.2% Amino acid
mixture2 11.8+0.42
18% Gelatin 8.2+0.30
+ 2.5% Tryptophan 10.0+£0.47

1Mean * se

2Amino _acid mixture: L-arginine, 1 g;

Average

Saily, fintaKe. PER
9/day g/day
3.6 1.24 2.90
25 1.55 1.61
3.3 1.67 1.98
55 2.48 2.21
55 2.96 1.86
-0.9 1.47
1.4 291 0.48
-1.0 1.47
0.6 1.83 0.33

E-histidine, 0.5 g; L-tryptophan, 0.25 g; L-lysine, 1.2 g;

E-cystine, 0.25 g; DL-threonine, 1.2 g; DL-valine, 1.6 g.

(pH 5). Samples were deproteinized by
heating at 75°C, centrifuged and the su-
pernatant plated on aluminum planchéis,
and finally counted with a gas-flow ultra-
thin window Geiger-Muller tube. These
values were compared with those in serum
to determine the concentrative capacity
of the organ in question. The distribution
ratio was calculated.

The urinary excretion studies were con-
ducted with animals maintained in in-
dividual stainless steel metabolic cages.
The animals started to be fed their respec-
tive diets two days previous to the injec-
tion of AIB. The daily urine output was
filtered, diluted, and an aliquot counted
for radioactivity. Values are expressed as
the percentage of the injected radioactivity
excreted daily.

RESULTS

The changes in body weight exhibited
over the 21-day period by rats fed the dif-
ferent diets is shown in figure 1 These
results are in general agreement with ob-
servations reported in the literature. How-
ever, this experimental approach is pres-
ently being used to study whether the re-
sults observed may not be related, at least
in part, to disturbances in amino acid
transport mechanisms. Thus as shown by

Harper and co-workers (8) the addition of
3% leucine to a 9% casein diet caused
an imbalance, as evidenced by growth in-
hibition, which was almost completely pre-
vented by the further supplementation
with 0.5% isoleucine. At higher protein
levels (18% casein) the same amount of
leucine supplementation did not cause a
growth inhibition.

Growth was also inhibited in animals
fed the zein or gelatin diets. However, the
addition of a mixture of missing and phys-
iologically unavailable amino acids to the
zein diet (7) and tryptophan to the gela-
tin diet improved growth.

The food consumption and the protein
efficiency ratio (PER) calculated on the
basis of the body weight increment per
gram of dietary protein is shown in table 1
The most efficient protein utilization oc-
curred at the lower level of casein and
was decreased in all instances by the addi-
tion of leucine to the diet.

At the end of a three-week adaptation
period all rats were injected subcu-
taneously with 0.5 jc of AIB/100 g of body
weight. They were killed 24 hours later,
serum and tissues were taken and analyzed
for radioactivity. No AIB whatsoever was
incorporated into the protein fractions and
all radioactivity was associated with the
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Fig. 1 Changes in body weight of rats fed different diets at various protein levels.

deproteinized tissue extract. The distribu-
tion of AIB in the various tissues 24 hours
following its administration to the differ-
ent groups is shown in table 2.

The serum specific activity was lowest
in the casein-base diets. It was signifi-
cantly increased in the serum of rats fed
the diets containing the incomplete pro-
teins zein and gelatin. With the exception
of the liver, where significantly higher
distribution ratios were obtained for rats
fed the zein or gelatin diets, AIB was much
less efficiently concentrated in tissues of
rats fed diets producing poorest growth

increments (table 2). This pattern of AIB
distribution caused by amino acid defi-
ciency is very similar to that reported by
Riggs and Walker (9) for vitamin B6defi-
cient rats. No significant differences were
observed with the 9% casein diets as a
result of amino acid imbalance.

The effect of the level of dietary protein
on the urinary excretion of AIB following
a single tracer dose of this compound is
shown in figure 2. Rats fed the higher
protein levels showed a marked initial
peak in their excretory pattern immedi-
ately following the injection. The urinary
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BLE 2

Effect of amino acid imbalance and deficiency on the a-aminoisobutyric acid (AIB) distribution ratio
in the tissues of the rat

Serum
Basal diet specific
activity 23 Liver
9% Casein 1530+593 1.82
+ 3% Leucine 1480 + 96 2.12
+ 3% Leucine
+ 0.5% isoleucine 1490+81 1.85
18% Casein 1410+ 107 1.89
+ 3% Leucine 1200+58 2.13
18% Zein 2200+95 4.58
+18% Amino
acid mixturel 1680+82 2.25
18% Gelatin 2790216 3.65
+ 0.25% Tryptophan 2600+205 2.05
l1Each value is the average of 7 rats, 24 hours

per gram wet tissue/count/min per milliliter serum.
specific activity: count/min/m|l serum.

se.

2Serum
3Mean
4see footnote 2,

+

table 1.

radioactivity gradually decreased towards
the end of the experiment. Rats fed the
18% casein and gelatin diets showed a
rather similar and constant rate of radio-
active output in their urine. Rats con-
suming the protein-free diet, after a small
initial peak in their excretion, showed the
maximal AIB retention.

Figure 3 shows the urinary radioactive
excretion of rats fed a 9% casein diet dur-
ing 17 days following the tracer AIB dose,
and then changed to a diet with 54%
casein. Immediately following the change
in diet, excretion of radioactive AIB in-
creased in these rats through mobilization
of their body stores of AIB. Preliminary
experiments using a diuretic agent indi-
cate that the increased excretion of AIB
under conditions of high nitrogen intake
is not due to the resulting increase in
urinary volume.

The rats whose urine excretion curves
are shown in figure 2 were killed at the
end of the seventeenth day and serum and
tissues analyzed for their specific activity.
The data are presented in table 3. As pro-
tein levels in the diet increased, the body
stores of AIB were rapidly depleted, as
suggested by the increased urinary output

after isotope administration;

Distribution ratio of AIB 1

Gastroc-

Kidney fﬂ':;:‘: nemius  Heart Brain Skin
muscle

17.0 2.80 3.12 6.82 1.65 5.22
19.1 3.58 3.11 6.34 1.84 4.98
16.8 3.16 3.01 6.85 1.76 5.06
12.6 3.46 3.32 7.32 1.63 5.43
15.9 3.98 3.62 7.76 1.84 6.35
9.77 1.81 1.63 4.63 1.72 1.98
10.35 2.84 2.52 521 1.72 4.46
7.53 1.21 1.33 3.26 1.40 1.66
12.98 1.05 1.37 3.25 1.36 2.01

distribution ratio: count/min

and confirmed by tissue analysis. At the
54% casein level the radioactivity remain-
ing in the blood and other tissues was al-
most insignificant.

The serum levels of AIB decreased very
rapidly with the increasing levels of die-
tary protein. The tissue/serum distribu-
tion ratio did not change appreciably,
indicating that the loss of radioactivity
was a generalized effect. The lowest con-
centrating capacity of skeletal muscle was
evidenced during the feeding of the 18%
gelatin and protein-free diets, whereas the
ratio for skin approached unity in these
instances.

DISCUSSION

The nature of the diet significantly al-
tered the distribution pattern for AIB in
several tissues of the rat. Whereas brain
concentrated AIB almost independently of
the nutritional status of the animal, other
tissues showed marked correlation be-
tween growth and their capacity to retain
AIB. Serum AIB levels 24 hours following
its subcutaneous administration was high-
est in those animals consuming the mark-
edly deficient diets and lowest in the sup-
plemented and casein groups.
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Fig. 2 Urinary excretion of CH following the injection of a single dose of aminoisobutyric
acid-1-CH4 to rats fed diets differing in their protein content and quality. Values are expressed as
the percentage of the injected dose excreted.
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DAYS

casein diet

during 17 days following a single dose of tracer amino acid, and then changed to a 54%
casein diet. Values are expressed as the percentage of the injected dose excreted in the urine.

TABLE 3

Effect of different dietary protein levels on the distribution ratio of I-C 4a-aminoisobutyric acid 17
days following its administration to rats

. Serum
Basal diet specific i i
activityl Liver Kidney
Protein-free 1020+952 1.67 10.2
18% Casein 270+£30 1.73 16.7
36% Casein 60+ 11 2.30 19.5
54% Casein 8+2 20.0
18% Gelatin 500+53 2.74 14.3

1Count/min/ml deproteinized serum.
2Mean x= se.

The increased serum radioactivity of
the growth-retarded animal may be caused
by a decrease in the tissue uptake or uri-
nary output. This decreased tissue uptake
was most marked for the skin, skeletal
muscle and kidney. Nevertheless, and in
contrast, an increased radioactivity in the
liver of these animals appears to reflect
catabolic activity at this site, where most
of the degradation of amino acids is
known to occur. Noall et al. (10) demon-

Distribution ratio

Gluteus

Heart Spleen Brain muscle Skin
3.67 1.73 1.82 1.37 0.95
4.75 3.02 1.92 2.68 2.95
4.50 3.67 3.50 3.0 2.65
3.8 3.5 15 4.5

4.80 2.0 1.72 1.34 0.90

strated that plasma amino acid radioactiv-
ity decreased as a result of hydrocortisone,
or epinephrine, but increased in the liver.
Christensen et al. (11) showed that plasma
amino acids in man decreased after stress
and that liver amino acids increased after
surgery in rats. It thus appears reason-
able that the high levels of AIB in the
liver of rats fed gelatin or zein diets
should correlate with the high rate of
amino acids being sent there for catabolic
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purposes. In general the concentrative
ability of tissues was lowest in those ani-
mals receiving the unsupplemented gela-
tin or zein diets. The supplementation of
these diets with the missing and physio-
logically unavailable amino acids tended
to normalize the distribution.

At the lower level of dietary casein, the
addition of leucine caused an imbalance
that could be overcome by isoleucine sup-
plementation. This is reflected in the body
weight changes and also in the protein
efficiency ratio of these animals. It never-
theless did not significantly alter the capa-
city of the various tissues studied to
concentrate AIB. To further distinguish
between quantity and quality of the die-
tary protein intake, the levels of protein
in the diet were varied and urinary AIB
excretion followed over a 17-day period.
The amount of AIB excreted in this period
paralleled roughly the protein levels in
their diets.

The increased rate of excretion of AIB
which follows the feeding of a high pro-
tein diet may reflect a faster exchange
rate of amino acids between cells and
extracellular fluids. An increased influx
into the cell caused by the greater avail-
ability of amino acids may stimulate an
increased efflux through stimulation of
the transport mechanisms. It might also
be a reflection of the decreased “amino
acid hunger” of tissues (10) as a result
of the high levels of dietary protein.

The dramatic increase in urinary AIB
excretion which occurred when changing
animals from a 9% casein diet to one
containing 54% casein supports the view
that during the flooding of the tissues with
dietary amino acids, the efflux of the in-
tracellular AIB is greatly enhanced. This
would lead to a depletion of the tissue
stores of AIB and to its final appearance
in the urine (table 3). At the lower levels
of dietary protein, the amount of AIB
retained in the organism was very high
compared with the almost insignificant
level remaining after 17 days of feeding
the high protein diets. This may also re-
flect the “leaching out effect” stimulated
by the high levels of dietary protein. At
low protein levels a sparing effect for
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amino acid conservation by the cells may
be responsible for the AIB retention. The
rats fed protein-free diets maintained high
levels of serum AIB, whereas serum radio-
activity was almost negligible in those fed
the high protein diets. The distribution
ratio within the different groups was not
drastically altered. The concentrative ca-
pacity of the renal cells as measured by
the distribution ratio, tended to increase
with increasing protein levels of the diet.
When rats were fed casein and gelatin
at a similar level (18% ) over a prolonged
period, the latter retained significantly
more AIB in their tissues at the end of
the experimental period on the basis of
absolute values, although their concentra-
tive capacity was not altered as may be
noticed by the similarity in their distribu-
tive ratio. The fact that higher levels of
AIB are retained by the gelatin fed rats
than the casein fed rats, despite their
urinary excretion being very similar, may
suggest differences in the fecal AIB out-
put. In this connection, using everted in-
testinal sacs, Akedo and Christensen (12)
observed that the intestinal mucosa ac-
tively concentrated AIB from the serosal
fluid.
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ABSTRACT Weanling rats fed diets containing amounts of proteins and amino
acids that were suboptimal for growth showed a reduction in the plasma ratio of
essential-to-nonessential amino acids (EN ratio) when this ratio was compared with
that of rats fed 18% casein diets. For young adult rats fed 18, 8 and 4% casein,
there was a decreased plasma EN ratio in rats fed the low casein diets. Glycine
supplements in the diet also decreased the EN ratio in the plasma of both weanling
and young adult rats. Glutamic acid supplements fed to young adult rats did not
have this effect. The decreased plasma EN ratios were the net result of a decrease in
essential amino acids and, in most instances, an increase in nonessential amino acids.
The limiting essential amino acid in the diet was reduced in the plasma to the greatest

degree, but the levels of other essential amino acids were also affected.

A number of investigations with ani-
mals (1-3) have demonstrated relation-
ships between the plasma amino acid
concentrations and the amino acid com-
position of the ingested diet. A previous
study (4) indicated that when nonessen-
tial nitrogen supplements were added to
a low casein basal diet, weanling rats fed
those diets had a reduced rate of growth
and a decreased ratio of essential-to-non-
essential amino acids (EN ratio) in blood
plasma. In the present study molar EN
ratios were determined in the plasma of
rats fed different kinds and amounts of
proteins and amino acids. The observa-
tion (5) that human subjects receiving
low protein diets for periods of 30 days
or longer showed decreased plasma EN
ratios gave impetus to these experiments.

EXPERIMENTAL

Weanling male rats (Sprague-Dawley
strain) weighing between 50 and 60 ¢
were fed the experimental diets for periods
of 4 weeks. The experimental procedures
and the diet have been described previ-
ously (4) with the exception that in the
present study the nitrogen-containing com-
ponents of the diet were varied. The
sources and amounts which were fed are
shown in table 1

Young adult male rats (Sprague-Daw-
ley strain), 3 months of age and weighing

J. Nutrition, 80: '63

approximately 350 g, were used for some
experiments. They were fed the experi-
mental diets for periods of 2 weeks. Again
the nitrogen-containing components of the
diet were varied and the sources and
amounts which were fed are shown in
table 2.

The amino acids were determined in
picric acid extracts of pooled samples of
blood plasma from 5 or 6 nonfasting rats
prepared according to the procedures of
Tallan et al. (6). The analyses were made
by ion-exchange chromatography using a
Beckman-Spinco instrument.

RESULTS

Values are recorded in table 1 for the
total essential amino acids (including cys-
tine and tyrosine), the total nonessential
amino acids and the EN ratios derived
therefrom in plasma of weanling rats re-
ceiving various amounts and kinds of die-
tary nitrogen. All values are presented on
a molar basis. With 18% casein in the
diet, the amounts of both essential and
nonessential amino acids and conse-
quently, the EN ratio, were very similar
as determined in 3 separate experiments
(groups 1, 4 and 7). When the amount
of casein in the diet was reduced to 8%1

Received for publication December 27, 1962.
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TABLE 1

Total amounts and molar ratios of essential and nonessential amino acids in
blood plasma of -weanling rats

A ¢ Toti%! | Total tial
Diet vg W essentia nonessential ;
Group treatment gag|n]_ amino amino EN ratio3
acids2 acids
limdles/ liméles/
9 100 ml 100 ml
i 18% Casein 13213 202 200 1.01
2 8% Casein 34+ 1 151 297 0.51
3 8% Casein+ 0.3% DL-methionine 96+ 7 109 188 0.58
4 18% Casein 150+ 2 204 223 0.92
5 18% Wheat gluten 20+ 1 120 280 0.43
6 18% Wheat gluten+ 0.5% L-lysine 74+5 138 370 0.37
7 18% Casein 144 +2 195 215 0.91
8 18% Casein+ 7.5% glycine 111+ 6 105 358 0.29
1Mean of 6 rats 4- se for 28-day period.
2Includes cystine and tyrosine. . i i
3Molar ratio of essential-to-nonessential amino acids.
TABLE 2
Total amounts and molar ratios of essential and nonessential amino acids in
blood plasma of young adult rats
Ava wt Tot%l | Total tial
Diet Vi essential nonessential :
Group treatment ge?lnl amino amino EN ratio3
acids2 acids
limdles/ liméles/
100 ml 100ml
i 18% Casein 32+4 147 198 0.74
2 8% Casein+ 0.3% DL-methionine 21 +3 131 217 0.57
3 4% Casein+ 0.15% DL-methionine —7+4 107 256 0.42
4 8% Casein+ 0.3% DL-methionine
+ 7.5% glycine —9+8 86 308 0.28
5 18% Casein+ 7.5% glycine + 7+6 110 260 0.42
6 18% Casein+14% L-glutamic acid + 334 141 194 0.73

1Mean of 6 rats + se for 14-day period. Rats weighed approximately 350 g at beginning of experiment.

2Includes cystine and tyrosine. . . .
3Molar ratio of essential-to-nonessential amino acids.

(group 2), the growth rate was lower and
the plasma EN ratio was also lower. When
the 8% casein diet was supplemented
with methionine, the most limiting amino
acid (group 3), the growth rate was in-
creased, but not to the level of that ob-
tained with the 18% casein diet, and the
plasma EN ratio remained low. With the
18% wheat gluten diets (groups 5 and 6)
the growth rate was below that obtained
when 18% casein diets were fed and the
plasma EN ratios were also lower. Adding
a glycine supplement to the 18% casein
diet caused a slight reduction in growth
rate (group 8) and a low plasma EN ratio.

In all instances of lowered plasma EN
ratios, there was a reduction in total es-
sential amino acids and in most instances,
an increase in the nonessential amino

acids. However, neither the decrease in
EN ratio nor the decrease in total essen-
tial amino acids was proportional to the
decrease in growth rate. Possible expla-
nations for this can be found in a con-
sideration of the values for the individual
essential amino acids in plasma from rats
being fed the different diets (table 3). It
can be seen that the concentrations of
many of the amino acids are altered in
animals fed the various diets when these
concentrations are compared with those
from rats fed 18% casein. In all in-
stances, the amino acid limiting for growth
appears to be reduced to the greatest de-
gree. Hence, the total concentration of
essential amino acids is dependent not
only on the net result of the changes in
individual amino acid levels, but also on
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TABLE 3

Essential amino acids in blood plasma of weanling rats fed diets differing in protein and amino acid
content (all values are pmoles/100 ml)

Diet fed
Essential % 18% o
amino e T aheat %
casein casein +0.3% gluten 55 + 7.5%
DL-methionine L-lysine glycine
Threonine 47.3 28.1 5.6 47.0 9.2 12.5
Valine 25.2 16.5 10.7 13.8 18.1 16.0
V2 Cystine 35 0.4 1.9 2.2 3.8 1.4
Methionine 7.4 3.4 55 31 51 5.8
Isoleucine 10.1 6.8 54 7.0 111 7.2
Leucine 17.8 11.6 8.6 12.9 17.9 12.0
Tyrosine 13.4 7.9 6.3 55 11.5 52
Phenylalanine 6.8 5.4 3.2 53 7.9 3.8
Lysine 55.6 50.2 50.2 4.1 28.3 36.1
Tryptophan 3.7 1.3 1.5 0.4 2.7 1.5
Histidine 5.4 9.6 55 9.2 8.6 2.7
Arginine 8.3 10.4 7.7 9.2 14.2 3.8

the identity of the limiting amino acid,
and these various factors are not neces-
sarily correlated with the rate of growth.

Evidence for the limiting dietary amino
acid being most reduced in plasma is
shown in the case of the 18% wheat glu-
ten diet where the limiting dietary amino
acid, lysine, was reduced to the greatest
degree as compared with values obtained
with the 18% casein diet (table 3). When
lysine was added to the diet, the second
limiting dietary amino acid, threonine (7),
was most reduced in blood plasma. Simi-
lar relations hold for the 8% casein diet
where the sulfur-containing amino acids
were limiting and the 8% casein diet sup-
plemented with methionine where threo-
nine was limiting (8). From this relation-
ship it appears that when glycine is added
to the 18% casein diet, threonine becomes
the limiting amino acid for growth be-
cause it was the amino acid reduced to
the greatest degree in plasma.

The increase in the nonessential amino
acids which was associated with lowered
EN ratios in most of the diets studied
(table 3) reflected a general increase in
individual amino acid concentration (not
shown in table) except in the case of the
glycine-supplemented diet. With this diet,
only glycine and serine were increased in
the plasma and the other nonessential
amino acids were reduced.

In table 2 are given EN ratios of young
adult rats receiving diets containing dif-

ferent amounts of casein for 2-week peri-
ods. Here again a decrease in the amount
of casein fed resulted in a reduced EN
ratio as the net result of a decrease in
essential amino acids and an increase in
nonessential amino acids. However, the
8% casein-methionine supplemented diet
did not produce as great a change in
plasma amino acid concentrations as oc-
curred with the weanling rats (table 1).
The addition of glycine to either an 8%
casein-0.3% methionine diet or an 18%
casein diet caused a decrease in EN ratio
with a substantial reduction in essential
amino acids. The addition of glutamic
acid to an 18% casein diet had no effect
on the EN ratio.

Again in these experiments with young
adult rats (table 2) the limiting amino
acid, threonine, was the most reduced of
the essential amino acids in plasma when
the EN ratio was decreased. It was re-
duced from a value of 32.5 umoles/100 ml
with the 18% casein diet (group 1) and
to 22.7 nmoles with the 8% casein-0.3%
methionine diet (group 3). When glycine
was added to the 8% casein-methionine
supplemented diet (group 4) the plasma
threonine value was 8.8 umoles/100 ml.
Also, the increase in nonessential amino
acids associated with the low EN ratios
was the result of a general increase in all
nonessential amino acids except in the
instance of the glycine supplement where
the increase was confined to glycine and
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serine. These results with young adult
rats are therefore similar in many respects
to results obtained with weanling rats,
with the exception that the level of casein
in the diet of the young adult must be
lower to produce comparable changes in
plasma amino acids.

DISCUSSION

The experiments reported here add to
the increasing evidence that plasma amino
acids can serve as valuable indicators in
studies of protein nutrition. The results
confirm those of other investigators (1-3)
that the limiting dietary amino acid is
most reduced in the plasma and support
the hypothesis that measurement of the
plasma amino acids will reveal the amino
acid limiting in the diet.

In addition, it has been shown that re-
duced EN ratios are associated with sub-
optimal protein intakes in the growing rat
and also with low protein diets in the
young adult rat. These decreased EN ra-
tios occurred not only when the ratio of
essential-to-nonessential amino acids in
the diet was lowered by nonessential
amino acid supplementation but also when
the dietary ratio remained the same as
in the experiments involving different die-
tary levels of casein. These results with
experimental animals confirm and extend
observations obtained with human sub-
jects (5) which show an association of
low protein diets and low EN ratios. It
appears that the plasma EN ratio might
prove to be a sensitive measurement of
protein nutritional status and that the use
of this criterion and possibly other plasma
amino acid ratios should be further ex-
plored.

The increase in nonessential amino
acids, which usually occurs when the EN
ratio is reduced, can perhaps be explained
on the basis of continued synthesis of
these compounds in the face of restricted
protein synthesis. This process is neces-
sarily dependent on adequate amounts of

MARIAN E. SWENDSEID, JUANITA VILLALOBOS AND BARBARA FRIEDRICH

dietary nitrogen. In table 1, plasma non-
essential amino acids were higher with

the 18% wheat gluten diets than with
the 8% casein diets.
The reduction in essential amino acid

plasma levels associated with glycine sup-
plementation is apparently not a charac-
teristic effect of all nonessential nitrogen
sources since administration of isonitrog-
enous amounts of glutamic acid did not
produce these results. This effect of die-
tary glycine on plasma amino acids can-
not readily be interpreted. It may be that
glycine interferes with the absorption of
amino acids, but it is also possible that
high concentrations of glycine or serine
in plasma might affect the activity of
certain enzyme systems.
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Modifying Effect of Diet on Daily Variations of
Certain Liver Constituentsl
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ABSTRACT The sequential effect on certain liver enzymes and on liver glycogen
of high-carbohydrate or carbohydrate-free meals was studied in rats either adapted to
high-carbohydrate or carbohydrate-free diets. The pattern of glycogen deposition and
repletion on the various treatments was indicative of a rapid takeover of gluconeogenic
reactions to maintain appreciable glycogen stores during a carbohydrate-free dietary
regimen. This ability disappeared following a single high-carbohydrate meal. The
activity of glutamic-pyruvic transaminase (GPT) varied significantly with respect to
time after feeding. This effect was somewhat modified by the carbohydrate-free,
high-fat regimen. Glucose-6-phosphatase (G-6-Pase) activity showed some evidence
of substrate induction 24 hours after high-carbohydrate meals, but this also dis-
appeared during carbohydrate-free feeding. Glucose-6-phosphate dehydrogenase (G-6-
PDH) exhibited no definite 24-hour pattern, but its activity was depressed consider-
ably during the carbohydrate-free regimen. At 24 hours after a meal of the
high-carbohydrate diet, however, G-6-PDH activity was significantly increased over

previous values obtained during carbohydrate-free feeding.

In studies of pemmican as a survival
ration our interest has been directed to-
ward the maintenance of blood glucose
levels (1) and glycogen storage in the
liver (2). We, as well as others (3) have
shown that animals fed carbohydrate-free
diets can maintain appreciable levels of
liver glycogen. It is well known, however,
that these entities fluctuate widely as a
result of ingestion of food. Changes in
enzyme activity related to time after feed-
ing also have been reported (4). Conse-
quently, in comparing some of the reac-
tions which may be involved in the
regulation of gluconeogenesis during vari-
ous dietary regimens, it appeared to us
that more valid information could be
obtained by training animals to eat meals
than by allowing them to nibble freely.
In the experiments reported here we stud-
ied the activities of glutamic-pyruvic trans-
aminase (GPT), glucose -6 - phosphatase
(G-6-Pase) and glucose-6-phosphate dehy-
drogenase (G-6-PDH) — as well as levels
of liver glycogen — as related to time after
ingestion of high-carbohydrate and car-
bohydrate-free (pemmican) meals in rats
either adapted or not adapted to the pem-
mican diet.

J. Nutrition 80: '63

METHODS

Male, Sprague-Dawley rats were trained
to eat their daily ration within a 2-hour
period. The high-carbohydrate diet con-
tained 18% casein, 68% sucrose, 10%
vegetable oil, 4% USP salt mixture no. 2,
and all required vitamins. The carbohy-
drate-free diet consisted of Quartermaster
Meat Food Bar (hereafter called pem-
mican) supplemented with bone meal to
give levels of 46% protein, 46% fat and
8% salts. Rats adapted to pemmican were
maintained for at least 6 weeks with this
diet — the high-carbohydrate rats were
maintained for at least three weeks with
their diet. When Kkilled, body weights were
250 to 300 g.

Animals were killed 4,8,16 and 24 hours
after the final meal. Methods used for
the assay of liver G-6-Pase, G-6-PDH, and
glycogen have been described previously
(2, 5). The GPT was assayed by the
method of Wroblewski and LaDue (6).
Enzyme activities are expressed as micro-1

Received for publication October 13, 1962.

1The views expressed are those of the authors and
do not necessarily represent Air Force policy. The
experiments were conducted according to the” “Rules
Regarding Animal Care” as established by the Amer-
ican Medical Association, (AFR 160-94).
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TABLE 1
Response of various liver constituents to experimental treatments

Time
after

Liver wt/

Glutamic- Glucose-6-

Glucose-6-

Meal Glycogen ruvic hosphate
ea meal yeos 100gbodywt ¢ Rfiminase ~ Phosphatase de?lydrggenase
hours % of fresh wt jimoles/100 g body weight
Adapted to high carbohydrate
High carbohydrate 4 4.65+0.341 3.88+ 0.13 147+ 13 46.0+3.2 24.8%4.1
8 8.09+0.38 454+ 0.12 174+7 (8)2 453+2.8 29.1+2.8
16 4.58+0.65 3.92+0.22 203+ 10(8) 41.3+ 15 34.3+3.3
24 1.05+0.15 3.45+ 0.17 160+ 17(8) 47.6+ 1.3 33.9+6.5
Carbohydrate-free
(pemmican) 4 0.43+0.21 3.24+ 0.10 171+6 43.7+2.9 23.5+3.0
8 0.90+0.15 3.63+0.08 179+ 11(8) 46.6+2.9 28.7+4.5
16 2.39+0.30 3.70+0.03 220+ 11(8) 44.7+1 .4 33.3+5.6
24 1.75+ 0.19 3.61+ 0.11 191+11(8) 48.3+3.3 26.8+3.9
Adapted to pemmican (carbohydrate-free)
Carbohydrate-free
(pemmican) 4 1.96+ 0.32 4.03+ 0.13 179+10 40.1+2.4 4.8+ 15
8 2.79+0.22 4.32+ 0.03 188+ 14(8) 43.6+0.9 4.4+0.5
16 2.91+0.09 4.05+0.05 207+ 6 (7) 45.8+ 1.3 3.0+0.3
24 2.15+0.26 3.59+0.08 176+6 (8) 40.1+2.2 3.7+ 04
High carbohydrate 4 4.13+0.36 4.13+ 0.24 154+24 43.3+5.7 4.9+0.5
8 7.09x0.40 4.29+ 0.11 156+9 (8) 40.6+2.6 4.7+ 04
16 5.60+0.32 4.02+ 0.14 214+ 3 (6) 41.0+ 1.7 3.4+0.6
24 1.09+0.23 3.31+0.11 183+11(8) 46.9+2.9 9.6+ 11

1se of mean.

2Animals per group for this assay. Means not marked represent 5 animals.

moles of substrate converted per minute
per 100 grams of body weight, since this
mode of expression seems to us to be more
relevant to dietary adaptation where
changes in liver to body weight ratios may
be quite marked (table 1). Liver-to-body
weight ratios were calculated from body
weights obtained just before the respective
meals were offered.

RESULTS AND DISCUSSION

Results are summarized in table 1. They
are arranged so as to present a reasonable
sequence of events, reading from top to
bottom. First, diurnal events in the liver
during the feeding of high-carbohydrate
meals were measured. Then, enzyme and
glycogen responses to the first 24 hours of
adjustment to a carbohydrate-free meal
were observed. After adaptation for 6
weeks to the carbohydrate-free meal, the
diurnal responses to a pemmican meal
were measured. Finally, the first stages
of de-adaptation from pemmican were
studied by feeding a high-carbohydrate
meal.

After feeding a high-carbohydrate meal
to carbohydrate-adapted rats, there was an

initial rapid deposition of liver glycogen
and later removal until quite low levels
were reached. Upon receiving a carbohy-
drate-free meal, these levels decreased
even further for a while, but by 16 hours
synthesis of glycogen was evidently pro-
ceeding, probably from protein. At 24
hours, 1.75% remained. After the ani-
mals had received the carbohydrate-free
diet for 6 weeks, liver glycogen, following
a carbohydrate-free meal, did not reach an
appreciable peak at 8 hours, whereas at-
24 hours, over 2% still remained in the
liver. Finally, upon receiving one meal of
the high-carbohydrate diet, rats that were
adapted to pemmican exhibited the same
pattern of glycogen deposition as the rats
not adapted.

Thus, rats receiving this type of carbo-
hydrate-free diet maintain appreciable
levels of liver glycogen during the 24
hours following a meal. They appear to be
less dependent on glycogen for either gly-
colytic reactions or blood sugar formation,
or both, for their glycogen levels do not
fall as precipitately as with rats fed a
high-carbohydrate diet. This ability to
maintain glycogen levels evidently disap-
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pears immediately upon receiving only
one high-carbohydrate meal, for glycogen
content again decreased to the low 24-
hour level observed before. These obser-
vations are in line with results reported by
Samuels et al. (7) and Page and Babineau
(8) who showed that animals fed high-
fat rations are able to maintain higher
liver glycogen levels when fasted.

It might be expected, then, that during
pemmican feeding, gluconeogenesis would
be increased and that this increase would
be reflected in elevated levels of G-6-Pase
and GPT (9, 10). As the results show,
however, the activity of GPT was not ele-
vated significantly after ingestion of pem-
mican if the activities at identical times
after feeding are compared. Another per-
tinent point is the rather wide variation
in activity at different times after feeding.
Especially in animals fed a high-carbohy-
drate meal, the highest values (16 hours)
were 39% higher than the lowest (4
hours). This pattern was modified some-
what when pemmican was fed, in partic-
ular following adaptation to this diet when
the peak elevation was only 16% higher
than the lowest value observed.

The failure of GPT activity to increase
as a result of the increased protein intake
from pemmican was somewhat unex-
pected, since Rosen et al. (10) and Mura-
matsu and Ashida (11) have shown that
GPT activity increases with increased pro-
tein intake. We have also observed2 that
the cold-induced increase in GPT activity
is apparently a simple response to in-
creased protein intake. It is possible that,
in the present experiments, the simultane-
ously increased fat intake nullified the ef-
fect of increased protein as well as modi-
fied the pattern of GPT activity following
a meal.

The only noticeable response in G-6-Pase
activity occurred at 24 hours versus 16
hours when the animals had been fed a
high-carbohydrate meal. It is our opinion
that this slight increase could be a tempo-
rary response to substrate (glucose-e-phos-
phate) arising from glycogen mobilization.
That it is not a stress response to blood glu-
cose depletion appears to be indicated by its
failure to increase further after the first
meal of pemmican, when no sugar was
ingested and glycogen decreased to even
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lower levels. In this connection, no diffi-
culty was encountered in persuading rats
to eat the unfamiliar pemmican; hence,
as far as the animal as a whole was con-
cerned, the fasting period did not extend
beyond 24 hours.

Glucose-6-phosphate dehydrogenase ac-
tivity decreased to virtually minimal levels
after 6 weeks of the pemmican diet. We
have observed previously that no depres-
sion in its activity occurred when a carbo-
hydrate-free diet of 90% protein was fed
(12). In the present experiment, how-
ever, although the fat content was only
46%, activity decreased to levels compar-
able to those previously observed with
70% fat diets containing much less pro-
tein (12). The retarding influence of die-
tary fat on absorption may be involved
here, in that fat may prevent flooding of
certain systems with consequent substrate
induction. The reduced activity of this
enzyme (13), as well as “malic enzyme”
(14), reported during stock diet feeding
may possibly be related to the slower rate
of release of starch-derived glucose.

When fed a high-cabohydrate meal,
these pemmican-adapted rats exhibited a
significant increase in G-6-PDH by the end
of the 24-hour period. These results are
similar to those observed by Tepperman
and Tepperman (15) with refeeding ex-
periments. As shown by these authors and
by Hollifield and Parson (16), the activity
of this enzyme is increased by meal feed-
ing high-carbohydrate diets per se, when
compared with previous results (12) dur-
ing ad libitum feeding of equivalent high-
carbohydrate diets. Furthermore, once a
level characteristic of a particular dietary
treatment is attained, little, if any, effect
of time after feeding is noticeable on the
activity of G-6-PDH.

We did not study lipogenesis during
these experimental treatments. It appears
likely, however, that it would have been
depressed, considering the fact that others
(15, 17) have shown a correlation, if not a
causal effect, between hexose monophos-
phate shunt activity and lipogenesis. Still
others (18) have demonstrated lipogenic
depression when high fat diets are fed.
In view of the modifications arising from
either increased fat intake, or absence of

2To be published.
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carbohydrate shown here, or both, it
seems pertinent to study the effect on lipo-
genesis and fat deposition of meal feeding
diets higher in fat than are commonly fed
rats, especially with respect to hypotheses
proposed by some investigators (16, 19)
concerning the effect of eating patterns
on human obesity.
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Effect of Protein Intake and Cold Exposure on
Selected Liver Enzymes Associated with

Amino Acid Metabolismi
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ABSTRACT Two experiments were conducted to examine the possibility that in-
creased activities of some enzymes in cold-exposed animals could be substrate-induced
rather than a direct effect of cold, since the cold-exposed animals increase appreciably
their food intake.

Two groups of cold-exposed rats were allowed to eat only as much protein as their
warm mates, and their extra energy requirement was met by sugar or fat. Another
cold-exposed group of animals was allowed to eat the complete diet freely.

After a 4-week cold exposure, the activities of 5 liver enzymes involved in amino
acid metabolism were markedly increased in all groups of cold-exposed rats. How-
ever, the activities of 3 of these enzymes, arginase, glutamic-oxalacetic and glutamic-
pyruvic transaminase were increased only as a result of a cold-induced higher protein
intake. In contrast, the activities of tryptophan pyrrolase and tyrosine-a-ketoglutaric
transaminase were increased by cold per se. The data demonstrate that both substrate-

induced and cold-induced enzymatic changes occur in cold-exposed animals.

It is well established that animals ex-
posed to cold for a prolonged period of
time undergo certain enzymatic changes
associated with an increased thermal de-
mand in the cold environment.

Major changes in the activities of spe-
cific enzymes involved in carbohydrate
metabolism of cold-exposed rats were re-
ported by Hannon and Vaughan (1, 2)
and Vaughan et al. (3). These authors
found that the cold-exposed rat has in-
creased activities of liver glucose-6-phos-
phatase, glucokinase, malic dehydrogenase
and an increase in the rate of pyruvate
formation from 3-phosphoglycerate. The
rates of oxidation of the Krebs cycle sub-
strates, succinate, isocitrate, citrate, &
ketoglutarate, fumarate and malate were
also found to be markedly increased as a
result of a chronic cold exposure (4). In
addition, a significant increase in the ac-
tivities of liver succinic dehydrogenase,
cytochrome oxidase, and of DPNH- and
TPNH-cytochrome c reductase of cold-ex-
posed animals were also reported (5, 6).
More recently, it was reported from this
laboratory that the activities of liver argin-
ase, glutamic-oxalacetic and glutamic-py-
ruvic transaminase in cold-exposed rats
fed a low protein diet were significantly
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higher than those in the comparable ani-
mals kept at room temperature (7).

However, it has been observed that the
cold-exposed animals increase their food
intake appreciably in order to satisfy the
energy needs for both heat production and
growth. Since, in the final analysis, the ele-
vated energy metabolism is the result of
increased rates of oxidation of proteins,
carbohydrates and fats, perhaps the aug-
mented flow of substrates passing over
certain enzymes in the cold-exposed ani-
mals would increase the rate of synthesis
of these enzymes, and thus alter their
activities, according to the hypothesis pro-
posed by Spiegelman (8).

The present experiments were con-
ducted to study effects of diet and cold ex-
posure on 5 liver enzymes associated with
amino acid metabolism in the rat and to
examine the possibility that increased ac-
tivities of some enzymes in cold-exposed
animals are protein-induced rather than
cold-induced.

Received for publication October 16, 1962.

1 The views expressed are those of the authors and
do not necessarily represent official Air Force policy.
The exgerlmer_lts were conducted according to the
“Rules Regarding Animal Care” as established by the
American Medical Association (AFR 160-94).
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METHODS

Male Sprague-Dawley rats, ranging in
weight from 165 to 200 g were used in all
experiments. The control group (group
1), kept at 25°C, was given the experi-
mental diet ad libitum. The cold-exposed
rats were kept at 7°C in a cold room. One
group of the cold-exposed rats (group 2)
was also fed ad libitum, whereas the other
two cold-exposed groups (groups 3 and 4)
were pair-fed with the warm controls.
However, in order to meet a higher energy
demand in cold, the animals in groups
3 and 4 were offered an unrestricted
amount of either sucrose or fat, respec-
tively, as soon as they consumed the daily
portion of the experimental diet.

The experimental diet had the following
percentage composition; crude casein, 20;
sucrose, 72; corn oil, 4; USP salt mixture
no. Il, 4; the vitamin mixture supplied
2,000 units of vitamin A; 222 units of
vitamin D; 11.1 mg of a-tocopherol and
the following: (in milligrams) ascorbic
acid, 100; inositol, 11.1; choline chloride,
166.5; menadione, 5; p-aminobenzoic acid,
11.1; niacin, 10; pyridoxine-HCI, 2.22;
riboflavin, 2.22; thiamineHCI, 2.22; Ca
pantothenate, 40.3; also 44 ug of biotin,
200 ag of folic acid and 3 ug of vitamin
B12/100 g of diet. Individual wire cages
were used throughout the experiment. At
the end of 28 days the animals were de-
capitated, and the livers immediately ex-
cised, chilled in chipped ice and assayed
for arginase, glutamic-oxalacetic trans-
aminase (GOT), glutamic-pyruvic trans-
aminase (GPT) and tryptophan pyrrolase
(TP), in experiment 1, and for tyrosine-a-
ketoglutaric transaminase (TKGT), in ex-
periment 2.

Arginase determination was carried out
according to the procedure of Brown and
Cohen (9) as used by Klain et al. (7).
The GOT and GPT were measured by fol-
lowing the oxidation of DPNH with a
Beckman DK recording spectrophotometer
according to procedures similar to those
used by Wroblewski and LaDue (10) and
LaDue et al. (11).

The activity of TP was determined ac-
cording to the procedure of Knox and
Auerbach (12) and estimations of TKGT
were made according to the method used
by Lin and Knox (13). All enzyme as-
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says were carried out on duplicate samples
from 5 or more animals.

Aliquots of tissues were analyzed for
nitrogen content by acid digestion and the
nesslerization procedure. Since all livers
had the same nitrogen content, the enzyme
activities were expressed in units per
gram of fresh tissue rather than per unit
of nitrogen.

RESULTS AND DISCUSSION

Data obtained in these studies are sum-
marized in table 1L The mean weight
changes for the 28-day experimental
period indicate that the amount of pro-
tein consumed by the pair-fed animals met
their needs for a reasonable rate of growth
(group 3 and group 4 vs. group 2).

The activities of arginase, GOT and GPT
were markedly increased in the cold-ex-
posed, ad libitum-fed animals (group 2 vs.
group 1) and, remained unchanged in the
pair-fed groups (groups 3 and 4 vs. group
1). This effect can be apparently related
to a higher protein intake per se since the
animals in group 2 consumed over 44%
more of the complete diet than those in
the pair-fed groups. There is ample evi-
dence in the literature, demonstrating that
activities of certain enzymes involved in
protein metabolism can be readily affected
by the quantity of protein consumed.
Thus, arginase activity increases on high
protein diets and, conversely, decreases on
low protein diets (14-16). Similarly,
Rosen et al. (17) reported an increase in
GOT and GPT activity in livers of both
intact and adrenalectomized rats fed high
protein diets, showing that the adaptation
was in response to a high protein intake.

In contrast, the activities of TP and
TKGT were uniformly increased in all 3
cold-exposed groups, regardless of the die-
tary treatment. Thus, the most important
conclusion to draw from the foregoing
data is that both substrate-induced and
cold-induced enzymatic changes occur in
the cold-exposed animals.

The specific cellular mechanism re-
sponsible for cold-induced changes in the
activities of TP and TKGT remains to be
elucidated. However, it is possible that
the adaptation could be mediated by ad-
renocortical hormones as it was observed
that the activities of these two enzymes
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INTAKE, COLD AND ENZYME ACTIVITIES

TABLE 1

Weights, food intakes and activities of selected enzymes

Warm

Experiment: 1

Avg A body wt, g1 120 +3.1
Avg daily intake of complete diet, g 17.4

Avg daily sucrose intake, g -
Avg daily fat intake, g -
Arginase2 41.6+ 1.4
Glutamic-oxalacetic transaminase3 194 7.3
Glutamic-pyruvic transaminase4 35.3+2.6
Tryptophan pyrrolase5 1.9+ 0.1

Experiment 2

Avg A body wt, g1 118 4.2
Avg daily intake of complete diet, g 17.8

Avg daily sucrose intake, g -
Avg daily fat intake, g -
Tyrosine-a-ketoglutaric transaminase6 58.1+3.6

1Avg value of 10 animals * se.
2As mmoles urea/qg liver/hr.
3As /;moles DPN/g liver/hr.
4As /;moles DPN/g liver/hr.

could be increased by injecting glucocor-
ticosteroids, (12, 13, 18-21). Further-
more, it has been established that cold-ex-
posed animals produce more corticosteroids
than comparable animals kept at room
temperature (22, 23).2 The hormones
could alter the enzyme activities directly
by increasing the rate of enzyme synthesis
or indirectly by increasing availability of
nonspecific secondary inducers.

The data indicate that the enzyme ac-
tivities in the pair-fed groups were not al-
tered, regardless of whether sugar or fat
were offered as an additional source of
energy in cold.
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Phenylalanine Requirement of Women Consuming a
Minimal Tyrosine Diet and the Sparing Effect of
Tyrosine on the Phenylalanine Requirementi3
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ABSTRACT This study was initiated to determine for 6 female subjects the mini-
mal amounts of phenylalanine necessary for nitrogen equilibrium. When the subjects
received their respective phenylalanine requirements, as determined at a 10-g nitrogen
intake, the effects of increased and decreased total nitrogen levels on nitrogen balance
were observed. In 3 subjects, the sparing effect of tyrosine on the phenylalanine re-
quirement was shown. Phenylalanine requirements, determined at a 10-g nitrogen
level, were 834, 924, 984, 1064 and 1184 mg. All subjects retained more nitrogen at
the 15-g than at the 10-g nitrogen level, the mean increase being 0.80 g. Two of the
4 subjects who received a 5-g nitrogen intake retained less nitrogen than when they
received 10 g of nitrogen; however, mean nitrogen balances for the 4 subjects were
the same for the 2 periods when nitrogen levels were 5 g and 10 g. The remaining 2
subjects received a 3-g nitrogen intake and showed negative balances that were 0.45

and 0.47 g lower than respective balances for the 10-g nitrogen intake.

Tyrosine ex-

erted a sparing effect of at least 70% on the phenylalanine requirement.

The phenylalanine requirement of young
men was found to be 1.10 g/day and
tyrosine showed a sparing effect of 70 to
75% upon the phenylalanine requirement
(1). When 900 mg of tyrosine was pro-
vided daily, 220 mg of L-phenylalanine
was the lowest intake that kept all of a
group of young women in the zone of ni-
trogen equilibrium (2). Approximately 90
mg of L-phenylalanine/kg a day satisfied
the phenylalanine requirement of infants
(3). The daily phenylalanine requirement
without tyrosine reported for 10- to 12-
year-old boys was 0.8 g or 27 mg/kg a day
.(4).

This study, which was conducted be-
tween November 1961 and March 1962,
was initiated to determine for 6 young
women 1) the phenylalanine require-
ment in the presence of a minimal amount
of tyrosine; 2) the effects of increased
and decreased total nitrogen intakes on
nitrogen balance when the phenylalanine
requirement was fed; and 3) the sparing
effect of tyrosine on the phenylalanine re-
quirement in women.

EXPERIMENTAL PROCEDURE

Subjects

Six young women who were college
students at Tuskegee Institute served as

J. Nutrition, 80: '63

subjects for this study. Their ages ranged
from 20 to 28 years, body weights from
53 to 65 kg, and heights from 150 to 172
cm. Each subject was given a thorough
physical examination and analyses were
made of samples of urine and blood. The
girls lived in campus dormitories and were
engaged in their usual activities, which
did not include strenuous activities that
would cause sweating or the excessive use
of calories. All meals were prepared and
served in the diet kitchen of the Home
Economics Building.

Food and supplements

Ordinary diet. The subjects were given
ordinary foods which provided 10 g nitro-
gen/day the first 5 days of the study. If a
subject did not go into positive nitrogen
balance within the first 5 days, the ordi-
nary diet was continued until this was ob-
tained. Two periods during which the
ordinary diet was fed were necessary be-

Received for publication September 17, 1962.

1This study was supported b¥| grant A-3810 of
National Institutes of Health, Bethesda, Maryland.

2Part of the experimental data in this paper is
taken from a thesis submitted by Bernadine Tolbert
in partial fulfillment of the requirements of the
degree of Master of Science in Food and Nutrition in
the School of Home Economics and Food Administra-
tion, Tuskegee Institute.

3Present address: Department of Biochemistry,
Western Reserve University, Cleveland, Ohio.

111



112

cause of the break taken for the Christmas
holiday.

Semipurified diets. Components of all
semipurified diets were 1) a constant
low-nitrogen basal diet, plus varying
amounts of certain nitrogen-free foods;
2) 6.786 g of a mixture of essential amino
acids (EAA); 3) varying amounts of phe-
nylalanine; 4) 12.000 g of a mixture of
nonessential amino acids (NEAA); and
5) varying amounts of glycine and diam-
monium citrate (DAC).

The basal diet contained 0.57 g of nitro-
gen and consisted of jelly, lettuce, peaches,
pears, applesauce, pineapple, bananas,
juices — orange, tomato and lemon —
and wheat starch muffins and pudding.4
In addition to the basal diet, gumdrops,
peppermint candy, sucrose, butterfat, and
certain carbonated drinks were consumed
by each subject in amounts that main-
tained the caloric intake between 50 and
55 Cal./kg of body weight, or which pre-
vented weight gain.

All amino acids were L- isomers and
C.P. grade. Each was tested for purity and
for contamination with other amino acids.
The EAA mixture was phenylalanine-free,
but contained the other 7 essential amino
acids in amounts that corresponded to the
safe allowances (table 1). A part of the
methionine allowance was provided by
cystine; tyrosine was omitted. The NEAA
mixture was patterned after the occur-
rence of each nonessential amino acid in

TABLE 1
Composition of synthetic amino acid mixtures

Amino acids, C.P. grade Amount fed
g/day

Essential
L-Isoleucine 0.954
L-Leucine 1.240
L-Lysine-HCI 1.250
L-Methionine 0.735
L-Cystine 0.367
L-Threonine 0.620
L-Valine 1.300
L-Tryptophan 0.320

Nonessential
L-ArginineHCI 0.846
n-HistidineHCI 0.787
L-Alanine 0.801
n-Aspartic acid 0.786
L-Glutamic acid 4.968
L-Proline 2.504
L-Serine 1.308
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milk, except for glycine, which was omitted
(table 1). One-third of the daily intakes
of phenylalanine, the EAA mix and the
NEAA mix were served at each meal.

Glycine and DAC solutions were given
in varying amounts in order to make the
total nitrogen intakes of the semipurified
diets either 3, 5, 10 or 15 g. The nitrogen
content of these solutions was 0.035 g/ml
for glycine and 0.062 g/ml for DAC. While
the total quantity of nitrogen provided by
glycine:DAC solutions varied, isonitrogen-
ous amounts of glycine and DAC with re-
spect to one another were always fed.
One-third of the daily intake of glycine:
DAC was consumed at each meal.

Two multivitamin capsules were taken
daily by each subject, and a 30-1U capsule
of vitamin E was taken weekly. A 3.580-g
quantity of mineral mixture, patterned
after the one used by Leverton (5), served
as the primary source of minerals.

Management of dietary periods

During the first period following the diet
of ordinary food, phenylalanine was fed in
an amount considered to be adequate or
more than adequate for maintenance of
nitrogen equilibrium in all subjects when
their total nitrogen intake was 10 g. This
was done to ascertain adequacy of the
EAA mix. Subsequently, phenylalanine
intakes were reduced stepwise until nitro-
gen equilibrium was obtained for each
subject. The intake of phenylalanine at
the time of nitrogen equilibrium (total
nitrogen intake, 10 g) was considered to
be the requirement for the subject. While
continuing to feed the phenylalanine re-
guirement, total nitrogen intake was in-
creased to 15 g for all subjects and then
decreased to 5 g for 4 subjects and 3 ¢
for 2 subjects. The 3-g level of nitrogen
given 2 subjects was due to miscalcula-
tion, the lowest intended nitrogen intake
for all subjects being 5 g.

Collection and handling of
metabolic products

Twenty-four-hour urine collections were
made in bottles containing 25 ml 2%
acetic acid. Nitrogen determinations were
made daily in triplicate on 10-ml portions

4 Starbake 100 (wheat starch) was a gift from
Hercules Powder Company, Harbor Beach, Michigan.
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of urine by the method of Kjeldahl (6).
The procedure of Clark and Thompson
(7) was used to determine creatinine
in 1:10 dilutions of the 24-hour urine
samples.

Carmine was given on the first day of
each dietary period to mark the feces.
Fecal samples were frozen until one or
more periods were completed, after which
a composite of all samples collected with-
in a dietary period was made for each
subject. Each composite was analyzed for
nitrogen (6).

RESULTS

Nitrogen balances for all dietary peri-
ods, except those when ordinary food was
eaten, are shown in table 2. Urinary nitro-
gen excretions for the first 2 days of each
dietary period were omitted in calculating
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mean nitrogen balances, the reason for
this being that urinary excretions were
quite variable immediately following a
change in the level of dietary N.

Creatinine excretion values for 5 sub-
jects, excluding BP, showed * 8% varia-
tion from period to period. Creatinine ex-
cretions for BP were considered constant
among all periods. Variation within peri-
ods was generally slight, with the excep-
tion of the first and second days of the
menses for certain subjects, when cre-
atinine values were low.

All subjects, except TS, were in positive
nitrogen balance when given 1184 mg
phenylalanine with a total nitrogen intake
of 10 g. Subject TS was given a 2.6-Cal./
kg/day increase with the 1184 mg of
phenylalanine and her nitrogen balance

TABLE 2

Dietary intakes, nitrogen balances and urinary creatinine excretions for different
levels of phenylalanine and of total nitrogen

. . i i Nitr i rinar
swpcrs Mol Phemglanine Caorle MU WIRED ol

mg/day Cal./hg/day g/day g/day g/day

TS 13 1184 52.1 9.96 -0.54 1.68

13 1184 54.7 9.96 + 0.46 1.49

10 1064 55.0 9.93 -0.50 1.62

10 1184 54.6 14.94 + 1.11 1.80

7 1184 54.3 4.94 + 0.26 1.75

SH 6 1184 48.5 9.96 + 1.13 1.24

7 934 47.5 9.96 -0.50 1.24

17 984 53.6 9.96 + 0.03 1.32

20 984 53.2 14.96 + 2.61 1.54

14 984 53.6 4.94 + 0.24 1.49

LT 6 1184 49.0 9.96 + 1.51 1.24

10 834 49.7 9.97 + 0.35 1.27

24 834 48.9 14.97 + 0.40 1.50

11 834 49.2 4.94 + 0.19 1.48

AR 13 1184 56.1 9.96 + 0.42 1.13

11 1184 57.7 9.96 + 0.08 1.20

10 1064 56.4 9.93 + 0.14 1.33

10 1064 55.5 14.93 + 1.27 1.48

14 1064 62.5 4.95 + 0.26 1.46

HW 6 1184 48.5 9.96 + 1.07 1.16

6 984 47.0 9.96 + 0.47 1.16

12 924 44.3 9.95 -0.04 1.27

10 924 43.7 14.96 + 0.15 1.27

10 924 43.2 3.17 -0.49 1.49

BP 6 1184 50.0 9.96 + 0.66 1.46

7 984 51.2 9.96 -0.30 1.44

12 984 55.6 9.96 + 0.11 1.44

10 984 54.7 14.96 + 0.25 1.44

10 984 54.2 3.18 -0.36 1.44

1 Includes 45 mg of tyrosine and 123 mg of phenylalanine in basal diet.



114

BERNADINE TOLBERT AND JOHNNIE H. WATTS

TABLE 3

Caloric intakes, nitrogen balances and urinary

excretions of creatinine with different levels of

phenylalanine and tyrosine

No. of
days

Caloric
intake

Phenylalanine

Subject intake

Cal./kg/day
54.2

mg/day

TS 7 327

313
275

43.3
9 42.9

328
287

B P 10

10

53.7
54.2

became positive. The EAA mixture was
proved adequate for all subjects.

Phenylalanine requirements, when the
total nitrogen intake was 10 g, ranged
from 834 to 1184 mg/day, or 14 to
18 mg/kg/day. Nitrogen balances were
+ 0.46, + 0.03, + 0.35, + 0.14, - 0.04 and
+ 0.11 g/day. The respective phenylala-
nine requirements were then fed with an
increase in total nitrogen to 15 g. In the
same order, nitrogen balances were + 1.11,
+2.61, +0.40, +1.27, +0.15 and +0.25 g
/day. Feeding the same phenylalanine in-
takes, but decreasing total nitrogen to 5 g,
resulted in nitrogen balances of +0.26,
+0.24, +0.19 and +0.26, respectively, for
the first 4 subjects, whereas reducing total
nitrogen to 3 g caused negative balances
of —0.49 and —0.36 g/day, respectively,
for the last 2 subjects.

In table 3 are results for the sparing
effect of tyrosine on the phenylalanine re-
quirement of 3 subjects who participated
in this part of the study. Sixty-six and
70% of the phenylalanine requirements
for subjects HW and BP were supplied by
tyrosine, and subject TS received only the
70% replacement. Total nitrogen intake
during this phase of the study was 10 g.
Mean nitrogen balances when tyrosine re-
placed 66 and 70% of the phenylalanine
requirement were +0.30 and +0.24, re-
spectively, for subject HW; and +0.55
and +0.06, respectively, for subject BP.
Mean nitrogen balance for subject TS
when 70% of her phenylalanine re-
guirement was provided by tyrosine was
+1.18¢.

DISCUSSION

Because of the positive nitrogen bal-
ances which resulted when 1184 mg phen-

Nitrogen
balance

Nitrogen
intake

Tyrosine

: Creatinine
intake

mg/day g/day g/day g/day
861 9.96 + 1.18 1.73
615 9.95 + 0.30 1.43
653 9.95 + 0.24 1.38
660 9.96 + 0.55 1.64
701 9.96 + 0.06 1.74

ylalanine were fed (table 2), a decrease
in phenylalanine intake was given all sub-
jects. The amounts of phenylalanine
shown in table 2 include the phenylalan-
ine of the EAA mix plus 123 mg bound
phenylalanine and 45 mg bound tyrosine
in the basal diet; converted gravimetri-
cally, 45 mg tyrosine is equivalent to
41 mg phenylalanine.

Phenylalanine requirements for the
6 subjects, determined at the 10-g nitro-
gen intake, were 834, 924, 984, 984, 1064
and 1184 mg/day. Rose et al. (8) de-
fined the minimum requirement of an
amino acid as “the smallest amount capa-
ble of inducing distinctly positive balance.”
They considered the largest amount of an
amino acid required by any one subject
in the group studied as the minimum
requirement. According to this definition,
the minimum phenylalanine requirement
for young women in the Tuskegee study
was 1184 mg/day. This amount of phe-
nylalanine is quite similar to the 1100 mg
required by men (9).

In the studies of Leverton et al. (2),
the amount of phenylalanine that per-
mitted a nitrogen excretion within 95 to
105% of the nitrogen intake (zone of
equilibrium) was regarded as the require-
ment. In the complete absence of tyro-
sine, all nitrogen balances for Leverton’s
young women were below the negative
boundary of the equilibrium zone. In the
presence of 900 mg tyrosine, mean nitro-
gen balances were in the equilibrium zone
at phenylalanine levels of 220, 320, and
1280 mg. If one applies Rose’s criterion
of nitrogen equilibrium to these data, 50%
of the subjects who were given the 220-
and 320-mg levels and 5 of the 6 subjects
who were given 1280 mg phenylalanine
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were receiving less than their require-
ments. The tentative daily requirement of
young women recommended by Leverton
et al. (2) is 220 mg phenylalanine in the
presence of 900 mg tyrosine. Although
the total of these 2 amounts is quite sim-
ilar to the 1184 mg phenylalanine ob-
tained for young women in the Tuskegee
study, if the same criterion of nitrogen
equilibrium is applied to the 2 studies, the
phenylalanine requirement of Leverton's
young women is higher than that of the
Tuskegee group.

Most of the caloric intakes were main-
tained between 50 and 55 Cal./kg/day.
Because of the tendency to gain weight
shown by subject HW, it seemed advisable
in certain periods to reduce caloric intakes.
Although calorie reduction stabilized body
weight, the extent to which this influenced
subsequent nitrogen balances became a
factor of concern. The magnitude of de-
crease in caloric intake may appear small
and insignificant, but the effect is detected
by the sensitivity of the biological system
and is reflected in nitrogen balance. Clark
et al. (10) observed that a critical caloric
intake exists for each subject, at which
satisfactory retention of nitrogen occurs
and below which nitrogen retention de-
creases proportionately to calorie reduc-
tion. They also noted that caloric restric-
tion was reflected more promptly by
change in daily nitrogen balance than by
change in body weight. In our studies
increases of 2.6 and 4.4 Cal./kg/day for
subjects TS and BP resulted in increased
nitrogen retentions of 1.00 and 0.41 g/
day, respectively.

Clark et al. (10) also observed that an
increase in calories as much as 20% above
the critical intake did not improve nitro-
gen storage. In our studies the need of
subject AR for a large calorie intake was
shown during the first days of the study.
She received more than 55 Cal./kg in all
periods. During the first 8 days of the
14-day period in which subject AR re-
ceived a total nitrogen intake of 5¢g, an
average nitrogen loss of 1.72 g/day was
shown. Caloric intake was increased by
7 Cal./kg/day and her mean nitrogen bal-
ance for the last 6 days was +0.35. An
intake of 50 to 55 Cal./kg/day with a
semipurified diet is usually considered ade-
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quate (11). However, for subject AR,
although 56 Cal./kg/day was adequate,
at 10- and 15-g levels of nitrogen intake,
this amount was distinctly inadequate
when the total nitrogen intake was re-
duced to 5¢g. This suggests that the criti-
cal caloric intake is related to level of
total nitrogen, the critical caloric intake
being higher when total nitrogen intake
is low.

When the diet provided 15 g nitrogen,
the mean nitrogen balance for 6 subjects
was +0.98 g, whereas the comparable
mean for the 10-g nitrogen intake was
+0.18 g. Subject LT had difficulty eating
all of the diet during the period of 15-g
nitrogen intake. It was necessary to main-
tain her at this level for 24 days before
6 consecutive days of complete intakes,
unaccompanied by regurgitation, were ob-
tained. The extent to which subject LT's
balance for the 15-g nitrogen period was
influenced by her physiological condition
is not known. Differences in nitrogen
balances for the 6 subjects receiving the
10- and 15-g nitrogen intakes were not
statistically significant, at either the one
or 5% level, according to Student's t test.

Although 2 of the 4 subjects retained
slightly more nitrogen while receiving the
10-g than with the 5-g nitrogen intake,
the mean balance for the 4 subjects was
the same, +0.24 g, for both the 10-g and
5-g nitrogen levels. Subjects HW and BP
were in negative nitrogen balance while
receiving 3 g nitrogen daily, —0.38 and
—0.45 g, respectively. These negative bal-
ances may be attributed to an inadequate
total nitrogen intake, or to insufficient
calories. To our knowledge, the minimal
amount of nitrogen that has maintained
positive balance in man is 3.50 g (12).

As shown in table 3, positive nitrogen
balances were obtained during both peri-
ods when a part of the phenylalanine in-
take was replaced by tyrosine. The results
indicate that at least 70% of the combined
phenylalanine and tyrosine intake may be
supplied by tyrosine when the total nitro-
gen intake is 10 g. The mean nitrogen
balance for the 3 subjects when tyrosine
supplied 70% of the phenylalanine:tyro-
sine intake was +0.49 ¢, whereas the
corresponding mean for the same subjects
receiving phenylalanine alone at the same
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nitrogen level was +0.18 g. The implica-
tion of this result is that a mixture of
phenylalanine and tyrosine may be pre-
ferred over phenylalanine alone. More
data are needed to verify this implication.

Throughout the study the periodic oc-
currence of menses influenced the data
obtained for subjects LT, BP, and AR.
Urinary creatinine and nitrogen excre-
tions on the first and second days of men-
ses were low.
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Effect of Methionine and Choline Deficiency on Liver
Choline Oxidase Activity in Young Rats
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ABSTRACT

Young male Sprague-Dawley rats were fed a water-soluble chemically
defined diet containing 0.06, 0.12, 0.24 or 0.60%

methionine with or without 0.25%

choline for 10 to 42 days. Liver choline oxidase activity decreased in rats that ingested
the choline-deficient diets (devoid of choline and low (0.06 or 0.12% ) in methionine).
These animals developed pathologic changes in the liver and kidney characteristic of
acute choline deficiency. Liver choline oxidase activity remained normal in rats that
were fed the methionine-deficient diets (low in methionine but supplemented with

0.25% choline).

Many studies (1) have demonstrated
that choline deficiency in rats leads to fatty
change in the liver and under some cir-
cumstances to cirrhosis and to hepatoma
formation. The rat is especially susceptible
to the development of choline deficiency
and also is known to have a high level of
liver choline oxidase activity (2).

Earlier studies have shown that liver
choline oxidase activity decreases in rats
fed a choline-deficient diet (3, 4), a low
protein diet (4,5), or a lysine-deficient diet
(6). Since the low choline diets used in
these studies (3, 4) were also low in methi-
onine, it has not been established whether
the decrease of enzyme activity was due
to a deficiency of choline, of methionine,
or both components. The availability dur-
ing the past few years of water-soluble
<chemically defined diets by Greenstein et
al. (7) offered the possibility of obtaining
a clear-cut answer to this question. There-
fore liver choline oxidase activity, growth
and gross and microscopic morphologic
changes were observed in young rats fed
for periods of 10 to 42 days a highly puri-
fied diet containing varying levels of me-
thionine with or without choline. Our re-
sults indicating that the level of choline
oxidase activity in the liver is sensitive to
choline deficiency, but not to methionine
deficiency, are presented and briefly dis-
cussed.

METHODS

Male albino rats of the Sprague-Dawley
strain from the colony maintained at the
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National Institutes of Health, 3 to 4 weeks
old and maintained with a commercial
chow3diet since weaning were used. For
2 to 7 days prior to the institution of the
experimental regimens, animals of approxi-
mately the same weight were fed the water-
soluble chemically defined diet no. 26 of
Greenstein et al. (7). The basal experi-
mental diet contained only 1- amino acids
and contained no methionine and choline.
The animals were divided into 8 groups
according to the additions to the basal ex-
perimental diet as follows: (1) 0.06% me-
thionine + 0.25% choline; (2) 0.06% me-
thionine; (3) 0.12% methionine + 0.25%
choline; (4) 0.12% methionine; (5)
0.24% methionine + 0.25% choline; (6)
0.24% methionine; (7) 0.60% methio-
nine + 0.25% choline; and (8) 0.60%
methionine. To maintain the same total
S in the diets of all groups, L-cysteine
ethyl ester hydrochloride was added in
equivalent amounts to that of the omitted
methionine. The diets and water were sup-
plied ad libitum throughout the experi-
ments. Fat and the fat-soluble vitamins
were fed 3 times a week to each animal.
The animals weighed on the average 53
g at the onset of the experiments. They
were weighed at 2- to 3-day intervals
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throughout the experiments. The animals
were housed individually in wire-suspended
cages in an air-conditioned room main-
tained at 78°F.

In one experiment the animals were
killed after 10 days; in a second, after 14
days; and in a third, after 42 days. In a
fourth experiment, one or two animals of
each group were killed at 2, 3, 4, 5 and 6
weeks. Animals were anesthetized with
ether and killed by exsanguination from the
abdominal aorta. All were autopsied and
pieces of tissue from selected organs, liver,
kidney, testis, adrenal, spleen, thymus,
stomach, small intestine, gastrocnemius
muscle and heart, were fixed in Zenker-for-
mol solution. Paraffin-embedded tissues
were sectioned and routinely stained with
hematoxylin and eosin. In addition, pieces
of liver were fixed in 10% formalin and
frozen sections were stained with oil red O.

Liver tissue for assay of choline oxidase
activity was cooled immediately upon
removal and was homogenized with 5
volumes of ice-cold 0.04 . phosphate
buffer, pH 7.4. Choline oxidase was meas-
ured manometrically by the method of
Williams et al. (8) as modified by Richert
and Westerfeld (4) and by Wells (9).
Since the rates of oxygen uptake decreased
progressively after incubation periods of
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from 20 to 40 minutes, the 2 consecutive
highest readings during the first 40 min-
utes of incubation were used to calculate
the units of enzyme activity (aliters CL
uptake,'g tissue hr.). Protein was meas-
ured by determination of Kjeldahl nitrogen
(10) on the trichloroacetic acid (TCA) pre-
cipitates from aliquots of the liver homo-
genates. The aliquots were washed in suc-
cession with 5% TCA, 95% ethanol,
ethanol-ethyl ether mixture (3:1) and
ethyl ether before digestion. For total liver
lipid analysis, an aliquot of liver was dried
by grinding with anhydrous sodium sul-
fate and was extracted with chloroform
for 24 hours. The residue was extracted
with petroleum ether and lipid was deter-
mined gravimetrically after evaporation of
solvent.

RESULTS

The growth of the rats for 24 days when
fed the 8 different diets was determined
from the combined data of 4 experiments
(fig. 1). The presence or absence of
0.25% choline in the diet had little influ-
ence on growth. The rate of growth of the
rats depended on the amount of methionine
in the diet — the greatest growth incre-
ment occurred in rats receiving the high-
est level of methionine, and the least

Fig. 1 Growth curves of rats fed highly purified diets containing 0.06, 0.12, 0.24 or 0.60% methio-

nine with or without 0.25% choline.
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growth in those with the lowest level. Rats
consuming 0.06% methionine lost weight
in all of the experiments. The average
diet consumption per rat in grams of total
solids of the liquid diet per day was cal-
culated for the first 14 days of the experi-
ments and is expressed according to the
methionine content with and without
0.25% choline respectively: 0.60% me-
thionine, 7.9, 8.2; 0.24% methionine, 7.2,
7.0; 0.12% methionine, 5.2, 4.9, and
0.06% methionine, 3.4, 3.4.

Analyses for liver choline oxidase were
performed on animals of each group fed
the different diets for intervals of from 10
to 42 days. The results for each group of
animals at the different time intervals were
essentially the same and therefore were
combined. The values are recorded in
table 1 Since extremely fatty livers were
present in rats fed the diets containing
0.06 or 0.12% methionine without choline,
it was desirable to express the activities on
the basis of liver protein as well as per
unit wet weight. Liver choline oxidase ac-
tivity was markedly decreased in rats in-
gesting the diet containing 0.06% methi-
onine and no choline. Rats ingesting the
diet containing 0.12% methionine and no
choline had a moderate decrease in liver
choline oxidase activity. In contrast, rats
ingesting the diets containing 0.25% cho-
line, regardless of the quantity of methio-
nine, had high levels of liver choline oxi-
dase activity.
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Morphologic findings
Rats fed diet 10 to 14 days. Rats fed
the diets containing 0.06 or 0.12% me-

thionine without choline had the major
findings characteristic of acute choline de-
ficiency, i.e., fatty change of the liver with
a central lobular distribution of lipid, and
renal hemorrhage. Three animals fed the
diet containing 0.06% methionine without
choline died within 10 days and severe
renal hemorrhage was noted. Rats fed the
other diets showed essentially no changes.

The livers of 2 rats fed the diet contain-
ing 0.06% methionine without choline for
2 weeks showed a remarkable alteration.
Grossly the livers were yellow on the left
and brown on the right (fig. 2). Micro-
scopically, the yellow areas showed lipid
accumulation in the central areas of the
lobule, whereas in the brown areas the
liver was essentially normal (fig. 3). The
line of demarcation between these areas
was sharp. The 2 different areas of liver
from one rat were analyzed separately for
lipid. The yellow area contained 23%
lipid, and the brown area, 7% lipid. Since
the lobes of the liver on the left in each
of the 2 cases had fatty change and the
lobes on the right were normal, it is pos-
sible to explain these findings on an ana-
tomical basis. The left lobes of the liver
receive blood predominantly from the
splenic vein, whereas the right lobes re-
ceive the major part of their blood from

TABLE 1

Effects of dietary levels of methionine and choline on liver weight, lipid and choline oxidase activity

Dietary No. of Liver
Methionine  Choline rats Weight Lipid Choline oxidase

9 % id 0o/hr/g Al Sr>02t/eh.rr{mg
0.06 0.25 ii 2.34+0.06" 3.98+ 0.111 1878 + 1201 15.1 % 1.71
0.06 0 10 2.69+ 0.26 17.57+ 2.832 917+ 822 7.7%0.93
0.12 0.25 10 3.57+0.19 3.77+0.17 2248+ 138 16.1+0.8
0.12 0 9 4.18+ 0.25 16.40+ 1.712 1599 + 2483 12.1+1.53
0.24 0.25 6 4.58 +0.33 4.21 £0.25 2368+ 128 15.8+0.6
0.24 0 6 4.53+ 0.37 4.42+0.60 2294+ 268 16.2+ 19
0.60 0.25 12 4.82+ 0.34 4.38+ 0.15 2282 +232 216+ 13
0.60 0 10 5.33+ 0.39 4.89+0.20 2532 +293 189+ 1.3

1Mean value + se of mean, calculated by the method of Mantel (11).

2Choline effect highly significant, P < 0.01.
i Choline effect probably significant, 0.01 < P < 0.05.
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the mesenteric veins. In a borderline de-
ficiency such as could have been the case
in these two animals, there may have been
less nutrients in splenic blood than in
blood from the intestines. A similar ex-
planation has been advanced in explaining
partial hepatic dietetic necrosis (12). A
striking difference in the gross and ana-
tomic accumulation of lipid has also been
observed in some rats fed a purified diet
containing orotic acid (13). However, in
this instance the distribution is reversed
— most of the lipid appearing on the right
side.

Rats fed diet 21 to 42 days. The rats
fed the diets containing 0.06 or 0.12%
methionine without choline had severe
fatty livers with a central distribution of
the lipid and the kidneys of many rats had
focal scarred areas with accumulations of
lymphocytes and macrophages and an in-
crease in fibrous tissue in the cortex. The
liver of rats fed the other diets appeared
normal. The kidneys of a few rats fed the
diet containing 0.12 or 0.24% methionine
with 0.25% choline had focal areas of
chronic inflammation.

Rats fed the diets containing 0.06% me-
thionine with or without 0.25% choline
for 10 to 42 days had testicular changes.

| METRIC1 SYSTFM ~

Fig. 2 Liver of rat fed the purified diet con-
taining 0.06% methionine without choline for
14 days. Note sharp line of demarcation between
dark normal liver at left and light yellow liver
at right.
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Fig. 3 Photomicrograph of liver demonstrated
in figure 2. Note sharp demarcation between
hepatic cells containing lipid on the left and
normal hepatic cells on the right. Hematoxylin
and eosin. X 75.

The seminiferous tubules were small and
contained sparse germinal epithelial cells.
The testes of rats fed the diet containing
0.60% methionine appeared normal. No
pathologic changes were noted in the
heart, spleen, thymus, gastrocnemius
muscle, adrenal, stomach, and small in-
testine of rats fed any of the diets.

DISCUSSION

Choline oxidase is an important enzyme
that provides the only known mechanism
for irreversible biological degradation of
choline in higher animals. This enzyme
has been investigated under many experi-
mental dietary alterations (14). Fasting
(2), choline supplementation (2), a high
protein diet (15), a histidine-deficient diet
(16) or certain vitamin-deficient (thia-
mine or pyridoxine) diets induced no
change in liver choline oxidase activity in
the rat. On the other hand, a low protein



METHIONINE AND CHOLINE DEFICIENCY

diet (4, 5), a lysine-deficient diet (6) or
certain other vitamin-deficient (nicotinic
acid, riboflavin, or choline) diets (4) led to
a decrease in liver choline oxidase activity.
Our present observations indicate that liver
choline oxidase decreases with choline de-
ficiency but does not change with methio-
nine deficiency. Diet consumption and
growth of the animals were of no impor-
tance in influencing enzyme activity as
animals receiving low methionine but ade-
quate choline showed no growth or even
loss of weight, yet had normal levels of
choline oxidase activity. Animals that re-
ceived adequate levels of methionine but
no choline had normal levels of choline
oxidase activity indicating that in these
animals sufficient choline was synthesized
from methionine.

Although many studies have described
choline deficiency in the rat (1), relatively
few studies have dealt with methionine de-
ficiency (17-20). In our present study of
liver choline oxidase activity in choline
and methionine deficiency, it was of spe-
cial interest to compare the morphologic
findings with these 2 deficiencies, espe-
cially since the diet used was a highly
purified one containing only 1.5% total
lipid. This level is far below that used in
most experiments with choline deficient
diets where the lipid content usually falls
between 10 to 30%. Animals fed the
choline-deficient diets developed early
severe pathologic lesions in the liver and
kidney, as previously described by many
investigators (1). However, animals fed
the methionine-deficient diet showed obvi-
ous retardation of growth with only one
significant morphologic alteration, testicu-
lar atrophy. A similar testicular change
has been described in some studies in rats
fed diets containing selected proteins low
in methionine (18, 20) but not in other
studies in which rats were fed a purified
diet devoid of methionine for 7 (19) or as
long as 100 (17) days. In all of these
studies on methionine deficiency, the diets
were fed ad libitum. It is noteworthy that
young rats receiving known amounts of
a methionine-devoid diet by force-feeding
for as short a period as 3 to 7 days develop
obvious pathologic lesions in the liver (19,
21). This difference between animals fed
ad libitum and force-fed similar regimens
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is probably a function of the quantity of
the diet consumed.
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