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SAMUEL Bropy
— A Biographical Sketch

(February 8, 1890 — August 6, 1956)

Sometimes there looms among scientists
a figure who is a philosopher and human-
ist, as well as a dedicated and undeviating
devotee of his own scientific field. Such a
man can look with compassion and under-
standing on the successes and failures of
his fellow men, of himself and of his
students and colleagues, and humbly count
himself blessed in their companionship.
Such a figure was that of Samuel Brody,
biochemist, physicist, dairy husbandry
specialist and master of bio-energetics. He
chose his field of research early in his
career and, although sometimes tempted
by promising leads into other types of
problems, he remained true to his original
choice.

The problems of bio-energetics, con-
cerned with energy transformations in liv-
ing things, he conceived to be generalized
by the first and second laws of thermo-
dynamics. Relatively few investigators
were concerned with this broad field when
Dr. Brody entered it and, indeed, relatively
few joined him in it during the years of
his career.

Samuel Brody was born in Lithuania in
1890. In 1906 he emigrated to Canada
where he had been preceded by an older
brother. He made his way as a miner,
peddler, and briefly a commercial fisher-
man, moving then to New Hampshire
where he had another clder brother, I. A.
Brody, still living. Several months as a
machinist convinced him that he wanted
to find work which would bring him into
closer contact with living plants, animals
and humans. Alone and unaided he made
his way to the National Farm School in
Pennsylvania. It was here that he heard
of the work of T. Brailsford Robertson,
then at the University of California in
Berkeley, and he set out again to study
under this unique scientist. In the mean-
time he had taught himself to read and
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write English and was able to enter the
University of California by passing the
necessary written examinations. He was
interested in the physical chemical and
thermodynamics researches of Gilbert N.
Lewis and in their applications to biologi-
cal problems, exemplified by the work of
Jacques Loeb and T. B. Robertson. The
imaginative theories of Robertson as to
the dynamics of growth were especially
fascinating to Brody and, indeed, it may be
fair to say that he never deviated from
this early devotion.

He was a member of the first seminar
conducted by the writer of this biography
in Berkeley in 1916 and here began his
active interest in nutrition. The suggestion
was made at scme meeting of the seminar
that the determination of the pH of blood
and of the mechanisms for its maintenance
was a problem susceptible of solution by
physical chemical means. Within a few
months Brody had developed apparatus
for the determination of the pH of blood
and had produced some fruitful specula-
tions as to the role of buffers in this
homeostatic mechanism.

In 1917 he received the A.B. degree with
a major in biochemistry and, in 1919, the
M.A. degree. In the meantime he had
joined the U. S. Air Force where he served
in both the aviation and chemical warfare
service until the end of the war. The fol-
lowing year he served as assistant bio-
chemist in the University of California
Medical School. In 1920 he was nomi-
nated by W. R. Bloor, who had succeeded
Robertson on the Berkeley campus, for a
position on the staff of the Department of
Dairy Husbandry at the University of
Missouri. The appointment was made by
Professor A. C. Ragsdale, who remained as
administrator and colleague to Brody for
the 36 years the latter spent on the Mis-
souri campus. As Professor of Dairy Hus-

3



4 SAMUEL BRODY

bandry, Brody also taught courses in the
Department of Agricultural Chemistry and
cooperated in the research program of that
department.

In 1920 Dr. Brody married Sophie Edith
Dubosky of Berkeley, who went with him
to Columbia. They had two sons, Dr.
Eugene B. Brody and Dr. Arnold J. Brody.

The tradition of scholarship and funda-
mental research was strong in the Dairy
Husbandry department at Missouri for it
had been cultivated by Dean H. J. Waters,
C. H. Eckles and L. S. Palmer. Brody
found it easy and natural to take up the
studies of growth and energetics which he
had begun at California. His first pub-
lications on growth of dairy cows and
domestic fowls appeared in the Journal of
General Physiology as early as 1921. Prac-
tical problems on the effect of age, stage
of gestation and weight of dairy cows, up-
on the composition and volume of milk
secreted were included in these early stud-
ies.
In 1928, after study at the University of
Chicago during sabbatical leave from Mis-
souri, he completed the requirements for
the Ph.D. degree under the direction of
A. J. Carlson. In 1930 and 1931 he studied
in five European universities on a Guggen-
heim Foundation Fellowship. His leaves
of absence were always used for scholarly
purposes.

In 1926 the Herman Frasch Foundation
became interested in Brody’s fundamental
studies and sponsored his research in
growth and development of domestic and
laboratory animals for many years. Al-
together 66 Agricultural Experiment Sta-
tion bulletins were issued under Dr.
Brody’s co-authorship detailing the results
of the growth and development series. In
1946 a new phase of the work was entered,
the study of the influence of climatic
factors on physiological reactions and pro-
ductivity in farm animals. In the next 10
years Brody published 39 bulletins in this
field of environmental physiology and shel-
ter engineering.

The U. S. Department of Agriculture,
the National Research Council, the U. S.
Navy and the Atomic Energy Commission
were government agencies which contrib-
uted to the support of Brody’s work. He

never lacked for financial support of his
researches.

In addition to his tremendous cutput of
Experiment Station bulletins, Brody was
author or co-author of 92 journal articles
which appeared between 1921 and 1957
dealing chiefly with growth, growth curves,
milk secretion, energy metabolism, thy-
roid function, aging, evaporative cooling
and effect of ambient temperature and
wind on dairy cows. Some philosophical
and wide ranging articles also dealt with
population control and the food supply,
charts for estimating profit per cow and
per unit milk, and the relativity of physio-
logic time and weight. He contributed
widely to encyclopedias and reviews, usu-
ally on growth and nutrition. On the lat-
ter subject he reviewed extensively, in the
1934 Annual Reviews of Biochemistry,
progress on the specific dynamic effect,
net energy and feeding standards, the ef-
ficiency of animals and humans as trans-
formers of energy, basal metabolic rates
and the cost of work. The following year
he discussed human adult nutrition and
longevity with attention to atherosclerosis
and diabetes, the setting of liberal stand-
ards for food intakes, problems in ener-
getic efficiency with relation to body size,
paired feeding and the relationship of en-
dogenous nitrogen to basal metabolic rate.
Many of Brody’s speculations and sugges-
tions in these reviews have pungent ap-
propriateness even at the present time.

The most ambitious tour de force of
Brody’s career, however, was the compila-
tion of his book, Bio-Energetics and
Growth, with Special Reference to the Ef-
ficiency Complex in Domestic Animals,
published in 1945 by the Reinhold Pub-
lishing Corporation of New York.

This volume consisted of 1023 pages
made up of 25 chapters carrying more
than 2000 references, more than 500 il-
lustrations and some 113 tables of data.
Much of this material was taken from
the Experiment Station bulletins dealing
with growth and development published
during the author’s first 25 years in the
field. Brody avowedly strove for an in-
tegrating principle “which would show by
a word or a phrase the interrelatedness of
all the phases of growth, development and
aging with the energetic efficiencies and
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profits in milk, meat, eggs, and muscular
work production through generalizing
equations,” so-called laws for integrating
unwieldy bodies of data. Such a principle
might be comparable with the theory of
evolution. The nearest to such an inte-
grating principle found by Brody was the
ancient, perhaps vaguely felt, concept of
physiological self regulation propounded
by Claude Bernard and more recently des-
ignated as homeostasis by W. B. Cannon.
This principle, in Brody’s opinion, should
apply to social as well as physiological self
regulation, including that of human so-
ciety.

Brody defined the “living field” as the
totality of the interactions in the living
system with the environment, internal and
external. The living field pattern thus re-
sembles the electromagnetic field pattern
of the physicist, and the self regulation
principle of Claude Bernard resembles the
theorem of LeChatelier for non-living sys-
tems. The universality of homeostasis is
illustrated in many forms, homeothermy,
the maintenance of a constant level of
oxygen and carbon dioxide in the blood
during heavy muscular work, homeostasis
of metabolism in relation to surface area
and change in form. Homeostasis of
growth is established through the obser-
vations that growth proceeds as if the
“normal” condition were that of mature
size and that the rate of growth tends to
be proportional to the distance from the
mature size. Senescence is defined as the
gradual failure of homeostasis, and path-
ology as the attempt to maintain homeosta-
sis under conditions of injury. Reproduc-
tion may be a compensatory mechanism
against senescence, maintaining constant
the internal social environment in spite
of the aging of its constituent members.
Body weight, body water, carbohydrate
level, calcium level, fat level, oxygen and
acid level are all cited at length as ex-
amples of physiological homeostasis.

Social homeostasis is extended from the
mores of social insects to the finer integra-
tion of human society, apparently now in
a transition period due to the unbalanced
development of techniques. During growth
and development the living “field” is
thought of as a process which organizes
the diverse elements into an integrated

unit. This field is stable in a dynamic
rather than a static sense. The individual
units, atoms, molecules and tissues are
undergoing continuous change but the pat-
tern, “the field,” remains until the homeo-
static mechanism breaks down and the
organism dies. This is a brief, and per-
haps unfairly generalized, statement of
Brody’s integrating principle as set forth
in his book.

If some of the recent discoveries had
come sooner Brody undoubtedly would
have modified some of his speculations on
the future of human society, American
agriculture and industry. He decided that
we are approaching the end of the “free-
energy” oil period and that aside from the
renewable vegetation energy, free-energy
sources of the future must be sought chiefly
in hydro-electric developments and in
water power from tides. The utilization
of direct solar heat and of interatomic
energy he deprecated as having little like-
lihood of producing practical results at
least in the foreseeable future. He was
somewhat pessimistic also about the in-
evitable decline in soil fertility, the un-
bridled growth of population in underde-
veloped countries and the failure of in-
crease in birth rate in this country during
and following the depression of the 1930’s.
He described war as a blind social homeo-
static mechanism, agricultural and in-
dustrial mechanization as a source of free-
energy expenditure and deplored the dim
prospect of change or remedy. But these
speculations form only a very small frac-
tion of the discussions and convincing ex-
positions which characterize this remark-
able book.

Probably the most useful feature of the
book is the detailed exposition of methods
of measuring heat production and of es-
tablishing prediction norms for it. The
review of early literature is extensive and
the description of metabolism apparatus,
underlying assumptions, equations and
calculations is complete. The metabolism
in relation to body weight and surface area
of all species is covered in much detail
with recurrent conclusion that the “sur-
face law” first proposed by Rameaux and
Sarrus in 1838 is sound and derivable, not
from area of cooling surface, but from
physiologic bases, such as intensity of
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blood flow, oxygen consumption, respira-
tion rate, pulse rate and heat loss. Brody
derived the relationship that basal metab-
olism of all species varies not with surface
area directly, that is, W ¥, but with W °%,
or more simply, W °7, representing meta-
bolically-effective body weight. He cites
numerous concordant data from his own
and other publications on many species
from mice to elephants. He added that
this reference base, W °7, may have still
broader implications since it can be used
also for endogenous urinary nitrogen and
urinary neutral sulfur. Urinary creatinine,
he thought, reflects the mass of muscle
rather than the total of visceral organs
and so varies more nearly with W ¢ than
with W’ The quantity of milk-energy
and egg-energy production likewise tends
to vary with W °7. The latter might, there-
fore, Brody suggests, be adopted as the
reference base for the prediction of all
these transformations.

Growth rates were discussed at length in
his book and the conclusion reached that
the Robertson-Ostwald autocatalytic mon-
omolecular equation, dW/at = KW (A —
W), is not applicable to the whole growth
cycle of animals. The actual growth
curves invariably show breaks, often of
metamorphosis-like character. Brody sug-
gests that the growth cycle be broken up
into its constituent parts and each seg-
ment defined by separate equations. He
separated Robertson’s curve into two
parts, dW/dt = K;W and dW/dt = K.(A —
W), and successfully applied these to many
growth curves for animals and humans.
The wide range of illustrations is a strik-
ing feature of this, as of other sections of
the book.

The unusual feature of Brody’s treat-
ment of bio-energetics is the extension of
his efficiency calculations into the realm
of practical agricultural economics, es-
pecially of milk and egg production. He
discussed the varied aspects of milk pro-
duction and utilization including nutri-
tional, social and physiological phases and
followed this by consideration of its mone-
tary economy. The gross energetic effi-
ciency of milk production he believed to be
essentially independent of live weight of
the cow and to be superior to that of other
feed transformations, that is, 33 to 50 per

cent, about twice the efficiency of egg pro-
duction and five times that of meat pro-
duction. Monetary efficiency, on the other
hand, he shows to be governed by some-
thing he called the “dairy merit” or gross
energetic efficiency of the lactation process
of the cow; that is, the percentage of feed
energy that is converted into milk energy.
The capacity factor, actual weight of milk
produced, is apparently proportional to
body size, W 7. The formula,
61 FCM

FCM + 0.173 wo.78 *

is offered as a yardstick for judging the
value of dairy animals. This is bzsed on
the division of the energy of the total di-
gestible nutrients (TDN) energy between
fat-corrected milk, 4% fat, (FCM) produc-
tion and maintenance as follows:

TDN = 0.305 FCM -+ 0.053 Wo-73,

dairy merit ratio =

When asked some years ago by a news-
paper correspondent to name any results
of the growth and development experi-
ments that might be useful to a farmer, Dr.
Brody readily dictated the following ex-
amples:

“The analyses of our data through the
years have brought to light many bits of
agriculturally useful information. For ex-
ample, how the costs of the animal’s feed
conversion processes (metabolism) and
maintenance vary with weight and age;
how temperature influences productive
processes; how to evaluate the partition of
feed consumed between maintenance,
growth and milk or egg production; how
the plane of nutrition influences the ef-
ficiency and profit of milk production; and
the relative energetic efficiency of meat,
milk and egg production.

“To elaborate on the last point, milk
production is the most efficient of the three
processes. Up to 50 percent of thz total
digestible nutrients consumed may be con-
verted into milk; and that is twice as high
as the maximum efficiency of egg produc-
tion and several times as high as that of
beef production. The efficiency of meat
production is fairly high, about 30 percent,
when the animal is very young; but it de-
clines rapidly with increasing age. These
are not arguments in favor of milk or
against eggs and beef production, because
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the consumption of eggs and beef is not
on the basis of economy alone.

“Also, we found that the productive level
is a very important aspect of the profitable-
ness of any animal enterprise. While the
maximum efficiency of milk production is
50 percent, most ‘good’ cows produce milk
at an efficiency of only 25 percent, which
just about pays for the dairyman’s labor,
feed and other expenses. An efficiency of
33 percent indicates a ‘superior’ dairy cow
and a profitable one. But the profit still
is complicated by body size, age and re-
lated factors.”

A typical review of Brody’s book is that
of F. S. Hammett, editor of Growth, the
periodical to which Brody contributed so
much from its inception. Hammett com-
mented as follows:

“These thousand pages packed with
charts, tables, illustrations, references to
some three thousand investigators, and
the scholarly analysis and comment of the
author, mark the product as a classic. It
is a competent, efficient, comprehensive,
practical, philosophical job. It is compe-
tent because it presents the data fully, con-
cisely, logically. It is efficient because the
reader can find what he wants clearly
stated. It is comprehensive because it not
only covers the central theme, but also the
ramifications thereof. It is practical be-
cause it integrates maintenance, growth,
and the products of growth with the cost
thereof. And it is philosophical because it
indicates how bio-energetics and growth
are related to all our social, economic, po-
litical, military and associated problems.
Moreover, Dr. Brody does it calmly with no
drum- or breast-beating: no belaboring of
any pet thesis, but just simply and con-
vincingly. This man is a scientist.”

This biographer can only say amen to
Hammett’s review of the book. Seldom has
so comprehensive, scholarly, and original
a tome been added to our scientific heri-
tage. No rival in its field has appeared
and Brody’s book will doubtless long re-
main the reference book par excellence on
bio-energetics and growth.

Some attention is given in this book to
environmental influences on energetic ef-
ficiency but most of Brody’s work in this
field was done after the book was pub-
lished. In 1946 Brody took on a new

project with strong Federal support, the
study of the effect of climatic conditions
on the efficiency of animal energy trans-
formations. The Psychroenergetic or Cli-
matic Laboratory, built in 1948 on the
University of Missouri campus, provided
for control of temperature, humidity, air
movement, light and ventilation rate in-
dependently in the two chambers, each of
which housed six mature cows or nine
calves for the experimental studies. The
performance of Jersey, Brown Swiss and
Holstein was compared with that of Texas-
bred Brahman cows under varying condi-
tions of temperature, light and wind ex-
posure. This project was a cooperative
one between the U. S. Department of Agri-
culture and the departments of Dairy Hus-
bandry and Agricultural Engineering and
is still in operation.

The efficiency of heat production and
heat elimination, of feed and water con-
sumption, and of milk production was ex-
amined at temperatures ranging from 8°
to 105°F. The European-bred cows exhib-
ited the best efficiencies at about 50°F.
The Brahman cows showed decline in milk
vield only above 90°F. Water consumption
was irregular but feed consumption, thy-
roid activity, heat production, and body
weight decreased in the European-bred
cows at the higher temperatures. Rectal
temperature rose 5 to 8°F. when the am-
bient atmosphere was above 70°F. The
amount of heat dissipated by vaporization
and insensible weight loss was found to
rise sharply at temperatures above 92°F.
The effect of high temperatures upon re-
flection of visible radiation from the hair
of Brahman and Brown Swiss cows showed
much more rapid increases in the hair of
the Brahmans at high temperatures.
Changes in blood composition were de-
tected only above G5°F. In all the cows
creatinine levels were doubled, carbon di-
oxide combining capacity, ascorbic acid
and cholesterol levels were halved at the
high temperatures. The causes of these
changes were stress and reduced food in-
take. The distress symptoms caused by
the high temperatures were most marked
in the Holstein cows, next in the Jerseys,
Brown Swiss and were least marked in the
Brahmans. Declining temperatures (0°F.)
affected most adversely heat production
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and feed consumption in the low produc-
ing small Brahman cows and least ad-
versely the European-bred cows. The low
heat tolerance of the cows was thought to
be due to their low moisture vaporization
for heat dissipation and high heat produc-
tion per unit surface area. Although nei-
ther the FEuropean nor Indian cattle
“sweat,” the Brahman cows withstood the
high temperatures better than the others,
probably because of their lower heat pro-
duction, lower basal metabolism and lower
milk production. These low initial levels
provide a greater range for increase dur-
ing stress. Brody recognized that the low
productivity of the Indian cattle counter-
balanced their heat tolerance. He recom-
mended selective breeding to obtain more
sweat-producing, water-drinking, heat-tol-
erant cows of high productivity. Practical
suggestions on engineering of shelters to
shield the cattle from direct sunlight, and
to provide sprinkling systems and similar
evaporative devices were also elaborated.

No review of the scholarly work of this
man can convey the quality of his mind
and personality. His colleagues at Missouri
recognized his unique ability to call forth
loyalty from students and also to stimu-
late them to strive for the best possible
performance. He criticized them sternly,
encouraged them to try their own ideas,
but never failed to show them how to im-
prove their product. Above all he scorned
mediocrity.

He had a remarkable sense of humor of
the broad homely type characteristic of
Abraham Lincoln. He never failed to en-
liven his lectures, whether to a class of
students or to a learned society, with an
unexpected and often earthy simile. There
were those who misunderstood these sal-
lies and resented them, but Brody never
changed his style nor apologized for what
he knew to be human and honest.

He was of a philosophical turn of mind,
scornful of materialism, and, in his later
years, much concerned with religious and
ethical issues. He was naively modest and
almost childlike in his life long search for
truth; that is, for a unifying principle, not
only in the energetics of living things, but
in the life of man. He sought for, and

sometimes thought he found, biclogical
and evolutionary significance in man’s re-
ligious and ethical beliefs.

He cared little for material things, for
adulation or social prestige. He travelled
on buses and coaches in order to meet
end enjoy “the real people.” This genuine
humility shone through his everyday ac-
tions and illuminated his relations with
students and colleagues. “Not Dr. Brody’s
laboratory, our laboratory” was his re-
minder to any new office assistant. This
modest genius so impressed his students
that, as one of them wrote, “Dr. Brody will
be my unseen co-author for the rest of
my life.”

The driving force of Bredy’s life was his
scientific ambition. Indeed, he left him-
self little time for anything else than his
work, even during the last 20 years of life
which he lived calmly and patiently under
the threat of recurrent attacks of angina
pectoris. He could be found in his office or
laboratory seven days a week, ofter late at
night, standing at his drawing board, writ-
ing, calculating or drawing diagrams. The
routine of laboratory measurements and
tachniques he left largely to his assistants
and students although he was sharply
critical of both methods and results. Much
cf his genius lay in the ability to coordin-
ate seemingly unrelated data and to see a
logical pattern leading to mathematical
development of natural relationships. He
adopted the use of statistical devices, well
ahead of the majority of bioclogis:s. His
great ambition was to uncover a universal
principle in biology, perhaps relating
Lomeostasis to the principles of thermo-
dynamics somewhat like Hamilton’s prin-
ciple of least action or a philosophic in-
sight such as Occam’s Razor. He came
rear to his goal and if he failed in attain-
ing it, the failure was indeed a magnifi-
cent one. No lesser man could have en-
visaged this ambition.

The end came on August 6, 1956, when
Dr. Brody, alone in his workrooms in Eck-
les Hall on the University campus at
Columbia, succumbed to coronary occlu-
sion. Only the week before, he had re-
turned from a trip West, full of plans and
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ideas for new researches. The manner of
his going accorded well with his unpreten-
tious, often lonely life.
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Maintained Pregnancy in the Rat as Associated with
Progesterone Administration and

Multiple-Nutrient Deficiency

K. A. KENDALL and R. L. HAYS
Department of Dairy Science, University of Illinois, Urbana

Previous studies have shown the bene-
ficial effect of ovarian hormones upon the
maintenance of fetal life in the rat preg-
nant for 18 to 23 days, when fed diets de-
ficient in pyridoxine (Nelson, Lyons and
Evans, ’51), protein (Nelson and Evans,
’54), thiamine,* or potassium.2 Other in-
vestigators have reported a similar effect
on the vitamin A-deficient rabbit (Hays
and Kendall, 54, 56) by progesterone.

The ability of ovarian hormones to aid
in the maintenance of pregnancy, when
any one of the foregoing dietary deficien-
cies occurs, raised a question whether
fetal life could be maintained with the aid
of ovarian hormones, providing the diet
fed was deficient in more than one es-
sential nutrient.

The observations reported here were
made to determine whether fetal life,
through the aid of ovarian hormones,
could be maintained under conditions of
(1) a multiple deficiency diet, and (2) a
diet containing a single energy source,
sucrose.

EXPERIMENTAL

Fifty-six virgin female rats (Holtzman
strain) were placed in 6 groups, on the
day of mating, which was determined
either by vaginal smears or b?/ the pres-
ence of vaginal plugs in the litter trays.
The females were individually caged and
beginning on the day of mating, fed the
special diets for 20 days. Group A received
a complete diet (Nelson and Evans, '53).
Group B was fed a similar diet except
that the 4% mineral mixture was replaced
with an equal quantity of sucrose, thus
reducing the mineral content of the diet
to 0.38% ash. The phosphorus content
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of the diet was 0.21% . The diet for grou
C was made up of 92% of sucrose (CPS)
and 8% of hydrogenated vegetable fat,3
while groups D, E, and F received sucrose
onl%/. Each female of group E received
daily injections of 5 mg of progesterone in
sesame oil and 0.5 ag of estrone, while
those of group F received a daily injection
of 5 mg of progesterone. Group A had
access to tap water and the others to dis-
tilled water.

The females were weighed at 48-hour
intervals. On the 20th day after mating,
the females were autopsied. Uteri were
examined for evidence of pregnancy. Cor-
pora lutea were counted and checked
against the number of implantation sites.
Fetuses were weighed and analyzed for
dry matter, total nitrogen and ash. The
young in each litter were divided ran-
domly into two groups, with essentially
one-half of the fetuses of a litter being
analyzed individually for dry matter and
ash, with the remaining young within a
given litter being individually analyzed for
total nitrogen. Dry matter was determined
by heating each individual fetus in a
crucible to 100°C until constant weight
was reached. The dried fetuses were then
ashed at a temperature of 575 to 600°C
for 8 hours. Total nitrogen was deter-
mined by the Kjeldahl method (Associa-
tion of Official Agricultural Chemists, '55).

Received for publication August 5, 1959.

1M. M. Nelson, and H. M. Evans 1954 Ef-
fect of thiamine deficiency on reproduction in
the rat. Federation Proc., 13: 470 (abstract).

2M. M. Nelson 1955 Interruption of preg-
nancy by potassium deficiency and correction by
ovarian hormones. Federation Proc., 14: 446
(abstract).

3Crisco.

J, Nutrition, 70: '60



MAINTAINING PREGNANCY WITH PROGESTERONE

RESULTS AND DISCUSSION

The changes in female weights, the
evidence of pregnancy, number of cor-
pora lutea, average fetus weights, and
average per cent of dry matter, total ni-
trogen and mineral content of individual
fetuses, are presented in table 1

Females fed the low mineral diet had
an average litter size per mating of 9.4
living young, weighing 2.79 gm as com-
pared with the average litter size per mat-
ing of 9.8 young weighing 3.78 gm from
females fed a complete diet. Limiting the
females’ diet to sucrose and fat, resulted
in an average litter size of 5.0 living young
per mating, with an average fetus weight
of 2.23 gm. When the diet was limited to
sucrose, the number of females carrying
viable fetuses declined to one out of 8 with
an average of 1.1 young per mating, and a
fetus weight of 2.31 gm.

The daily administration of 5 mg of
progesterone and 0.5 ug of estrone to fe-
males fed sucrose, resulted in 3.8 living
young per mating weighing 2.71 gm. How-
ever, where progesterone was administered
at a level of 5 mg to the sucrose-fed fe-
males, an average of 7.1 living young per
mating weighing 2.12 gm was observed.
Thus, it seems that estrone may have
contributed to the decrease in litter size.
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This possible influence might not have
manifested itself had the injections of
estrone been started several days after
mating.

The body composition of fetuses, pro-
duced under these varied and limited die-
tary regimens, showed a highly significant
difference in dry-matter content, but little
variation between litters on comparison
of total nitrogen and mineral values. This
was in marked contrast to the differences
observed in litter sizes and fetus weights.

Five of the 8 females fed sucrose only,
showed evidence of having been pregnant
when killed. The other three females of
this groug may have had implantations
and possibly resorbed the fetuses due to
the stress of nutrient deficiency manifest-
ing itself, earlier in some of the females
than in others.

Changes in body weights of the females
reflected demands upon maternal stores
for nutrients for fetal development and
maintenance. Although the differences in
average weight change between the start-
ing and final weights for the sucrose-fed
females in both groups D and F were 60
and 49 gm, respectively, the actual average
losses in female body weights were 62.5
and 64.0 gm, in the same order, when the
weights of fetuses were deducted from the
final weights of the females before killing.

TABLE 1
Evidence of pregnancy as associated with diet and hormone treatment

Animal group A B C 3 E F
Diet: Complete bW | SUUOse  gucrose  Sucrose  Sucrose
Added treatment: None None None None P,1E2 pi
Females:

Mated 16 8 8 8 8 8

Were or had been

pregnant 15 7 8 5 7 8

Weight change, gm +58 -2 -65 -60 -45 -49

Weight change, % +24 -0.0 -24 -25 -24 -23
Corpora lutea: 14.9 17.0 15.0 11.8 111 11.7
Young:

Total living/mating 9.8 9.4 5.0 11 3.8 7.1
% of implants 100 91 48 16 65 95
Fetus weight, gm: 3.78 2.79 2.23 231 2.71 2.12

Fetus composition :
Dry matter, % 12.9 114 11.8 12.3 12.3 11.7
Total nitrogen,% 3 1.40 1.25 1.36 1.36 1.34 1.37
Mineral, %3 1.40 1.32 1.29 1.34 1.36 1.34

1Progesterone 5 mg daily.

2Estrone 0.5 pg daily.

UWu fws .

3Fresh basis.

fin, . .
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Nelson and Evans demonstrated the
ability of the rat to maintain pregnancy
when subjected to diets deficient in pan-
tothenic acid (PA) (’46) or pteroylglutam-
ic acid (PGA% (49) starting on the day
of mating. Their later work (Nelson and
Evans, '56) demonstrated the failure of
4 mg of progesterone, either with or with-
out estrone, to maintain pregnancy when
the rat was placed on the PA deficient diet,
on the day of matinfg, or 25 to 30 days be-
fore mating. This failure of ovarian hor-
mones to maintain pregnancy does not
necessarily conflict with the results of the
present studies, since in the former work
the deficiency stress existed for a longer
period, with different levels of hormones,
and a different strain of rats being used.

The maintenance of pregnancy in the
sucrose-fed rats given 5 mg of progester-
one daily as shown in these studies, sug-
gests that the progesterone, in some man-
ner, either directly or indirectly played a
role in the mobilization of nutrients from
maternal stores for fetal growth and de-
velopment or contributed to the mainte-
nance of placental function.

Whether the stress of nutrient limitation
resulted in the failure of the corpora lutea
to secrete adequate levels of progesterone

possibly due to a lowered functioning of
the anterior pituitary) is not evident from
the present studies.

SUMMARY

The feeding of a diet containing 0.38%
of minerals but otherwise adequate from
the day of mating, until autopsy 20 days
later, resulted in normal litter size with
an average fetus weight 76% of normal.

When a diet, containing 94% of sucrose
and 8% of hydrogenated vegetable fat was
similarly fed, the number of living young
at autopsy was 47% of normal, with fetus
weightls averaging approximately 60% of
normal.

HAYS

The daily injection of 5 mg of pro-
gesterone was accompanied by an in-
creased litter size, from 1.1 to 7.1 young
per mating, when females were fed, for
20 days following mating, a diet consist-
ing solely of sucrose and distilled water.
Under these conditions the average fetus
weight was reduced to 56% of normal.

The results of these studies suggest that
progesterone is related either directly or
indirectly to the mobilization of nutrients
from maternal stores or to the mainte-
nance of placental function, thus permit-
ting the life of the fetus to be maintained
for a period of 20 days.
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Porcine Neonatal Nutrition: The Effect of Diet on Blood
Serum Proteins and Performance of

the Baby Pig%

JAMES G. LECCE ana GENNARD MATRONE
Department of Animal Industry, North Carolina State College,

Raleigh, N. C.

In our experience it has been difficult to
raise pigs taken at birth from their dam
(Weybrew et al., '49; Barrick, Matrone and
Osborne, 54). Most pigs developed diar-
rhea around the 4th day, and if unmedi-
cated, approximately 60% died. Those sur-
viving the first two weeks were able to
make proper weight gains, provided the
remained in isolation (Lecce, 59). Beilis
(’57) recently summarized this situation
with the statement that “mortality in-
creases with progressively earlier weaning,
and the survival of piglets that have not
received colostrum is very unlikely . . ..”

Many investigators2 (Brambell, ’58)
have shown that certain species of animals
(pigs included) are born devoid of gamma
globulin, and it is the function of colos-
trum to supply this missing protein to the
newborn animal. Antibody-rich-colostral-
globulin is believed to cross unaltered from
the gut to the serum of the nursing pig
within the first 36 hours. Thus, the off-
spring is given a ready supply of globulin
before its own synthetic mechanisms can
fulfill this need. Further, colostral globu-
lin, carrying immune bodies or antibodies,
endows the pic?let with passive immunity
to infectious disease—accounting for the
vigor in the pigs fed colostrum. No such
resistance to disease is expected in the
non-immune, colostrum-free pigs; hence,
the difficulty in raising them.

Beyond supplying antibodies, very little
has been implied concerning other means
whereby colostral proteins might function
in disease resistance. No doubt the ease
of measuring antibodies, coupled with
the traditional role of antibodies in disease
resistance, contributed to an emphasis of
this aspect of colostral proteins. The fact
that colostrum-free pigs can not synthe-

J. Nutrition, 70: '60

size their own antibodies before they are
approximately 8 weeks old (Hoerlein, ’57),
and that it was not difficult to raise these
antibody-free pigs once they were over two
weeks old, suggested that more was in-
volved in this early period than can be
explained by immunity imparted by anti-
bodies. The experiments reported herein
were designed to obtain some insight into
this problem by studying the influence of
diet cn the reaction of piglets, along with
the development of their serum protein
patterns.

EXPERIMENTAL

Diets. The following 4 diets were used
in this stud?/: (1) Sow’s milk—admin-
istered by allowing the pigs to nurse their
sow from the time of birth; (2) Cow’s
milk—fortified with 5 ppm of copper, 50
ppm of iron, and cod liver oil; (3) Arti-
ficial milk—compounded to simulate cow’s
milk (table 1); and (4) “Amino acid
milk”—the same as artificial milk except
that instead of whole casein and lac-
talbumin, the enzymatically hydrolyzed
sources, casein hydrolyzate and lactalbu-
min hydrolyzate, were used. (Because of
incomplete hydrol%/sis,doeptides as well as
amina acids are found in these prepara-
tions).

Individually-caged piglets were fed the
diets (other than sow’s milk) 5 times a
day from shallow pans. The volume per
feeding was the approximate amount the
pig would consume in two hours—essen-
tially, non-restrictive feeding.

Received for publication June 27, 1959.

1Published with the approval of the Director
of Research, N. C. Agricultural Experiment Sta-
tion, as paper nc. 1052 of the Journal Series.

2 1958
Nutrition Rev., 16: 342.
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TABLE 1
Composition of artificial and amino acid
milk dietsl
i Artificial ~ Amino
Constituents pi r?ﬁ'lij(
% %
Casein 2.0 —
Lactalbumin 1.5 —
Casein hydrolyzate2 — 2.0
Lactalbumin hydrolyzate2 — 1.5
Lactose 2.0 2.0
Glucose 1.5 1.5
Lard 3.0 3.0
Vitamins in glucose3 0.5 0.5
Minerals in glucose4 0.5 0.5
Cod liver oil 0.05 0.05
W ater 89.95 89.95

1Diets were homogenized at 3000 pounds pres-
sure.

2Enzymatic casein
lyzate, Nutritional
Cleveland.

3For 5 pounds of vitamin mixture: thiamine-
HC1, 400 mg; riboflavin, 850 mg; nicotinic acid,
1.13 gm; Ca pantothenate, 1.42 gm; pyridoxine
HC1, 570 mg; folic acid, 57 mg; p-aminobenzoic
acid, 1.13 gm; inositol, 11.35 gm; biotin, 11.4 mg;
choline chloride, 113.45 gm; menadione (2-methyl-
naphthoquinone), 115 mg; 0.1% vitamin B2
(with mannitol), 4.66 gm; a-tocopherol acetate,
570 mg; glucose, 2132 gm. Acknowledgment is
gratefully made to Merck and Company for con-
tributing the vitamins.

4For 5 pounds of mineral mixture: CaHPO04
818 gm; KC1, 273 gm; NaCl, 239 gm; MgSQ4, 204
gm; CuS04-5H20, 893 mg; FeS04-2HD, 7648 mg;
MnSCL'HaO, 1399 mg; ZnO, 2263 mg, CoCO03 9
mg; glucose, 722 gm.

and lactalbumin hydro-
Biochemicals Corporation,

Experimental pigs. Piglets used were of
two types: (1) artificially raised and (2)
natural, sow raised. Methods employed
for securing and maintaining artificially
raised piglets under sanitary and isolated
conditions axe detailed in another report
(Lecce, ’59). The sow-raised pigs were
procured essentially as the artificially
raised pi%s, except after the desired num-
ber had been obtained, they were simul-
taneously returned to the sow in an iso-
lation unit.

In preliminary experiments, it was ex-
tremely difficult to keep all of the pigs alive
long enough to measure dietary effects.
For example, it was not unusual to lose
approximately one-half of the pigs fed
cow’s milk, and with the amino acid milk,
92% , of the pigs died. Therefore, the re-
sults reported were obtained from pigs

LECCE AND GENNARD MATRONE

under intense medication, that is, either
systemic Chloromycetin,3 because it was
effective against coliforms, or injections
of pooled 10% porcine gamma globulin.4

Mainly, the results in this study came
from experiments using pigs from two
litters. In the first experiment, 6 litter-
mates were assigned the amino acid milk
diet and 6 to the artificial milk-diet. With-
in 8 hours of birth, three pigs on each
diet were injected intraperitoneally with
15 ml of pooled porcine gamma globulin.
Treatments were assigned randomly. In
addition, all pigs were injected intramus-
cularly with 40 mg of Chloromycetin at in-
tervals of one-and-a-half days. In the sec-
ond experiment, at random, approximately
6 hours after birth, 6 pigs were returned
to their sow, and three pigs assigned the
cow’s milk diet. The three artificially
raised pigs were injected at birth with 15
ml of pooled porcine gamma globulin and
at one-and-a-half days and 4 days with 40
mg of Chloromycetin. Results of observa-
tions of individual pigs assigned the same
trezﬁment were averaged and reported as
such.

Blood chemistry. Serum was obtained
from 3 ml of clotted and refrigerated blood
by bleeding the pigs from either the heart
or the anterior vena cava. Generally, pigs
were bled at time of birth and at two, 4,
7 and 14 days.

Relative concentrations of serum pro-
teins, as well as sow’s colostral-whey pro-
teins, were determined with commercial
paper electrophoretic apparatus according
to techniques previously described (Lecce
and Legates, 59). The mg/ml of the var-
ious protein fractions were calculated by
multiplying the relative per cent of a par-
ticular fraction by the total amount of
serum protein. The total amount of serum
protein was estimated by refractive index.

Trichloroacetic acid (TCA) précipitable
material was determined by placing 0.05
ml of serum in 4 ml of distilled water, ad-
ding one ml of 10% TCA, and recording,
after 15 minutes, the optical density (OD)
of the resulting precipitate at 540 mu.

2Chloromycetin was contributed by Parke-Davis
Co.

4 Porcine gamma globulin was contributed by
Armour and Company, Kankakee, Illinois.
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Bacteriology. At each bleeding session,
fecal samples were obtained from the pigs’
rectum with a cotton swab. Immediately
after sampling, the cotton swab was trans-
ferred to one milliliter of trypticase soy
broth. A loopful of this broth (containing
the fecal suspension) was then cultured
on a blood plate. The plates were exam-
ined after 24 to 48 hours of incubation at
37°C for colonies of bacteria. Represen-
tative colonies were selected and identified
by standard bacteriological techniques. An
attempt was made to identify not only
kinds of bacteria, but also relative num-
bers of bacteria so that shifts in microbial
populations might be discerned.

RESULTS

Comparison of the neonatal serum pro-
tein pattern with the adult serum protein
pattern. The serum electrophoretic pattern
of the newborn, unfed pig is of interest.
Typical observations are shown in figure 1
Neonatal serum was notable in the follow-
ing respects: (1) albumin was a minor
fraction; (2) a protein migrating at the
rate of alpha globulin was the major frac-
tion; (3) gamma globulin was lacking
completely; (4) total serum proteins were
low; and (5) serum proteins were not pre-
cipitable by TCA. The extreme character
of this neonatal pattern was made obvious
in comparison with its counterpart from
adult serum. Here, elevated amounts of
albumin, beta and gamma globulin, double

__/ PROTEIN TCA
GLOBULIN

the total serum proteins, and TCA pré-
cipitable material were found. One may
then, for the sake of clarity, characterize
the neonatal extreme as an “immature
serum pattern” and the other extreme as a
“mature serum pattern.”

Effect of diets on serum protein patterns.
Results of the analysis of serum from
nursling pigs and from pigs fed the three
experimental diets are shown in figure 2.
In pigs being nursed by the sow rather
intense and immediate changes in serum
proteins were noted as well as a continu-
ous and rapid shift toward the mature se-
rum pattern. For example, after sucking
for 48 hours: (1) the total serum proteins
doubled; (2) beta and gamma globulin al-
bumin increased; and ?3) serum proteins
became précipitable with TCA. Subse-
quently, the amount of albumin and beta
globulin increased whereas alpha and
gamma globulin decreased. Throughout
this period, total serum protein and the
amount of TCA précipitable material ap-
proached or remained essentially at the
normal, mature level. In less than two
weeks the serum pattern was similar to
a mature serum pattern.

Apparently, pigs fed the amino acid
milk lacked the capacity to react to treat-
ment to the extent found in pigs nursing
the sew. In contrast to the latter pigs,
those fed the amino acid diet showed little
tendency to increase total serum proteins,
albumin and beta globulin fractions and

@)

X

\ > / PROTEIN TCA
GLOBULIN

Fig. 1 Serum protein profile, total protein, and optical density of trichloroacetic acid
precipitate of neonatal pig serum and mature pig serum.
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Fig. 2 Effect of diets on serum protein profile, total protein, and optical density of tri-
chloroacetic acid precipitate of serum from pigs from two to 14 days old.

amount of TCA precipitate. In other
words, the amino acid diet was remarkable
in that it had very little capacity to pro-
mote normal changes associated with se-
rum protein development.

Pigs fed cow’s milk and artificial milk
showed intermediate results between the
two extremes of those fed sow’s milk and
amino acid milk. However, it was of in-
terest to note that in the first 4 days, very
little difference was observed between the
pigs fed the amino acid milk, artificial milk
and cow’s milk. Regardless of diet, at the
end of 4 days, all pigs showed essentially
the same immature pattern present at
birth. Thus, for most of this early period,
at least, these three diets appeared to be
equally inadequate in providing for the
protein needs of the piglets. However,
from 4 days on, effects of the different
diets were detected. Changes observed in
pigs fed artificial milk and cow’s milk be-
gan to simulate those observed with the
pigs fed cow’s milk (except for a slower

rate). In these pigs, albumin and beta
globulin, total serum protein, and the
amount of TCA precipitable proteins in-
creased, whereas similar changes were not
obfﬁrved in the pigs fed the amino acid
milk.

Comparison of sow’s colostral-whey pro-
teins with neonatal serum proteins and
neonatal serum proteins obtained from
pigs that have nursed the sow for 4 days.
Figure 3 shows that sow’ colostrum con-
tains proteins which migrate at the rate
of albumin, beta and gamma globulin.
These fractions were low in neonatal se-
rum, but rapidly increased after piglets
nursed the sow.

Performance of piglets fed different
diets. Only the pigs nursing the sow gained
weight rapidly (fig. 4). Pigs fed cow’s
milk, artificial milk and amino acid milk
gained little or no weight the first week,
but from then on, weight increases were
observed. These changes in weight, as well
as vigor, coincided with changes toward
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Fig. 3 Serum protein profile of neonatal pigs, sow’s colostrum, and pigs nursing the sow

for the first 4 days.

the development of a mature serum pro-
tein pattern; namely, during the period in
which little changes were observed in the
neonatal serum pattern, the piglets did
not grow, and were most susceptible to
diarrhea, bacteremia, and death. Even
with the intense treatment (porcine gam-
ma globulin and Chloromycetin), three of
the 6 pigs fed the amino acid diet died
by the 14th day, and the body conforma-
tion of those living left much to be desired
(fig. 5). Simply, the animals fed amino
acid milk continuously for two weeks
seemed to he suffering from acute protein
malnutrition; blind, approximately 2 cm
of subcutaneous edema, cream colored and
sparse skeletal muscle, flattened rib cage
and seemingly not enough elasticity in the
joint cartilage to keep the femoral head
in its socket. It is interesting that litter-
mates fed artificial milk (same as the
amino acid milk except for whole casein
and lactalbumin) did not exhibit these
marked abnormalities.

Bacteriology. With our sampling tech-
nique, there was no apparent dietary in-
fluence on the bacterial flora of the feces.
Essentially, with all the diets, coliforms
predominated, followed by streptococcae,
staphylococcae, proteus and pseudomonas.
Sometimes the coliforms were hemolytic,
but no pathogenic significance could be
attached to this activity.

DISCUSSION

Our results, along with others2 (Rut-
gvist, '58; Nordbring and Olsson, ’57;
Brambell, 58), show that the baby pig is
born free of gamma globulin. When view-
ing the serum protein pattern in its to-
tality, however, other extremes also are
impressive: very low albumin, over 75%
of the protein an alpha-like protein and
the main mass of the protein not precipi-
tated by TCA. (in this respect resem-
bling fetal protein or fetuin (Bettelheim-
Jevor.s, 58.)

As mentioned in the introduction, much
of the research with colostral proteins has
centered around the effect of colostral-
immune globulins on new-born serum an-
tibody titers and resistance to infectious
disease. Without minimizing the impor-
tance of antibody globulin, the protein-de-
ficient immature pattern described above,
plus the parallelism between the develop-
ment of a mature serum protein pattern
and performance, raises a question wheth-
er more is required of colostrum, with re-
spect to influences on serum proteins and
?iglet resistance, than can be accounted
or by the antibodies alone. Pigs fed colos-
trum immediately upon birth effected
changes in serum proteins involving al-
bumin, &, [3, and y-globulin. Furthermore,
the serum protein pattern of pigs fed
colostrum changed rapidly from the im-

2Sea footnote 2, page 13.
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Fig. 4 The effect of diet on weight gains of pigs.

mature pattern to the mature pattern,
whereas no immediate change occurred in
pigs fed a “pbalanced diet” such as cow’s
milk. In other words, those ﬁigs denied
colostrum had a latency in the develop-
ment of a mature serum protein pattern

including all the serum proteins. Pigs
with the static, immature serum protein
Eattern were most susceptible to diarrhea,
acteremia and death. Inefficient digestive
capacity during the piglets’ first few days
of life could explain in part this delay In
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Fig. 5 The effect on body conformation of pigs of feeding the amino acid milk anc

artificial milk, continuously for two weeks.

the production of serum proteins, and
evidence exists that the new-born pig has
low proteolytic activity éCatron, Baker,
and Hartman, '57; Braude et al., ’58).
Our results, however, with the amino acid
diet suggest that an impairment in syn-
thetic ability might also be operating.

In conclusion, the following hypothesis
is offered: the piglet is born with a de-
ficiency in albumin, Band gamma globu-
lin. The sow, with her colostrum and milk,
rapidly fills in these deficiencies by sup-
plying proteins which are readily absorbed,
unaltered, by the piglet. Also, the sow sup-
plies factor(s) that set in motion the syn-
thetic mechanisms of the piglet. This
results in the serum protein pattern of
the piglet changing rapidly from an im-
mature pattern to a mature pattern, where-
as no such change is found in litter-mates
fed a balanced diet such as cow’s milk.
The piglet making rapid changes in his
immature pattern is more vigorous and
resistant to disease. This, in part, can be
explained by the presence of antibodies
in colostral globulin and, in part, by less
definitive factors involving “stress” arising

in piglets burdened with a latency in the
synthesis of serum proteins.

Work underway at present is designed
to separate the benefits derived from an-
tibody protein from other benefits in col-
ostral protein; also to study reasons for,
and means of overcoming, the seeming
latency in the development of protein me-
tabolism in the piglet.

SUMMARY

Neonatal serum protein patterns from
unfed pigs were compared with serum
from mature pigs. This yielded a profile
of an immature serum protein pattern and
a mature pattern. The capacity of 4 diets
to augment and influence changes from
the immature to the mature serum protein
pattern was determined. It was found with
pigs nursing the sow that there were not
only rather intense and immediate changes
in serum proteins, but also a continuous
and rapid alteration toward the mature
serum protein pattern. Pigs fed an amino
acid milk had little ability to promote nor-
mal clianges associated with this serum
protein maturation. The observations of
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pigs fed cow’s milk and artificial milk were
intermediate between the two extremes of
those fed sow’ milk and amino acid milk.
That is, in the first 4 to 7 days, little or no
change was observed in the serum protein
patterns; however, from then on, changes,
similar to those seen in the pigs fed by the
sow, started to occur, but at a slower rate.
The ability of pigs having static, immature
ﬁatt_erns was inferior to that of piglets

aving rapidly maturing patterns, in react-
ing to treatment.
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Quantitative Studies on the Metabolites of Tryptophan

in the Urine of Swinel2

H. L. SELF, R. R. BROWN ana J. M. PRICE3

Department of Animal Husbandry, College of Agriculture and the Cancer
Research Hospital, Medical School, University of Wisconsin,

Madison, Wisconsin

The urinary excretion of tryptophan
metabolites by pyridoxine-deficient swine
has been reported (Cartwright et al., 44).
The animals were found to excrete ky-
nurenine, xanthurenic acid, and a pigment
which resembled urorosein, but very little
kynurenic acid. A more recent report in-
dicated that swine excreted some niacin in
the form of N'-methylnicotinamide and N-
methyl-2-pyridone-5-carboxamide  (Perlz-
weig, Rosen and Pearson, ’50). Draper,
Hironaka and Jensen (’58) found xan-
thurenic acid in the urine of gilts, sows,
and growing pigs.

The recent development of relatively
specific and convenient methods of deter-
mining urinary tryptophan metabolites
(Price, ’54; Brown and Price, 56; Brown,
’57; and Satoh and Price, 58) has made it
possible to find the urinary excretion of
these metabolites by various species.
Brown and Price (’56) reported that man,
the dog, and the rat excreted significant
guantities of these metabolites in the urine
before and after supplementation with 1-
tryptophan, while the cat failed to excrete
significant quantities. After ingestion of
tryptophan, the rat and man were found
to excrete relatively large amounts of
xanthurenic acid, with these species and
the dog excreting large amounts of ky-
nurenic acid. Other species differences
were observed in the same studies (Brown
and Price, 56).

The excretion level of 9 tryptophan
metabolites in the urine of swine has now
been determined. Growing swine, as com-
pared with the dog, rat, and man were
found to excrete large quantities of N*
acetylkynurenine, o-aminohippuric acid
and anthranilic acid glucuronide, and
relatively small amounts of kynurenine, 3-
hydroxykynurenine, kynurenic acid and
xanthurenic acid.

J. Nutrition, 70: '60

EXPERIMENTAL

Animals. Two separate experiments
were conducted. Four litter mate cross-
bred pigs (two barrows and two gilts), ap-
proximately 8 weeks old, were used In
experiment 1. These pigs ranged in weight
from 9.5 to 15.0 kg at the start and from
159 to 22.7 kg at the end of the study,
with a range of weight gain of 5.9 to 7.7
kg. In experiment 2, two pairs of litter
mates were used. One animal of each sex
from a Poland China litter and one of each
sex from a Chester White litter was used.
These animals weighed from 11.4 to 14.1
kg at the start, and from 15.0 to 25.5 kg
at the end of the study with a range of
gain in weight of 4.0 to 11.4 kg.

The animals were fed the diets shown in
table 1, with water and feed allowed ad
libitum.

Urine collections. The animals were
housed in individual compartments of a
metabolism cage. The bottom of the cages
was constructed of 3/8 inch galvanized
wire screen, which allowed the urine and
part of the feces to drop into a polyethyl-
ene-lined trough with sufficient slope to
allow the urine to drain readily into col-
lection funnels. Each funnel was covered
with a single layer of 36 by 40 mesh cheese
cloth to avoid contamination of the urine
with feed or feces. Urine was collected in
amber-colored bottles under 20 ml of tolu-
ene ir_ both experiments. In the second
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TABLE 1
Detailed composition of dietsl

Experi- Experi-
ment 1 ment 2
W heat 300 —
Corn 450 745
Soybean oil meal
(44% crude protein) 100 145
Meat and bone scraps
(50% crude protein) 30 80
Fish meal 20 -~
Dehydrated alfalfa meal
(17% crude protein) 90 —
Brewers’ yeast - 10
Steamed bonemeal 5 10
Trace mineral salt2 5 8
Antibiotic supplement3 15 1
Zinc supplements4 0.5 0.5
Total 1002.0 999.5

1Two and one-quarter million L.U. of vitamin
A and 250,000 I.U. of vitamin D were added per
half-ton of each ration.

2Contained in per cent: sodium chloride, 96.5
to 97.5; iron, 0.3; manganese, 0.15; cobalt, 0.10;
copper, 0.06; iodine, 0.007.

3Contained 10 gm chlortetracycline per pound.

4Supplied elemental zinc in the form of zinc
sulfate heptahydrate at the rate of 100 ppm of
total ration.

experiment, 60 ml of 33% acetic acid was
added as a preservative. The bottles were
changed at 24-hour intervals. Urine was
refrl?erated at 0 to 5°C until analyzed,
usually in one to three days. Urine was
discarded for the 48-hour period immedi-
ately preceding the first collection period.
Urine samples were collected and analyzed
for each day of each experimental period.

Administration of supplements. The
supplements were placed in the upper
esophaPus of the animals with a small-
size balling gun. The L-tryptophan was in
the form of 0.5 gm tablets and the nico-
tinamide in 100 mg tablets. In each ex-
periment, 0.5 %m of tryptophan was ad-
ministered 24 hours after the urine col-
lections were started, followed 5 days later
by 1.0 gm of the amino acid. The nico-
tinamide supplement éexperiment 2) was
administered 5 days after the 1.0 gm dose
of tryptophan.

Analytical methods. The diazotizable
aromatic amines were determined accord-
ing to the procedure of Brown and Price

’56). N-methyl-2-pyridone-5-carboxamide
pyridone) was determined by the method
of Price (’54). Determination of 3-hy-
droxykynurenine was made by the method

BROWN AND J. M.

PRICE

of Brown (’57); kynurenic and xanthu-
renic acids according to Satoh and Price
(’58); creatinine by the method of Peters
(42), and 4-pyridoxic acid according to
Reddy, Reynolds and Price (’58). Paper
chromatography was used to check the
guantitative results as previously described
(Brown and Price, '56).

Tests for statistical significance were
made by analysis of variance, in which the
mean for the second day (the initial 24-
hour post-treatment period) was compared
with the mean for the first day (the 24-
hour period immmediately preceding treat-
ment? for each metabolite ?Snedecor, 53).
First-day means were also compared with
third-day means.

RESULTS

Since the results were similar in the
two experiments and no evidence was ob-
tained for a sex difference in the response
to tryptophan, the data from the two ex-
periments are presented as the average
values for the 8 animals (table 2).

Urine was collected and analyzed for
each of several days pre- and post-trypto-
phan. Because of the similarity of the
average daily levels of urinary metabolites
other than for the first 24 hours post-treat-
ment only the data for one day before and
two days after tryptophan were recorded
in table 2.

Following the administration of 0.5 gm
of tryptophan, a highly significant increase
(P<0.01) in the excretion of o-amino-
hippuric acid and aromatic amine frac-
tion A was observed. Following the ad-
ministration of 1.0 gm of tryptophan there
was a highly significant increase (P <
0.01) in the excretion of anthranilic acid
glucuronide and a significant increase
(P.< 0.05) in kynurenic acid, xanthurenic
acid, aromatic amine fraction A, o-amino-
hippuric acid, acetylkynurenine, and ky-
nurenine. From a quantitative standpoint,
o-aminohippuric acid, acetylkynurenine,
and the glucuronide of anthranilic acid
were the most significant fractions, al-
though considerable increases in the di-
azotizable amine fraction A were noted.

One animal in each experiment had di-
arrhea throughout most of the test period
and both responded in an anomalous man-
ner. These animals failed almost com-
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pletely to react to the tryptophan suEpIe-
ments. Hence, some question arose wheth-
er they actually retained the tryptophan or
whether their lack of response to treat-
ment was caused by the diarrhea. How-
ever, the low resgonse to the tryptophan
supplements for both pigs on both occa-
sions leads one to suspect the diarrhea as
the more likely explanation. In any event,
summarizing the data for the remaining 6
pigs, the increase in the excretion of xan-
thurenic acid and aromatic amine fraction
A, following the administration of 0.5 gm
of trygtoghan, was statistically significant
(P < 0.05); whereas the increase in the ex-
cretion of anthranilic acid glucuronide, o-
aminohippuric acid, acetylkynurenine, and
kynurenine was highly significant (P <
0.01). Similarly, following the ingestion
of 1.0 gm of tryptophan, the increased ex-
cretion of xanthurenic acid, o-aminohip-
puric acid, kynurenine and hydroxyky-
nurenine was statistically significant (P <
0.05) whereas the increase in urinary
kynurenic acid, aromatic amine fraction A
anthranilic acid %Iucuronide, and acetyl-
=2 _kynurenine was highly significant (P <
01)
The administration of either 0.5 gm or
1.0 gm of tryptophan to the growing pigs
did not result in a significant increase in
e urinary excretion of the pyridone me-
tabolite of niacin. However, when 400 mg
of nicotinamide was administered to the
4 animals in experiment 2, the urinary
excretion of the pyridone increased from
a pre-treatment average level of 11 micro-
%@ moles per 24 hours to 433 micromoles in
the first 24 hours after the administration
of the supplement and 28 micromoles dur-

g@ ing the second 24 hours post-treatment.
The urinary excretion of 4-pyridoxic
gg acid was determined on each of two days
Eiéi for each animal. In experiment 1, the
»2 average excretion of 4-pyridoxic acid was

6.3 micromoles (range 5.2 to 7.5) per
animal per day during the day before and
day after the administration of 1.0 gm of
tryptophan. In experiment 2, the 4-pyri-
¢ doxic acid excretion averaged 4.5 micro-
£y moles per day (range 2.5 to 7.5) both the
ﬁ day before and day after the administra-

oWy tion of the 0.5 gm of amino acid supple-
8 ment.
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DISCUSSION

Detailed studies of urinary excretion of
tryptophan metabolites have teen con-
ducted on humans, dogs, rats, cats (Brown
and Price, ’56) and swine, which indicated
that the metabolite excretion pattern is
different for each species, following the
administration of the amino acid. The cat
excreted very little tryptophan in the form
of the metabolites studied. Kynurenic acid
was the chief urinary metabolite in rats
and dogs, whereas kynurenine and the
pyridone were the most significant metab-
olites in humans. Swine excreted very
small amounts of any of these metabolites,
but relatively large amounts of o-amino-
hippuric acid, acetylkynurenine and an-
thranilic acid glucuronide. The excretion
of the pyridone was not significantly in-
creased in the urine of swine after the in-
gestion of tryptophan, but the administra-
tion of niacin was followed by an increase
in the excretion of the pyridone, adequate
to account for about 13% of the amount
of the vitamin. This result was in agree-
ment with similar data obtained by Perlz-
weig, Rosen and Pearson (’50). Quanti-
tative studies of Firth and Johnson (’56)
have confirmed and extended a number
of earlier studies indicating that trypto-
phan serves as a precursor of niacin in
young pigs. . .

The urinary “kynurenine” determined by
Cartwright et al. (44) was probably ac-
tually acetylkynurenine. The investiga-
tors emphasized that the method of de-
termination used was probably not very
specific; also that relatively little kynurenic
acid was present in the urine of pyridox-
ine-deficient swine, but that significant
quantities of xanthurenic acid were noted.
In the studies described here, the actual
level of kynurenic acid and xanthurenic
acid in the urine of normal, growing swine
was low, even after the administration of
tryptophan. That these metabolites were
actually present in pig urine is indicated
by the statistically higher values for xan-
thurenic acid excretion following either
a 0.5 gm or 1.0 gm dose, and for kynurenic
acid following a 1.0 gm dose cf trypto-
phan. Furthermore, these quinoline com-
pounds have been isolated in crystalline
form from the urine of these same pigs

BROWN AND J. M.
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(Roy and Price, ’59%. Draper, Hironaka
and Jensen (58) also detected xanthu-
renic acid in the urine of growing pigs fed
a balanced, purified diet.

In general, the results of the paper chro-
matographic studies were in agreement
with the quantitative analyses.

The nature of the diazotizable compon-
ents in “aromatic amine fraction A”
(Brown and Price, ’56) remains unknown.
Unlike the species studied previously
(Brown and Price, ’56), the pig excreted
increased quantities of “diazotizable aro-
matic amine” in this fraction following the
ingestion of tryptophan.

SUMMARY

The urinary excretion of tryptophan me-
tabolites by growing swine was deter-
mined before and after the administra-
tion of 0.5 and 1.0 gm supplements of . -
tryptophan.

Kynurenine, 3-hydroxykynurenine, ky-
nurenic acid and xanthurenic acid, which
had been found major urinary metabolites
of tryptophan in man, the dog and the rat
proved to be minor metabolites of the
amino acid in swine. The growing pigs
excreted large quantities of N*-acetylky-
nurenine, o-aminohippuric acid, anthran-
ilic acid glucuronide and an unknown di-
azotizable amine.

When swine were given supplements
of tryptophan, no significant change was
found in the urinary excretion of N-methyl-
2-pyridone-5-carboxamide, although this
metabolite appeared in relatively large
guantities following the administration of
400 mg of nicotinamide.
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Retention of Fluoride in Soft Tissues of Chickens

Receiving Different Fat Diets%

DAVID BIXLER ana JOSEPH C. MUHLER

Department of Biochemistry, Indiana University Medical Center,
Indiana University, Indianapolis

Miller and Phillips (’55) have observed
that diets containing 15 or 20*% of cot-
tonseed oil increase fluoride toxicity in
rats. Similarly, Buttner and Muhler (57,
'58) have reported that semi-purified diets
containing 15 or 20% of cottonseed oil
will increase skeletal storage of fluoride
and, in addition, promote the storage of
fluoride in selective soft tissues of the rat.
In these latter studies no effect on the
serum cholesterol level was noted with the
use of either the fat or fluoride supple-
ments. Since more than 30% cf the cal-
ories of the average American diet are de-
rived from fat sources (U.S. Dept. Agr.,
’57), a clear understanding of the relation-
ship between dietary fat intake and fluor-
ide retention and metabolism is important.
In this study, different fats or fatty acids
were studied in relation to their effect on
fluoride storage in chickens.

MATERIAL AND METHODS

One-day-old White Leghorn chicks were
placed in 5 groups of 30 each. These
groups, in turn, were divided into three
sub-divisions. The animals of series 1 re-
ceived a semi-purified sucrose diet which
contained no added fat. The group 1 ani-
mals in this series were given no added
fluoride; each animal in group 2 received
by stomach tube 2 mg of fluoride per day
as sodium fluoride (NaF); each animal
in group 3 was injected intraperitoneall
daily with 0.5 mg of fluoride as NaF. Eac
of the 4 remaining series was divided sim-
ilarly into three groups, each animal re-
ceiving the same amount of NaF as the
animals of series 1, either by stomach tube
or by injection; however, the dietary fat
level was appropriately altered. The com-
position of the diets is indicated in table 1
All the fluoride solutions were aqueous and
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unbuffered. The diets and drinking water
were available ad libitum.

All animals were housed in raised
screen-bottom cages in a temperature- and
humidity-controlled room and weighed
weekly for the 8-week experimental pe-
riod. Blood samples were taken by cardiac

uncture once each week and serum cho-
esterol was determined (Buttner and
Muhler, 57). At the end of the experi-
mental period the chickens were exsan-
guinated. The adrenals, thyroid and part
of the liver were removed, weighed and
fixed for histologic study. Representative
soft tissues were also removed for fluoride
analysis (heart, kidney, brain, skeletal
muscle, liver). The remaining carcasses
and femurs were then ashed separately to
determine fluoride storage.

RESULTS

Data in table 2 summarize organ and
body weights of the chicks in the various
groups. The animals receiving the oleic
acid and lard supplements gained the most
weight, whereas those given supplements
of stearic acid gained the least weight.
Also, morbidity was the highest in the
stearic acid series irrespective of the fluor-
ide supplements. The same effect of stear-
ic acid in diets has already been observed
in this laboratory using the rat.

An examination of the adrenal weights
of the various groups revealed a signi-
ficant increase (P =0.001) in adrenal
weight in all animals receiving the fat
supplements (series 2 to 52. This finding
su%gested that the level of fat used here
is high enough to stimulate gluconeogene-

Received for publication June 11, 1959.

1This study was supported in part by a grant
from The Procter and Gamble Company,
Cincinnati.
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TABLE 1
Composition of experimental diets

Ingredients Diet 1 Diet 2 Diet 3 Diet 4 Diet 5
% % % % %
Sucrose 75 55 55 55 55
Vitamin-test casein (fat free) 18 13 18 18 18
Cottonseed oil — 23 — - —
Oleic acid — — 20 — -
Stearic acid - — — 20 —
Lard - — - — 20
Cellulose 2 2 2 2 2
Salt mixturel 4 4 4 4 4
Vitamin mixturel 1 1 1 1 1
1Muhler (’54).
TABLE 2
Effect of fat and fluoride upon body weight and organ weights in the chicken
Final ;
No. Adrenal Thyroid
animals ngg}flt weight Weyight
. gm mg/100 gm mg/100 gm
Series 1 (no fat)
Control 7 298 84 + 131 56+ 18
NaF injected, 0.5 mg F/day 8 284 111 + 18 6.9+ 19
NaF oral, 2 mg F/day 7 283 119+ 1.3 6.9+ 1.8
Series 2 (cottonseed)
Control 6 300 17.1 + 2.3 47+ 06
NaF injected, 0.5 mg F/day 7 301 144+ 20 76+ 23
NaF oral, 2 mg F/day 7 281 134 £ 0.7 57+ 08
Series 3 (oleic acid)
Control 8 333 154 £ 0.7 6.2+ 13
NaF injected, 0.5 mg F/day ¢ 331 125+ 13 6.1+ 14
NaF oral, 2 mg F/day 6 361 174 £ 3.0 72%29
Series 4 (stearic acid)
Control 5 278 141 £30 6.9 2.0
NaF injected, 0.5 mg F/day 5 276 154 £3.7 55+06
NaF oral, 2 mg F/day 5 255 181 +24 5505
Series 5 (lard)
Control 7 322 132 %15 9.1 £45
NaF injected, 0.5 mg F/day 6 357 13.7£20 95+ 18
NaF oral, 2 mg F/day 8 343 147 £ 05 14777

1Standard deviation.

sis. Previous experience in our laborato-
ries had shown that much higher levels of
fat or protein were necessary to stimulate
gluconeogenesis in the rat. No histologic
alterations in the adrenal glands were ob-
served, but the liver sections revealed
marked changes. Livers of chickens not
given fat supplements (series 1) were de-
pleted of glycogen, and hepatic cells con-
tained largely fat droplets. Analyses of
the livers of animals on the high-fat diets
(series 2 to 5) varied qualitatively but
otherwise were essentially the same; that

is, the hepatic cells were filled with what
appeared to be glycogen. No glycogen
analyses of livers were performed. How-
ever, the material was stained a purplish-
red bg/ the periodic acid-Schiff method and
found to be compatible in histologic ap-
pearance with glycogen.

The animals in series 5 had thyroid
weights greater than those of controls, but
these differences were not statistically sig-
nificant. Those of the other series fell
within the normal range. Histologic ex-
amination revealed no differences among
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TABLE 3
Fluorine storage in carcass and femurs of chickens receiving different fats and fluoride
Carcass Femur
Concen- Concen-
Total tration Total tration
m M/gm 119/gm

Senes 1 (no fat) 9 g M :

Control 3.92 378 0.16 404

NaF injected, 0.5 mg F/day 10.87 1225 0.60 1462

NaF oral, 2.0 mg F/day 22.65 3005 1.07 3387
Series 2 (cottonseed)

Control 2.54 325 0.12 383

NaF injected, 0.5 mg F/day 12.07 1317 0.60 1347

NaF oral, 2.0 mg F/day 23.97 2863 0.89 2963
Series 3 (oleic acid)

Control 384 383 0.11 254

NaF injected, 0.5 mg F/day 12 37 1087 0.56 1323

NaF oral, 2.0 mg F/day 25.60 1900 1.13 2270
Series 4 (stearic acid)

Control 3.98 408 0.18 459

NaF injected, 0.5 mg F/day 13.70 1470 0.60 1820

NaF oral, 2.0 mg F/day 26.73 4170 1.03 4650
Series 5 (lard)

Control 4.04 360 0.17 350

NaF injected, 0.5 mg F/day 13.33 1066 0.61 1153

NaF oral, 2.0 mg F/day 23.40 2223 1.20 2690

any of the glands of the chicks in all 5
series.

No significant effect of NaF administra-
tion upon serum cholesterol level in any
of the 5 series was noted. This observa-
tion confirms the data of a previous re-
port using the rat (Buttner and Muhler
'57). However, all the animals receiving
fat supplements had a higher serum cho-
lesterol level after 6 weeks than the non-
fat-supplemented animals (series 1). In-
terestingly, the animals receiving the lard
had the highest serum cholesterol from
week to week of all the fat-supplemented
groups. The significance of this result
Is not known. These data are summarized
graphically in figure 1

The data on fluoride storage in the skele-
ton of chicks in the various series are
summarized in table 3. The feeding of fat
at a 20% level in the diet did not alter
skeletal fluoride storage except in the ani-
mals of series 2, recelving cottonseed oil.
In this instance, the control chickens
which received cottonseed oil and no NaF
had less fluoride in the carcass than simi-
lar animals receiving either no fat (series
1) or oleic and stearic acids or lard. When

the femur was used to evaluate fluoride
retention, both the control cottonseed and
oleic acid animals had less fluoride in the
femur, although the differences were not
statistically significant. However, when
the NaF input was increased, as in the
groups in which fluoride was injected or
given by stomach-tube, all the animals in
the high-fat series (2 to 5) showed in-
creased retention of fluoride in compari-
son with animals in the fat-free series
(series 1), when total carcass fluoride was
used as the criterion. This result confirms
the findings of Miller and Phillips (’55)
and of Buttner and Muhler (57, 58).

When the femur was used for compara-
tive purposes, the total fluoride retention
was similar in all groups irrespective of
the fat used. This difference between flu-
oride retention in the carcass and in the
femur has been observed previously in our
laboratories (Buttner and Muhler, 57, '58)
and suggests to us that there is more flu-
oride in the carcass because of the reten-
tion of fluoride by soft tissues with the
use of certain dietary regimens.

It is interesting to note that the animals
receiving 0.5 mg of NaF per day by intra-
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Fig. 1 Effect of fat supplements upon serum cholesterol in the chicken.

peritoneal injection stored one-half as
much fluoride as the animals that received
2 mg of NaF daily by stomach tube. This
result would seem to indicate that the
metabolic availability of fluoride in the
chicken is twice as great with parenteral
administration as by enteral administra-
tion when fed the diet used here. Weddle
and Muhler (54) reported a 50% de-
crease in fluoride storage in animals re-
ceiving calcium salts with orally admin-
istered fluorine. Since the experimental
diet used in this study contains approxi-
mately 0.6% of calcium, a lower metabolic
availability of fluoride by the oral route
in these studies is not entirely unexpected.

Table 4 shows the fluoride concentration
in the various soft tissues. Variations in
concentration are high from group to
group. Probably this can be explained by
the fact that it was necessary to pool in-
dividual organs of several animals in order
to obtain sufficient material for accurate
analysis. Such a procedure precludes a
statistical analysis of these data. None-
theless, some interesting generalities are
evident. In every instance, more fluoride

is retained in each soft tissue analyzed in
the different control groups receiving fat
in comparison with the control fat-free
grouE. These findings suggest that increas-
ing the amount of dietary fat results in the
retention of a greater proportion of fluor-
ide in soft tissue than occurs in the ab-
sence of dietary fat. This observation is
in keeping with the hypothesis offered
previously for explaining the differences
in fluoride retention between femur and
carcass.

Similarly, there was generally more flu-
oride in soft tissues of animals receiving
dietary fat plus NaF than in the fat-free
%:j_roups which received NaF (series 1).

he notable exceptions were found when
the liver was used for comparative pur-
poses. For example, the cottonseed, oleic
acid and lard groups which received NaF
had less fluoride in the liver than the fat-
free group which received NaF. This was
also evident in the stearic acid and lard
group when muscle was analyzed and com-
pared with the fat-free group.

It is most interestin% to note the high
fluoride content of the brain in all the ex-
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TABLE 4
Effect of various fats upon soft tissue fluoride storagel

Series 1 (no fat)

Control

NaF injected, 0.5 mg F/day

NaF oral, 2.0 mg F/day
Series 2 (cottonseed)

Control

NaF injected, 0.5 mg F/day

NaF oral, 2.0 mg F/day
Series 3 (oleic acid)

Control

NaF injected, 0.5 mg F/day

NaF oral, 2.0 mg F/day
Series 4 (stearic acid)

Control

NaF injected, 0.5 mg F/day

NaF oral, 2.0 mg F/day
Series 5 (lard)

Control

NaF injected, 0.5 mg F/day

NaF oral, 2.0 mg F/day

Fluoride concentration (/tg/gm)

Heart Liver Kidney Brain Muscle
0.2 0.2 0.2 25 0.5
0.2 1.3 0.1 4.1 1.3
0.8 1.6 3.7 17.5 25
1.6 0.7 2.9 5.8 3.7
2.0 0.5 24 7.8 2.6
1.2 0.8 1.7 13.0 12.7
2.6 0.2 2.0 8.0 1.8
14 0.4 15 5.9 14
14 0.5 13 4.6 0.5
0.5 2.3 4.4 3.6 0.6
2.0 33 2.7 4.0 0.2
1.8 2.3 7.6 5.2 3.8
0.6 0.4 29 6.3 0.7
0.4 0.6 11 8.1 0.6
0.7 0.6 2.1 1.7 0.7

1Each value represents the mean value obtained by pooling three livers, 6 hearts, 6 brains,

6 kidneys or three pectoral muscles.

This was necessary since such small quantities of

fluoride are present in soft tissue that accurate individual organ analysis is not possible.
Such a procedure prevents statistical evaluation.

perimental animals. Such high concen-
trations are in marked contrast to those
of the other soft tissues analyzed.

SUMMARY

Day-old White Leghorn chickens were
divided into 5 experimental series receiv-
ing different diets. One series received a
fat-free diet and the other 4 were fed
different fats at a 20% dietary level as
follows: series 2, cottonseed oil; series 3,
oleic acid; series 4, stearic acid; series 5,
lard. Each series was divided into three
groups, one receiving no added fluoride,
another, 2 mg of NaF/day by stomach
tube and the remaining group of 0.5 mg
of NaF/day by injection.

After 8 weeks the animals were killed
and the following observations made: (1)
no effect of fluoride administration upon
serum cholesterol level was noted, al-
though, after 6 weeks, the animals fed
the diets containing 20% of fat had con-
sistently high serum cholesterol levels as
compared with those fed fat-free diets;

(2) increased skeletal retention of fluoride
by the fat-supplemented animals when the
fluoride was administered either by injec-
tion or stomach tube; and (3) increased
retention of fluoride in heart and kidney
of animals on the fat-supplemented diets.
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lowa City, lowa

Comparisons with mixtures of the
versus the a1 modifications of the 10
amino acids essential for growth in the
rat have made it clear that relatively large
quantities of the D-amino acids may be in-
cluded in the diet as components of a a1
mixture without retarding the growth rate
(Van Pilsum and Berg, ’50?. On the other
hand, the simultaneous replacement by the
a counterparts of several of the essential
amino acids whose « isomers are invertible
(methionine, tryptophan, phenylalanine,
histidine and arginine) markedly de-
creases the rate of growth2 (Phillips and
Berg, 54). This occurs despite the fact
that each o isomer serves singly as a
fairly effective substitute for its 1 enanti-
omorph.

When methionine was fed at approxi-
mately the optimal level in a diet con-
taining both the essential and the non-es-
sential amino acids, Wretlind and Rose
%50) obtained as effective growth with
the o as with the 1 isomer. In subsequent
tests with mixtures of 9 essential amino
acids (arginine excluded) Wretlind (’52)
noted that the rate of growth induced by
suboptimal levels of D-methionine was in-
ferior to that promoted by the same level
of L-methionine. The differences were
greater when all of the other 8 amino
acids were fed in the racemic form than
when only isoleucine, valine, and threo-
nine were so supplied.

The inversion of D-histidine takes place
slowly enough to promote appreciably less
rapid growth than L-histidine, even at lev-
els optimal for the 1 enantimomorph gCox
and Berg, "34). It seemed to us, therefore,
that interference with its inversion should
be readily detectable. The primary pur-
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pose of the studies reported here was to
compare the growth rate, using a synthetic
amino acid mixture composed exclusively
of the L-amino acids, with the growth rate
upon substituting in this reference mix-
ture the 1 forms of the poorly and readily
invertible groups of the essential amino
acids as well as the non-essential amino
acids. An additional purpose was to deter-
mine whether the presence of extraneous
D-amino acids (the « forms of the poorly
invertible group of essential amino acids)
might interfere appreciably with the in-
version of D-histidine.

EXPERIMENTAL

The amino acids used in these studies
were recrystallized products which gave
correct amino nitrogen or total nitrogen
values. The specific rotations of the -
amino acids and the single D-amino acid
used were checked carefully. They are
recorded in table 1

The L-amino acid diet, which served as
the basis for reference, contained a mix-
ture of both the essential and the non-es-
sential amino acids at an overall level
of 12.1%. Its composition is given in
table 2. For convenience, the amino acids
are grouped in three categories: group A
includes the essential amino acids which
are either not invertible or only poorly

Received for publication August 3, 1959.

1This study was supported in part by Grant-in-
aid N-23 from the American Cancer Society. We
are indebted also to the Dow Chemical Company,
Midland, Michigan for generous supplies of sev-
eral of the Dt-amino acids.

2J. F. Van Pilsum 1949 The relative capaci-
ties of the a1 (racemic) and of the L (natural)
modifications of the essential amino acids in
promoting growth in the weanling rat. Ph.D.
thesis, State University of lowa.
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invertible (lysine, threonine, isoleucine,
and valine and leucine); group B consists
of the more readily invertible essential
amino acids (methionine, tryptophan, phe-

nylalanine, histidine, and arginine);
the non-essential amino acids constitute
group C.

In addition to the variously modified
amino acid mixtures, the diets also con-
tained the following per 100 gm: sucrose,
15; Celluflour,3 2; salt mixture (Jones
and Foster, *42), 4; com oil, 2; vitamin A
and D concentrate, 0.08:4 inositol, 0.1;
choline chloride, 0.2; liver extract 0.4;5
and dextrin to make 100 gm. The other
vitamin supplements were provided by
adding to each kilogram of diet in milli-
grams: thiamine hydrochloride, 5; ribo-
flavin, 10; pyridoxine hydrochloride, 5.0;
nicotinic acid, 5.0; calcium d-pantothenate,
25.0; p-aminobenzoic acid, 300.0; a-toco-
pherol (acetate), 25.0; 2-methyl-l, 4-
naphthoquinone, 2.0; and in ug biotin,
100; folic acid, 100; and vitamin Ba, 15.

Weanling male rats of the Sprague-Daw-
ley strain, 35 to 50 gm in weight, were
used in the tests. They were housed in-
dividually in false bottom, wire cages in
a room maintained at 80 £ 2°F and al-
lowed to consume food and water ad
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libitum for 28 days. Food consumption
Snd body weights were recorded every 4
ays.

)éeveral series of tests were made at the
outset to compare the effects upon growth
of varying the composition of the amino
acid mixture. In series 1, the reference
L-amino acid mixture presented in table 1
was fed. In series 2, the group A amino
acids were fed in the «1 form at twice the
1 level indicated in table 1. In series 3, all
of the essential amino acids (?]roups A
and B) were fed in the a1 form, the amino
acids of group A at twice the 1 level, those
of group B at the same level, except for a
25% increase in histidine. In series 4,
the group A amino acids were fed in the
a1 form as in series 2, but the non-essen-
tial amino acids were replaced by glycine
and ammonium citrate, and in series 5
both the group A and the group B amino
acids were fed in the a1 form as in series

30btained from Chicago Dietetic Supply House,
Chicago.

40leum percomorphum, marketed by Mead
Johnson and Company, containing per gm,
60,000 U.S.P. units of vitamin A and 8,500 U.S.P.
units of vitamin D.

5Liver concentrate, N. F., kindly supplied by
The Wilson Laboratories through the courtesy
of Dr. S. W. Hier.

TABLE 1
Specific rotations of the optically active amino acids used in experimental diets’

Amino acids

r-Alanine

r-Aspartic acid

L-Arginine monohydrochloride

n-Cystine

L-Glutamic acid

L-Histidine monohydrochloride monohydrate
L-Isoleucine

r-Leucine

L-Lysine monohydrochloride

L-Methionine

L-Phenylalanine

n-Hydroxyproline

L-Proline

1,-Serine

u-Threonine

L-Trvptophan

L-Tyrosine

1-Valine

D-Histidine monohydrochloride monohydrate

Solvent Sclute/

s bt
degrees gm
+14.3 5NHCI .0
+23.7 e NHC1 2.0
+20.8 NHCI 1.0
—213.0 N HC1 2.0
+30.9 6 N HC1 1.0
+9.7 NHCI 2.0
+37.6 5NHCI 1.0
+ 15.7 6 NHCI 3.8
+20.8 6.08 N HC1 3.0
+23.2 2NHCI 2.0
-34.2 HOH 2.0
-75.1 HOH 1.0
-83.0 HOH 1.0
+14.4 5NHCI 2.0
-28.0 HOH 2.0
-31.4 HOH 0.5
-7.0 6.08 N HC1 4.0
+26.8 6 NHCI 2.0
-9.6 NHCI 2.0

1In general, the values found under the conditions recorded agree with observations from
the literature recorded in Phillips and Berg (’54); Dunn and Rockland ('47), and Green-

stein (’54).
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TABLE 2

Composition of the r.-amino acid mixture in
reference diet

Group A
gm/100 gm

Isoleucine 0.5
Leucine 0.8
Lysinel 1.0
Threonine 0.5
Valine 0.7
3.5

o Group B
Argininel 0.2
Histidinel 0.4
Methionine 0.6
Phenylalanine 1.0
Tryptophan 0.2
2.4

Group C
Alanine 0.6
Aspartic acid 1.0
Cystine 0.2
Glutamic acid 2.0
Glycine 0.6
Hydroxyproline 0.1
Proline 0.5
Serine 0.2
Tyrosine 1.0
6.2

1Lysine and arginine were provided as the
monohydrochlorides, and histidine as the mono-
hydrochloride monohydrate in amounts equivalent
to the quantity of free amino acid indicated. The
monohydrochlorides contained 0.43 gm of H20
and HC1. NaHCO03 (0.88 gm) equivalent to the
HC1 was added.

3, with glycine and ammonium citrate re-
placing the non-essential amino acids.
Series 6 differed from series 3 in that non-
essential amino acids were used also in
the a1 form. The DL-serine and DL-cystine
were fed at twice the 1 level, the a1 forms
of all of the other non-essential amino
acids at the same level as in the reference
L-amino acid diet.

Table 3 shows the comparative results
obtained in these series of tests. The
growth rates averaged 4.3 gm per day for
series 1, 3.5 gm for series 2, and 2.1 C?m
for series 3. Food consumption per day
on these three regimens decreased pro-
gressively from 11.8 to 104 to 7.8 gm.
When the non-essential L-amino acids in
series 2 and 3 were replaced by glycine
and ammonium citrate (series 4 and 5),
average growth was slower (3.2 and 1.7
gm per day) and average daily food con-

sumption was smaller (9.6 and 7.0 gm).
On the other hand, replacement of the
non-essential amino acids by their a1
forms, with only serine and cystine dou-
bled, led to a somewhat more rapid average
growth in series 6 (2.7 gm per day), with
slightly greater food consumption (8.5 gm
per day) than observed in series 3. To
make certain that the lat:er observation
was not the result of chance, the series
3, 5 and 6 tests were repeated subse-
quently. The only dietary change in series
3a, 5a and 6a lay in the use of a D-allo, -
isoleucine mixture instead cf DL-isoleucine.
Similar results to those in the earlier tests
were obtained.

To determine the influence of the a1
forms of the slowly invertible group of
essential amino acids upon the growth pro-
moting capaci'gl of D-histidine, 0.4 and
0.2% of a- and 0.4 and 0.2% of L-histi-
dine were incorporated into diets which
contained all of the other amino acids in
the 1 form; and also into diets which con-
tained the poorly invertible amino acids
(group A) In the o1 form at twice the L
level, all others in the 1« form. In some of
the tests, lack of adequate amounts of L-
alanine, L-serine or L-isoleucine made it
necessary to substitute DL-alanine, DL-ser-
ine or L-isoleucine, D-alloisoleucine. The
latter two were incorporated at twice the
L-level. Since pure DL-isoleucine was no
longer available on the market, its replace-
ment by L-isoleucine, D-alloisoleucine also
became necessary.

The data obtained are summarized in
table 4. The relative growth rates in-
duced by 0.4% of 1- and by 0.4% of o-
histidine in the 1 amino acid mixture
(series 7 and 8, respectively) were similar
to those noted previously with histidine-
deficient casein hydrolysates (Cox and
Berg, "34; Conrad and Berg, ’37). With
0.2% of histidine, the 1 form (series 11%
promoted only slightly less average growt
than with 0.4% (4.1 versus 4.5 gm per
day), out the « form (series 12) was mark-
edly less effective at the lower than at the
higher level (1.0 versus 3.5 gm per da ?
In the diets in which the poorly invertible
group of essential amino acids was incor-
porated in the a1 form at twice the 1 level,
only slightly less growth was obtained with
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TABLE 3

The influence of variation in opitcal isomerism and of replacement of non-essential amino
acids by glycine and ammonium citrate upon the growth response
to amino acid mixtures

Series1 (\3/\%inglhnt Food eaten Mixture fed2
gm

i 120 + 2.53 327 + 4.3 A+ B+ C
2 98 + 2.7 291 + 6.9 A>+ B+ C
3 58 + 3.7 217 + 94 A2+ Bi+ C
4 90 + 3.6 269 +9.7 A24-B +-G
5 47 + 4.3 196 + 9.1 A2+ Bi+ G
6 75+ 25 237 + 7.8 A2+ Bi+ Ci
3a 60 £ 2.7 244 + 6.8 AZa+ Bt+ C
ba 52+ 2.6 217 £ 5.7 A2+ Bj -G
6a 70+ 14 266 + 3.9 A2a 4-Bi 4" Cl

1Six male rats were used in each series.

2The letter “A” indicates that the 1 forms of isoleucine, leucine, lysine, threonine and
valine were fed at the levels shown in table 1; A2 that the d1 forms of these amino acids
were fed at twice the 1 level. The A2a mixture differed from the A2 only in that D-allo-
isoleucine, L-isoleucine was substituted for DL-isoleucine.

“B” represents the i. forms of arginine, histidine, methionine, phenylalanine and trypto-
phan, fed as listed in table 1, B: the same amino acids fed in the di1 form at the same
level, except that the DL-histidine was increased 25% to compensate for the slow inverti-
bility of its D component.

“C” indicates the non-essential L-amino acids, plus glycine, in the quantities specified in
table 1. Ci signifies replacement of the 1 by the di1 forms; the DL-serine and DL-cystine
were fed at twice the L level, all others at the same level.

“G” represents replacement of the non-essential amino acids by 0.9 gm of glycine and
4.4 gm of ammonium citrate, to provide essentially the same amount of nitrogen.

3Standard error of the mean.

TABLE 4

Comparative rates of growth upon d- and L-histidine in diets containing only the L isomers,
or both the L and the a forms of the poorly-invertible group of essential amino acids

o Histidine-
Series1 Gain in Food deficient Histidine
weight eaten mixture supplement
fed2
gm gm gm/X 00 gm
7 125 + 5.83 368 + 883 A+ B'+C 0.41L
8 97 + 7.7 302 + 22,1 A+ B+ C 0.4D
9 118 + 6.3 361 + 15.5 Aoca+ Br+ Ca 0.4 1L
10 28 + 5.7 161 + 125 A2a 4“ B7-f- Ca 0.4D
11 114 + 6.7 352 + 175 Aa4-B'a-C 0.2L
12 29+ 2.8 168 + 7.1 Aa+ B'+ C 0.2D
13 105 £ 3.9 352 + 17.0 A2a4- B'4-Ca 0.21L
14 4+ 09 127 £+ 13 A2+ B'+ Ca 0.2

1Four male rats were used in each series.

2The letter “A” indicates that the amino acids of the poorly-invertible essential amino
acid group were fed in the L form in the amounts shown in table 1. Aa differed from A
only in that it contained 1 gm of D-alloisoleucine, L-isoleucine instead of 0.5 gm of L-
isoleucine. A2 indicates employment of the di1 forms of this group of amino acids at
twice the L level, with D-allisoleucine, L-isoleucine instead of DL-isoleucine.

“B’” represents the use of the L forms of the “B” group of essential amino acids, minus
histidine, at the levels indicated in table 1.

“C” indicates that the 1 forms of the non-essential amino acids were used at the dietary
levels indicated in table 1. The Ca mixture contained 0.6 gm of DL-alanine and 0.4 gm of
DL-serine instead of 0.6 gm of L-alanine and 0.2 gm of L-serine.

3Standard error of the mean.
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0.4 (series 9) and 0.2% (series 13) of 1-
histidine (4.2 and 3.8 gm per day), but
much less growth with 0.4% (series 10)
and 0.2% %series 14) of D-histidine (1.0
and 0.14 gm per day). The consumption
of the diets which contained the D-histidine
and the extraneous d isomers of the poorly
invertible group A amino acids was also
strikingly less.

DISCUSSION

It seems fair to state that no ideal pro-
portionate pattern of individual amino
acids in an amino acid mixture has been
established for growth promotion at any
age or level of intake, even in the experi-
mental rat. The pattern of the mixture of
essential plus non-essential amino acids
used in these tests was an arbitrary one,
based partly upon the minimal require-
ments of the essential amino acids for
growth in diets providing also the non-
essentials (Rose, '37), as well as upon our
own experience and that of others.

At the 12.1% level, at which the com-
plete L-amino acid reference mixture was
fed (series 1 and 7), the average weight
gains of 120 and 125 gm in 28 days were
appreciably greater than the average 106
gm- and 100 gm-gains observed previously
In 28 days in rats fed 12.5 and 11.9%,
respectively, of a fortified casein hydrolys-
ate in otherwise similar diets (Van Pilsum
and Berg, 50; Phillips and Berg, ’54).
Using a diet which contained 12.1% of
physiologically active amino acids in a
complete amino acid mixture (15.82% of
the diet, of which 1.92% represented HCL
and NaHCCh, and 1.8% the d forms of 4
essential and two non-essential amino
acids), Womack, Snyder and Rose (’57)
observed an average gain in weanling
rats of 115.4 gm in 28 days. Ramasarma,
Henderson and Elvehjem (’49) had ob-
tained an average gain of 114.8 gm in 28
days on a diet containing 16.05% of es-
sential plus non-essential amino acids.
This calculation includes the d compon-
nents of DL-serine and DL-alanine, but
not those of the 6 essential amino acids
fed in the DL-form. The average gain on
this mixture was inferior to the 129.1 gm
average gain observed in a similar period
on a 19% casein diet.

The reason that replacement of the 1
forms of the poorly invertible group A
amino acids, by their d1 modifications at
twice the L level (series 2 and 9), pro-
duced somewhat less growth (98 and 118
gm versus 120 and 125 gm in 28 days) is
obscure. Both diets contained the same
quantities of the 1 enantiomorphs. It is
possible that small differences in balance
were caused by limited inversion of the D
components of the DL-valine and the di-
leucine, but it is questionable whether
this could have been solely responsible.
The use of minimal levels of the essential
amino acids in these studies would, how-
ever, have made the animals sensitive to
any appreciable imbalance.

The still greater growth retardation, ob-
served when the readily invertible amino
acids of group B were also replaced by
their DL-modifications, as in series 3,
strongly suggests inadequate inversion of
one or more of the d forms of the invertible
group B acids, possibly through competi-
tion of the poorly invertible D-amino acids
for the enzyme (or enzymes) involved. Of
incidental Interest in this connection is the
observation that the additional provision
of the non-essential amino acids In the di
form, with serine and cystine at twice the
1 level, and all others at the 1 level, led to
an appreciably increased rate of growth
(compare series 6 with series 3 and series
6a wi:h series 3a). The reason for the im-
provement is not obvious. Possibly a more
efficient proportion of the non-essential
amino acids was effected. In any event,
the data seem to indicate that the o forms
of the non-essential amino acids do not
interfere markedly with the inversion of
the d forms of the B group of readily in-
vertible essential amino acids, as do the
D-amino acids of the essential group A

The fairly rapid growth, observed on the
diets in which the non-essential amino
acids were replaced hy glycine and am-
monium citrate (series 4 and 5), indi-
cates that the organism’s capacity to syn-
thesize the non-essential amino acids was
certainly very marked, though not com-
pletely efficient.

In the tests of the influence upon the
utilization of histidine of the invertible D
enantiomorphs, provided when the essen-
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tial amino acids of group A were fed in
the di form, the growth upon L-histidine
was only slightly less than on the complete
L-amino acid mixture, both at the 0.4%
and at the 0.2% L-histidine levels. By
contrast, the differences in the response to
D-histidine were very marked, both at the
0.4 and 0.2% levels. Little doubt exists
that one or more of the d modifications
of the group A amino acids markedly im-
pairs the utilization of D-histidine.

In the growing rat, D-histidine has been
proved to undergo conversion to L-histi-
dine (Conrad and Berg, 37). The slower
rate of growth with this isomer has been
assumed to be caused by its slow rate of
inversion. If this is true, the still further
retardation in the presence of other D
amino acids, as in the series 10 and 14
diets, may be tentatively attributed to their
interference with the inversion process.
The possibility that interference of this
type might occur was first suc};}gested by
Wretlin (’52%. Evidence which we have
obtained, both in the growing animal6
(Phillips and Berg, 54) and at the crude
enzyme level7seems to lend plausibility to
this assumption. Such other possibilities,
as the more ready excretion of the Dforms
and limited food consumption, cannot be
ignored as correlative factors, however.

SUMMARY

Excellent growth has been obtained on
an L-amino acid diet containing both the
essential and the non-essential amino
acids. Replacement in this diet of the
poorly invertible group of essential amino
acids (isoleucine, leucine, lysine, threo-
nine and valine) with their d1 forms at
twice the 1 level produced less rapid
growth. The additional replacement of
the readily invertible essential amino acids
(arginine, methionine, histidine, trypto-
phan and phenylalanine) by their di
forms at the 1 level led to a much more
marked decrease in rate of growth. In
either of the two latter diets, replacement
of the non-essential L-amino acids by gly-
cine and ammonium citrate led to a fur-
ther decrease in rate of gain, but their
replacement by their di1 isomers improved
the growth response. It is therefore ten-
tatively concluded that the d forms of the
poorly invertible group of essential amino

WACHTER AND CLARENCE P.
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acids interfere with the inversion of the
d forms of the readily invertible group.
The d forms of the non-essential amino
acids apparently do not augment this in-
terference. The excellent, though not quite
equal, growth obtained upon replacement
of the non-essential amino acids by gly-
cine and ammonium citrate indicates that
the synthesis of the non-essential amino
acids occurs surprisingly readily. The
presence of the poorly invertible group of
essential amino acids in the dr form at
twice the 1 level interferes markedly with
the utilization of D-histidine. This occurs
not only when the latter is fed at a subop-
timal level, but also when fed at a level
optimal for L-histidine. The probability of
interference with inversion is suggested.

6 See footnote 2, page 31.

7Gerulat, B. F., and C. P. Berg 1958 Compe-
titive inhibition of D-amino acid oxidase by D-
amino acids. Federation Proc., 17: 227 (ab-
stract).
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Although considerable evidence exists
that proteins and amino acids given apart
from the other components of the diet
may not be efficiently utilized for growth
(Henry and Kon, 46; Cannon et al., 47,
Geiger, 47, "A8a, "48b, ’50), little is known
of the utilization of vitamins administered
separately from the diet. Mackoetal. (’56)
observed greater weight gains in_guinea
pigs given ascorbic acid daily than in those
receiving it at semi-weekly or weekly inter-
vals. In other studies, Macko (’56) found
that rats given vitamin A once a week grew
as rapidly as those given the same amount
of the vitamin in 7 daily doses. However,
he observed that thiamine and vitamin D
were better utilized if given daily rather
than at weekly intervals.

The present studies were conducted to
determine whether limiting amounts of 4
B vitamins, administered apart from the
diet each day, are as well utilized for the
growth of rats as the same amount of
vitamins included in the diet.

EXPERIMENTAL

The basal 18% casein diet (diet 1% used
in the two experiments reported herein
was similar to that used by Morrison and
Sarett (’59), except that 0.063 mg of thi-
amine, 0.125 mg of riboflavin, 0.063 mg
of pyridoxine hﬁdrochloride and 0.5 mg of
calcium pantothenate were used per 100
gm to limit growth. These values repre-
sent_ap(saroximately one-half of the levels
required by the growing rat (Brown and
Sturtevant, '49). The same 4 vitamins
were omitted from diet 2. A low level of
ascorbic acid, 10 mg per 100 gm, was
included in the diets in experiment 1 but
omitted in experiment 2. In order to min-
imize vitamin loss, dietary supplies were
kept refrigerated. Previous analyses of

J. Nutrition, 70: '60

this type of diet showed no vitamin loss
under these storage conditions. Male
weanling rats of the McCollum-Wisconsin
strain were used in both experiments. The
animals were individually housed in
screen-bottom cages kept in an air con-
ditioned room maintained at 74 to 76°F.

Experiment 1. Thirty rats received diet
1 ad libitum during a two-week pretest pe-
riod. At the end of this time, 10 pairs of
animals were selected on the basis of body
weigh: and rate of weight gain. One mem-
ber of each pair continued to receive diet 1
ad libitum. The second member of each
pair received diet 2 ad libitum (diet 1
minus thiamine, riboflavin, pyridoxine and
pantothenic acid), and, in addition, the
same amounts of the 4 vitamins which had
been consumed by its pair-mate the previ-
ous day. Vitamins were administered in
aqueous solution by stomach tube. To fa-
cilitate administration of the vitamins, a
solution was prepared containing (per ml)
the amount of thiamine, riboflavin, pyri-
doxine and pantothenic acid present in
10 gm of diet 1. The animals receiving
diet 1 (with the B vitamins in the diet)
were given an amount of water by stomach
tube equal to that received by their pair-
mates, to equalize the effect of handling
and treatment. Rats were individually
weighed, weekly, for three weeks. During
this tune records were kept of food and
water intake. Because of the death of one
animal in each group, only 8 pairs of ani-
mals remained at the end of the experi-
ment. These were fasted for 24 hours,
killed by intraperitoneal injection of pen-

Received for publication July 29, 1959.
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tobarbital sodium solution,3and the livers,
kidneys, and adrenal glands were removed
and weighed.

Experiment 2. Weanling rats were
trained, during a two-week pretest period,
to consume their daily diets within a one-
hour period. This was done in order to
permit study of separate vitamin admin-
istration immediately, and several hours
after the diet was consumed. Pairs of
rats were then selected on the basis of body
weight and rate of weight gain. Eight
of these pairs were used in part A of the
experiment, and the other 8 used for part
B. One animal in each of these parts was
lost during the experiment.

In part A animal 1A of each pair was
given diet 2 (diet 1, minus thiamine, ribo-
flavin, pyridoxine and pantothenic acid)
ad libitum from 8:00 to 9:00 a.m ., and at
4:30 ,.m. the amounts of the missing
vitamins present in an equivalent amount
of diet 1 were given by stomach tube.
Animal 2A received this amount of diet 1

AND A. B. MORRISON

from 9:00 to 10:00 a.m., followed by 1
ml of water by stomach tube.

In part B, animal IB of each pair re-
ceived diet 2 from 8:00 to 9:00 a.m . and
immediately thereafter was given by stom-
ach tube the amounts of the 4 B vitamins
contained in an equivalent amount of
diet 1. Animal 2B was allowed this amount
of diet 1 from 9:00 to 10:00 a.m . and
then given 1 ml of water by stomach tube.

Records were kept of food and water in-
take, daily, and of weight, weekly, for
three weeks. At the end of this period, the
animals were fasted for 24 hours and
killed by intraperitoneal injection of pento-
barbital sodium solution; livers, kidneys
and adrenal glands were removed and
weighed. The liver of each animal was
analyzed for solids and total lipid content
by the method of Sarett and Jandorf (*47).

RESULTS AND DISCUSSION

In experiment 1, the animals receiving
the vitamins separately from the diet once

3Nembutal, Abbott.

TABLE 1

Data on weight gain, food and water intake, food efficiency values and organ weights
of male rats receiving 4 E vitamins in the diet or once daily by stomach tube

No. of rats

Initial weight, gm

Weight gain, gm
1 week

2 weeks
3 weeks

Food intake, gm
Food efficiency?2
Water intake, ml
Liver weight

gm

% body weight
Kidney weight

gm

% body weight

Adrenal weight
mg
m g /100 gm body weight

1Standard deviation.
*Grams gained/100 gm of focd consumed.

Diet 1 Diet 2
vitamins vitamins
included given by

in diet stomach tube

8 8

69 71

13 9

17 21

20.0 + 9.01 28.8 + 8.81
123 135

16.3 + 4.9 20.7 £ 4.0
143 141

3.1 3.5

3.7+ 03 3.9+ 0.3
0.85 0.91

1.05 + 0.08 1.00 + 0.06
24.6 255

30.1 + 2.6 28.1 + 54
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each day gained somewhat more weight
than those receiving the vitamins in the
diet (table 1). However, this difference,
which was not significant, may have been
caused, in part, by the large variation in
weight gain found with suboptimal intake
of vitamins. A slight loss of B vitamins
in the diet may have occurred (Lyman and
Elvehjem, ’51; Rombouts, ’53), although
this is not likely under the experimental
conditions. The animals receiving the
vitamins in the diet ate less than their
pair-mates, and also showed lower food
efficiency values. The organ weights of
the animals receiving the vitamins in the
diet were similar to those of the animals
receiving the vitamins by stomach tube.
Data on weight gain, food and water
intake and efficiency of food utilization
in experiment 2 are shown in table 2. In
part A of the experiment, group 1A (the
B-vitamin-free diet in the morning with
the vitamins given separately late in the
afternoon) gained 35 gm, with a food ef-
ficiency of 28.6 gm gain per 100 gm of
food intake. The animals in group 2A
(receiving the same amount of diet con-
taining the vitamins) showed a similar
weight gain (34 gm) and comparable food
efficiency of 28.0 gm gain per 100 gm of
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food intake. In part B, group IB which
received the B-vitamin-free diet followed
immediately by the vitamins, gained 40
gm with a food efficiency of 30.2 gm gain
per 100 gm of food intake. The paired
animals in group 2B, which received the
vitamins with the diet, showed a similar
weigh)t gain (41 gm) and food efficiency
33.2).

In both parts of this experiment, the
water intake of the animals receiving the
vitamins with the diet (groups 2A and
2B) was significantly greater than that of
those given the vitamins b%/ stomach tube.
This cannot be readily explained. Data on
liver, kidney and adrenal weight and
liver composition (table 3) showed no sig-
nificant differences among the groups,
other than the relatively smaller kidney
weight of the animals in groups 2A and
2B. These differences in kidney weight
presumably result from the variation in
water intake noted above.

Therefore, B vitamins administered
separately from the diet once a day ap-
pear to be utilized as well as those incor-
porated in the diet.

SUMMARY

Two experiments were conducted to de-
termine whether limiting amounts of thi-

TABLE 2

Weight gain, food and water intake and food efficiency values of male rats given
4 B vitamins, in the diet or separate from the diet

Part Al Part B2
Group 1A Group IB Group 2A Group 2B
No. of rats 7 7 7 7
Initial weight, gm 74 74 75 72
Weight gain
1week 12 14 15 15
2 weeks 27 27 31 32
3 weeks 34.7 £ 7.53 33.7 £ 10.0 399+ 57 413+ 53
Food intake, gm 121 120 132 124
Food efficiency4 28.6 + 4.9 28.0 + 6.6 302+ 21 332+ 24
W ater intake, ml 165 240 189 304

1Group 1A—*“Vitamin-free” diet ad libitum, 8 to 9 a.m ., vitamins by tube at 4:30 p.m.
Group IB—Basal diet, equivalent to 1A, 9 to 10 A.M., water by tube at 10 a.m.
2Group 2A—*Vitamin-free” diet ad libitum, 8 to 9 am ., vitamins by tube at 9 a.m.

Group 2B—Basal diet, equivalent to 2A, 9 to 10 am.

3Standard deviation.

, water by tube at 10 am.

4Grams gained per 100 gm of food consumed.
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TABLE 3

Data on final body weight and organ weight of male rats given 4 B vitamins in the diet,
or separate from the diet

Part A Part B
Group 1A Group 1B Group 2A Group 2B
No. of rats 7 7 7 7
Final body weight, gm 10” 106 115 113
Liver weight
gm 3.6 3.6 4.1 3.7
% body weight 33 +0.11 34 +0.21 3.6 £ 051 3.3 £0.2*
Kidney weight
gm 0.91 0.79 1.04 0.79
% body weight 0.85 = 0.08 0.75 + 0.07 0.90 + 0.10 0.70 = 0.02
Adrenal weight
mg 28.5 28.1 26.4 29.5
mg/100 gm
body weight 269 +4.6 26.8 + 4.0 23.0 = 17 264 + 35
Liver composition
solids, % 294 +1.2 279 + 11 281 = 10 29.0 * 0.2
total lipid, % 42 +0.2 38 £0.3 40 *0.2 40 =0.2

1Standard deviation.

amine, riboflavin, pg/ridoxine and panto-
thenic acid are used as well by growing
rats when given apart from the diet as
when given with the diet. In the first ex-
periment, one group of animals received
these vitamins in the diet throughout the
day, while a second group received an
equivalent amount of the vitamins once a
day by stomach tube. The results showed
no significant difference in average weight
gain or efficiency of food utilization.

In the second experiment, the animals
were first trained to consume their daily
food within one hour to permit adminis-
tration of B vitamins apart from the diet
(either immediately after eating or sev-
eral hours later). The weight gain of
these animals was similar to that of the
pair-mates which received the vitamins in
the diet. Significantly more water was
consumed by rats receiving the vitamins
in the diet, and these animals had rela-
tively smaller kidneys than those receiving
the vitamins separatel%/. B vitamins ad-
ministered separately from the diet once
each day appear to be as well utilized as
those incorporated in the diet.
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The Metabolism of Methionine by Single Comb
White Leghorn and Black Australorp Chicks

E. C. MILLER, JEAN S. O'BARR and C. A. DENTON

Poultry tlesearch Branch, Animal Husbandry Research Division, ARS
Agricultural Research Center, Beltsville

In 1941, Klose and Almquist reported
that methionine was an essential dietary
ingredient for growth promotion in the
chick. Since then, many studies have been
conducted to determine the sulfur amino
acid requirements of the chick. The meth-
ionine requirement has been shown to be
affected by the cystine, choline (Grau and
Almquist, 43, Almquist and Grau, ’45),
protein (Rosenberg and Baldini, ’57) and
energy content of the chick’s diet (Baldini
and Rosenberg, ’55). With substantially
no cystine in the diet the results of feeding
studies (Grau and Almquist, 43) have
demonstrated that the chick utilizes meth-
ionine for cystine synthesis at a rate rapid
enough to meet physiological needs for
growth. Since the amount of cystine in
the diet affects the chick’s need for meth-
ionine, this requirement cannot be con-
sidered without consideration of cystine
content.

Recently, McDonald (’57, 58) reported
a breed difference in the metabolism of
methionine. He found that Single Comb
White Leghorn chicks, but not Australorp,
gave a growth response to methionine
supplementation of the basal diet. How-
ever, the Australorp chicks responded to as
little as 0.078% of supplemental dietary
cystine. Biochemical studies of the liver
cysteine content of Single Comb White
Leghorn and Australorp chicks, indicated
that the Australorp chicks could not syn-
thesize cystine at a rate that would meet
physiological need for growth.

The current studies were initiated to
determine the effect of cystine supple-
mentation on the growth of Black Austral-
orp and Single Comb White Leghorn
chicks fed diets having a low cystine con-
tent, and also to study the utilization of
methionine S by the Black Australorp
and Single Comb White Leghorn chick.

42

EXPERIMENTAL

All chicks used in these experiments
were obtained from outbred, closed flocks
of the Breeding Section of the Poultry Re-
search Branch at the Agricultural Research
Center. Chicks were housed in electrically
heated chick batteries having raised, wire
floors. Feed and water were supplied ad
libitum. Basal diets used are presented
in table 1. Supplementation of the basal
diet with methionine and cystine was made
at the expense of cornstarch. The cystine
and methionine content of the diets was
determined microbiologically.

The method of Horn and Blum (’56)
was used for the cystine microbiological
assays except for the following two modi-
fications : feed samples were hydrolyzed in
an autoclave at 15 pounds pressure for two
hours, and the sterilization time for the
media was reduced to 2.5 minutes. Meth-
ionine was assayed by the method of
Williams (’55) using a 24-hour reflux
hydrolysis. L. mesenteroides P-60 (ATCC
no. 8042) was used as the assay organism
for both methionine and cystine.

The effect of cystine supplementation of
basal diets on growth rate

Experiments 1 and 2. Day-old straight-
run chicks were placed randomly on the
various dietary treatments outlined in table
2 for a 4-week experimental period.

Experiment 3. During the first week, the
chicks were fed basal diet 3, supplemented
with 0.3% of DL-methionine and 0.2% of
L-cystine. At one week of age the chicks
were placed randomly on the various
treatments given in table 2, using duplicate
groups of both breeds per treatment. The
experiment was terminated when the
chicks were 4 weeks old. Statistical analy-

Received for publication July 21, 1959.
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TABLE 1
Composition of basal diets

. Diet
Ingredient

1 2 3

% % %
Alfalfa meal, 17% protein - 5 5
Isolated soybean proteinl 10 12 17
Casein, 88% protein 10 10 5
Gelatin 5 5 5
Fish solubles 3 3 3
Ground cellulose 3 3 1
Com oil2 6 10 10
Mineral mix3 4.76 4.76 4.76
B-vitamin mix4 (triturated in sucrose) 0.5 0.5 0.5
Vitamin A concentrate (10,000 1.U./gm) 0.05 0.07 0.07
Vitamin D3concentrate (15,000 1.C.U./gm) 0.003 0.003 0.003
Vitamin E concentrate (44 1.U./gm) 0.01 0.01 0.02
Choline chloride supplement (25% choline chloride) 0.5 0.6 0.8
Chlortetracycline - 0.002 0.002
Antibiotic supplements5 - - 0.02
DL-methionine 0.3 - -
Cornstarch 56.87 46.59 47.84

Total 100 100 100

Protein % calculated 22.1 25.3 25.3

1Assay Protein C-I, Archer-Daniels-Midland Companj, Cincinnati, Ohio.

2 Stabilized by adding Tenox R, 500 mg/kg of corn oil, Eastman Chemical Products, Inc.,
Kingsport, Tennessee.

3Mineral mix supplied the following per cent of minerals in the diet: tri-calcium phos-
phate, 3.0; potassium phosphate dibasic, 0.9; sodium chloride, 0.5; magnesium carbonate,
0.262; ferric citrate, 0.05; zinc carbonate, 0.01; potassium iodide, 0.004; cupric acetate,
0.005; manganese chloride, 0.037; sodium selenate, 0.0004.

4Vitamin mix supplied the following vitamins in mg/kg of diet: thiamine-HCI, 30;
riboflavin, 15; calcium pantothenate, 100; vitamin Bi2 0.008; pyridoxinesHC1, 10; folic
acid, 4; inositol, 50; menadione, 2.5; niacin, 100; biotin, 0.1.

5Contained zinc bacitracin, 25 gm of antibiotic/pound. Commercial Solvents Corp., New
York.

TABLE 2

Fourth-week body weights of Single Comb White Leghorn and Black Australorp chicks as affected

by methionine and cystine supplementation of low-cystine basal diet

Experiment 33

Supplements Experiment 11 Experiment 22
Bda}g?l added a> Black cp Black SLCV\[/1hite A Blaclk
no.  DL-methio- L-cys- White Austra- White  Austra- eghorn ustralorp
nine tine Leghorn lorp Leghorn  lorp 1 2 1 2
% % gm gm gm gm gm gm gm
- - 281 292
- 0.3 275 272
— — 249 340
0.30 - 300 360
0.30 0.20 321 338
0.40 - 306 357
0.40 0.20 304 324
— — 226 177 258 279
0.15 0.15 290 257 336 336
3 0.30 - 295 274 344 339
0.30 0.20 296 258 346 348
0.50 — 303 253 326 349
1Experiment 1, day-old chicks, 15 per treatment; basal diet 0.54% of L-methionine 0.10% of L-cys-
tine by microbiological assay.
2Experiment 2, day-old chicks, 12 per treatment; basal diet 0.45% of L-methionine 0.11% of 1-cys-

tine by microbiological assay.

3Experiment 3, week-old chicks, 10 per treatment (each treatment replicated); basal diet, 0.40%
of L-methionine, 0.11% of L-cystine by microbiological assay.
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ses (analysis of variance and Duncan’s
new multiple range test) were made on
growth data according to the methods out-
lined hy Li (’57).

Utilization of L-methionine S&

Using sulfur®labeled L-methionine,
tracer studies were conducted of the
amount of methionine utilized for cystine
synthesis by each of the two breeds. Com-
mercially obtained L-methionine S3 was
freed of radioactive impurities by paper
chromatography before use.

Experiment 4. Six Single Ccmb White
Leghorn and 6 Black Australorp chicks
were fed basal diet 1 from one day of age.
Starting the second day, they were injected
intramuscularly with carrier-free L-meth-
ionine S3 (20 microcuries per chick per
day) for 4 consecutive days and killed on
the 5th day. The droppings were collected
daily and the total S&content determinedl
(table 3). The carcasses were pooled by
breed and homogenized in a Waring blen-
der. To provide an optimum hydrolysis
period for methionine liberation with least
destruction of cystine, the homogenized
carcasses were hydrolyzed with 6 N for
three hours at 110°C, filtered, residue re-
hydrolyzed for 7 hours and filtered; three-
hour and 7-hour filtrates for each breed
were combined and reduced in volume in
vacuo. Aliquots of the hydrolysates were
used for isolation of methionine S& and
cystine S3 by means of ion exchange
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resins. One-milliliter aliquots of the hy-
drolysates were placed on 0.9 by 100-
cm columns of Dowex 50 (hydrogen
form) and eluted according to the pro-
cedure of Stein and Moore (’50). One-
milliliter aliquots of the fractions collected
from the ion exchange columns were evap-
orated to dryness and counted in a win-
dowless gas-tflow counter. Corrections were
made for self-absorption and decay. Iden-
tity of the methionine and cystine peaks
was confirmed by paper chromatography.2

Table 4 (experiment 4) shows the per
cent of total carcass sulfur Sfound in the
cystine fraction. In order to determine
the specific activity of the cystine SSfound
in the carcass, larger columns (5 by 50
cm) of Dowex 50 resin (hydrogen form)
were used to isolate larger quantities of
cystine S The cystine S&thus obtained
was recrystallized three times and checked
for purity by microbiological assays and
paper chromatography. The specific ac-
tivity of the cystine SHisolated from the
carcass hydrolysate of the two breeds of
chicks is given in table 4 (experiment 4).

1Droppings homogenized in Waring blender
were made up to volume and aliquots wet-ashed
with concentrated nitric acid, residue taken up
in 10 ml of H2D. One-milliliter aliquots of the
ashed solution were dried in stainless steel plan-
chets and counted.

2Solvent systems for paper chromatography;
methyl ethyl ketone, propionic acid, water (75,
25, 30) and tert. butanol, formic acid and water
(75, 15, 15).

TABLE 3

Retention and excretion of L-methionine S35 administered intramuscularly to Single Comb
White Leghorn and Black Australorp chicks

Experiment 4

Days after initial dose

1 3 4
% % % % %
S&Bcontent of droppings
SCW Leghorn 15.19 12.76 9.34 7.26 44.55
Black Australorp 12.34 11.43 9.64 8.68 42.09

SHcontent of carcassl

SCW Leghorn
Black Australorp

56.73
56.90

Recovery of Shadministeredl

SCW Leghorn
Black Australorp

1Per cent of total dose administered.

101.28
98.99
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TABLE 4

Conversion of carrier-free -L-methionine S3 to cystine Sg* by Single Comb White Leghorn
and Black Australorp chicks

Experi- Resin
m%nt Hydrolysate column
no. no.

Carcass
hydrolysate

4 SCW Leghorn L IB
4 SCW Leghorn L IE
4 SCW Leghorn L ID
4 Black Australorp 1A
4 Black Australorp IB

4 Black Australorp 1C
5 SCW Leghorn SB
5 SCW Leghorn SD
5 SCW Leghorn SF
5 Black Australorp SA
5 Black Australorp SC
5 Black Australorp SE

Liver
hydrolysate

6 SCW Leghorn LIA
6 SCW Leghorn LIC
6 Black Australorp AlA
6 Black Australorp AIB

%1 ifi
recogsered AV%/rage § g\:/llftl)s
cystine SH ’ cpm/mg

33.90
37.52 35.71
93,811
31.72
29.75 30.75
81,683
32.39
35.24
30.57 32.73
27.28
26.63
24.67 26.19
27.30
30.86 29.08
21.53
22.18 21.85

1Per cent of total radioactivity recovered as cystine SH¥ from carcass- or liver-tissue

hydrolysate.

Experiment 5. Three Single Comb White
Leghorn and three Black Australorp two-
day-old chicks were injected intramuscu-
larly with carrier-free L-methionine S3
(22.64 microcuries per chickJJer day) for
4 consecutive days and killed on the 5th
day. These chicks had been fed basal diet
3 from one day of age. The entire chick
carcass was homogenized separately in a
Waring blender, hydrolyzed and fraction-
ated on ion exchange resins by the same
procedure described in experiment 4. The
per cent of total radioactivity found in the
cystine fraction for each chick is given in
table 4 (experiment 5).

Experiment 6. Two Single Comb White
Leghorn and two Black Australorp three-
week-old chicks were injected intramus-
cularly with carrier-free L-methionine S%
(28.28 microcuries per day per chick) for
4 consecutive days and killed on the 5th
day, having been fed basal diet 2 from
one day of age. Livers were removed, hy-
drolyzed and fractionated on ion exchange
resins as described in experiment 4. The

per cent of the total radioactivity found
in the cystine fraction for each liver hy-
drolysate is shown in table 4 (experi-
ment 6).

RESULTS AND DISCUSSION

Growth studies outlined in the first three
experiments (table 2) show no growth re-
sponse with either breed of chick when
cystine was added to diets containing ade-
quate methionine. The data were analyzed
statistically, with no significant difference
found in the growth of the two breeds. In
experiment 2, no growth response was ob-
tained from methionine supplementation
of the basal diet fed to Black Australorp
chicks. It appears, therefore, that basal
diet 2 contained an adequate amount of
sulfur amino acids to meet the require-
ment of the Black Australorp chick but not
of the Single Comb White Leghorn chick.

In experiment 3, the diet was modified
to reduce the sulfur amino acid content
in the basal diet. Here, a significant dif-
ference (5% level of significance), was
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obtained when the growth of both breeds
fed the basal diet was compared with the
growth of chicks receiving supplementary
methionine or methionine plus cystine.
These results are contrary to those ob-
tained by McDonald (’57), who found that
the addition of methionine to his basal
diet used for Australorp chicks resulted in
a growth depression rather than a growth
response. However, the results of the
tracer studies with L-methionine S show
that less methionine is converted to cystine
by the Australorﬁ chicks than by Single
Comb White Leghorn chicks. The cystine
Sdisolated from the Black Australorp car-
cass h drolﬁsate had a lower specific ac-
tivity than the cystine Sdisolated from the
Single Comb White Leghorn carcass hy-
drolysate. This indicates that a definite
breed difference exists in utilization of
methionine for cystine synthesis. Even
though the rate of conversion of meth-
ionine to cystine was not as great for the
Black Australorp chicks as for the Single
Comb White Leghorn chicks, the growth
studies indicate that the rate was adequate
to meet physiological needs.

SUMMARY

The utilization of methionine for syn-
thesis of cystine by Single Ccmb White
Leghorn and Black Australorp chicks was
studied, using a low-cystine content, semi-
purified diet. A growth response was ob-
tained from methionine supplementation
of the basal diet. With either breed of
chick no additional growth response was
obtained from cystine supplementation of
a diet containing adequate methionine.

Experiments using L-methionine S3 to
study the utilization of methionine for
cystine synthesis showed a breed difference
in the amount of methionine converted to
cystine. More of the radioactive methio-
nine was converted to cystine SHhy Single
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Comb White Leghorn chicks than by the
Black Australorp chicks. The cystine S&
isolated from the carcass hydrolysate of
Sinﬂle Comb White Leghorn chicks had a
higher specific activity than that isolated
from the carcass hydrolysate of the Black
Australorp chicks. Because of the good
growth rate obtained with methionine sup-
plementation of a low-cystine content basal
diet, the conversion of methionine to cys-
tine appears to be adequate to meet the
physiological needs for growth in both
breeds studied.
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Many studies have shown that under
practical feeding conditions an adequate
source of vitamin E or other antioxidant
is essential in the diet of chicks. However,
several reports have indicated that under
some conditions, when purified diets are
fed, no vitamin E is required by growing
chicks (Dam, ’44; Zacharias et al., ’50;
Miller et al., ’55?1. If chicks can be raised
successfully without vitamin E, such an
observation suggests that a-tocopherol may
have no biochemical function other than
that of an antioxidant.

With the knowledge that selenium can
replace a-tocogherol in the prevention of
exudative diathesis (Patterson et al., ’57;
Schwarz et al., ’57), and that sulfur amino
acids, independent of any possible sele-
nium content, can partially replace a
tocopherol in the prevention of muscular
dystrophy in the chick (Dam et al., ’52),
the study of the biochemical function of
vitamin E should take on clearer perspec-
tives. In the present report it is shown
that chicks can indeed be raised to matur-
ity without dietary vitamin E and that such
chicks are devoid of the vitamin as far
as sensitive analytical methods can detect.
The implications of these observations on
the metabolism of tocopherol and its bio-
chemical role other than that of an anti-
oxidant are discussed.

EXPERIMENTAL

Purified diets were used in all studies.
New Hampshire, female, day-old chicks
from a commercial hatchery were kept in
electrically heated brooders with raised,
wire floors until 7 weeks of age. They were
then transferred to a larger, unheated bat-
tery. Because of space limitations, the
number of birds was reduced to 4 to 6
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per group. The animal room was main-
tained at 76°F £ 2° and at 45 to 55%
relative humidity.

The composition of the diets is given
in table 1 It should be emphasized that
no antioxidants were added to the diets.
The only dietary variation worthy of special
note was the vitamin A supplement. In
the first study, crystalline vitamin A ace-
tate dissolved in ethanol was added to the
diets (30 mg/kg). However, a rapid de-
struction of the vitamin in the diets with-
out tocopherol was found and consequently
in the second experiment the vitamin A
was added weekly to the drinking water
(750 ug/1; Bieri, 57). When the birds
were 18 weeks old, analyses of the livers
from two hens that died revealed a vitamin
A content bordering on a deficiency. Vita-
min A was then given per 0s in aqueous
dispersions at a dosage of 750 ug weekly.

Vitamin E in plasma or serum was deter-
mined by the micromethod of Quaife et al.
(49). In the early stages of these studies,
tocopherol in tissues was determined by
the procedure of Swick and Baumann
(’52). When it became apparent that this
method was inadequate for tissues having
low concentrations of tocopherol, a more
sensitive paper chromatographic method
was adopted (Pollard and Bieri, 59).
Briefly, the tissues were saponified for 15
to 20 minutes in the presence of pyrogallol
and the unsaponifiable matter extracted in-

Received for putlication August 3, 1959.

1Preliminary reports of portions of this study
have been presented before the Poultry Science
Association, 1956 annual meeting (Briggs et al.,
’56) ar.d before the American Institute of Nutri-
tion, 23rd annual meeting: Bieri, J. G., and G. M.
Briggs 1959 Non-essentiality of vitamin E for
normal growth and development of the chick.
Federation Proc., 18: 517 (abstract).
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to hexane. After washing and drying, the
unsaponifiable material was concentrated
to dryness under nitrogen and redissolved
in methanol. Sterols were removed by two
or three freezings in dry ice-ethanol. The
desterolized, concentrated material was
then analyzed by chromatography on zinc
carbonate impregnated paper as described
by Green et al. (’55).

RESULTS AND DISCUSSION

First experiment. Preliminary studies
over a 6-month period with chicks fed fat-
free diets without vitamin E (Briggs et al.,
’56; Bieri et al., 57) showed that they de-
veloped normally whether or not vitamin
E was in the diet. Although it is well
known that the vitamin E requirement is
related to the unsaturated fat content of a
diet, these long-term results were of con-
siderable interest.

In the next study, the results of feeding
vitamin E-free diets with and without fat
were compared. The basal diet (C24A,
table 1) contained purified casein as the
protein source. The results (table 2)
showed that not only chicks on a fat-free
diet would survive for as long as 24 weeks
without vitamin E, but also chicks fed
10% of stripped lard in the diet would
develop normally without the vitamin. The
appearance of these hens was normal and
the weights were superior to those of hens
ingesting 4% of com oil. Deaths occurred
in three of the groups, including those
receiving tocopherol, between the 18th and
24th weeks. The causes of death could not
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be determined with certainty. Analyses
of the serums for total tocopherols were
performed on three of the groups after 4
weeks on the diets. As seen in table 2,
no tocopherol was detectable in chicks
receiving the vitamin E-free diets, whereas
high tocopherol levels were observed in the
supplemented group.

TABLE 1
Composition of basal vitamin E-free diets

Ingredient Diet C24A Diet C47E1

% %
Purified casein2 20.0 —
Gelatin 8.0 —
Soybean protein3 — 30.0
Vitamin E-free lard4 - 4.0
Salt mix A5 6.0 6.0
Glucose6 65.5 59.6
Vitamins7 0.2 0.1
L-Cystine — 0.3
DL-Methionine 0.3

1Thirty per cent of feed-grade Torula yeast, in
place of glucose, was added during the first 6
weeks. Aureomycin, 0.2 gm/kg, was added from
the 18th to the 23rd week. Ten per cent of cel-
lulose was included from the 23rd week. Sele-
nium, 0.5 mg/kg as sodium selenite, was added
from the start of the experiment.

2General Biochemicals, Inc.

3Drackett C-l, later renamed Archer-Daniels
Midland Company Assay Protein.

4Distillation Products Industries.

5Briggs et al. (’52).

s Cerelose.

7Fox et al. (’55). Diet C24A contained 0.2%
of choline whereas C47E contained 0.1%. The
amounts of vitamins K, D and B complex were
the same in the two diets. Vitamins E and A were
omitted. Vitamin A acetate was given in the diet
or in the drinking water as described in the text.

TABLE 2

Growth of chicks fed a vitamin E-free purified casein diet (C24A)

Atg%i;isoar}s De_frilcide_g(t:ies Average weights vi?aer%uirr? £
dietl Inai 4 weeks Bweeks 24 weeks at 4 weeks
gm gm gm mg %

None Vit. E and fat 302(6)2 810(5) 2081(2) 0.0
10% Vit. E-free

lard Vit. E 343(6) 1019(5) 2552(3) 0.0
100 mg a-Tocoph-

eryl acetate/kg Fat 275(6) 846(5) 1744(2) 1.8+ 0.37
4% Corn oil, 100

mg ce-tocopheryl

acetate/kg None 318(6) 808(6) 2030(4) —

1AIll diets supplemented with 200 mg aureomycin/kg after the 9th week.
2Number of chicks started was 6/group. These were reduced to 4 after the 8th week.
Figures in parentheses represent the number remaining.
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At no time did symptoms of exudative
diathesis or encephalomalacia appear in
the vitamin E-free chicks. Subsequent
studies of these two syndromes revealed the
reasons for this. The purified casein con-
tained sufficient factor 3 (biologically ac-
tive selenium) to prevent exudative di-
athesis. The level of lard employed, 10%,
did not cause sufficient stress to provoke
encephalomalacia; we have found that at
least 15% of lard is required under the
conditions of our experiment. Further-
more, the assurance of an adequate vita-
min A intake in such diets has been found
to reduce the incidence of apparent en-
c_epi;alomalacia (unpublished  observa-
tion).

Second experiment. In this longer term
study, diet C47E §tab|e 1) was used which
contained 30% of purified soybean protein
and, for the first 6 weeks, 30% of Torula
yeast. Sodium selenite at a concentration
of 0.5 mg selenium/kg (0.5 ppm) of diet
was incorporated to prevent exudative di-
athesis. The diet contained 4% of stripped
lard which, as noted above, was not a suf-
ficiently high level to cause encephalo-

malacia. In the absence of the selenium,
however, the diet regularly produced an
80% incidence of exudative diathesis by 4

weeks, with high mortality (Bieri et al.,
58). Because of the excessweIE(/ watery
condition of the excreta from chicks ingest-
ing this diet, the Torula yeast was omitted
after the 6th week. Since in a previous
study air sac infection had been the cause
of death in chicks maintained on purified
diets for prolonged periods, 0.2 gm of au-
reomycin/kg of diet was added at the 18th
week. After several weeks the excreta be-
came very watery, consequently the aureo-
mycin was eliminated from the diet and
10% of cellulose was added. This change

was beneficial and the cellulose was con-
tinued in the diet for the remainder of the
experiment.

Two groups of 12 chicks each were
studied; one was given no vitamin E and
the diet of the other was supplemented
with the vitamin. At intervals after the
4th week, chicks were killed occasionally
in order to analyze the tissues for toccph-
erol and also to assay various enzyme Sys-
tems in which vitamin E has been impli-
cated. The results of these latter studies
have appeared elsewhere (Pollard and
Bieri, 59).

Growth and egg laying. The growth
rates of the two groups were similar as
indicated in table 3. As in previous experi-
ments, the appearance of the birds in the
vitamin E-free group was indistinguishable
from that of the supplemented birds. Egg
laying began simultaneously in the two
?_rqurg during the 19th week. Two arti-
icial inseminations produced fertile eggs,
but poor incubation facilities probably pre-
vented hatching. Several embryos from
both the depleted and control groups sur-
vived for 17 to 19 days. At about the 32nd
week, coincident with moving and con-
struction in the animal room, all hens
abruptly ceased laying. Egg production re-
sumed slowly about the 36th week but at
the time of writing (50th week) has been
poor in both depleted and control hens.

Hematology. Limited blood analyses
were performed several times during the
study. Table 4 indicates that at 19 weeks
of age the hematocrit and hemoglobin
values were similar for the two groups.
When the chicks were 32 weeks old, their
serums were analyzed by paper electro-
phoresis. Although considerable variation
was found in the electrophoretic patterns,
no marked differences were apparent be-

TABLE 3
Growth of chicks fed a vitamin E-free purified soybean protein diet (C47E)

Average weights (weeks)

Group 6 12 18 26 45
gm gm gm gm gm
No vitamin E 634(7Y 1580(6) 2415(5) 2671(4) 2882(4}
50 mg a-tocopheryl
acetate/kg 619(10) 1490(4) 2001(4) 2223(3) 2528(1)

1Figures in parentheses indicate number of chickens remaining at each period.
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tween the E-free and control serums. The
total serum proteins were also similar

table 4).
(table 4) TABLE 4

Hematology of vitamin E-depleted and
control chicks

Total

Chick no. Hematocritl  Hemoglobinl serum
protelns
% % %
Vitamin E-free
22 25.0 7.9 5.0
27 28.0 8.3 4.8
28 24.5 7.7 3.8
31 315 9.7 —_
Plus vitamin E
38 25.0 7.7 4.5
41 27.0 7.9 4.3
42 28.0 8.7 —

'At 19 weeks of age.
2At 32 weeks of age.

Analyses of tissues for tocopherol. It
was reported C;)reviously that when day-old
chicks are fed a variety of vitamin E-free
diets the rate of depletion of tocopherol
from the tissues is very rapid and is not
influenced by the composition of the diet
(Bieri et al., ’58). Within 3 to 4 weeks the
apparent total tocopherols in the liver fall
to a low level of 2 to 5 ug/gm. A similar ob-
servation was made by Bunnell et al. (’56)
who pointed out that the same low con-
centration of tocopherol in the liver was
attained at the same time regardless of
the initial liver storage. The rate of de-
crease in chick liver of apparent tocopherol
and also of reducible material which reacts
like toc«()jpherol has also been reported (Pol-
lard and Bieri, 59). From our studies it
became apparent that regardless of the
duration of vitamin E depletion, tissues
always contained a “packground” level of
2 to 5 ug of “tocopherol”’/gm when ana-
lyzed by the method of Swick and Baumann

’52). This low concentration of apparent
tocopherol was also evident in the data of
Bunnell et al. (’56) who used a molecular
distillation prior to the Emmerie-Engel
reaction. Since it appeared incongruous
that this constant amount of apparent to-
copherol should remain indefinitely, ex-
tracts of tissues from vitamin E-depleted
chicks were subjected to the paper chro-
matographic procedure of Green et al.
(55). Although the Emmerie-Engel react-

BIERI AND OTHERS

ing material which migrated with the same
Rf as a-tocopherol at first appeared to indi-
cate that vitamin E was actually present,
further study showed that when the sterols
in the extracts were removed, the Rt was
reduced almost to zero. This slowly moving
material did not correspond to i3, y-, or ¢
tocopherols. Part of it was found to be re-
duced ubiquinone or coenzyme Q (Pollard
and Bieri, 59). By the use of this modified
paper chromatographic procedure it was
possible to detect as little as 0.25 ug of
ci-tocopherol/gm of tissue.

Analyses of liver, heart and breast mus-
cle from the vitamin E-depleted chicks,
killed at varying intervals during this ex-
periment, showed that after 4 or 5weeks on
the vitamin E-free diet the a-tocopherol
content was essentially zero and never
more than 0.5 ug/gm. After 7 weeks ox
depletion a-tocopherol was never observed
in the extracts, when the total unsaponifi-
able material from 2 to 4 gm of tissue was
analyzed by chromatography. Tissues
from the control chicks receiving vitamin
E always contained a-tocopherol which was
estimated usually to be in excess of 10
ug/gm. Similarly, the eggs from E-free
hens contained no detectable a-tocopherol
when analyzed as described, whereas e% S
from the control hens had considerable
amounts of this tocopherol.

Bouman and Slater (’57) have reported
that essentially all of the a-tocopherol in
tissues is in the mitochondria, and we have
found this to be true in both rat and chick
liver. In order to determine the possible
presence of traces of tocopherol in the
tissues from E-depleted chicks with greater
sensitivity, the mitochondria from 4.3 gm
of heart muscle from chicks receiving the
deficient diet for 5 weeks were analyzed as
described above. The paper chromatogram
of the unsaponifiable material had no
Emmerie-Engel reacting material. There
were in such chromatograms, however,
often as many as three colorless zones
which quenched and one which fluoresced
in ultraviolet light. These materials, pres-
ent in varying quantities, had different
R/s from a-tocopherol and were seen rou-
tinely in chromatograms from both normal
and vitamin E-depleted tissues.

Possible tocopherol content of the de-
ficient diet. Although we were unable to
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detect any traces of vitamin E in the tis-
sues of the depleted chicks, it appeared
desirable to determine whether they were
obtaining small amounts cf the vitamin in
the diet. The only possible sources of to-
copherol in diets C24A and CA7E were the
purified casein or soybean protein and the
stripped lard. Since the longest study was
conducted with the CA47E diet, attempts
were made to find a-tocopherol in the soy-
bean protein. Analyses In which the un-
saponifiable matter obtained from 4 gm of
protein, after acid hgdrolysis and extrac-
tion, was analyzed by paper chromatog-
raphy in one direction as described above
did not reveal any a-tocopherol. A very
small amount of material was noted near
the origin, however, which could possibly
be 3- + S-tocopherol, ﬁsoybean oil contains
about 80% of its total tocopherols as 3 +
8 (Green et al., 55)). The contribution of
a-tocopherol by this component of the diet
appears to be essentially zero.

According to the manufacturer’s label
on the stripped lard, this material con-
tained not more than 5 ug tocopherols/gm.
We were unable to find even one-tenth
this amount (0.5 ug/gm). If, as appears
reasonable, it is assumed that all of the
a-tocopherol present in this diet was from
the lard, and the amount was the high
figure of 5 ug/gm of lard, then for a hen
consuming 70 gm of this diet daily the
maximal theoretical a-tocopherol intake
would be about 14 ug. It is well-known
that a diet such as C47E containing
stripped lard readily becomes rancid. Fur-
thermore, the autoxidation of unsaturated
fatty acids in the digestive tract and prob-
ably also in the tissues is accelerated by
such a diet. This combination of autoxida-
tion in the diet and in the body effectively
destroys tocopherol. The question, then, of
whether chickens depleted of vitamin E
for almost a year on such a diet may still
have functional trace amounts of a-tocoph-
erol in their tissues becomes more or less
academic. Since the most sensitive ana-
lytical method available to us did not reveal
any a-tocopherol, it appears highly unlikely
that functional traces were still present.

Implications of these studies on the nu-
tritional and biochemical roles of a-tocoph-
erol. These experiments could be inter-
preted as evidence that chickens do not

need vitamin E in their diet. It should be
pointed out, however, that the baby chicks
used in these studies came from hens fed
a complete, practical diet and consequently
the chicks had body reserves of tocopherol
when hatched. These reserves were raﬂidly
exhausted, however, until no a-tocopherol
could be found in the tissues after 4 to 7
weeks. Significantly, this absence of to-
copherol from the body in no way impaired
normal growth and development.

Two problems are involved when both
the nutritional and biochemical implica-
tions of these studies are considered. From
the nutritional standpoint, with diets such
as those used here, evidently no antiox-
idants are required, provided special pre-
cautions are taken to insure an adequate
intake of vitamin A Several times in these
studies during the early growth period, the
E-depleted chicks appeared to respond to
higher supplements of vitamin A This ob-
servation, together with the finding of ve
low liver reserves in chickens which died,
led to the subsequent use of relatively mas-
sive oral doses of vitamin A Apparently,
then, the primary function of vitamin E In
these diets is tha: of an antioxidant to pro-
tect vitamin A The unsaturated fatty acid
content was low enough so that the ac-
cumulation of autoxidation products did
not produce encephalomalacia. Even
though the diet did not contain antiox-
idants, some compounds in the diet or,
more probably, compounds produced in the
body apparently have a significant antioxi-
dant function.  We have observed (Bieri,
’59) that tissue homogenates from chicks
receiving adequate dietary vitamin E do not
give a positive peroxide test with thiobarbi-
turic acid, even after incubation in air. An
occasional homogenate of tissue from to-
copherol-deficient chicks has %iven a posi-
tive test without incubation; however, all
deficient tissues %ive positive reactions
after a short incubation. These observa-
tions indicate that the polyunsaturated
fatty acids in vitamin E-deficient tissues
have some degree of protection in the ani-
mal by nontoccpherol antioxidants, but
either the protection is insufficient, or the
antioxidants are lost when the tissues are
exposed to air.

From the biochemical viewpoint, the fact
that chicks function normally when no a
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tocopherol is detectable in their tissues
would seem to rule out any vital role for
tocopherol in _intermediary metabolism.
When the possible concentration of tocoph-
erol in depleted tissues is calculated from
the limits of sensitivity of the analytical
method, the molar concentration is con-
siderably below that of other essential
metabolites with which tocopherol has been
associated. For example, with respect to
the suggested role for tocopherol in elec-
tron transport (Nason et al.,, 57), calcu-
lations show that a-tocopherol would he
present in vitamin E-depleted chick heart
muscle at no more than 0.002 umole/gm.
Although no data are available cn the cyto-
chrome C content of chick heart, the value
for normal rat heart is more than 10 times
this value éKampschmidt et al., 59).
These considerations, together with the
finding that reduced diphosphopyridine
nucleotide-cytochrome Creductase in heart
muscle preparations from vitamin E-de-
pleted chicks was similar to that of prepa-
rations from E-supplemented chicks (Pol-
lard and Bieri, 59), appear to eliminate
any role for tocopherol in such enzyme
systems.
SUMMARY

Two studies are reported in which chicks
were fed from hatching, purified, vitamin
E-free diets containing no added antioxi-
dants for 6 to 12 months. Chemical anal-
yses indicated that a-tocopherol disap-
peared from the tissues of the chicks after
5 weeks. When compared with control
chicks receiving vitamin E, the depleted
chicks appeared normal, grew at the same
rate and layed eggs at the same time. The
possible tocopherol content of the diet, and
the implications of these results on the nu-
tritional and biochemical functions of vita-
min E, are discussed.
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Zinc Requirement and Balance Studies with the Rat

R. M. FORBES and MARTHA YOHE
Division of Animal Nutrition, University of Illinois, Urbana

The recent upsurge of interest in zinc
metabolism of swine%* (Smith et al., '58;
Beilis and Philp, ’57; Tucker and Salmon,
’55; Newland et al., '58; Luecke et al., 58;
Lewis et al., '57) and of poultry (Young
et al., '58; Morrison and Sarett, ’58; Pen-
sack et al., '58; Moeller and Scott, '58;
Kratzer et al., 59; ODell and Savage, 57
ODell et al., ’58) has shown that the me-
tabolism may be modified by such fac-
tors as dietary calcium level (Beilis and
Philp, ’57; Newland et al., ’58; Lewis et
al., 57) and presence of soybean protein
OPDell and Savage, '57; Moeller and
cott, '58; Morrison and Sarett, 58; and
Kratzer et al., '59). The present series of
investigations was initiated to elucidate
the zinc requirement of the rat and to study
the excretory pattern of dietary zinc under
varied conditions of calcium and protein
supply.

METHODS

In all experiments reported in this paper
the diets fed contained the basic ingredi-
ents shown in table 1. The protein sources
were fed at a level to provide about 15%
of dietary protein, with calcium and zinc,
as the carbonates, supplemented as indi-
cated. The animals were given distilled
water ad libitum and were kept in indi-
vidual cages of Pyrex glass, aluminum and
stainless steel. All animals were males of
the Sprague-Dawley strain and weighed
about 50 gm at the start, except those in
experiment 4. Collections of excreta were
made with appropriate attention to avoid,
as far as possible, contamination with
zinc. All analyses for zinc were conducted
by the Vallee-Gibson procedure (Vallee and
Gibson, '48). It was found necessary to
remove iron from excreta samples prior
to completion of zinc analysis. This was
done by extracting the mixed dithizonate
of zinc and iron with two portions of 0.01
N HC1, thus breaking up the zinc-dithizo-
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TABLE 1
Basal diet composition

Protein sourcesl 15
Corn oil 10
Cellulose2 3
Vitamin-glucose mix3 5
Mineral mix4 3.7
Vitamin A and D concentrate5 0.5
Glucose 62.8

*Protein sources were one of the following:
Labco casein containing 30 ppm zinc; C-l1 Assay
Protein containing 30 ppm zinc (Archer-Daniels
Midland Co., Cincinnati); laboratory-prepared
dried egg white containing 2.4 ppm zinc.

2Solka Floe. Brown Company.

3Vitamin-glucose mix, mg/kg of mix: thia-
mine HC1 200; riboflavin, 120; pyridoxine-HCI,
80; Ca pantothenate, 320; biotin, 4; nicotinic acid,
500; fclic acid, 10; vitamin Bi2 0.4 (in man-
nitol); choline chloride, 30,000; menadione, 6.6;
chlortetracycline, 1,100; Cerelose added to make
1000 gm.

4Mineral mix composition by parts: CaHPO04,
708; NaCl, 101; K2C03 136 3; MgCOs, 37.4;
FeS04-7H2, 10.8; MnS04-HX, 3.266; CoCl2-3H,
1.080; CuS04-5H20, 1.633; NaF, 0.216; KI, 0.108.
All analytical reagent grade.

5Vitamin A and D concentrate: 2000 I.U. vita-
min A and 250 1.U. vitamin D per gm.

nate complex and transferring the zinc to
the aqueous layer, leaving the interfering
iron dithizonate in the 4layer.
Experiment 1. Twenty-four rats were fed
for 6 weeks a 15% casein basal diet sup-
plemented with 0.3% of methionine and
containing 0.8% of calcium and 7 ppm
of zinc. This diet was modified by addi-
tions of zinc and calcium as the carbonate
to provide both 0.8 and 1.6% of calcium
at zinc levels of 7, 18, 31 and 52 ppm.
Three animals were placed on each treat-
ment. Feed intake was equalized for all
animals during the first two weeks, and
thereafter for all animals receiving more

Received for publication July 24, 1959.

1D. W. Beardsley 1958 Growth and chem-
ical studies of zinc deficiency in the baby pig.
Doctoral thesis, University of lllinois.
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than 7 ppm of zinc. During the second and
6th weeks, 7-day collections of urine and
feces were made. At the end of the ex-
periment the rats were killed and car-
casses saved for zinc analysis. At the start
of the experiment 6 rats were killed to
provide data from which to judge accretion
of zinc.

Experiment 2. A total of 45 rats was
used in this experiment in which the pro-
tein sources were casein plus methionine,
egg white and isolated soybean protein
plus methionine. Zinc carbonate was
added to these diets to provide zero, 5, 10,
15 and 20 cs)pm of added zinc. Details of
feeding and caging the animals were the
same as in experiment 1, although collec-
tions were not made. Three animals were
used for each treatment.

Experiment 3. This was designed to
test further the zinc requirement in the
presence of casein and to study the effect
of calcium on zinc utilization in isolated
soybean protein diets. Twenty-four rats
were fed the basal diets described previ-
ously. Casein diets were supplemented
with zero, 2, 4, 8 ppm of zinc as the car-
bonate; the soy protein diets were sup-
plemented to provide 10 or 20 ppm of
added zinc at levels of 0.8 or 1.6% of
calcium. A 7-day collection of feces was
made from the animals receiving the soy
protein diets.

Experiment 4. This was a balance stud
designed to investigate further the cal-
cium-zinc interrelationship of rats on soy
protein diets, and differed from the pre-
ceding test in that zero and 10 ppm of
sugplemental_ zinc were tested at 0.8 and
1.6% of calcium, and in that 175-gm rats
were used rather than weanling rats.

Experiment 5. This was conducted to
provide additional data on weight (?ain
of rats receiving varied levels of zinc added
to the egé; white protein diet. Seven rats
were used, 3 on the basal and 2 each on
15 and 25 ppm of zinc.

RESULTS AND DISCUSSION

A summary of the 42-day weight gains
in experiment 1 is shown in table 2.
Analysis of variance applied to these data
shows highly significant effects of zinc
level and of calcium level but no signifi-
cant interaction between calcium and
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TABLE 2

Effect of varied, levels of dietary zinc and calcium
on 42-day weight gains (gm) of rats fed
casein diets in experiment 1

Dietary calcium

Zn in diet 0.8% 6%

level Ile've

ppm weight gain (gm)

7 (Basal) 102 78
18 (Basal +

11 ppm Zn as ZnCOj) 183 170
31 (Basal +

24 ppm zn as ZnCO03) 192 174
52 (Basal +

45 ppm Zn as ZnC03) 185 168

TABLE 3

Influence of dietary zinc and calcium levels on
percentage of zinc intake excreted by rats
fed casein diets in experiment 1

% Zn intake excreted

Treatment Collection 1 Collection 2
Urine  Feces Urine  Feces

0.8% Cal 7.8 39 5.0 43
1.6% Cal 7.8 40 4.6 48
7ppm Zn2 17 15 12 18
18 ppm Zn2 7.2 31 3.2 37
31 ppm Zn2 4.3 48 2.4 55
52 ppm Zn2 2.7 65 1.3 74

lincluding all levels of dietary zinc.
2Including both levels of dietary calcium.

zinc.  Deficiency symptoms, coarseness
and loss of hair, mild dermatitis, scaling
and cracking of paws, erratic appetite,
were not influenced by calcium level and
were present only in the animals on the
basal diet containing 7 ppm of zinc.

The data from the zinc balance studies
of experiment 1 are shown in table 3.
The conclusions drawn from these data
were based on results of statistical analy-
sis. Zinc excretion, expressed as a per cent
of the intake, was less in period 2 urine
than in period 1 The reverse was true
of fecal zinc excretion. The total excretion
of zinc did not differ between the two
periods.

The presence of additional calcium had
no effect on zinc excretion by way of urine
and feces. The absolute amount of zinc
excreted in urine was not influenced by
zinc intake. This is reflected in the de-
creasing percentage of zinc intake ex-
creted by this pathway as zinc intake in-
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TABLE 4
Influence of dietary zinc and calcium levels on
liver and carcass zinc (ppm, fresh basis) of
rats fed casein diets in experiment 1

; Znin
zZnin

Treatment Tiver Iggsrc"a\?gr
ppm ppm
0.8% Cal 17 22
1.6% Cal 17 21
7ppm Zn2 16 18
18 ppm Zn2 16 22
31 ppm Zn2 16 23
52 ppm Zn2 19 24
Initial 43 26

lincluding all levels of dietary zinc.
2Including both levels of dietary calcium.

creased. However, zinc excretion by way
of the feces increased both in absolute
and in percentage terms, as dietary zinc
concentration increased.

Table 4 shows liver and carcass zinc
concentrations. Analysis of livers of newly
weaned rats showed 43 ppm of zinc on the
fresh basis, whereas about 17 ppm were
found in livers of animals fed for 6 weeks,
with no effect of calcium or of zinc except
at the highest zinc level. Carcass analyses
showed 26 ppm of zinc in newly weaned
rats, 18 to 24 ppm in those fed for 6
weeks, the variation noted being related
to zinc intake but not to that of calcium.
The total retention of zinc in the car-
casses increased rapidly as dietary zinc
increased from 7 to 18 ppm, but only
slowly from 18 to 52 ppm. This is primar-
ily a reflection of the larger feed intake
and weight increase in rats fed the second
and higher levels in comparison with the
basal level of zinc.

In that portion of experiment 2 dealing
with requirement studies of rats consum-
ing casein diets, only the basal group ap-
peared to be receiving less than an opti-
mum supply of zinc; thus an additional
experiment was required to establish the
slope of the response to suboptimum zinc
levels. This was conducted as a portion
of experiment 3, and the data were com-
bined. Since the food intake varied widely
among the adequately-fed rats between
the two experiments, analysis of covari-
ance was used to minimize the effect of
this variable and the adjusted weight

ains of the rats are shown in figure 1

he lines shown in the figure intersect

N

40 -

PPM  ZINC

Fig. 1 Adjusted 42-day weight gains of rats
fed casein diets and varying levels of zinc. Each
dot represents the average gain of a group of
three rats.

at 11,6 ppm of zinc (5 ppm added), thus
establishing this level as that required for
optimum weight gain of the young male
albino rat whose basal dietary zinc Is pres-
ent in casein. The data obtained from
feeding varied levels of zinc to rats con-
su_ming the isolated soy protein diets show
(fig. 2) that the requirement for op-
timum weight gain is about 18 ppm (11
ppm added§J when the basal dietary zinc
Is derived from isolated soybean protein.
In the experiment employing egg white
as the protein source, since insufficient
evidence for higher levels of zinc was ob-
tained, a supplementary experiment (no.
5) was conducted under similar condi-

5 10 15 20 25
PPM ZINC

Fig 2 Individual 42-day weight gains of rats
fed isolated soybean protein diets and varied lev-
els of zinc.



56 R. M.

Fig. 3 Individual 35-day weight gains of rats
fed egg-white protein diets and varied levels of
zinc.

tions, and these data were combined with
the results shown in figure 3, in which the
intersection of the lines is at 12.6 ppm of
zinc.

The data obtained in the requirement
studies clearly demonstrate that the mini-
mum concentration of zinc required by the
young rat approximates 12 ppm of the
diet. This figure is considerably higher
than that inferred from the earlier investi-
gation of Hove, Elvehjem and Hart (’37).
The recent report by Moeller and Scott
(’58) employing chicks, indicates a simi-
lar figure.

Our data with isolated soy protein are
qualitatively similar to the several reports
of investigation with poultry (ODell and
Savage, 57; Morrison and Sarett, '58;
Moeller and Scott, ’58) although the ulti-
mate requirement figure is not as high,
presumably because we have used lower
protein levels.

Investigators in poultry science have in-
ferred that the zinc of soy protein is less
readily absorbed than that in casein. Our
zinc balance data from experiments 1
(table 3), and 3 and 4 (table 5) show this
to be the case.

These data show that the apparent ab-
sorption of dietary zinc is much inferior
from the basal diets containing isolated
soy protein (table 5) compared with those
containing casein (table 3), and that the
presence of calcium has no definite effect
on absorption of dietary zinc in the pres-

FORBES AND MARTHA YOHE

TABLE 5

Effect of dietary zinc and calcium on weight gain
(gm) and mpercen of zinc intake excreted
in feces of rats fed isolated
soy protein diets

; Zn intak
Treatment Wea'l%ht e?«!nettaede
g in feces
gm %
Experiment 3 (40 days)
Basal + 12 ppm Zn 187 48
Basal +12 ppm Zn + 0.8% Ca 154 48
Basal + 22 ppm Zn 186 65
Basal + 22 ppm Zn + 0.8% Ca 159 49
Experiment 4 (32 days)
Basal (7.7 ppm Zn) 73 56
Basal + 0.8% Ca 65 54
Basal + 12 ppm Zn 108 51
Basal + 12 ppm Zn + 0.8% Ca 97 59

ence of either protein. Thus, the investi-
gations we have conducted with the rat

have failed to show a specific effect of
calcium on zinc absorption or on the zinc

requirement. This is not in agreement

with observations with practical swine ra-
tions in which marked improvement in

condition has been observed as a result

of feeding 0.5 or 0.8 rather than 1.6% of
calcium in diets containing 30 to 40 ppm

of zinc (Luecke et al., B58; Lewis et al.,

B57). Lewis et al. (57) also noted a
marked effect of calcium level on zinc

concentration of several tissues, including

liver. Our data showed no such trend.

However, the data from experiments 3
and 4 are in agreement with those of ex-
periment 1 in so far as the effect of cal-
cium on weight gain is concerned. In all

of this work there is a highly significant

deé)ression of weight gain of animals fed

1.6 versus 0.8% of calcium, and no inter-
action with zinc level occurs. Thus, the

depression in gain appears to be related to

the unfavorable Ca/P ratio of 2.3/1 in the

diets. That such a ratio is wider than the

optimum for weight gain of rats may be

seen in data from Bethke (°32) and from

Toepfer and Sherman (°36).

Further, it may be calculated by the
usual difference procedure that the zinc
carbonate added to supply a total of 20
ppm of zinc in casein and in soy protein
diets was absorbed to the extent of 52
and 50%, respectively. If one employs
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the above absorption data together with
the requirement data given, the require-
ment in terms of absorbable zinc is 8.2
ppm from the casein data and 8.6 ppm
from the soy data. The good agreement
between these figures lends support to
the validity of the balance trials and the
estimations of requirement from the
growth studies.

SUMMARY

In a series of growth and balance stud-
ies concerned with investigating factors
affecting the zinc requirement of the young
albino rat, increasing calcium level from
0.8 to 1.6% of the diet was observed to
depress weight gain at all levels of zinc
fed both in diets containing casein and
those containing isolated soybean protein.
Apparent absorption of dietary zinc and
its urinary excretion were not affected by
increased calcium. Zinc requirement was
18 ppm with 7 ppm derived from soy pro-
tein and the remainder from ZnC03 12
ppm with 7 p;t))m sucsaplied from casein and
5 from ZnCCb; and 12 pﬁm with 2 to 4
ppm derived from egg white and the re-
mainder from ZnCO03 Apparent absorp-
tion of zinc from casein, ZnC03 and iso-
lated soybean protein was 84, 51 and 44% ,
respectively.
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The Availability of the Phosphorus in Dicalcium
Phosphate, Bonemeal, Soft Phosphate and
Calcium Phytate for Mature Wetherst

G. P. LOFGREEN2
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Despite the current interest in avail-
ability of phosPhotus from various sup-
Elements and feeding trials which have
een conducted upon them, few measure-
ments have been made of actual absorp-
tion of phosphorus from the intestinal
tract. The relative availability of phos-
phorus from various substances has been
determined for poultry (Gillis et al., 54;
Wilcox et al., 54) usin% rowth and bone
ash as criteria of availability. Ammerman
et al. (57) studied the utilization of in-
or?anic phosphates by the ruminant. Di-
calcium phosphate, bonemeal and soft
phosphate were studied resulting in poor
utilization of the soft phosphate. No direct
measures of absorption were made, how-
ever. Kleiber et al. 8’51) adapted an iso-
tope dilution method for use with dairy
cows measuring the absorption of phos-
phorus from a mixed hay and concen-
trate ration. The development of isotope
dilution technigues has made it possible
to measure availability in terms of absorp-
tion, or true digestibility as it is classically
referred to in contrast to apparent digesti-
bility—not a valid measure of absorption
because of re-excretion of phosphorus into
the intestinal tract.

Dicalcium phosphate, bonemeal and soft
phosphate with collodial clay have all been
used as phosphorus supplements for rumi-
nants. Since little is known of the actual
amount of phosphorus which will be ab-
sorbed from these supplements, it seemed
important to study the availability of their
phosphorus content. Much of the phos-
phorus in ruminant feeds is known to be
in the form of calcium ph%/tate and appar-
ently a high proportion is hydrolized in the
rumen, making the phosphorus available
for absorption. No direct measures of
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absorption have been made, however, on
isolated calcium phytate. The studies re-
ported herein were conducted to determine
the availability of the phosphorus from di-
calcium phosphate, bonemeal, soft phos-
phate with collodial clay and isolated cal-
cium phytate. Availability is used herein
to mean absorption or true digestibility.

EXPERIMENTAL

The 4 phosphorus supplements were
added to a basal ration in amounts esti-
mated to aEproximater double the phos-
phorus intake. The basal ration alone and
together with each of the 4 supplements
were fed to 5 mature wethers according to
a 5 by 5 Latin square design with each pe-
riod consisting of a minimum of a 7-day
preliminary period and an 8-day collection
period, with a constant feed intake being
maintained for the entire period. The
basal ration consisted of the following
Bercentage composition: alfalfa ha¥, 14.9;

arley straw, 8.9; cottonseed hulls, 4.8;
ground barley, 27.8; dried molasses beet
pulp, 14.3; cottonseed meal, 14.3; cane
molasses, 14.3 and salt, 0.7.

The determined phosphorus contents of
the 4 su%lements were 19.70, 13.40, 9.77
and 14.75 per cent for dicalcium phos-
phate, bonemeal, soft phosphate and cal-
cium phytate, respectively.

All wethers were fed twice daily at a
maintenance level of energy. The phos-
phorus supplements were mixed with
molasses prior to adding them to the re-
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PHOSPHORUS ABSORPTION BY WETHERS

mainder of the basal ration. This pre-
vented selection of the ingredients of the
rations. The supplements were added to
the basal ration in the following percent-
ages: dicalcium phosphate, 1.65; bone-
meal, 2.45; soft phosphate, 3.39 and cal-
cium phytate, 2.22.

The 5 wethers were assigned at random
to ration sequences also chosen at random
according to the method described by
Fisher and Yates (’49). The isotope dilu-
tion method of determining true digestibil-
ity was used for phosphorus availability
studies with sheep (Lofgreen and Kleiber,
’54). The method involves the labeling of
body phosphorus by one subcutaneous in-
jection of neutral, isotonic phosphate solu-
tion containing P2 After a period of 7
days, a steady state is reached so that the
decline in activity of blocd and fecal phos-
phorus is linear through the collection
period, during which blood and fecal sam-
ples are taken. The proportion of fecal
phosphorus of metabolic origin (as dis-
tinguished from that passing directly
through the tract unabsorbed) is repre-
sented by the ratio of specific activity of
feces to that of blood plasma. That por-
tion of the fecal phosphorus having passed
through the tract, never having been ab-
sorbed, is represented by

j specific activity of fecal phosphorus

specific activity of plasma phosphorus

SHEEP 2,
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In crder to determine the time lag re-
quired for a given level of activity in the
plasma to be reflected in the feces, fecal
samples were collected daily for 4 days
following injection. Data from these sam-
ples dictated the number of days Ia% be-
tween the taking of the plasma and fecal
samples. For example, the data shown in
fi?ure 1 show that the peak in fecal spe-
cific activity occurred during the second
day following injection.

Since peak plasma activity is known to
occur within the first half-hour after a sub-
cutaneous injection, a given level of ac-
tivity m the plasma can be assumed to be
reflected in the feces approximately two
days later. For the animal for which data
are shown in figure 1, the blood specific
activity, therefore, from days 6 through 12
would be related to the fecal samples
taken on days 8 through 14, with that col-
lected on day 7 being discarded. The lag
period was thus determined on all ani-
mals during periods one and 5.

Phosphorus was determined on a tri-
chloracetic acid filtrate §TCF) of blood
Elasma by the method of Sumner (’44).

eed and fecal samples were prepared for
phosphorus determination by wet ashing
with concentrated sulfuric acid with the
last traces of carbon oxidized by use of
hydrogen peroxide. Samples were neu-
tralized with ammonium hydroxide and

PERIOD 5

Fig. 1 Fecal and blood specific activities for an individual sheep.
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phosphorus determined by the same meth-
od used for plasma TCF. Determinations
of P2were made after pipetting the plas-
ma TCF or the fecal ash solution onto
copper planchets according to the method
described by Kleiber (’41).

The levels of P2injected were 3.2, 4.6,
4.0, 5.1, and 3.8 millicuries per animal
for periods one through 5, respectively.

RESULTS AND DISCUSSION

The relative specific activities of blood
and feces, with the activity of the blood
given the value of 100 for each of the 7
days of the collection period are shown in
figure 2. The activities have been cor-
rected for the lag in fecal specific activity
for each sheep. The more closely the fecal
activity approaches the activity of the
blood, the greater is the proportion of the
dietary phosphorus being absorbed. The
reason for this is that if the nonactive feed
phosphorus is completely absorbed from
the intestinal tract, the only phosphorus
found in the tract will be that of metabolic
origin (having come from the labeled bod
phosphorus) and will be labeled with P
At complete absorption the fecal and blood
specific activities would be equal. Con-
versely, the farther apart the blood and
fecal activities, the smaller the proportion
becomes of dietary phosphorus being ab-
sorbed, since the unabsorbed nonlabeled
phosphorus dilutes the activity of that be-
Ing excreted into the feces from the body

Fig. 2

LOFGREEN

phosphorus. Thus, figure 2 indicates that
a larger I;oroportion of the phosphorus in
the basal ration is being absorbed than
from the basal ration plus any of the
supplements. The basal ration is followed
by this ration plus dicalcium phosphate,
bonemeal, calcium phytate and soft phos-
phate, in that order.

The data in figure 2 include the phos-
phorus of both basal and supplements.
Since the availability of the phosphorus in
the basal alone and in the basal plus each
supplement is known, it is possible to de-
termine the availability of the phosphorus
in each supplement. These data are pre-
sented in table 1. When the values are
corrected for the phosphorus absorbed
from the basal, striking differences are
observed in the percentage of phosphorus
from the supplement which was absorbed.
The phosphorus in the soft phosphate was
absorbed at a lower rate (highly signifi-
cant) than any of the other supplements.
That from calcium phytate was signifi-
cantly lower than dicalcium phosphate or
bonemeal and no statistically significant
difference was observed in the availability
of the phosphorus in dicalcium phosphate
and bonemeal.

Although the phosphorus intakes in
these studies are considerably above the
requirements for mature wethers, all sup-
plements were fed at a level to furnish
aﬁprommately the same amount of phos-
phorus. The results, therefore, are a re-

Mean relative specific activity of blood and feces of all wethers on each treatment.



PHOSPHORUS ABSORPTION BY WETHERS

61

TABLE 1
Phosphorus intake, excretion and absorptionl

Category of interest

Phosphorus intake, gm/day
From basal

From supplement
Total

Fecal phosphorus, gm/day
Phosphorus apparently absorbed, gm/day
Apparent digestibility of P, %

Metabolic fecal P

Per cent of fecal P
Gm/day

Unabsorbed P, gm/day

From basal
From supplement
Total

Dietary phosphorus absorbed, gm/day

From supplement
True digestibility of P of supplement, %

1Each value is a mean of 5 observations,
2 Statistically significant at the 1% level.
3 Statistically significant at the 5% level.

flection of the availability of the supple-
ments for absorption by wethers under
these conditions. If the absorption of phos-
phorus is related to the needs of the ani-
mal, perhaps all supplements show a lower
availability than would be the case with
younger animals or when fed as a supple-
ment to a deficient ration. These points
need further study. The significantly
lower availability of the phosphorus in
calcium ph%/tate Is noteworthy since large
amounts of phosphorus in natural feeds
are present in this form and this phos-
phorus has been commonly assumed to be
available to the ruminant animal.

Since unpublished work from this lab-
oratory shows that approximately 99 per
cent of the total phosphorus excreted by
sheep is excreted in the feces, the phos-
phorus apparently absorbed is a good in-
dication of the net retention of phos-
phorus. It is interesting to note that these
wethers apparently absorbed approxi-
mately twice as much phosphorus on all
the supplements as on the basal ration.
Since this closely approximates phosphor-
us retained, this could mean that the basal
ration was not furnishing sufficient avail-

Phosphorus supplement
Basal P PP

ration Dicalcium  Bone- Soft Calcium
phosphate  meal phosphate phytate
4.69 4.16 4.56 431 4.53
— 3.43 3.86 3.76 391
4.69 7.59 8.42 8.07 8.44
4.25 6.84 7.47 7.16 7.58
0.44 0.75 0.95 0.91 0.86
10.4 9.9 11.3 11.3 10,2
66 56 53 36 47
2.81 3.83 3.96 2.58 3,56
1.44 1.29 141 1.34 14
— 1.72 2.10 3.24 2.62
1.44 3.01 351 4.58 4.02
- 171 1.76 0.52 1.29
— 50 46 142 333

able phosphorus to fill the needs of the
animals. During a short balance study,
however, animals are able to retain larger
amounts of a given nutrient than would
be the case over longer periods. It is also
interesting to ncte that even though onl
14 per cent of the phosphorus of the so
phosphate was absorbed, this amount was
apparently sufficient to meet the needs of
the animals, since the larger amounts
absorbed from the other supplements were
merely excreted back into the gut as part
of the metabolic fecal phosphorus.

The data presented emphasize the im-
portance of continued research on the
availability of phosphorus from various
feeds and supplements and the conditions
which might affect this availability. This
is a field which is now possible to explore
directly by use of recently-developed iso-
tope methods which are adaptable to rou-
tine use.

SUMMARY

Studies are described in which the avail-
ability (true digestibility) of the phos-
phorus in dicalcium phosphate, bonemeal,
soft phosphate and calcium phytate was
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determined by the isotope dilution method
with mature wethers.

The true digestibility of the phosphorus
in the supplements was 50, 46, 14 and 33
per cent for dicalcium phosphate, bone-
meal, soft phosphate and calcium phy-
tate, respectively.

Although significantly less phosphorus
was absorbed from the soft phosphate than
from the other supplements, the phos-
phorus retained from the basal ration plus
soft phosphate was equal to the others.
The surplus phosphorus absorbed from
the rations containing the other supple-
ments was excreted by way of the meta-
bolic fecal phosphorus.

Significantly less phosphorus was ab-
sorbed from calcium phytate chan from
dicalcium phosphate and bonemeal.

LOFGREEN
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Influence of Excess Dietary Molybdenum on Rat and
Calf Liver and Heart Enzymes12
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Nutrition Laboratory, Florida Agricultural Experiment

Station, Gainesville

The mechanism of the toxicity syn-
drome accompanying molybdenosis in ani-
mals has not as yet been elucidated. Re-
cent reviews dealing with this syndrome

Marston, ’52; Dick, ’56) have presented
theories involving the relationship between
molybdenum and copper, sulfur and man-
ganese. One approach to the problem has
been to determine the effect of excess
dietary molybdenum on enzymes. Van
Reen (54) and Van Reen and Pearson5
have shown that high levels of dietary
molybdenum did not decrease the level
of catalase or cytochrome oxidase in rat
liver nor the amount of acetylated p-amino-
benzoic acid excreted in the urine. Wil-
liams and Van Reen (’56) found that rats
on high dietary levels of mol?/bdenum did
not lose their ability to acetylate p-amino-
benzoic acid or to conljugate benzoic acid
with glycine. Liver alkaline phosphatase
did increase, whereas the activities of the
kidney and intestinal alkaline phospha-
tase were reduced. Recent studies by Mills
and co-workers (8) have shown that
the activity of liver sulfide oxidase was
markedly depressed in molybdenum toxic-
ity of the rat. High molybdenum intakes
apparently had no effect on the activity of
liver cysteine desulfhydrase, kidney aryl
sulfatase or the oxidation of L-cysteine
sulfinate by liver homogenates.

The experiments to be described were
designed to study the effect of excess diet-
ary molybdenum on various enzymes of
the liver and cytochrome oxidase of the
heart of both a monogastric and a rumi-
nant animal.

EXPERIMENTAL

In the first experiment weanling piebald
rats of the Long-Evans strain, 21 to 25
days old, were divided randomly by sex
and weight into three treatments and
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housed in cylindrical cages constructed of
sheet aluminum and set upon aluminum
wire. They were maintained on a miner-
alized whole milk diet (Arrington and
Davis, 55) to which had been added zero,
500 and 800 ppm of molybdenum (as
sodium molybdate) for 5 weeks (males)
and 8 weeks (females). The copper con-
tent of the diets was 7.5 ppm.

In experiment 2, 24 rats were main-
tained on a synthetic diet having the fol-
lowing composition in per cent: casein,
25; sucrose, 57; cottonseed oil,6 10; non-
nutritive cellulose,7 3; mineral mixture,8
5; and vitamins,9 with zero, 250 and 800
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6Wesson oil.

7Alphacel, obtained from Nutritional Biochem-
icals Corp., Cleveland.

8Percentage composition of mineral mixture:
CaCOa, 21.36; CaHP04-2H20, 33.28; MgCOaq, 2.00;
MgS04-7THD, 2.40; NaCl, 10.16; KC1, 1.68;
KH2P04 25.20; FeP04-4H2, 1.60; MnS04-4HD,
2.00; EI, 0.048; NaF, 0.083; AI12(S04)3XK2S04-
24H2, 0.017; CoCI2-6H2, 0.C04; CuS04-5H20,
0.128; ZnS04-7HXD, 0.04.

9The vitamins were added in the following mg
per cent: thiamine, 1.5; pantothenic acid, 8; p-
aminobenzoic acid, 1; Bi2 0.005; pyridoxine, 0.8;
menadione, 2.5; riboflavin, 2; niacin, 5; choline,
100; inositol, 50; folic acid, 0.06; E, 7.5; and
A and D, 900 and 90 I. U./100 gm of diet, re-
spectively.
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ppm of molybdenum fas sodium molyb-
date) added for three lots of rats. Males
were maintained on the diets for 7 to 8
weeks, females, 9 weeks. The average
copper content of the diets was 5.7 ppm.
The rats were housed in glass cages, with
single-strength window glass as sides and
glass tubing for top and bottom.

The diets and de-ionized, distilled water
were provided ad libitum. In both experi-
ments the rats were killed at the end of
the designated periods by lightly anesthe-
tizing with ether, then by decapitation and
exsanguination.

The entire heart and liver were excised
and placed immediately into cold, 0.39
molar phosphate buffer (pH 7.4) until
thoroughly chilled, then removed from the
buffer, blotted free of moisture, weighed
and homogenized.

Enzyme determinations made on the
tissues of the rats for these two experi-
ments included xanthine oxidase, respira-
tion and copper and molybdenum levels
in the liver. In addition, in the first experi-
ment tyrosine oxidase was determined on
livers, and in the second experiment, heart
cytochrome oxidase and blood uric acid
levels were measured.

In the third experiment 9 Jersey bull
calves, two to three months old, were di-
vided randomly into three dietary treat-
ments. The composition of the basal ra-
tion fed the three control calves follows
(in pounds): cracked corn, 15; crimped
oats, 1.5; dry skim milk, 0.25 and timothy
hay, 4.0. The other two lots of three calves
each, received, in addition, molybdenum
in the respective amounts of 200 and 400
ppm of the ration, added as sodium molyb-
date to the dry skim milk. The timothy
hay was fed in the morning and 3 pounds
of the concentrate were fed in the evening.
The daily intake of hay and concentrate
supplied 9.9 ppm of copper. The animals
were individually housed in wooden pens
and given water and salt ad libitum. After
intervals of three to 6 months on the regi-
men, the calves were slaughtered by sever-
ing the jugular vein and exsanguinating.
Liver samples were taken from 4 lobes
of the liver, right, middle, left and cau-
date; heart samples were taken from the
ventricles and auricles. The samples were
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placed immediately into cold, 0.039 molar
phosphate buffer (pH 7.4) and when thor-
oughly chilled, removed from the buffer,
blotted free of moisture, weighed and ho-
mogenized.

Determinations made on calf livers in-
cluded xanthine oxidase, respiration, cop-
per and molybdenum. Cytochrome oxi-
dase activity In tissues from each of the
4 sections of the calf hearts was deter-
mined.

Enzyme determinations on the rat and
calf tissues were made on the day the ani-
mals were killed. Liver xanthine oxidase
was determined by the method of Axelrod
and Elvehjem (’41); liver tyrosine oxidase
by the procedure of Harper, et al. (’53);
liver respiration by measuring the 30-min-
ute endogenous oxygen uptake during the
xanthine oxidase determination; and heart
cytochrome oxidase by the technique of
Stotz (’39). Blood uric acid was deter-
mined by the method of Brown (’45).
Liver copper (Rush and Yoe, 54) and
molybdenum (Sandell, 50) were deter-
mined on the liver homogenates. Weights
of the homogenates were determined after
drying at 100°C to a constant weight.

RESULTS AND DISCUSSION

In the first experiment the rats fed diets
containing high levels of molybdenum
showed a decrease in growth rate, marked
diarrhea and emaciation. The effects of
these diets on concentrations of molyb-
denum, copper and uric acid and activi-
ties of enzymes in the rats are shown in
table 1. The level of molybdenum in the
liver increased in the high-molybdenum
rats, approximately the same levels of
molybdenum being found in the livers of
rats on both the 500 and the 800 ppm
diets. Liver tyrosine oxidase activity was
not influenced by either of the high-molyb-
denum diets. Alterations in the copper
content of the liver were found, but these
were inconsistent, an increase being ob-
served in the rats fed 500 ppm molyb-
denum and a decrease in those fed 800
ppm. Reduced activity of xanthine oxi-
dase (P < 0.05 and < 0.01 for the 500 and
800 ppm diets, respectively) and respira-
tion (P < 0.01 for both diets) was ob-
served.
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D ) Itis felt that the diarrhea accompanying
Hg o' D Dod the molybdenosis was severe enough to re-
>>§ ana  HI4 duce protein availability and utilization.
as ETE&% ﬁ%iﬁ The decrease in liver respiration is believed

a i o to be the result of an overall depression of
ingr liver enzyme activities caused by this de-

] d d crease in available protein. Miller (’48)

5 bOY  GHo Vv and Wainio et al. (’53) have shown that
58 ore . Pn A starvation will cause a decrease in liver
28 oo tagq wd  xanthine oxidase. Other investigators
° ERE R L (Westerfeld and co-workers, 50; Meikla-
0 g ham et al., '51) noted the same effect from

aa the ad libitum feeding of a low (8%)

DU %+  protein diet. The question arises whether

a4 _rir the decrease in xanthine oxidase activity

ana WLRR, observed in these rats was caused entirely

~ao 05 by the reduced protein availability result-

ol 2 it ing from diarrhea, or whether the level

gStm of molybdenum in the liver was also a

. factor. To investigate this question, rats

- @« a2 8 were fed a high-molybdenum diet (experi-

56 MY g ment 2) which reduced the growth rate
'ut pighiapi ) . and caused a build-up of molybdenum in

«si v ¢ asa the liver but did not cause diarrhea. Since

. 2183 apparently an antagonism exists between
molybdenum and copper in molybdenum

" con toxicity, in this experiment we studied the

o cond & enzyme cytochrome oxidase, which is ad-

«.s0  RPOH P versely affected by a copper deficiency
dog " au4 (Schultze, ’39).

HES Rih The data obtained in the second experi-

etes ment with respect to liver xanthine oxi-

dase and respiration, heart cytochrome

oxidase, blood uric acid and liver copper

ing q and molybdenum are presented in table 1.

OHE  BEN A slight depression of xanthine oxidase

H =t and respiration activities in the liver of

i M aud rats on 800 ppm of dietary molybdenum
e Bing ﬁg“ 3.333  Wwas evident, as well as a lowered blood
and  HB® 3333 yric acid value. A statistical analysis

°N8,§T,§’P showed no correlation between body size

0) @ ® © (weight) and xanthine oxidase activity.

i ff5§ No difference in heart cytochrome oxidase

~ 999 kEwi  was found between the rats on the control

cge BP® oo 3333  diet and those on the high-molybdenum
11<s b ot diets. Liver copper storage in rats on high

“979 N dietary molybdenum remained normal. As

AR FWEA ®™SES  jn the first experiment, increased (P <

" 0.01) storage of molybdenum was ob-

S$1.5  served in the liver. Further, the concen-

0000 tration of molybdenum in the livers of

. rats fed 250 ppm was lower than that

0gg g0 i found for the rats on 800 ppm in both
In co MO

experiments and on 500 ppm in the first
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TABLE 2

Dietary molybdenum level and liver respiration, xanthine oxidase, copper
and molybdenum in calves

Experiment 3

loul Calf Respiration1
m
PP 943 1112.7 + 16.44
949 7005+ 515
0 950 852.9 + 111.9
Av. 888.7
931 700.6 + 124.9
947 896.6 + 114.1
200 967 1035.5 + 54.1
Av. 877.6
988 9322+ 77.0
960 7534+ 313
400 975 952.9 + 99.7
Av. 879.5

éi?&ggg% Copper3 Molybdenum3
1479 £ 23.1 2839+ 7.7 12.9 + 3.9
218.9 + 30.7 230.1 £ 10.8 6.0+ 0.9
150.5 + 31.8 266.8 = 20.6 135+ 3.2
172.4 260.3 10.8
2343+ 9.3 85.1+ 99 50.0 £ 6.2
213.8 = 345 170.2 £ 18.3 411 + 7.8
69.0 £+ 4.6 247.1 + 6.7 36.2 £ 4.1
172.3 167.3 42.4
150.5 + 28.9 187.2 + 16.0 414 + 4.4
106.2 + 8.6 228.2 + 28.3 339+ 17
242.1 £ 55.7 303.7+ 254 499 + 3.7
166.3 239.7 41.7

1pi 02gm of dry homogenate/30 min.; av. of 4 lobes.
2M 02gm of dry homogenate/20 min.; av. of 4 lobes.
3Mg/gm of dry homogenate. Av. of 4 lobes.

4 Standard deviation.

experiment. It appears that the level of
dietary molybdenum required to produce
a “saturation” level of molybdenum in the
rat bver lies between 250 and 500 ppm.

Since the high-molybdenum rats in ex-
periment 2 had a slightly lowered liver
xanthine oxidase activity without diar-
rhea, and therefore presumably with nor-
mal protein utilization, molybdenum ac-
cumulation in the liver may apparently,
in itself, cause some decrease in xanthine
oxidase in rat livers.

Calf experiment. The resuhs showing
the effect of 200 and 400 ppm of dietary
molybdenum on its concentration in the
liver and on calf liver xanthine oxidase,
respiration and copper levels are presented
in table 2. Xanthine oxidase, respiration
and cytochrome oxidase were not adverse-
ly affected by the ingestion of high levels
and increased liver storage of molybden-
um. Although differences in xanthine oxi-
dase and respiration values were found
among the lobes of the liver, as indicated
by the somewhat large standard deviations,
an analysis of variance showed that no
one lobe consistently had higher activity
than another.

Averafge concentrations of copper in the
livers of the calves fed both high-molyb-
denum diets were lower than concentra-

tions found in control animals. Individual
variations were so large however, that the
finding is not considered significant. The
concentration of molybdenum in the livers
of the calves fed the 400 ppm molybdenum
diet was no higher than in the livers of
those fed 200 ppm, indicating, as in the
case with the rats, “saturation” at the
lower level of intake.

Findings on heart cytochrome oxidase
activity in the tissues from the 4 sections
of the calf heart, presented in table 3, show
that cytochrome oxidase activity in both
ventricles was slightly more than twice as
high as that in the two auricles.

Although molybdenum accumulated in
the liver, no definite effect on copper stor-
age or on the enzymes was observed. Dick
(56) states that for sheep the magnitude
of molybdenum suppression of copper stor-
age depends upon the inorganic sulfate
content of the diet. Further, neither molyb-
denum nor sulfate alone interferes with
copper retention, and the effectiveness of
either increases to a maximum as the in-
take of the other is increased. He observed
that the toxicity of molybdenum to rats on
a low-copper diet was greatly enhanced
by an increased intake of inorganic sul-
fate. It was found that 1000 ug of molyb-
denum daily could be given with a low-
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TABLE 3
Dietary molybdenum level and heart cytochrome oxidase of calves
(Experiment 3)

Mo Right Right Left Left
level ventriclel auriclel ventriclel auriclel
ppm

0 17.1 £ 1.0* 75+ 28 195+ 5.0 9.4+ 0.9

200 108+ 1.8 49+ 0.2 18.1 + 5.7 8.2+ 0.8
400 21.0+ 2.8 6.3+1.4 198+ 2.2 8.1+ 13
Av. 16.3 6.2 19.1 8.6

1M 02mg of dry homogenate/30 min.; av. of three animals.

2Standard deviation.

sulfate diet, whereas 100 ug of molybde-
num proved toxic when sulfate was added.
On the other hand, Miller, Price and En-
gel, (’56) have reported that severe growth
epression occurring in rats on dietary
levels of 75 to 100 ppm of molybdenum on
a low-sulfate diet could be overcome by
the inclusion of sulfate at a level of 2200
ppm. Van Reen and Williams (’56) also
noted a protective effect from feeding sul-
fur compounds. They report that when
either methionine, cystine, sodium thiosul-
fate or sodium sulfate was fed in a diet
containing a toxic level of molybdenum,
a definite improvement of the enzymatic
anomaly was observed in molybdenum
toxicity. Other investigationsD have not
borne out this finding.

It is evident that additional information
is required for a logical explanation of the
mechanism of molybdenum toxicity. A
definite tie-up among molybdenum, colo-
per, sulfate and manganese and possibly
other minerals or biochemical compounds
appears to exist. Furthermore the effect
of sulfate on molybdenum toxicity in
monogastric animals needs clarifying be-
fore the results can be applied to another
Species.

SUMMARY

Experiments were designed to study the
effect of excess dietary molybdenum on
various enzymes of the liver and cyto-
chrome oxidase of the heart of a mono-
gastric and a ruminant animal in an at-
tempt to gain information as to the mech-
anism of molybdenosis in animals.

molybdenum toxicity symptoms, including
diarrhea and decreased rate of growth.
These diets did not affect tyrosine oxidase
activitg or concentration of copper in the
liver, but caused an increase In the con-
centration of molybdenum in this organ
and a reduction in liver respiration and
liver xanthine oxidase.

2. Asecond group of rats was fed high-
molybdenum diets which raised the con-
centration of molybdenum in the liver but
did not cause diarrhea. These rats also
showed a reduction in liver xanthine oxi-
dase activity. Thus, it appears that pos-
sible decreased utilization of protein, re-
sulting from diarrhea as exhibited by the
first group of rats, was not solely respon-
sible for the reduced xanthine oxidase ac-
tivity noted. Also, increased liver moI]yb-
denum concentration per se can influ-
ence ~he level of the enzglme. A slight
lowering in blood uric acid concentration
was observed in these rats. The cyto-
chrome oxidase activity in the heart was
not affected.

3. The concentration of molybdenum
found in the liver upon feeding 500 ppm
molybdenum in the diet was not exceeded
when 800 ppm was fed. It appears that
there may be a liver “threshold” for molyb-
denum of 500 ppm or less; above this
dietary level, fiver storage is not increased.

4. Calves maintained on diets contain-
ing 200 and 400 ppm molybdenum were
observed to have increased concentrations
of molybdenum in_the fivers, but no de-
crease In fiver respiration or xanthine oxi-
dase or in heart cytochrome oxidase.

1 Rats fed diets Contammg added 10 J. T. McCall 1958 Personal communica-

molybdenum at 500 and 800 ppm showed

tion.
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Dental Caries in the Albino Rat Fed High Sucrose Diets
of Relatively High and Low Pyridoxine Contentl

WINFREY WYNN, JOHN HALDI ana MARY LOUISE LAW
School of Dentistry, Emory University, Atlanta, Georgia

Pyridoxine as a dietary supplement is
believed by Strean and his co-workers to
have a suppressive effect on the initiation
and spread of dental caries. This deduc-
tion has been drawn from experiments us-
ing hamsters, as well as children. Ham-
sters fed a cariogenic diet containing py-
ridoxine in a concentration of 10 ppm had
fewer dental caries than a similar group
fed the same diet with a concentration of
0.5 ppm (Strean, Gilfillan and Emerson,
56; Strean, Bell, Gilfillan, Emerson and
Howe, 58). The later report included an
experiment using 28 children divided into
two groups of 14 each. One group re-
ceived a lozenge containing 3 mg of py-
ridoxine three times a day after meals.
At the end of a year this group, on the
basis of their DMF gdecayed, missing,
filled) rating, had a lower caries score
than the control group. In a preliminary
report of a study scheduled to be conducted
over a period of several years, Cohen and
Rubin (58) observed a slightly favorable
trend in caries experience of a group of
children receiving pyridoxine-containing
lozenges as compared with another group
receiving a placebo.

Strean (’57) has postulated that pyri-
doxine mag effect a change in the oral
flora whereby the lactobacilli requiring this
vitamin as an essential nutrient, and not
associated with dental caries, would mul-
tiply at the expense of L. acidophilus, S.
salivarius, S. mitis and S. mitior, which
some believe to be associated with tooth
decay.

The interesting suggestion has been of-
fered (Strean, Bell, Gilfillan, Emerson
and Howe, '58) that the difference in cari-
ogenicity of two high-sucrose diets con-
taining the same amount of sugar which
has been reported from our laboratories

J. Nutrition, 70: '60

(Wynn, Haldi, Shaw and Sognnaes, '53)
may have been due to a difference in the
concentration of pyridoxine in the two
diets. The experiments reported in this
paper were undertaken to test the validity
of this supposition.

PROCEDURE AND RESULTS

The Harvard high-sucrose diet, the com-
position of which is given elsewhere (Sogn-
naes, 48; Wynn, Haldi, Shaw and Sogn-
naes, 53) was used in all experiments.
This diet contains 3.5 ppm of pyridoxine.
Two sets of experiments were conducted:
one cn sialoadenectomized albino rats of
our Emory-Wistar strain which has proved
to be fairly resistant to dental caries, and
another on intact animals of a more sus-
ceptible strain. In the first experiment 8

roups of triplicate litter mates were se-
ected at weaning and sialoadenectomized
by our usual procedure (Haldi, Wynn,
Shaw and Sognnaes, '53). Whereas in-
tact animals of this strain are fairly re-
sistant to dental caries, when sialoadenec-
tomized they develop caries on a cariogenic
diet within a relatively short time. Begin-
ning immediately after weaning, the three
groups of litter mates were fed throughout
the experiment the Harvard diet to which
was added for each group, respectively,
1, 10 and 100 ppm of pyridoxine. At the
end of a 70-day feeding period, the animals
were killed and the teeth scored for dental
caries by the method customarily followed
in our laboratories (Haldi and Wynn, '52).
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TABLE 1

Carious lesions and caries scores of sialoadenec-
tomized caries-resistant albino rats fed a
cariogenic diet with different con-
centrations of pyridoxine

No. Days Additional  Carious Caries
animals on diet pyridoxine lesionsl scorel
ppm
8 70 1 24 59
8 70 10 24 61
8 70 100 22 55

1Average per animal.

The results of this experiment are pre-
sented in table 1

From these data it is obvious that the
addition of pyridoxine in a relatively large
amount to a cariogenic diet did not affect
its cariogenicity when fed to sialoadenec-
tomized albino rats of the Wistar strain.

Strean, as stated previously, believes
that pyridoxine may bring about a change
in the oral flora. In this connection, it
may be noted that the addition of pyri-
doxine to a synthetic medium increases
the population of L. casei proportional to
the quantity of this vitamin added to the
medium (Bohonas, Hutchings and Peter-
son, 42) and that L. casei Is the test or-
ganism for the biological assay of pyridox-
ine (Rabinowitz, Mondy and Snell, ’48).

In view of the possibility that %yridox-
ine, once absorbed, may be returned to the
mouth by way of the salivary glands, there-
by having a more prolonged efEect on the
oral bacteria, we decided to conduct
another experiment on intact rats of a
strain more susceptible to dental caries.
For this purpose we used albino rats from
a colony developed from animals that had
been supplied to us several years ago by
the laboratories of the Naval Medical Re-
search Institute. We had found that these
animals, when fed a cariogenic diet with
their salivary glands intact, develop caries
in a relatively short time.

The animals were selected at weaning,
using triplicate litter mates, with 20 ani-
mals placed in each group, and fed im-
mediately the prescribed diets. The con-
trol group was fed the Harvard diet with-
out supplementation and the other two
groups, the same diet to which was added,
respectively, 10 and 100 ppm of pyridox-
ine. When the animals had been fed the

JOHN HALDI AND MARY LOUISE LAW

diets 120 days, they were killed and the
teeth were given a score for dental caries
in the same manner as in the preceding
experiments. The results are given in
table 2. In these experiments, as in those
on the sialoadenectomized rats of the Em-
ory-Wistar strain, the addition of pyridox-
ine to the diet did not reduce its cariogen-

icity.
TABLE 2

Carious lesions and caries scores of intact caries-
susceptible albino rats fed a cariogenic diet
with different concentrations of

pyridoxine
No. Days Additional  Carious Caries
animals on diet pyridoxine lesionsl scorel
ppm
20 120 0 17 40
20 120 10 18 35
20 120 100 18 38

1Average per animal.

DISCUSSION

In our previous studies, we found that
the high-sucrose diet referred to as the
Harvard diet is much more cariogenic than
the Emory diet which contains the same
amount of sucrose. These two diets differ
in their pyridoxine content with a con-
centration of 3.5 ppm in the Harvard and
10 ppm in the Emory diet. If Strean’s sup-
position were correct that the difference in
pyridoxine concentration may account for
the difference in cariogenicity of the two
diets, one would reasonably expect that
the addition of pyridoxine to the Harvard
diet would make it less cariogenic. This
proved not to be the case. The cariogenic-
ity of the Harvard diet was not diminished
even though the pyridoxine content was
brought well above the level of that which
obtained in the Emory diet.

The results of our experiments are not
in agreement with those of Strean and his
co-workers (’56; '58). These investigators
found that increasing the pyridoxine con-
centration in the diet from 0.5 to 10 ppm
resulted in a decrease in the cariogenicity
of the diet. It is possible that the response
of the hamster to the addition of pyridox-
ine to the diet may differ from that of the
albino rat.

Another possibility should also be taken
into account, namely, that the diet fed the
hamsters, containing 0.5 ppm of pyridox-
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ine, may have been deficient in this factor.
If this were the case, the higher incidence
and greater extent of caries observed when
using this diet, as compared with the one
containing 10 ppm, may have been re-
lated to a pyridoxine deficiency. It seems
unlikely, however, that the hamsters suf-
fered from a pyridoxine deficiency inas-
much as they survived over an experi-
mental period of 7 to 10 months. Further-
more, the authors did not report acrodynia
or other signs of pyridoxine deficiency. In
our experiments, the basic Harvard diet
provided 35 to 50 pg of pyridoxine in the
normal daily food intake of 10 to 15 gm
which doubtless satisfied the rat’s pyridox-
ine requirements. Lepkvosky (’38) ob-
tained optimal growth in rats with a daily
dose of 10 ug. Sure (’40) reported later
that 10 to 25 ug/day are adequate for
continuous growth.

CONCLUSION

The addition of pyridoxine in relatively
large amounts to a synthetic high-sucrose
diet, originally adequate in its pyridoxine
content, did not reduce the cariogenic
properties of the diet when fed to sialo-
adenectomized albino rats of a fairly re-
sistant strain nor to intact rats of a much
more susceptible strain.

The difference in the cariogenicity of
two high-sucrose diets containing the same
amount of sugar, previously reported from
our laboratories, cannot be attributed to
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the difference in pyridoxine concentration
of the two diets.
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Further Studies of the Lipotropism of Diethylstilbestrol
in Choline-Deficient Weanling Albino Rats*

GLENN J. MILLER anad WILLIAM W. ELLIS
Division of Agricultural Biochemistry, University of Wyoming, Laramie

The addition of diethylstilbestrol (DES)
to a choline-deficient and low-methionine
diet has been previously reported to pro-
duce a lipotropic action in weanling al-
bino rats as well as to protect such rats
against death (Miller et al., 58). The fol-
lowing studies were conducted to deter-
mine the influence of various concentra-
tions of DES upon the lipides of the livers
and adrenals of weanling albino rats fed
the choline-deficient and low-methionine
diet; also to determine the minimal oral
dose of DES that would prevent death.

EXPERIMENTAL

Weanling albino rats (about three weeks
old) from a stock colony were placed in
individual cages, with tap water and ex-
perimental diets provided ad libitum. Five
animals of each sex were given each ex-
perimental treatment. The diet contained
the following in per cent composition: soy
protein,2 20; sucrose, 68; salt mixture—
US.P. XIV, 4; cellulose, 3; and refined
cottonseed oil,3 5. Vitamins and DES
were administered as previously reported
éMiIIer et al., '58). The growth rate and
ood consumption of each animal were
measured throu?hout the experimental
eriod. Illness of the rats was determined
y observation and growth-rate depression.
The latter occurred between 8 tc 12 days
after diet initiation.

Livers and adrenals were removed from
the animals after 42 days and stored at
—25°C for analyses. Livers were extracted,
and the percentage of liver lipides deter-
mined as reported by Miller et al. (’58).
Adrenals of animals in specific dietary
groups were extracted by the procedure
of Duncan 3’57). )

Lipide iodine values were determined
by the procedure of Byrne and Johnson
(56), and polyenoic fatty acids were de-
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termined by the micro-procedure of Herb
and Reimenschneider (’53). Determina-
tion of lipide phosphorus was made by the
Procedure of Chen et al. (’56). The liver
ipides were pooled separately by sex and
by dietary group before the above deter-
minations were made. Total cholesterol
was determined by the procedure of Pear-
son and co-workers (’54). Statistical val-
ues were determined according to Li (’57).

RESULTS AND DISCUSSION

The liver lipide percentages shown in
table 1 indicate that liver lipide accumula-
tion was not altered in choline-deficient
males or females when DES was fed at a
concentration of 0.1 ppm. However, this
accumulation was significantly decreased
when DES was fed at a level of 0.5 ppm
éF = 10.29 with 1 and 8 degrees of free-

om for males; and F = 30.58 with 1and 8
degrees of freedom for females). Increas-
ing the concentration of dietary DES to 1.0
and to 10.0 ppm caused a greater reduc-
tion in the liver lipide accumulation. The
feeding of 100, 500, or 1000 ppm of DES
did not significantly reduce the accumula-
tion below that effected by 10.0 ppm. In
addition, 10.0 ppm of DES produced a sig-
nificantlly greater decrease in liver lipide
accumulation than 1.0 ppm (F = 8.10
with 1 and 8 degrees of freedom for males;
and F= 5512 with 1 and 8 degrees of
freedom for females). Therefore, it could
be assumed that the concentration of DES
which reduced liver lipide accumulation
to the lowest level was between 1.0 and
10.0 ppm for both males and females.

Received for publication July 14, 1959.

1Published with approval of the Director,
Wyoming Agricultural Experiment Station, as
Journal Paper no. 133.

2Sodium Soybean Proteinate,
Midland, Minneapolis.

3Wesson Oil.
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Also, even high concentrations of DES
(100 to 1000 pfpm) did not reduce the
lipide content of the livers of choline-de-
ficient rats to the level observed in the liv-
ers of the choline-supplemented rats
(table 1).

The concentration of dietary DES that
most effectively reduced liver lipide ac-
cumulation (1.0 to 10.0 p‘pm) was much
higher than the minimal concentration
needed to protect males (0.01 to 0.1 ppm)
and females (0.001 to 0.01 ppm) against
illness and death (table 2). This would
suggest that lipotropism is not the sole
action of DES in choline deficienc%.

The percentage of liver lipide in choline-
supplemented male rats receiving no DES
was significantly lower (F = 36.38 with 1
and 8 d.f.) than that of the corresponding
female rats (table 1). Deuel (’57) has
pointed out that male rats have a lower
content of liver fat than female rats. The
presence of 1.0 or 500 ppm of DES in
the diet of choline-supplemented male rats
significantly increased the percentage of
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liver lipide compared with that of choline-
supplemented male rats receiving no DES
(F = 28.14 with 1 and 8 d.f.; F= 23.26
with 1 and 8 d.f,, res ectiveIK). The pres-
ence of DES in the diet of choline-supple-
mented female rats had no significant ef-
fect upon the percentages of liver lipide
when these values were compared with
those of choline-supplemented female rats
receiving no DES.

Plagge et al. (58) suggested that the
lipotropic action of estradiol on nutritional
fatty livers may be due to a sparing action
of choline by growth inhibition. It is ap-
parent from table 1 that a concentration
of 01 ppm of DES produced a marked
growth Inhibition in choline-deficient male
and female rats but not a decrease in liver
lipide accumulation. On the other hand, a
concentration of 10 ppm of DES caused
a considerable decrease in liver lipide ac-
cumulation in choline-deficient male and
female rats, yet it produced a growth in-
hibition approximately equivalent to that
obtained with 0.1 ppm of DES. There-

TABLE 1
Weight gain and percentages of liver lipide
Male Female
Choline DES Liver Wei%ht Liver Weight
lipidel gai lipidel gain
ppm % gm/day % gm/day
0 0.0 70 £ 22 23+ 03 71+ 2 2.0+ 0.3
0 0.1 73+ 6 16+ 0.2 75+ 3 16+ 0.2
0 0.5 54 + 4 18+ 0.1 56 + 2 14+ 01
0 1.0 41 + 2 19+ 0.2 45+ 5 14+ 02
0 10.0 30+ 6 15+ 01 25+ 3 13+ 01
0 100.0 28+ 5 1.6 + 0.0 30+ 3 14+ 0.0
0 500.0 21+ 2 1.7+ 01 29+ 3 14+ 01
0 1000.0 32+ 6 14+ 0.1 33+ 7 15+ 01
+ 0.0 16+ 0.2 33+ 04 18+ 0.4 29+ 04
+ 1.0 18+ 0.1 19+ 0.2 19+ 1.0 16+ 0.2
+ 500.0 18+ 0.3 19+ 01 19+ 0.0 14+ 01
1Expressed on a dry-weight basis.
2Standard deviation.
TABLE 2
Survival rates of rats as influenced ly concentration of DES
Male Female
Choline DES .
reboelidd  Mortal y reboultg  Mortality
ppm % % % %
0 0.00001 0 100 100 0
0 0.001 0 100 40 20
0 0.01 60 30 0 0
0 0.1 0 0 0 0
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fore, it follows that the lipotropism of
DES in choline deficiency is not due solely
to a depression of growth.

From table 3 it is evident that the per-
centages of liver lipide phosphorus in cho-
line-deficient male and female rats in-
creased as the concentration of dietary
DES increased until a maximal level of
liver lipide phosphorus was reached. Table
1 shows that the percentage of liver lipide
of choline-deficient rats decreased in a
corresponding manner. Therefore, DES
appears to have caused a decrease in the
non-phosphorus-containing lipide fraction
of the liver; and this agrees with the re-
sults reported by Miller et al. (’58).

TABLE 3
Percentages of liver lipide phosphorusl

Lipide phosphorus

Choline [ ] =5
Male Female
ppm % %
0 0.0 0.2 0.2
0 0.1 0.2 0.2
0 0.5 0.4 0.4
0 1.0 0.6 0.8
0 10.0 1.5 1.6
0 100.0 1.3 1.1
0 500.0 2.0 1.3
0 1000.0 1.1 15
+ 0.0 2.4 2.1
. 1.0 2.4 2.2
+ 500.0 2.2 2.2

1Liver lipides extracted and pooled by sex and
by dietary group for these determinations.

The iodine value of the liver lipides of
rats receiving some of the experimental
diets, as well as the percentage of the poly-
enoic fatty acids in the lipide (table 4), in-
dicate, in general, that (1) increasing con-
centrations of DES caused a decrease in
the iodine value of the liver lipides of
choline-deficient male and female rats;
and (2) the liver lipides of choline-defi-
cient male and female rats receiving no
added DES contained considerably more
dienoic fatty acids than those of the
corresponding choline-supplemented rats.
These results show that the accumulated
liver lipide was more unsaturated than
normal liver lipide, this increase in un-
saturation being caused by a higher con-
tent of dienoic fatty acids. Table 4 also
gives the iodine value and polyenoic fatty
acid composition of the dietary lipide,
which contained almost 60% of dienoic
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fatty acids. Therefore, under the condi-
tions of these experiments, the accumu-
lated liver lipide in choline deficiency was
at least partly derived from dietary lipide.

Estro?ens are known to cause enlarge-
ment of the adrenal cortex, and are be-
lieved to cause a release of ACTH4 by the
hypophysis which stimulates the adrenal
cortex to secrete its hormones in amounts
larger than normal (Turner, 55). Re-
cently, Barnett and Teague (’58) con-
firmed that DES treatment of rats pro-
duced liver and adrenal enlargement, mod-
erate depletion of adrenal ascorbic acid,
maximal depletion of adrenal choles-
terol and elevated liver glycogen levels. The
authors stated that this observed stimula-
tion of activity in the rat adrenal cortex
was probably caused by the release of
ACTH. Schroder and Hansard (58) also
reported that stimulation of adrenal secre-
tion was produced by DES treatment of
wether lambs. However, these workers
found that the DES treatment produced
an increase in adrenal cholesterol but had
no effect on adrenal weight. Therefore,
DES apparently produces opposing effects
on the adrenal cholesterol levels of rats
and of wether lambs. This is interesting
because DES reduces true growth in rats
but increases the rate of gain in fattening
lambs, heifers, and beef steers (An-
drews, 58).

Table 5 gives the percentage of choles-
terol in the adrenals of choline-deficient
and choline-sug lemented rats receiving
zero, 1.0 and 500 ppm of DES. The adre-
nals of choline-deficient male rats receiving
1.0 and 500 ppm of DES contained sig-
nificantly less cholesterol than those re-

TABLE 5
Percentages of adrenal cholesteroll

Choline DES Male Female
ppm % %

0 0.0 46 = 0.22 49 + 0.32
0 1.0 14 + 0.0 1.8+ 0.0
0 500.0 2.1+ 0.1 1.6+ 0.6
+ 0.0 5.0+ 0.3 52+ 0.6
+ 1.0 2.0+ 0.6 2.0+ 0.3
+ 500.0 2.1 + 0.6 16 + 0.1

1Expressed as per cent of fresh-tissue weight.
2Standard deviation.
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ceiving no DES (F = 496.00 with 1 and 2
d.f.; F = 300.00 with 1 and 2 d.f., respec-
tively). The same was true of the adrenals
of choline-deficient female rats (F = 69.23
with 1and 2 d.f.; F= 78.77 with 1 and 2
d.f., respectively). Likewise, the adrenals
of choline-supplemented male rats receiv-
ing 1.0 and 500 ppm of DES contained
less cholesterol than those of their cor-
responding controls (F = 33.33 with 1and
2 d.f; F= 3332 with 1and 2 d.f., respec-
tively). This was also true of the adrenals
of choline-supplemented females (F =
73.14 with 1 and 2 d.f.; F= 9257 with 1
and 2 d.f., resgectively). It is evident that
treatment with DES caused a striking de-
crease in the percentages of adrenal cho-
lesterol in both choline-supplemented and
choline-deficient rats. Therefore, in agree-
ment with Barnett and Teague (’58), these
observations suggest that treating rats
with DES caused an increase in adrenal-
cortex activity.

Stimulation of the adrenal cortex by
DES cannot_explain completely the lipo-
tropism of DES in choline deficiency. Deuel
(55) has reported that (1) adrenalecto-
mized animals stored less lipide in the liver
after fat ingestion than controls; (2) lipide
absogation in the intestines was inhibited
by adrenalectomy; (3) injection of adre-
nocortical extracts into rats caused in-
creased content of liver lipide; (4) injec-
tion of ACTH into male rats, force fed a
fluid containing carbohydrate, caused an
increase in liver lipide; and (5) fatty livers
cannot be produced in adrenalectomized
animals. In fact, Le Breton (56), sug-
gested that nutritional fatty livers may be
caused by a prolonged hyperfunction of the
adrenal glands and that any factor inhib-
iting the functioning of the adrenals would
counteract the development of fatty livers.
Therefore, stimulation of the adrenal cor-
tex by DES does not appear to be involved
in the lipotropic action of DES. It may
well be that DES is acting through en-
zyme systems since Villee and Hagerman
(’58) have shown that there appears to
be an estrogien-sensitive transhydrogenase
in human placenta, while Mason and Gul-
lekson (58) have reported that the di-
sulfate of DES inhibits pyridoxal phos-
phate-dependent enzymes.

4 Adrenocorticotropic hormone.
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The concentration of DES required to
prevent death, as pointed out previously,
was much lower than that required to de-
crease liver lipide accumulation in choline-
deficient rats. Therefore, it is still possible
that stimulation of the adrenal cortex by
dietary DES may be responsible for the
prevention of death due to choline de-
ficiency.

SUMMARY

The concentration of dietary diethylstil-
bestrol (DES) that most effectively re-
duced liver lipide accumulation in cho-
line-deficient rats was much higher than
the concentration required to prevent ill-
ness and death.

The growth depression caused by 0.1 and
10 ppm of DES was essentially the same,
but the liver lipide accumulation in cho-
line-deficient rats receiving 0.1 ppm of DES
was considerably larger than that of rats
receiving 10 ppm.

The increased unsaturation in the liver
lipide of choline-deficient rats appeared to
be due to a higher content of dienoic fatty
acids, which made up approximately 60%
of the dietary lipide.

The presence of dietary DES significant-
ly reduced the adrenal cholesterol content
in rats when this value was compared to
that of rats receiving no DES. This was
true for both choline-deficient and choline-
supplemented rats.
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The Effect of Cold on the Weight, Food Intake and
Acetylating Activity of Pantothenic

Acid-Deficient Rats%

DAVID A. VAUGHAN ana LUCILE N. VAUGHAN
Arctic Aeromedical Laboratory, APO 731, Seattle, Washington

It is fairly well established that pan-
tothenic acid improves the ability of ani-
mals to withstand cold stress. Ershoff
(’53) has reported an average survival
time of only 11.8 hours in pantothenic
acid-deficient rats exposed to 2°C. Arn-
rich et al. (’56) have described a derange-
ment of carbohydrate metabolism in pan-
tothenic acid-deficient dogs subjected to
swimming stress in moderately cold water.
Large doses of pantothenic acid were found
by Ralli (’54) to improve the swimming
time of rats in cold water and to modify
some of the responses of men placed under
stress by immersion in cold water. Pro-
longed survival was observed by de Bias
et al. (’57) in cold-stressed, adrenalecto-
mized rats given calcium pantothenate and
a small amount of hydrocortisone. Weiss
(’57) concluded that a deficiency of pan-
tothenic acid increases the sensitivity of
undernourished rats to cold.

Imposing a stress (such as cold) on a
deficient animal, then, may lead apparently
to a variety of suboptimal responses. Re-
ports from this laboratory (Vaughan and
Vaughan, 57, '59), however, indicate that
thiamine- and riboflavin-deficient animals
are able to grow and survive almost as
well at 5°C as at 25°C if they become ad-
justed to cold before the onset of the
deficiency. The present report contains
data which indicate that the severity of a
pantothenic acid deficiency, when induced
In cold-adjusted rats, is not greatly in-
creased during cold exposure.

EXPERIMENTAL

Forty-two male Sprague-Dawley rats,
ranging in weight from 150 to 180 gm were
divided into two groups of 21 each. One
group was placed in individual cages in a
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cold room held at 5 = 2°C; the other group
remained in an animal room at 25°C.
Wire-bottom cages were used, rats being
placed randomly as to position in the cage
rack. Both groups were given a pan-
tothenic acid-deficient basal diet2 of the
following per cent composition: vitamin
test casein, 18; sucrose, 68; vegetable ail,
10; U.S.P. Salt Mixture no. Il, 4. The vita-
min mixture supplied 2000 units of vita-
min A, 222 units of vitamin D, 11.1 mg of
a-tocopherol and the following in mg:
ascorbic acid, 100; inositol, 11.1; choline
chloride, 166.5; menadione, 5; p-amino-
benzoic acid, 11.1; niacin, 10; pyridoxine
hydrochloride, 2.22; riboflavin, 2.22; thia-
mine hydrochloride, 2.22; also 44 ug of
biotin, 200 ug of folic acid, and 3 ug of
vitamin B«J)er 100 gm of diet.

At the end of 33 days, growth had ceased
in both groups of animals. At this time
each group of 21 rats was divided into
3 sub-groups, consisting of 7 rats each.
These sub-groups received an oral supple-
ment of calcium pantothenate solution
given at levels of 0.5, 1.5 and 5.0 ug/gm
of food. Calcium pantothenate was mixed
into the food slurry daily. The rats were
allowed to eat ad libitum but food con-
sumption was measured.

After 26 to 28 days on these dietary
regimes, the acetylating activities of the
rats were determined. An isotonic saline
solution, containing 6 mg of p-amino-

Received for publication. July 6, 1959.

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

2Purchased from Nutritional Biochemicals Cor-
poration, Cleveland.
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benzoic acid (PABA) was injected intra- intakes were adjusted in terms of their
peritoneally, followed by a 21- to 24-hour regression on the initial weights of the
collection of urine. The urine was analyzed rats; and weight and food intake by a co-
for total and free PABA by the method of variance analysis in which final weight was
Bratton and Marshall (’39). Bound PABA adjusted for food intake and initial weight.
was calculated by difference and expressed The purpose of the latter analysis was to
as per cent. provide data approximately equivalent to
At the end of 4 weeks’repletion, all cold- a paired feeding experiment. Post-cold
exposed rats were transferred to the warm growth and food intake were evaluated
(25°C) room and allowed to eat ad libitum by analyses of variance.
the same diets as before. Food consump-
tion was measured and weights were re- RESULTS AND DISCUSSION :
corded at 2- to 3-day intervals. This phase _ Mean weight changes, adjusted food in-
of the experiment continued for three takes, and acetylation percentages for the
weeks. Toward the end of the second week, rats receiving the graded levels of calcium
acetylating activities were measured in pantothenate are summarized in table 1
these rats. Growth. Growth was somewhat de-
To examine further the effect of cold ex- Pressed (P < 0.01) in the cold room during
posure upon acetylating activity, 12 rats the repletion experiment. Cold, however,
ranging In weight from 300 to 350 gm did not accentuate the effect of the pan-
were divided into two groups. One group fothenate deficiency, for this growth de-
was p|aced in the cold room at 5+ 2°C, p_reSS|0n occurred in anl_mals receiving op-
after a period of observation at 25°C, while timal amounts of calcium pantothenate
the other remained at 25°C. Commercial and was fairly uniform at all levels of
chow3was fed ad libitum and the per cent Pantothenate sugplementatlon.- The uni-
acetylation of p-aminobenzoic acid was formity of growth depression is shown by
determined 4 and 7 days before, and 1, 4, the lack of interaction between growth and
7,14, 21, and 30 days after the beginning level of pantothenate supplementation.
of cold exposure. To test the effect of Thus, as far as growth is concerned, rats
sodium acetate upon acetylatin? activity, ~apparently do not require a higher level of
sodium acetate (30 mg/gm of food) was Pantothenate in their diet when cold-ex-
added to the food of %oth groups at the Posed. Survival, however, was consider-
30-day interval. ably less in the pantothenate-deficient cold-
Weight changes and percentage acetyla- €xposed rats—a fact already noted by
tions were statistically evaluated by anal- Ershoff (53). The behavior of the rats
YSes of Va”a_nce;_fOOd mtake by a covarl- 3Purina Checkers. Ralston Purina Company,
ance analysis, in which the observed st Louis.

TABLE 1

Weight, food intake and acetylating activity of cold-exposed rats
28-day experiment

Weight Adjusted Adjusted

CELCA?SJ Initial Final A food intakel finalweightz ~ Acetylation
thenate o o o o 25° 5° (25°)3
o5 g0 250 go 950 5o 25° 5 25° 5 (25%)
it-g/gm gm gm gm gm gm gm gm gm gm gm % % %
0.5 226 157 239 159 + 13(7) + 2(3)4 261 438s 245 194 34 35 31
1.5 226 171 256 185 + 30(7) +14(6) 291 464 260 201 37 44 39
5.0 237 177 337 260 +100(7) +83(6) 409 581 309 246 51 52 52

1b = 0.939; r, = 0.63, where x = initial weight and z = food intake.

2bi = 0.718; b2= 0.215; Ryxx= 0.89; re= —0.32; ryz= 0.18; rxy = 0.79, where x = initial weight, y =
final weight and z = food intake.

3Post-cold animals.

4Number of survivors. In order to achieve the proportionality required for the analyses, items
were removed randomly by two different schemes, followed by analysis of each set of adjusted data.

5Cold-induced increments are 177, 173, and 172 gm, respectively.
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failing to survive in our experiment seemed
to indicate that weight loss was not neces-
sarily a precursor of death—in fact, death,
in many cases, occurred in rats which had
been maintaining their weights better than
the average of their group.

There was a significant (P<0.01)
graded response of the final adjusted
weights to increasing levels of calcium pan-
tothenate. Failure to grow on the deficient
levels is thus not completely dependent
upon appetite failure. This is in agree-
ment with the results of Voris et al. (42),
whose paired-feeding experiments showed
that pantothenic acid has a growth-pro-
moting effect not related to appetite. This
effect assumes equal importance in both
cold and warm rats, as shown by a lack of
interaction between cold and level of diet-
ary pantothenate.

Food intake. As noted before, food in-
takes were adjusted statistically for differ-
ences in initial weight of the animals. The
values shown in table 1, therefore, would
represent the most probable intakes of
these animals had they had the same initial
body weights. We observed significant
éP<0.01) anorexia associated with the

ecrease in the level of dietary pantothe-
nate. What is more interesting, however,
is the constancy of the cold-induced incre-
ment in food intake between the warm and
cold rats, regardless of the degree of ano-
rexia associated with the pantothenate de-
ficiency. This same phenomenon has been
observed previously in thiamine and ribo-
flavin deficiencies (Vaughan and Vaughan,
57, '59) in cold-exposed animals and repre-
sents a type of appetite regulation which
we are unable to explain. The cold rat is
able to fulfill its needs for extra energy,
while at the same time displaying a level

79

of anorexia characteristic of a vitamin de-
ficiency. This seems to us to imply that
the control of appetite may be fractionated
into components which respond character-
istically to different stimuli.

Post-cold growth and food intake. The
post-cold behavior of the experimental ani-
mals is summarized in table 2. An analysis
of variance showed that the rats previously
exposed to 5°C continued to eat at a Sig-
nificantly (P<0.01) elevated rate. This
effect persisted for the entire three weeks
in the deficient rats (0.5 and 1.5 ug/gm
levels), but disappeared after a week in
those receiving 5.0 ug of calcium pantothe-
nate per gram of food. At the same time,
a significant (P<0.01) degree of ano-
rexia occurred as a function of decreasing
levels of calcium pantothenate.

A rather striking growth response was
noted: rats which had previously shown
little or no growth, as a result of the pan-
tothenate deficiency, now displayed a re-
markable spurt in growth. Furthermore,
the level of pantothenate in the diet Eﬁ)_
pears to have no effect on the magnitude
of this post-cold growth, as table 2 shows.

During this post-cold period, the defi-
cientrats (0.5 and 1.5 ug/gm levels) which
had been in the warm room for the whole
experiment were beginning to show por-
phyrin deposits, wrist dermatitis and gen-
eral roughness of the fur. These deficiency
symptoms did not appear in the post-cold
rats receiving the same levels.

Acetylation activity. Campbell et al.4
have reported cold-induced increases in rat
liver coenzyme A which persisted up to 24

4 J. Campbell, G. R. Green, E. Schonbaum and

TABLE 2
Post-cold weight gains and food intake

Food intake (fim)

Calcium

pantothenate Week 01 Week 1
25° 5° 25° (25«)»

Mafom,

0.5 67(7)3 100(3)3 71 82

15 76(7)  107(6) 84 97

5.0 119(7)  152(6) 102 121

1Last week of cold exposure.

2Post-cold animals.

H. Socol 1958 Effect of exposure to cold on the
coenzyme A content of liver tissue. Federation
Proc., 17: 22 (abstract).
Total Aweight
Week 2 Week 3 weeks
5° (25°)2
25° (25°)2 25° (25°)»
gm gm
56 69 62 88 0 +49
71 88 88 93 +13 +53
104 98 110 110 +28 +47

3Number of survivors.
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days. Brumleve and Olson5also note sim-
ilar increases. Thus, acetylating activity
might be expected to increase during cold
exposure.

Table 1 shows the results obtained by
measuring the acetylation activities of the
rats at the end of the 4-week repletion
period. The deficient rats showed signifi-
cantly (P<0.01) lower percentages of
bound p-aminobenzoic acid than did the
rats receiving 5.0 pg/gm of food. Cold
had no effect on percentage acetylation at
any of the levels of dietary pantothenate—
differences in means shown in table 1 are
not significant. Removal of the cold-ex-
posed rats to the 25° room also had no
effect on acetylating activity (table 1). The
level of calcium pantothenate seemed to
be the only determinant of acetylating ac-
tivity in this experiment, and :his mani-
fested itself only in a difference between
the low (0.5 and 1.5 ug/gm) and high
(5.0 iig/gm) dietary concentrations.

Results of further tests of the effect of
cold on acetylating activity may be seen
in table 3. Activity was measured at var-
ious time intervals in order to spot possible
effects of short-term versus long-term ex-
posures to cold. We were unable, by our
methods, to detect in vivo any differences
in acetylation between cold and warm rats
at any of the times noted. Administration
of acetate in the food also had no effect on
acetylating activity.

TABLE 3
Acetylating activity of cold-exposed ratsl
Days of Acetylation Total bound PABA
exposure 250 5o 250 5o
% % mg mg
7 47 502 1.14 1.282
4 59 502 1.38 1.302
1 52 46 1.29 1.11
4 53 45 1.45 1.10
7 51 49 1.40 1.26
14 53 53 1.51 1.46
213 65 60 0.94 0.80
304 53 48 1.35 1.02

1Each number is the mean of 6 animals.

2Two pre-cold observation periods at 25°C.

3Three milligrams of p-aminobenzoic acid
injected.

4Three per cent of sodium acetate in diet.

VAUGHAN

SUMMARY

Weight changes, food intakes and acetyl-
ating activities were measured in rats kept
at 5° and 25°C while receiving graded
levels of calcium pantothenate in their diet.

The cold-induced increment in food in-
take was uniform at all levels of dietary
calcium pantothenate, and it appears that,
for growth, rats do not require a higher
level of calcium pantothenate in their diet
when exposed to 5°C.

In vivo acetylating activity did not ap-
pear to be affected by cold exposure, al-
though it was significantly lower in pan-
tothenate-deficient rats.
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Economic competition between butter
and its substitutes has stimulated prolific
experimental activity directed toward a
comparison of the nutritive properties of
butterfat and the vegetable oils commonl
emplo%/ed in commercial margarines. Al-
though it is generally agreed that youn
calves cannot tolerate filled milks in whic
the butterfat has been replaced by crude
or refined plant oils (Gullickson and Foun-
taine, “39; Jacobson et al., 49; Jarvis and
Waugh, ’49; Barker et al., 52), attempts
to duplicate these results in studies con-
ducted with rats have led to considerable
controversy. Data accumulated by Deuel
and various associates (’43; ’44a, b; '45a,
b; 46a, b; 50), for example, have led these
workers to conclude that butterfat and
vegetable oils are of equal nutritive value.
Their experimental findings have been cor-
roborated by Zialcita and Mitchell (’44),
Henry et al. (’45) and Lassen and Bacon
(’49). On the other hand, considerable
evidence exists to support the view that
butterfat is nutritionally superior to oils
of vegetable origin (Shantz et al., 40a, b,
c; Geyer et al., 43; Parrish et al., 46).

However, Boutwell et al. (43a, b; 45)
have shown their ability to demonstrate
superior growth in rats fed butterfat over
those fed com oil, to be dependent upon
both the nature of the carbohydrate source
and the level of B vitamins in the diet.
These workers have also demonstrated an
influence of weaning age on the reaction
of rats to the source of dietary fat. In
effect, a superior rate of gain of butterfat
groups over corn oil groups could be shown
In rats weaned at 14 days; but when rats
weaned at 30 days were treated in like
manner, the margin of difference between
the two fats became negligible.

J. Nutrition, 70: '60

It is also noteworthy that the superior
growth induced by butterfat rations as
compared to com oil rations in feeding
trials conducted by Shantz et al. (’40a)
was most evident during the initial three-
week period of the test. However, when
Deuel and Movitt (’45a) utilized rats
weaned prematurely (14 days), all fats
tested, namely butterfat, margarine, com,
cottonseed, peanut and soybean oils, ap-
peared to support ?rowth equally well.
Zialcita and Mitchell (’4_42I have also re-
ported failure to distinguish differences in
the growth of rats weaned at 7 days and
maintained on test diets containing but-
terfat or corn oil until 9 weeks of age.

In the experiment reported herein, young

uinea glgs, dogs and swine weaned at
three, 10 and 14 days of age, respectively,
were utilized. Previous experience had
shown these species to be capable of suc-
cessful adaptation to the process of pre-
mature weaning and subsequent main-
tenance on artificial diets during their
normal ﬁerlo_d of nursing. It was also be-
lieved that in an experiment conducted
under such conditions the animals would
be more critical of the nutritive qualities
of dietary fat, particularly in comparison
to butterfat, than animals carried on test
during ages when they would not normally
be consuming milk.

The species chosen as experimental
subjects were considered to be represen-
tative of animals which would normally
consume three distinctly different types
of diets, one being an herbivore and the
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other two being omnivores of unlike dietary
preference.

EXPERIMENTAL

During the course of the experiment,
108 puppies, 172 baby pigs and 266 young
guinea pigs were used. The puppies and
guinea pigs were placed in individual pens
with perforated floors, whereas the baby
pigs were housed, by experimental groups
of 4, in pens fitted with an electrically
heated bedding floor under a hover. In
all cases, feed and water were available
ad libitum throughout the experimental
period, the duration of which was 4 weeks
for guinea pigs and 6 weeks for the other
two species.

The main components of the control
diets fed to pups and guinea Eigs con-
sisted of dry cereal4and skim milk powder,
plus appropriate vitamin and mineral sup-
plements. Baby pigs allotted to control
groups received a basal ration consisting
of a mixture of common cereal grains
plus skim milk powder, yeast, cane mo-
lasses, fishmeal, soybean oilmeal, vitamins
and minerals. On analysis these control
diets were found to contain ether extract-
able material to :he extent of 0.1 to 1.0%
(dogs), 1.0 to 2.0% (guinea pigs) and
15 to 2.5% (swine). To these dry diets
were added 20% by weight of 15 various
edible animal and vegetable fats and oils.
Early work included diets containing 5
and 10% of fat by weight, but careful
examination and analysis of data obtained
durin? the first year showed the 5 and
10% levels to be intermediate between the
control and the 20% level. In the in-
terests of expedienc?/, therefore, feeding at
the 5 and 10% levels was abandoned after
the first year. When fat was incorporated
into dog and guinea pig diets, the level
of skim milk Eowder was adjusted at the
expense of Pablum so as to maintain the
protein in the ration at a minimum of
20%. A similar adjustment was carried
out in formulae of the baby pig diets, in
which the protein level was aﬁproximately
27%. All rations included chromic oxide
to function as an index substance in the
determination of digestibility. Feed and
feces collected during the final week of
each test were analyzed for chromic oxide
by the method of Bohn, King and Kloster-

CRAMPTON AND OTHERS

man (’52) and for fat by ether extraction.
The apparent digestibility of the ingested
fats was then calculated from the chromic
oxide Tat ratios in feed and feces.

The fats and oils to be tested were
maintained at freezing temperatures and
withdrawn only as needed. Fat-contain-
ing diets were mixed frequently so as to
eliminate any possibility of rancid feed,
and uneaten feed was replaced by fresh
feed in the feeders daily. Of the fats used,
only butter required special preparation.
This was accomplished by siphoning off
and filtering the IiFid phase obtained by
heating commercial butter to 60°C. The
aqueous phase, designated as “butter resi-
due” was also fed to 4 dogs and 4 guinea
pigs. However, data obtained from these
animals and from groups fed mixed tallow
were not considered relevant to the prob-
lem under consideration and hence were
omitted from figures 1, 2 and 3.

Weekly records of weight and feed in-
take were maintained on all species
throughout the course of the experiment.
As the 4 pigs in each group were housed
together, it was impossible to obtain a
direct measurement of their individual
consumption of the ration. Consequently,
at the conclusion of the test, individual
feed intake of this species was estimated
from the regression of group feed intake
on group gain, the regression used being
that calculated from the data of control
groups.

RESULTS

With few exceptions the young dogs,
pigs and guinea pigs were able to adjust
satisfactorily to the experimental ration,
the complete transition being accomplished
within one week following the cessation
of nursing. All three species accepted the
fat-containing diets more readily than the
control diets, but no initial preference was
shown for any one fat over another. Pups
exhibited the most reluctance to consume
their control ration, presumably because
of its extremely dry, powdery consistency.
Although all animals were closely scru-
tinized throughout the test period for out-
ward signs of impaired health, no evidence
was found that diet exerted any abnormal
or differential effect in this respect.

4Pablum.
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TABLE 1

Average daily liveweight gains of prematurely weaned pups fed diets containing
zero % (control) or 20% added fatl

Lot Diet 03‘3 l%ed
gm
i Control 62.5
2 Control 54.3
3 Control 42.8
4 Control 53.8
5 Control 58.3
6 Control 51.8
7 Control 46.3
8 Butterfat 70.0
9 Butterfat 74.8
10 Butterfat 75.5
11 Butterfat 63.8
12 Butterfat 75.8
13 Soybean 65.8
14 Cottonseed 61.3
15 Corn 65.0
16 Linseed 57.0
17 Rapeseed 54.8
18 Coconut 68.0
19 Soybean (hyd.) 73.5
20 Cottonseed (hyd.) 68.3
21 Coconut (hyd.) 64.3
22 Lard 66.5
23 Tallow (beef) 64.8
24 Fish oil 49.8
25 Fish oil (hyd.) 61.8
26 Butter residue 61.8
27 Tallow (beef + pork) 78.3

1Four pups per group.

The data contained in table 1 are in-
tended to illustrate the manner in which
the available information was analyzed.
Calculations and statistical analyses com-
parable to those compiled in this sample
table were carried out on average daily
liveweight gains, average daily dry matter
intake and average gains per 1000 digested
Calories of all three species. The direct
comparison between butterfat and all other
sources of dietary fat in column 2 was
derived by taking the average of the sev-
eral butterfat lots in column 1 to be 100
(in this case 72 = 100) and converting
each observed value to a figure relative to
this basis.

The results obtained from this proce-
dure were considered to be most expressive
of the experimental data and are there-
fore charted in figures 1, 2 and 3. Each
of these figures has been drawn to scale
with the vertical midpoint equal to 100

83
Value
e{\%?gg\;/g ftgr Statistics
buttérfat
as 100
87
75 No. of animals 108
59 Lots 27
75
81 Analysis of variance
72 D/F
64 All causes 107
97 Groups 26
104 Remainder 81
105
89 Means
105 General 63
91 Controls 53
85 Butterfat 72
90
79 Standard deviation
76 gm + 20
94 % -+ 32
102
95 F values (P = 0.05)
89 Obs. 0.89
92 Nec. 1.63
90
69 Least sign. diff. forn = 4
86 gm + 28
86 % + 45
109

and the outer Perpendicular lines plotted
on the basis of the appropriate least sig-
nificant difference. Thus, values falling
beyond the delineated boundaries can be
considered significantIK inferior or superi-
or, depending upon the direction of the
deviation, to the mean of all butterfat lots,
namely to 100.

From a cursory inspection of the dis-
tribution of points in these three figures,
it can be seen that the variability occur-
ring between groups of like species fed
identical diets (control or butterfat) was
often as great as that occurring between
groups of like species fed different diets.
Analysis of varlance and application of
calculated values for least significant dif-
ference showed variation between the low-
est and highest mean feed intake of the
swine control groups, for example, of a
degree sufficient to be statistically signifi-
cant (P = 0.05). Similarly, 5 control
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groups of guinea pigs ate significantly
more than the remaining two, while sta-
tistically significant differences between
gains of these 7 groups of guinea pigs
were evident even when an adjustment
for apparent digestibility and caloric value
of the rations was made. Scattered sig-
nificant differences were also found be-
tween the various groups of any one spe-
cies fed butterfat, the species and criteria
where these occurred being swine and aver-
age daily gain, guinea plgs and average
daily intake and swine and adjusted daily
gain.

With respect to the other fats tested, a
statistically significant depression from

Lot

Guinea pigs
no. Pig

Treatin?nt

Control

~No oW N -
=

Butterfat

N e

Soybean
Cottonseed
Corn

Linseed
Rapeseed
Coconut
Soybean (hyd.)
Cottonseed (hyd.)
Coconut (hyd.)
Lard

Tallow (beef)
Fish oil

Fish oil (hyd.)

B —h— =
X

*
*

X

TR R e
xXF o
L

<

T =R R TR R RPRRR

!

—
+

Mean of butterfat lots 100
L.S.D. between lot means

of4atP = 05 + 42
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the mean of all butterfat groups was ob-
served in the growth rate of swine fed
fish, rapeseed or coconut oil and of guinea
pigs fed hydrogenated fish oil Sfig. 1).
Dogs appeared to gain equally well regard-
less of fat level or source. However, when
butterfat and other fats were compared
en bloc, there was 18, 10 and 14% more
gain on the former by guinea pigs, swine
and dogs respectively.

Statistical analyses of feed intake data
failed to reveal any significant differences
between the average daily consumption
of the 25 groups of pups. Although one
control group of swine and 5 control
groups of guinea pigs maintained a daily

Lot

Swine Dogs o,
r T T i * j 1
e x 1 X 2
o x * 1X 3
1x 1 | x ! 4
Ix 1 1 X I 5
x 1 1+ 1 6
1 4 i X | 7
t 1 1 1
I 1 i 1
* X 1 X ! S
1X 1 X 1 9
1 X1 X 1 10
Ix | 1 X 1 1
1 4 1 X 1 12
! 1
1 i .4 L
X ] I X 1 13
1x 1 1 - | 14
1*1 1 X | 15
* o1 1 * 1 16
*t 1 1 * 1 17
X | 1 X 1 IS
1.1 xX II 19
1* 1 20
1x 1 = 1 2
K 1 1 X I 2
1 X1 X 1
T x | 23
24
1 X I

25

V

100 100

zb 16 zh 45

Fig. 1 Average daily liveweight gains of prematurely weaned dogs, swine and guinea pigs

fed diets containing zero % (control) or 20%
average of all tutterfat lots taken as 100).

added fat (gains expressed relative to the
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Lot

Treatment Guinea pigs
no.
| i
i Control 1 A
2 1 1y
3 1 *
4 [
5 X
6 - X
7 m X
1 t
! !
8 Butterfat 1X
9 i o<
10 | X1
1 [ G
12 i * |
i i
13 Soybean m
14 Cottonseed 1x
15 Corn * X
16 Linseed * 1
17 itapeseed
18 Coconut 1 * |
19 Soybean (hyd.) X J
20 Cottonseed (hyd.) * g
21 Coconut (hyd.) * 1
22 Lard |
23 Tallow (beef) 1+ 1
24 Fish oil £ i
25 Fish oil (hyd.) o 1
Mean of butterfat lots 100
L.S.D. between lot means
of4atP = 05 121

Lot

Swine Dogs no
1 g
1 * * 1 » 1
1 * i X [ 2
1 X * | % 1 3
1 * 1 Ty 1 4
. X 1 * X | 5
. o 1 X t 6
.y 1 X I 7
1 1
1 |
| 1 1 1
| X 1 [ | 8
1 X 9
1 * 1
| * 1 | X 10
1 * i 1 = 1 1
B * 1 1 X 12
* i 1* B
1 X 1 14
' * ! 1 15
* * ; 1 * * 16
X . 1 X 17
* X ‘ X ]1 18
* 1 I x i 19
[ X . *x 1 20
[ X i * . 21
J  x | X 1 2
x X * 23
1 1 I* 1 24
" X I 1 x 1 25
100 100
42 (34

Fig. 2 Average daily dry matter intake of prematurely weaned dogs, swine and guinea
pigs fed diets containing zero % (control) or 20% added fat (intake expressed relative to the

average of all butterfat lots taken as 100).

feed intake significantly higher than that
consumed, on the average, by butterfat
groups, none of the test fats differed sig-
nificantly from this butterfat average when
intake of either of these two species was
considered (fig. 2). However, when over-
all averages were computed for butterfat
and for all other fats, it became apparent
that guinea pigs, swine and dogs ate 11,
7 and 16% more, respectively, when their
diets contained butterfat.

When the effect on gains of apparent di-
gestibility and caloric content of the ra-
tion was taken into consideration by cal-
culating average daily gain per 1000 di-

gested Calories (fig. 3), butterfat, con-
sidered over all groups, was found to be
10% more efficient than other fats in the
case of guinea pigs, 2% more efficient in
the case of swine, and of like efficiency in
the case of ycung pups. However, when
lots of 4 animals were considered, only the
guinea pigs fed hydrogenated fish oil
showed a feed efficiency sufficiently re-
duced below that of butterfat groups to
be cf statistical significance (P = 0.05).
Three control groups of guinea pigs plus
the group fed soybean oil were apparently
able to effect a more efficient conversion
of digested Calories than groups fed but-
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Lot

no Treatment Ckiinca pigs
'h Control . Vv
i * 1
3 X
4 5
5 1 J
6 1 * 1
7 1 1
1 1
1 1
1
8 Butterfat ]: X |
9 1 x |
10 1 =
n :
D Ix i
X 1
13 Soybean ™
14 Cottonseed X
15 Corn X 1
16 Linseed 1 x
17 Rapeseed X
18 Coconut X
19 Soybean (hyd.) y
Cottonseed (hyd.) i i
2 Coconut (live.) X 1
2 Lard I x |
23 Tallow (beef) * i
24 Fish oil * 1
25 Fish oil (hyd.) % i
| | t +
Mean of butterfat lots 100
1j.S.D. between lot means
of4atP = 05 33
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. Lot
Swine Logs no.
]'I: 1 1 T
x 1 1 x1 1
9 X 1 . 2
1 - 1 X 1 3
1 x 1 X f 4
1 X 1 » X 1 5
(X | 1x t 6
1 X 1 1 * 1 7
1 1
: i 1 1
i > 1 * 1 8
i » 1 X 1 9
'1 X }: * 1 ]O
1* 8 X 1 ]1
X 1 x 1 »
X % X i x 1 13
X 1 mX \ 14
]: * 1 v 15
v [ 16
i X ! * i T
1 1 X 18
| * 1 X 19
X ] X, D
X ] 1 * 1 2
1 * 1 * 1 2
1 * * 1 23
% X 1 24
x | e 25
t + 1+
100 100

128

Fig. 3 Average gain per 1000 digested Calories made by prematurely weaned dogs, swine

and guinea pigs fed diets containing zero % (control) or 20%

added fat (adjusted gains

expressed relative to the average of all butterfat lots taken as 100).

terfat in the ration. The depression of
gains indicated in figure 1 for those groups
of swine fed rapeseed, coconut cr fish ail
diets was no longer in evidence. Thus it
would appear that this phenomenon! re-
sulted from reduced caloric intake and/
or digestibility. An inspection of the orig-
inal data revealed that the intake of all
three groups was below the mean, with that
of the fish and rapeseed oil groups being
particularly low. Furthermore, it has been
shown that the rat is able to utilize rape-
seed oil only poorly (Deuel et al., 48a).
Digestibility data obtained on the young
pigs, dogs and guinea pigs used in this
experiment are shown in table 2.

Both guinea pigs and swine appear to
be similar to rats in their inability to ef-
ficiently utilize rapeseed oil in the diet.
The ai)parent digestibility coefficient for
this oil in the case of dogs, however, was
94%. Conversely, the latter species ex-
perienced considerable difficulty in digest-
ing lard, which was well utilized by the
swine and guinea pigs. The fish oil and
hydrogenated fish oil were poorly digested
by guinea pigs, the difference in digesti-
bility between these fats and butter being
significant (P = 0.05). When the digesti-
bility data from pigs and guinea pigs were
subjected to multiple correlation and par-
tial regression analyses (Lloyd and Cramp-
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TABLE 2

Digestibility of dry matter and ether extract of diets containing zero%

(control) or 20%

added fat and fed to young dogs, swine and guinea pigs

Guinea pigs Swine Dogs
Lot
Ether
D.M. exttrgct D.M. e'ittpgét DM e';({paer[t

1 Control 90 - 84 _ 94 —

2 Control 90 - 84 - 94 -

3 Control 88 - 85 - 93 -
4 Control 91 - 85 - 94 -

5 Control 90 - 89 - 95 —

6 Control 88 - 86 - 94 -

7 Control 91 - 85 - 94 -

8 Butterfat 83 94 82 79 93 96

9 Butterfat 83 94 88 99 94 99
10 Butterfat 86 95 88 95 96 99
11 Butterfat 79 95 87 96 94 97
12 Butterfat 78 97 86 92 95 98
13 Soybean 86 94 83 85 94 96
14 Cottonseed 85 95 87 98 96 99
15 Corn 75 92 90 96 95 98
16 Linseed 83 82 84 89 94 98
17 Rapeseed 84 72 84 78 94 94
18 Coconut 87 98 89 95 94 98
19 Soybean (hyd.) 73 90 88 99 96 98
20 Cottonseed (hyd.) 78 93 89 99 93 97
21 Coconut (hyd.) 84 98 89 99 94 99
22 Lard 80 94 83 90 94 79
23 Tallow (beef) 79 92 79 89 93 95
24 Fish oil 85 68 87 94 96 98
25 Fish oil (hyd.) 76 67 88 95 94 97
Mean 84 90 86 93 94 96
Standard deviation 5 9 3 7 1 4
L.S.D. between lot means

of4atP = 0.05 15 25 7 18 3 12

ton, '57), an inverse relationship, signifi-
cant at the 1% level, was found between
the apparent digestibility of the fats and
oils tested and the mean molecular weight
of their constituent fatty acids. When
these same two species were considered, it
was further found that the influence of
degree of saturation (as indicated by io-
dine number) on apparent digestibility
was of minor Importance. In pups weaned
at 10 days of age, only 4% of the total
variability in fat digestibility could be ac-
counted for by the mean molecular weight
of the fatty acids, whereas 2% of this total
variation was ascribed to the degree of
saturation of the dietary fat source.

DISCUSSION

The data compiled herein concerning
liveweight change, feed efficiency (gain
per 1000 digested Calories) and apparent
digestibility of dry matter and fat appear

to indicate that butterfat is not nutrition-
ally superior to the other edible fats of
animal and vegetable origin against which
it was evaluated. This failure to differen-
tiate between the various fat sources oc-
curred despite the fact that the experi-
mental animals were young guinea pigs,
swine and dogs abruptly weaned at ab-
normally early ages. The importance
which can be attached to the increased
feed efficiency of guinea p f?s fed soybean
oil and the reduced feed efficiency for the
same species fed hydrogenated fISh oil in
this experiment is questioned in view of
the high variability occurring between
%oups on like diets and the failure of

these differences to appear in dogs and
swine. The inferior gains allowed in
swine by diets containing coconut, fish and
rapeseed oils (fig. 1) were not unexpected
since Thomasson (’55; ’56) ranked these
oils 13th, 16th and 17th, respectively, in
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a group of 18 tested for growth promoting
value in rats. Deuel et al. (*48a, b) have
also observed retarded growth in groups
of rats receiving rapeseed oil. As in the
case of our experiments, however, Thom-
asson failed to show a corresponding de-
crease in feed efficiency calculated as
increase in weightin 6 weeks
food calories in 6 weeks

The fact that Deuel and co-workers were
able to equate the lowered growth rate of
the rats receiving rapeseed oil with that
of butterfat and cottonseed oil groups by
compensating for the relative indigestibil-
ity of the former oil is also compatible
with our findings.

The trend toward increased voluntary
consumption of rations containing butter,
which was only revealed in onr experi-
mental series when the mean of all but-
terfat grouEs was compared with that of
all fats other than butter, substantiates
the earlier work of Deuel

y igo

and Movitt
%44b). These workers have postulated
that the preference exhibited by rats for
rations containing butter is due to flavor,
and were able to demonstrate experiment-
ally an increased consumption of margar-
ine or peanut oil diets to which 4 ppm of
diacetyl were added. On the other hand,
Boutwell et al. (’44) failed to find any in-
crease in the voluntary intake of rats when
their com oil-lactose ration was supple-
mented with diacetyl. These authors, who
differ from Deuel and his associates on
many issues with respect to the compara-
tive nutritive value of fats, have indicated
their belief that appetite for, and con-
sumption of, a given feed are directly in-
fluenced by its nutritive value (Boutwell
et al., 41).

In general, the prolific accumulation of
data contained in the literature, pertinent
to the experiment reported herein, falls
readily into two divisions, these opposing
schools of thought being led by the above
mentioned groups, Deuel et al., on the one
hand and Shantz, Boutwell and co-work-
ers on the other. Although early work by
Shantz et al. (40a) reported butterfat-
filled skim milk to be more effective in
promoting weight gains than liguid skim
milk mixed with vegetable oils, this group
later showed that these results could only

be duplicated when lactose was the sole
source of dietary carbohydrate (Boutwell
et al., 43a, b). However, Deuel et al. (43;
"A4a, b; *45a; "A6a, b) were unable to dem-
onstrate any differences between the nutri-
tional properties of butterfat and numerous
commonly used vegetable oils, as judged
by weight change and diet efficiency,
where the diets were composed solely of
mineralized skim milk powder and vita-
min-fortified fat. Later experiments where-
in the carbohydrate was of mixed origin
also failed to demonstrate any superiority
of butterfat over cottonseed oil (Deuel et
al., 48a, b) or any inferiority in growth or
reproduction when butterfat was replaced
by margarine fat over 25 generations of
rats (Deuel et al., 50). These later results
are in agreement with those of Boutwell
et al. (43b) who found gains on butter-
fat, com oil, coconut oil, cottonseed oil,
soybean oil, lard, commercial hydrogen-
ated veti:]etable oil5 and peanut oil to be
essentially equal in the presence of mixed
carbohydrate (48% of carbohydrate con-
taining by parts:lactose, 3; sucrose, 15;
dextrose, 5; starch, 15; and dextrin, 10).
However, Boutwell and co-workers ('45),
in a later attempt to reconcile the vari-
ability in results obtained by the various
laboratories, varied both the dietary car-
bohydrate source and the level of B vita-
mins. Their findings indicated that, while
at a medium (normal) level of B vitamin
administration, butter was superior to
corn oil when either sucrose, fructose-glu-
cose, starch, dextrin, dextri-maltose or lac-
tose constituted the source of carbohy-
drate, only butter groups ingesting lactose
as their carbohydrate showed superior
growth when a high level of B vitamins
plus 1% of whole liver powder were in-
corporated into the feed mixture. No
mixed carbohydrate comparable to that
fed in their 1943 series was used.

In the feeding trials reported in this
publication, the rations contained a mixed
carbohydrate derived from skim milk pow-
der and rice pablum (for dogs), skim milk
powder and mixed cereal pablum (for
guinea pigs) and skim milk powder and
wheat, oat groats, cane molasses, soybean

5Crisco.
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oilmeal and brewers’ yeast (for swine).
Our failure to show any superiority of
butterfat over vegetable oils appears then
to be compatible with the results obtained
by Boutwell et al. (’43b) and Deuel and
co-workers (’48a, b) when they fed a
mixed carbohydrate to the test animals.
However, as the source of dietary carbo-
hydrate in the majority of experiments
conducted by Deuel and his associates
was lactose, a direct comparison of their
results with those reported herein cannot
be made. It should be noted that the ex-
perimental procedure of Deuel et al. in ex-
cluding results of both litter mates in cases
where either sibling showed diarrhea, is
uestioned, the basis of disac];reement being
that in calves fed vegetable oils, scours
have been reported as one of the first
and most persistent symptoms of ill health
(Gullickson and Fountaine, ’39).

SUMMARY

In an experiment utilizing 108 puppies,
172 pigs and 266 guinea pigs weaned at
10, 14 and three days of age, respectively,
butterfat was evaluated against a low-fat
control diet and against 15 other edible
animal and vegetable fats and oils fed
as 20% by weight of the ration, the chief
criteria being growth, voluntary feed in-
take, apparent digestibility and gain per
1000 digested Calories. Although some
indications of a preference for rations con-
taining butter were observed, no signifi-
cant differences of importance could be
established between any of the fats com-
pared. These included com, linseed, rape-
seed, fish, soybean, cottonseed and coco-
nut oils, the latter 4 oils in the hydrogen-
ated form, lard, mixed tallow and beef
tallow.
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Choline, Hepatic Fat and Insulin Polyphagia%
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St. Louis, Missouri

The observation that reduction of dietary
Iipotrogic requirement sufficient to pre-
vent abnormal accumulation of stainable
hepatic fat in animals accompanies a de-
crease in total caloric intake has been
reported by several investigators (Best
and Huntsman, ’35; Mulford and Griffith,
'42). Between the extremes of almost com-
plete starvation and ad libitum food in-
take, the choline requirement of rats is
proportional to the calories consumed
(Best and Ridout, ’38?. However, little
information is available concerning cho-
line requirements of rats with caloric in-
takes exceeding ad libitum levels.

To investigate the effect of polyphagia
on choline requirement, we gave injec-
tions of insulin twice daily to increase the
food intake of young adult rats fed a diet
previously shown to have been marginal
in adequacy of choline content when con-
sumed in normal quantity. Results in-
dicate that insulin-induced polyphagia did
not increase choline requirement, as de-
termined by centrolobular hepatic lipid
concentration, but resulted in periportal
accumulation of lipid. The periportal lipid
accumulation was not prevented by dietary
supplement of choline.

EXPERIMENTAL

Two %roups_o_f_41 male, Wistar rats
(84 to 130 gm initial weight) were fed ad
libitum a basal hypolipotropic diet sup-
plemented with either 0.50% or 0.05% of
choline chloride. The basal diet was de-
rived by slight modification from one pre-
viously used to study choline deficiency
(Best, Hartroft, Lucas, and Ridout, ’49).
The constituents of this diet, with their
proportions by per cent of weight, follow:
vitamin-free casein, 10; gelatin, 5; zein,
3; L-cystine, 0.3; salts (Wesson, ’32), 5;
non-nutritive cellulose, 2; sucrose, 41.7;

J. Nutrition, 70: '60

dextrin, 20; beef fat, 10; com oil, 2; and
vitamin mixture,3 1L In preliminary ex-
periments, the lesser amount of choline
chloride (0.05% ) added to this diet and
fed to rats of similar age, weight, sex,
and strain was sufficient to prevent more
than a minimal accumulation of stain-
able fat in centrolobular positions of their
livers.

Twenty-eight animals in each group
were injected subcutaneously twice daily
with insulin,4beginning with one unit per
injection and gradually increasing to a
maximum of 16 daily for periods up to 9
weeks. Unmodified Insulin was adminis-
tered in the mornings, and NPH insulin
in the evenings. In the beginning of the
experiment, a number of animals died
from overtreatment with insulin; 10 of
the original 28 animals survived more
than 5 weeks in the group receiving the
small amount of choline (0.05% ) and 11
of 28 in the group receiving the larger
amount (0.50% ). Thirteen control rats
in each dietary group received subcuta-
neous injections of 0.9% aqueous sodium
chloride twice daily. Only those rats main-
tained on their various regimens for at
least 41 days were included in the results,
because differences in weights of the in-
sulin-treated and control animals were not
apparent before that time.

Received for publication July 21, 1959.

1These experiments aided by U.S.P.H.S. Grant
no. C-2548 and by a grant from the Lipotropic
Foundation.

2Trainee in Experiment
U.S.P.PLS. Grant no. 2G-66.

3Each gram of the vitamin mixture contained
in mg: thiamine-HC1, 1.0; riboflavin, 1.0; pyri-
doxine-HCI, 1.0; Ca pantothenate, 3.0; niacin, 4.5;
folic acid, 0.09; menadione, 2.25; p-aminobenzoic
acid, 5.0; inositol, 5.0; a-tocopherol acetate, 5.0;
ascorbic acid, 45.0; also vitamin A, 900 units;
vitamin D, 100 units, biotin, 20 ;tg. and vitamin
B12, 1.35 /xg.

4Lilly.
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Dry ingredients of the diets were mixed
thoroughly, and the supplements added
and blended before the addition of fat.
Quantities sufficient to feed the animals
for about 10 days were prepared and stored
in sealed, plastic containers at 4°C. These
precautions prevented rancidity. Animals
were housed in individual cages with wire
bottoms and offered water ad libitum.
Glass food containers were sterilized daily,
and uneaten portions of the diet were dis-
carded after weighing.

Autopsies were performed within 6
hours after death on rats dying between
the 5th and 9th week of the experiment;
in most instances they were autopsied in
less than two fiours. Postmortem changes
did not interfere with histologic and histo-
chemical studies. Blocks of tissues from
all major viscera were fixed by immersion
in formalin5or Bouin’s solution and frozen
sections prepared of the former blocks and
paraffin sections of the latter. Formalin-
fixed frozen sections (liver, kidney, heart)
were stained to demonstrate abnormal fat
(Wilson, 50), and the paraffin sections
were stained by a variety of techniques
to demonstrate beta cell granulation in the
pancreas, connective tissue and reticulin
fibers.

Sections of fiver, stained for fat, were
examined microscopically; the experi-
mental histories of the animals from which

JOHN S. MEYER AND W.

STANLEY HARTROFT

the tissues had been obtained were un-
known to the observers. Particular atten-
tion was given to recording the lobular dis-
tribution of fat within parenchymal cells.
Amounts present in central and peripheral
positions were recorded in terms of a
scale with 7 points defined as follows:

Grade 0: stainable fat absent.

Grade 1. fat presentin less than 50%
of cells.

Grade 2:fat presentin more than
50% of cells butless than 85%.
Grade 3:fat presentin more than

85% of cells, but 50% or more of cyto-
plasm filled with fat in less than 15% .

Grade 4: 50% of cytoplasm of more
than 15% but less than 50% of cells
filled with fat.

Grade 5: more fat than in grade 4, but
less than in grade 6.

Grade 6:more than 85% of cyto-
plasm in area under consideration filled
with fat.

This type of quantification affords only
api)roximate comparative indices, but as
will be seen, the distributions of stainable
fat in this experiment are of as great sig-
nificance as the relative amounts.

5 Four per cent of aqueous formaldehyde con-
taining 100 gm CaCh and 100 gm of CoCNCL)»-
6H20/I. The addition of cobalt seems to aid in the
preservation of fat.

TABLE 1
Summary of data
Mean values
E)r< geirrinné(ralnt %P'p;?selr Days on Oagl Itr)g&ial IE(i)r(}jaI HeFatic Hepatic fat'2
regimen jntake weight weig¥1t weight fé%”t}lrg; pPoerEgI
m m m m
Insulin, 0.05% g g g g
choline chloride 10 57 20.4 112 392 19.0 1.6 3.5
Saline, 0.05%
choline chloride 11 56 16.5 no 310 16.0 2.2 1.6
Insulin, 0.50%
choline chloride 11 50 18.6 112 335 16.8 C2 3.6
Saline, 0.50%
choline chloride 11 52 16.0 in 315 16.1 1.6 1.0

1 Surviving more than 5 weeks.

2Estimated microscopically, using progressive scale of zero to 6, the highest number correspond-

ing to the highest content of fat.
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RESULTS

These data (table 1) indicate that most
animals receiving insulin for longer than
5 weeks ate more food and gained more
weight than those given saline, even
though every rat was offered more food
daily than it consumed. Because of
marked individual variation in food in-
takes and growth in the insulin-injected
groups, differences in means of these vari-
ables between insulin-injected and saline-
injected groups were not highly significant.
The t test yielded confidence limits of 0.02
for weight gain and 0.10 for food intake
in the 0.05% group. However, it is prob-
able that the insulin injections resulted in
increased weight gain in many animals.
The results are biased in the direction of
minimizing differences, because rats dying
after overtreatment with insulin, after at
least 5 weeks of treatment, were included
in the analysis and probably lost weight
shortly before dying. Food intake of many
of these rats was low during the last day
of life, but in no case did the daily food
records suggest a terminal illness of
longer than 24 hours. Two animals in
the 0.05% choline chloride-supplemented
group and 8 in the 0.50% group died
spontaneously. All of the insulin-injected
animals surviving until the termination
of the experiment gained more weight than
any animal not receiving insulin. Histo-
logic examination of the organs of the
animals dying spontaneously revealed no
features to distinguish them from those
killed. Thus, it was thought appropriate
to include them in the results.

The animals in each of the 4 experi-
mental %rou s had distinctive patterns of
hepatic lipid distribution with little vari-
ation among members of any one group.
The saline-Injected group, receiving the
0.50% choline chloride diet, had the least
stainable hepatic lipid, only small droplets
being present in scattered parenchymal
cells without definite orientation in the
lobule (fig. 4). In the group of animals
injected also with saline, but fed the diet
containing the lesser amount (0.05% ) of
choline chloride, slightly more fat was
present, particularly centrolobularly (fig.
2). A few centrolobular fatty cysts were
present in one rat. This result had been

predicted by the preliminary titration
experiment designed to determine the
amount of choline which would just permit
this evidence of "border-line” lipotropic
deficiency. In animals treated with in-
sulin and fed the basal diet supplemented
with 0.05% of choline chloride, fat was
found centrolobularly but in no greater
quantities than in the saline-treated con-
trols. However, livers of these rats con-
sistently showed accumulation of fat in
ﬁarench mal cells in the peripheries of the
epatic lobules adjacent to terminal portal
triads. In these areas, fat occurred in
amounts clearly exceeding the levels found
centrolobularly in the same livers or in
livers of the saline-treated animals (fig.
1). In 5 animals the c?/toplasm of many
periportal cells was nearly completely filled
with fat in small and moderately large
cytoplasmic droplets. Nuclei in these fatty
cells usually were centrally located, and
fatty cysts were absent (fig. 5). In the
4th group, the insulin-injected rats re-
ceiving the higher choline supplement
(0.50% ), stainable lipid was nearly com-
pletely absent from centrolobular hepatic
cells.  However, peripherally located par-
enchymal cells showed fat accumulation
of type and degree indistinguishable from
those of the insulin-treated ?roup fed the
lower choline supplement (fig. 3).
Using paraffin sections stained by Gom-
ori’s aldehyde fuchsin method, we could
see that pancreatic beta cells of insulin-
injected rats contained fewer specific gran-
ules (insulin or insulin-precursor6) than
did beta cells of saline-injected controls, re-
ardless of level of choline in the basal
iet (figs. 6 and 7). Gross or microscopic
changes in other viscera examined were
absent, including heart, kidneys, and ves-
sels of the rats receiving the smaller
amount of dietary choline. Hearts and
kidneys of the other animals were also
examined grossly and microscopically, with
no changes noted. Pathologic changes
were not expected, even in the group
receiving the low choline supplement, as
even 0.05% of choline chloride under

6 The degree of aldehyde fuchsin-positive gran-
ulation In pancreatic beta cells has been shown to
correlate closely with content of extractible in-
sulin (Wrenshall, Hartroft and Best, ’54).
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these conditions is sufficient to prevent
lesions other than minimal hepatic fatty
change. The production of renal and car-
diovascular lesions requires greater rela-
tive degrees of lipotropic deficiency than
those produced by this experiment (Grif-
fith and Wade, ’39). Weights of adrenal
glands varied moderately, but rats treated
with insulin, including both those which
died spontaneousI?/ and those which were
killed, had slightly larger adrenals than
the rats treated with saline. Other or-
gans were normal grossly.

DISCUSSION

No attempt was made to determine
whether the greater body weight of the in-
sulin-treated rats represented chiefly an
increase in adipose tissue or an increase
in growth (nitrogen retention). Salter
and Best (’53?1 found marked body Wei?ht
increases in O?/pophysectomi_zed rats fed
ad libitum and given daily insulin injec-
tions, but the weight gains were accom-
panied by only slight nitrogen retention.
In an experiment in which hypophysecto-
mized rats were pair-fed by gavage, Wag-
ner and Scow (57) found that when food
intake was increased above ad libitum
levels, the animals showed increased but
still subnormal rates of growth. Addition
of insulin to the regimen had no effect on
nitrogen retention, body weight, organ
weights or body composition of the force-
fed rats. Therefore, under the conditions
of our experiment, insulin appears to have
acted as a growth stimulant by increasing
appetite, and weight gains induced by it
were apparently caused chiefly by accumu-
lation of adipose tissue.

Pretreatment of rats with insulin has
been shown to increase the rate of lipo-

enesis in liver and adipose tissue in vitro
c(]Chernick and Chaikoff, ’50; Hausberger,
Milstein, and Rutman, 54). Our object,
however, was not to determine the mech-
anism by which insulin increases growth,
but to determine whether the greater ca-
loric intake induced by insulin would in-
crease the amount of choline required to
prevent development of the centrolobular
type of fatty liver in rats. The results
clearly indicate that increased food intake
in the insulin-treated rats did not increase

STANLEY HARTROFT

their requirement for choline. Had it been
increased, greater amounts of fat would
have been found in centrolobular regions
in the livers of the insulin-treated animals,
fed the basal diet with 0.05% of choline,
than in those of the saline-treated con-
trols. In no instance was such an increase
found. Biochemical determinations of to-
tal hepatic lipid would not have confirmed
this finding. Indeed, such determinations
would have proved misleading, because
additional stainable fat was present in the
livers of the insulin-injected rats, but only
in periportal rather than centrolobular re-
gions.

No available evidence exists that choline
deficiency in the rat leads to deposition
of fat in periportal regions, except when
every other portion of the hepatic lobule
is first filled with stainable lipid. Further-
more, had choline deficiency been respon-
sible for the accumulation of stainable
fat within periportal cells, it would have
been prevented or at least decreased by
the higher supplement of choline chloride.
Reference to table 1 and figure 3 indicates
that choline chloride at this higher level
was unable to prevent the accumulation of
periportal lipid in rats injected with in-
sulin.

Centrolobular fat in rats, therefore, was
not increased by injections of insulin and
centrolobular fat present under the dietary
conditions emplo?/ed was prevented by in-
creasing the choline supplement. But the
choline supplement was completely inef-
fective in preventing the appearance of vis-
ible fat in periportal positions in the rats
injected with insulin. Substitution of sal-
ine for insulin prevented the development
of abnormal amounts of periportal fat.
These data provide evidence that the
Eattern of lipid deposition in the rat can
e varied widely by the experimental pro-
cedure employed. Factors which prevent
fatty changes in the center of the lobule
do not prevent fatty changes in the periph-
ery and conversely. These data con-
firm earlier observations and provide more
evidence of the functional distinctiveness
of topographical divisions of the structural
hepatic unit (Rappaport et al., 54).

Our unpublished observations confirm
evidence presented by Sherlock et al. (51,
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58) that the lipid in fatty livers of obese
patients subjected to hepatic biopsy is fre-
quently periportal. We do not know why
obese Feople have fatty livers, but ab-
normally large amounts of lipid distributed
periportally appear to be characteristic
of obesity in man. Insulin-induced poly-
phagia has been observed in rats as well
as In man. Further observations must
therefore be made of animals overfed by
other methods to insure that our results
are associated with increased food intake
rather than a direct effect of the insulin.
Elsewhere (Meyer and Hartroft, '60) we
are reportin% experiments in which obes-
ity, induced by hypothalamic electrocoagu-
lation, has under similar dietary conditions
produced much greater deposits of peri-
portal fat than reported here, and which
was not prevented by additions of generous
supplements of dietary choline (0.50% ).
Therefore, at present, the increased con-
sumption of food observed in these experi-
ments seems to be the common factor in
the production of periportal types of fatty
livers.

Semistarvation can be induced in rats
by feeding them a low-protein diet ad
libitum. When subsequently offered a nor-
mal diet, the animals temporarily overeat
and develop fatty livers, again of the peri-
portal type (Best et al., ’55). This is fur-
ther evidence supporting the hypothesis
that increased caloric intake is an im-
portant factor responsible for deposition
of abnormal amounts of hepatic fat, and
this fat appears to be deposited first in
periportal parenchyma.

We cannot exclude the possibilty that
the increased caloric intake observed in
our experiments, as well as that cited
above, may unmask some otherwise unap-
parent limiting factor in the diets em-
ployed. Experiments of Elvehjem and co-
workers7and Best and co-workers (’55), in
which dietary amino acid imbalance pro-
duced periportal hepatic fatty change,
make it necessary to consider the possibil-
ity that such imbalance may be responsi-
ble. Elucidation of these problems awaits
further investigation.

7 Elvehjem, C. A. 1956 Amino acid imbal-
ance. Federation Proc., IS: 965 (abstract).
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SUMMARY

To investigate the effect of polyphagia
on per cent of dietary choline require-
ments, dyoung adult, male, Wistar rats
were fed ad libitum a diet marginally ade-
quate in choline content and given injec-
tions cf insulin twice daily. Control rats
received saline. The rats treated with in-
sulin became polyphagic and gained more
weight than those treated with saline. The
percentage of dietary choline required to
prevent centrolobular hepatic fatty change
was net altered in the polyphagic animals.
But their livers showed accumulations of
abnormal amounts of stainable lipid in
periportal parenchymal cells. Addition of
a supplement of 0.50% of choline chloride
to the diet did not prevent the accumula-
tion of periportal fat associated with in-
sulin-injection and polyphagia, although
the supplement resulted in lesser amounts
of centrolobular fat in both insulin-treated
and saline-treated animals. These results
demonstrated that (1) insulin-treatment
and associated polyphagia with accelera-
tion of weight-gain in rats was not at-
tended by accumulation of stainable fat
in centrolobular hepatic parenchymal cells;
(2) insulin-treatment and polyphagia re-
sulted in an abnormal accumulation of
fat in periportal regions; (3) the peripor-
tal fatty change was not affected by diet-
ary choline supplements (0.50%); and
(4) therefore, Insulin-treatment and its
associated effects did not increase the
per cent of dietary choline requirement.

This experiment again demonstrates
that the physiopathology of the liver varies
from one portion of the lobule to another.
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PLATE 1

EXPLANATION OF FIGURES

Figs. 1 to 4 Frozen sections of livers stained for fat with Oil Pied O and counterstained

with hematoxylin and light green.

1 Choline chloride supplement 0.05%,

Fat appears black.

insulin-treated.

X 190.

Fat concentrated peripherally

(lower left) with only small droplets centrolobularly (upper right).

2 Choline chloride supplement 0.05% , saline-treated. Small amounts of fat centrolobularly
(top), virtually none peripherally (bottom).

3 Choline chloride supplement 0.50%, insulin-treated.

sence of centrolobular fat.

Similar to figure 1 except for ab-

Central vein in upper left comer, portal area in lower right.

4 Choline chloride 0.50%, saline-treated. Virtually no fat visible in any part of lobule

Central vein top, portal area bottom.
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PLATE 2

EXPLANATION OF FIGURES

5 Choline chloride supplement C.05% , insulin-treated. Periphery of lobule of liver stained
for fat with Oil Red O (fat appears black). X 1,400. Typical appearance of fat-laden
periportal parenchymal cell of insulin-treated rat receiving either 0.05% or 0.50%
choline chloride supplement.

6 to 7 Sections of pancreas stained by Gomori’s aldehyde fuchsin method to show beta cell
granules. X 650.

6 Choline chloride supplement 0.05%, insulin-treated. Granulation of beta cells sparse.

7 Choline chloride supplement 0.05%, saline-treated. Normal degree of beta cell granula-
tion.
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An Effect of Dietary Sulfate on Selenium

Poisoning in the Rat%

A. W. HALVERSON2 ana K. J. MONTY
McCollum-Pratt Institute, The Johns Hopkins University,

Baltimore, Maryland

Previous observations have shown that
inorganic sulfate will counteract selenate
toxicity in plants (Hurd-Karrer, "38; Weiss-
man and Trelease, 55; Shrift, 54) and in
microorganisms3i(Fels and Cheldelin, 49;
Postgate, '52) as measured by growth re-
sponse. That selenate is in some cases
a biological analogue of sulfate has be-
come apparent, particularly in microbio-
Io?ical systems. For example, Escherichia
coli under suitable circumstances can pro-
duce amino acids containing selenium in
place of sulfur* and selenate, as well as
molybdate and several other ions, appears
to be an alternate substrate to sulfate for
the yeast enzyme sulfurylase,5 (Wilson
and Bandurski, 58). Monty3observed that
selenate, molybdate and tungstate were
competitive inhibitors of the utilization of
sulfate by E. coli, and attributed this ef-
fect to an inhibition of sulfurylase. With
the recognition that sulfate tends to al-
leviate both the gross symptoms (Dick,
53, B56; Van Reen and Williams, ’56) and
metabolic changes (Dick, 56; Van Reen
and Williams, 56; Mills et al., ’58) due
to excessive dietary intake of molybdenum
in animals, it was deemed desirable to
explore the possibility of an alleviation by
sulfate of the symptoms of selenium tox-
icity as well.

EXPERIMENTAL

Young male rats of the Wistar strain6
which had initial weights between 50 and
90 gm were maintained on a low sulfate
basal diet and its modifications for a 4-
week period to allow growth observations
and for an 8-week period to allow liver ob-
servations in certain instances. The diet
modifications included additions of 10
ppm of selenium as sodium selenite or
sodium selenate and of 0.29, 0.58 and
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0.87% of sulfate as sodium or potassium
sulfate. Diet and tap water were offered
ad libitum. The tap water contained 8.5
ppm of sulfate.

The percentage composition of the basal
diet follows: vitamin-free casein,720; glu-
cose, 70; salt mixture, 6; corn ail, 4. The
following vitamin supplement was in-
cluded in the diet (quantities in milli-
grams per kilogram of mixed diet) thia-
mine, 5; riboflavin, 8; niacin, 40; pyri-
doxin, 5; Ca pantothenate, 45; biodin, 0.4;
vitamin Bi2 0.03; folic acid, 2; menadione,
5; inositol, 100; p-aminobenzoic acid, 100;
a-tocopherol, 1500; vitamin A alcohol, 8;
vitamin D concentrate, 750 1.U. The salt
mixture had the following percentage com-
position: CaC03 27; KHP04 17/; Na2
HPO.,, 12.4; Ca3P04)2 23.2; NaCl, 14.6;

COs, 4.35; ferric citrate, 0.65; MnCI2
0.62; Kl, 0.069; ZnC03 0.033; cupric ace-
tate, 0.075.

The liver observations were made by in-
spection and weight measurement. Liver
fat was discarded as a criterion of damage

Received for publication August 10, 1959.

1Contribution no. 266 from the McCollum-
Pratt Institute. Supported in part by a contract
with the U. S. Atomic Energy Commission and
a grant from the National Institutes of Health.

2Fellow of the National Institutes of Health,
on leave from Station Biochemistry, South Da-
kota State College, Brookings.

3K. J. Monty 1958 Inhibition by molybdate
of sulfur metabolism in Escherichia coli. Feder-
ation Proc., 17: 278 (abstract).

4T. W. Tuve and H. H. Williams 1957 Iden-
tification of selenomethionine in the proteins of
Escherichia coli employing the chromatographic
“fingerprint” method. J. Am. Chem. Soc., 79:
5830 (communication to the editor).

5R. S. Bandurski, L. G. Wilson and C. L.
Squires 1956 The mechanism of *“active sul-
fate” formation. J. Am. Chem. Soc., 78: 6408
(communication to the editor).

8Albino Farms, Red Bank, N. J.
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SULFATE AND SELENIUM POISONING

with selenized animals, as the total liver
fat was within the normal range with
damaged livers in spite of apparent ab-
normal concentrations of fat on the periph-
ery of the lobes.

RESULTS AND DISCUSSION

Table 1 shows the growth response ob-
tained from selenium and sulfate addi-
tions to the diet. A large growth depres-
sion was obtained from the addition of
10 ppm of selenium as the selenite and
selenate salts. The addition of sulfate as
the sodium or potassium salts partially
and progressively prevented the growth
depression. The sulfate effect amounted
to about 20% alleviation of the growth
depression with 0.29% of sulfate and to
about 40% alleviation with 0.58% of
sulfate. A higher level of sulfate (0.87%|2I
as potassium sulfate restored the growt
even more significantly, but a growth de-
pression was noted in the control group
at this level. Thus, the data indicate a
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definite relationship between dietary sul-
fate level and the growth inhibition ob-
served with selenium.

The liver observations made with the
animals receiving selenium showed little
effect of sulfate in preventing the liver
damage except a: the highest sulfate level
30.87% ). At this level the livers had less

amage and were slightly larger in size
than those with the other groups. In gen-
eral, the damage which varied from mild
to severe with the different animals was
similar to that described by Moxon (°37)
and Trelease and Beath ("49) for chronic
selenium poisoning.

The animals tolerated the seleniferous
diet ra:her well as no mortality was evi-
dent for as long as 8 weeks and liver dam-
age required longer than 4 weeks to devel-
op to a moderate extent.

The present study does not establish
the form of selenium which the sulfate
counteracted. Since selenate and selenite
are both subject to chemical change in the

TABLE 1

Effects of added sulfate on weight gain of rats receiving inorganic selenium

i No. of
Diet animals
Experiment 1
Basal 9
9
Basal + selenite3 9
10
Basal + selenate3 10
10
Experiment 2
Basal + selenate3 7
7
Experiment 3
Basal 7
7
8
6
Basal + selenate3 8
8
8
8

A

Sulfate added v;‘/eei@v.te
gainlwith

Source Level standard

errors
% gm

- 0 109 + 8.8
Na2s04 0.29 117+ 75
- 0 40 + 6.7
Na2504 0.29 58+ 5.7
- 0 30+ 33
Na2s0 4 0.29 52+ 4.7
- 0 28 + 8.9
Na2504 0.58 94+ 7.0
_ 0 141 + 43
K2504 0.29 137+ 538
k204 0.58 136 + 2.8
k2so04 0.87 119 + 12.7
- 0 56 + 3.8
k2so, 0.29 69+ 52
K2504 0.58 89+ 59
k204 0.87 94+ 58

1Average weight gain was determined for a 28-day period.

2Standard error = V2 dVn (n —1).

3Selenite and selenate were included at levels where selenium was 10 ppm of diet.



102 A. W. HALVERSON

presence of oxidizable substances, the
form of these substances following their
addition to the diet may have been
changed.

Nor does the present study provide in-
formation bearing upon the mechanism
whereby sulfate alleviates the toxicity of
seleniferous diets. It is possible that sul-
fate markedly affects the passage of selen-
ium across membranes, as it has been
postulated to do for molybdenum in ani-
mals (Dick, 56). Equally possible is that
the ions of selenium and sulfur compete
at the enzymatic level such as apparently
occurs in micro-organisms. It is likely that
a common mechanism underlies the al-
leviation by sulfate of the symptoms of
selenate and molybdate toxiciries.

The possibility that sulfate may be used
as a control measure in selenium poison-
ing is evident. Linseed oil meal has been
found quite effective as a preventive die-
tary treatment for selenium poisoning with
rats (Halverson et al., '55) as have cer-
tain organic arsenicals with ra:s and pigs
(Hendrick et al., ’53; Wahlstrom et al.,
55). These treatments are active against
poisoning from selenite sources and toxic
grain but whether sulfate will provide as
broad protection is not known. Since the
other treatments are not completely ef-
fective and because they have some other
limitations, it is hoped that sulfate will
prove useful for supportive treatment.

SUMMARY

Dietary sulfate was shown to restore
partially the growth of selenized rats re-
ceiving a purified diet with selenium added
as selenite or as selenate. Sulfate levels of
0.29, 0.58 and 0.87% as sodium or as
potassium salts progressively relieved the
growth inhibition due to selenium. Alle-
viations of greater than 40% were ob-
served. Sulfate, however, did not sub-
stantially prevent liver degeneration due
to selenium.

AND K. J. MONTY
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Magnesium Requirement of Guinea Pigs and Rats
EFFECT OF CALCIUM AND PHOSPHORUS AND SYMPTOMS

OF MAGNESIUM DEFICIENCYZ

B. L. ODELL, E. R. MORRIS and W. O. REGAN
Department of Agricultural Chemistry, University of

Missouri, Columbia

In 1936, Wulzen and Bahrs reported
that guinea pigs fed a diet based chiefly
on milk and cereal grains became stiff in
the hind limbs, eventually losing power of
locomotion; and that the syndrome could
be prevented by feeding fresh kale or al-
falfa. Later, these investigators (41) re-
ported that the first symptom of the de-
ficiencK was wrist stiffness, but that with
time the muscles atrophied and deposits
of calcium phosphate were found widely
distributed in soft tissue. The reports of
Dasler and Bauer (’49), of Smith et al.
(49), and our own unpublished observa-
tions, suggest that the soft tissue calcifica-
tion and wrist-stiffness are separate syn-
dromes. No observations of wrist stiffness
will be reported here.

Hogan and coworkers (50) observed
that a high percentage of guinea pigs de-
veloped soft tissue deposits when they con-
sumed a diet containing 0.8% of calcium
and 0.9% of phosphorus. The incidence of
deposits decreased when the phosphorus
level was lowered to 0.5%. House and
Hogan §’55) observed later that the ad-
dition of potassium and magnesium to a
diet high In phosphorus prevented the oc-
currence of deposits as well as improving
the rate of gain. ODell et al. (’56) showed
that the ameliorative effect of these sup-
plements was due in part to their effect on
acid-base balance, inasmuch as the guinea
pig does not excrete ammonia in the urine
and cannot tolerate an acid diet. Pre-
sumably potassium played the major role
Ejn alleviating the deficit of cations in the

iet.

The specific significance of dietary mag-
nesium for the guinea pig has recently re-
ceived attention2 (Maynard et al., 58).
It has long been recognized, as pointed

J. Nutrition, 70 : '60

out in the review by Duckworth (°39),
that high levels of dietary calcium accen-
tuate the s%mptoms of a magnesium de-
ficiency. This observation has been con-
firmed recently by Hegsted et al. $56)
but an adequate explanaticn has not been
found for the aggravating effect of high
levels of dietary phosphorus on the cal-
cinosis syndrome. The balance studies of
ODell et al. (57) showed that high levels
of phosphorus decreased magnesium ab-
sorption, causing the guinea pigs to go in-
to negative balance. These observations
led to the suggestion that excess phos-
phorus may increase the magnesium re-
quirement.

Our observations to be reported here,
show that ﬁhosphorus as well as calcium
increases the magnesium requirement of
both guinea pigs and rats; that symptoms
of magnesium deficiency in the guinea pig
differ somewhat from those in the albino
rat, but are similar to those observed in
calves and the cotton rat.

EXPERIMENTAL

Male guinea pigs with an average weight
of about 200 gm and male rats of the
Wistar strain weighing about 75 gm, both
reared in our laboratory colonies, were
used. They were caged in groups of 4
on raised-screen floors. The experimental
period for the guinea pigs was 12 weeks,
at the end of which all surviving animals

Received for publication July 16, 1959.

1Contribution from the Missouri Agricultural
Experiment Station, Journal Series no. 2026.
Approved by the Director. This project was sup-
ported in part by Grant no. G-3025 from the
National Science Foundation.

2B. L. ODell, E. R. Morris and W. O. Regan
1958 Effect of phosphorus on magnesium re-
quirement. Federation Proc., 17: 487 (abstract).

103



104

were Killed, autopsied and examined for
visible deposits of calcium phosphate in
soft tissues. All animals which died dur-
ing the experimental period were autop-
sied. The rats were under observation for
4 weeks. Feed and distilled water were
supplied ad libitum.

The basal diet, used for both species,
was essentially the same as that described
by ODell et al. (56). The major com-
ponents in per cent composition were:
acid-washed casein, 30.0; sucrose, 44.2;
cellulose,3 15.0; soybean oil, 4.0; salts4
4.0; potassium acetate, 2.7; and choline
chloride, 0.1. In addition to the vitamin
mixture5 described, the diet contained 2.5
mg of aureomycin hydrochloride per kg.
According to analysis, the basa_ diet con-
tained 0.86% of calcium 0.45% of phos-
phorus and 0.005% of magnesium. Sup-
plements of calcium were supplied as
CaC03 magnesium as MgO and phos-
phorus as NaHZPO04HD, all at the ex-
pense of sucrose.

Serum was prepared from blood ob-
tained by cardiac puncture at the end of
the 12-week growth period. Calcium was
determined by the method of Clark and
Collip as described by Hawk et al. (54)
and magnesium by the thiazole yellow
method of Mitchell (54).

RESULTS

A Effect of dietary level of calcium and
ﬁ)_hosphorus on magnesium requirement.

hree levels each of calcium and phos-
phorus were fed to guinea pigs according
to the experimental design shown in table
1 When the level of dietary calcium was
maintained at about 0.9% and the phos-
phorus increased from 0.4 to 1.7%, the
rate of gain dropped precipitously in the
absence of magnesium. The mortality
rate rose to 100% and the incidence of
visible deposits at the intermediate level
was high. At the highest level of phos-
phorus, the animals did not survive lon
enough to develop visible deposits in so
tissue. The addition of 0.3% of magnes-
ium to the diets entirely prevented depos-
its and virtually eliminated mortality. The
rate of gain was markedly improved al-
though the gain on the diet containing
1.7% of phosphorus was somewhat sub-
normal. This was probably due to a cal-

B. L. ODELL, E. R. MORRIS AND W. O. REGAN

cium deficiency resulting from the exces-
sive intake of phosphate. When the diet
contained 2.5% of calcium, 1.7% of phos-
phorus and added magnesium (last line
of table 1), the rate of gain was near
normal for a purified diet of this type.

In the absence of supplementary mag-
nesium, the detrimental effect of phos-
phorus was in direct proportion to its con-
centration at all levels of calcium. No
animal survived as long as 8 weeks when
the diet contained 1.7% of phosphorus,
and most survived less than 4 weeks. How-
ever, in the presence of adequate magnes-
ium, excess phosphorus had little injur-
ious effect. With an elevated level of phos-
phorus, for example 0.8%, and no sui:)ple-
mentary magnesium, increasing levels of
calcium depressed the rate of gain and
increased mortality. Thus, it seems clear
that the injurious effect of excessive phos-
phorus is not the result simply of an ad-
verse calcium to phosphorus ratio. It is
true that in the presence of adeq#ate mag-
nesium, the high calcium to phosphorus
ratio improved the gain slightlﬁl; ut in
the absence of magnesium, phosphorus
was detrimental in proportion to its con-
centration regardless of the calcium con-
tent.

As has been reported for other species,
excess calcium accentuated symptoms of
a magnesium deficiency. When dietary
phosphorus level was maintained at 0.4%
and calcium was increased from 0.9 to
2.5% without added magnesium, the aver-
age daily gain decreased from 30 to 1.9
gm. In the presence of magnesium, ex-
cess calcium was only slightly detri-
mental. Surprisingly enough, the diet con-
taining an excessively high mineral con-
tent, 2.5% of calcium and 1.7% of phos-
phorus, supported a near maximal rate of

3Solka Floe., Brown Co., Berlin, N. H.

4The salts mixture which is a modification of
the mix of Hubbell et al. ('37), supplied, as per
cent of the diet: CaCOs, 2.1; KHZ2 04, 0.82; KC1,
0.44; NacCl, 0.28; MnS04-HD, 0.076; FeP04-4HX,
0.082; CuS04-5H2, 0.006; NaF, 0.004; KI, 0.003;
ZnS04-7H2, 0.0025; CoCl12-6HZ), 0.0003; A1KS04-
12H20, 0.0007.

5The biotin was kindly supplied by Hoffman-
La Roche, Inc., Nutley, N. J.; the folacin and
aureomycin by the Lederle Laboratories Division
of American Cyanamid Co., Pearl River, N. Y.
and the other vitamins by Merck and Co., Rah-
way, N. J.
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gain. We wish to emphasize, however,
that, in the absence of magnesium, these
calcium and phosphorus levels caused the
earliest mortality and lowest rate of gain.
The high levels did not increase the in-
cidence of visible deposits, a result that
was probably due to early mortality. Ap-
parently, then, when adequate magnesium
iIs available, a guinea pig can tolerate
reasonably well, calcium to phosphorus
ratios ranging from 0.5 to 6.0.

After excess phosphorus was observed
to accentuate magnesium deficiency in the
1gumea pig, an attempt was made to con-

irm the results with rats. The data, sum-
marized in table 2, are analogous to those
obtained with the guinea pig although the
effects are somewhat less marked. In-
creasing the calcium from 0.9 to 1.7% did
not depress growth nor accentuate de-
ficiency symptoms. On the other hand,
when the diet contained 1.7% of phos-
phorus and no magnesium, 75% of the
animals died within 4 weeks and the sur-
vivors gained at the rate of 4 gm per week.
Supplementation with magnesium sup-
ported a near maximal growth rate. All of
the magnesium-deficient animals showed
hyperemia within 5 or 6 days and later
developed skin lesions which were quite
severe in animals on the high phosphorus
diet. These animals were highly irritable
and some died after a severe convulsion.

After it was apparent that the phos-
phorus intake of an animal has a direct
influence on its magnesium requirement,
it seemed worthwhile to make a quanti-
tative estimation of this effect on the re-
quirement. Guinea pigs were fed graded
levels of magnesium with 0.9% of calcium
and two phosphorus levels, 0.4 and 1.7%.

B. L. ODELL, E. R. MORRIS AND W. O. REGAN

Approximately 12 animals were started on
each magnesium level and the results
obtained are presented in figure 1 The
average daily gains for a 12-week period
are plotted against the logarithm of the
dietary magnesium level. The mortalit
and incidence of visible deposits for eac
diet are shown below the data points. The
rate of gain increased with increasing lev-
els of magnesium up to a point and then
leveled off. The point of intersection of
the ascending line and the horizontal line
is considered to be the minimal magnes-
ium requirement for growth of the guinea
pig. When the diets contained 0.4% of
phosphorus the point of intersection was
at about 80 mg of magnesium per 100 gm
of diet. Furthermore, the diet which con-
tained 90 mg % of magnesium completely
prevented mortality and visible deposits.

As previously mentioned, the high level
of phosphorus depressed the rate of gain
in the presence of adequate magnesium.
Although higher levels of calcium would
no doubt improve the rate of gain, it
would probably also increase the mini-
mum magnesium requirement. The curves
presented are believed to give a valid es-
timate of the effect of phosphorus on
magnesium requirement. The minimal
amount of magnesium required to support
a maximal growth rate in the presence of
1.7% of phosphorus, as determined from
the graph in figure 1, is about 240 mg %.
Thus, the high level of phosphorus ap-
pears to increase the magnesium require-
ment about three-fold.

Another criterion of the magnesium re-
quirement chosen for study was the mag-
nesium content of the blood serum. The
calcium and magnesium content cf serum

TABLE 2

Effect of dietary calcium and phosphorus levels on the requirement of rats for magnesium*

Calculated dietary

T ek
% % gm.
0.4 0.9 19
0.8 0.9 17
1.7 0.9 4
0.4 1.7 19

No magnesium added

0.3% Magnesium added

Mortality V\égeiﬁI Mortality
% gm %
12 32 0
12 31 0
75 29 0
8 32 0

1Sixteen animals were used in each group except in the two groups on 1.7% calcium

in which 12 rats were used.

2The weekly gain was for a 4-week period and was based on survivors only.
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Fig. 1 Effect of dietary phosphorus level on the magnesium requirement of guinea pigs.
Twelve animals were started on each diet and none survived on the basal diet containing
1.7% of phosphorus. The closed circles refer to 0.4% and the open circles to 1.7% of dietary

phosphorus.
deposits upon autopsy.

from guinea pigs fed various levels of mag-
nesium, 0.9% of calcium and the two lev-
els of phosphorus are shown in table 3.
Since no animals survived for 12 weeks
when fed 1.7% of phosphorus and less
than 35 mg% of magnesium, no serum
values were obtained at the lower mag-
nesium levels. Only at the 5 mg% level
was the serum magnesium markedly be-
low normal. However, a tendency was
shown for it to rise gradually on the 0.4%
hosphorus regime up to the 90 mg%
evel. This would tend to confirm the
growth data that 90 mg% is the minimal
magnesium requirement under the condi-
tions imposed. Nevertheless, maximal
serum magnesium (about 5 mg% ) was
not attained even at 180 mg% of dietary
magnesium. In the case of the animals
on 1.7% of(J:)hosphorus a maximal value
was attained at a dietary level of 300
mg% . No explanation can be offered for
the high value obtained for the 4 animals
which received 120 mg% of magnesium,
but this is probably because of the small

Under the data points M refers to mortality and D to incidence of visible

sample size. Magnesium content of the
diet had no effect on the calcium content
of the serum.

B. Symptoms of a magnesium deficiency
in tke guinea pig. The deficiency symp-
toms in the guinea pig have not been
clearly defined, although it seems probable
that at least part of the syndrome de-
scribed by Wulzen and Bahrs (°36) was
the result of a magnesium deficiency.
Maynard et al. (’58) described some of
the symptoms of a low magnesium intake
in the guinea pig. Under our laboratory
conditions, the most striking symptoms
are retarded growth and metastatic cal-
cification. An identical calcinosis picture
was described by Hogan et al. (’50). Gross
damage occurs to the kidneys which be-
come enlarged and grayish In color. Mi-
croscopically the kidneys and muscles ex-
hibit marked degeneration and infiltration
with mineral. The guinea pig?1 does not
show the typical symptoms of hyperemia,
epidermal lesions and hyperirritability ex-
hibited by the rat. Only occasionally have
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TABLE 3

Effect of dietary magnesium on serum calcium

0.4% Phosphorus

and magnesium concentrationlin guinea pigs

1.7% Phosphorus

Dietary
magnesium Serum Serum Serum Serum
calcium magnesium calcium magnesium
m g/100 gvi mg % mg % mg % mg %
5 1.0 (I)2 2.1 - -
20 10.6(7) 3.5 - -
35 10.2(12) 3.7 11.0(5) 3.7
60 11.8(6) 3.9 10.9(6) 3.8
90 12.0(6) 4.5 - -
120 11.2(7) 4.2 10.8(4) 5.5
150 12.5(4) 43 - -
180 11.3(4) 4.2 10.7(4) 4.3
240 - - 12.4(6) 4.6
300 — — 12.1(6) 5.3
360 11.0(11) 4.9 11.6(12) 5.0

1Analyses were made at end of 12-week experimental period.
2Numbers in parentheses indicate the number of samples analyzed.

symptoms of nervous disorder been ob-
served. In all of our experience, only
once or twice have animals gone into a
convulsive state after being handled.

In the severely deficient animal, abnor-
mal gait and posture are the most ob-
vious gross symptoms. This appears to
be the result of a muscle stiffness or dys-
function. Figure 3 in plate 1 shows the
typical stance of a magnesium-deficient

uinea plg?\lcompared with a normal animal
?flg. 2). Note that the hind limbs are not
drawn up under the body in the normal
manner.  Such animals are reluctant to
move, and in severe cases, cannot right
themselves when placed on their sides.
Administration of magnesium salts to such
animals for a period of 7 to 10 days al-
lows them to regain normal control of
their limbs.

Another rather striking symptom of
magnesium deficiency in the guinea pig
is defective teeth, particularly noted in
the incisors as erosion, darkening and
decay. Finally, the incisors become so soft
that they spontaneously break off at the

um line or can be removed easily with
the fingers. Figure 5 shows severely dam-
aged incisors which may be compared with
a control in figure 4. Figure 6 shows a
photograph of an eroded and broken in-
cisor compared with a control. This syn-
drome does not occur in every animal ted
a diet low in magnesium but a high per-
centage of the deficient animals which
survive for three months or longer show

some incisor damage. Except for the mo-
lars often becoming coated with a dark pig-
mented calculus, these are seldom af-
fected. Figure 7 shows the lower mandi-
bles from a deficient (upper) and a con-
trol animal. The deficient, damaged man-
dible also shows exostosis resulting from
excessive growth of the roots of the molars.
In addition, an overgrowth of molars ap-
pears typically so that in some cases the
animals cannot eat well. Exostosis on the
upper mandible commonly causes severe-
ly affected animals to appear “pcp-eyed”
because the eye is forced from its socket.

DISCUSSION

In a review by Duckworth (’39?, he con-
cluded, in part, that “A principal effect of
magnesium deficiency appears to be a
disturbance of normal calcium metabol-
ism.” We agree that a magnesium de-
ficiency commonly causes deposition of
calcium in soft tissues and may perhaps
accelerate its removal or erosion from
osseous and dental tissues. However, from
recent observations it appears just as cor-
rect, if not more valid, to conclude that
the principal effect of magnesium defi-
ciency is a disturbance of phosphorus
metabolism. Presumably, calcium is de-
posited in soft tissues as a phosphate. The
serum calcium content is not changed by
magnesium deficiency, but the serum phos-
phorus is elevated ﬁ Dell et al., 56; May-
nard et al., ’58). Although excess calcium
accentuates the symptoms of magnesium
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deficiency, the effect of excess phosphorus
is more striking. When excess phosphorus
is consumed, it is highly important that
adequate magnesium be available to aid
in its metabolism and to prevent its ac-
cumulation in the blood and soft tissues.

Magnesium deficiency symptoms in the
rat have been adequately described by
several investigators (Kruse, Orent and
McCollum, ’32; Tufts and Greenberg, "38).
The syndrome includes: first, vasodila-
tion, particularly evident in the ears, tail
and feet; later, skin lesions and loss of
hair; and finally, a nervous disorder which
may end in convulsions and death. Mag-
nesium deficiency in the calf (Moore et
al., ’36) and in the cotton rat (Constant
and Phillips, ’52) is shown most strikingly
as a calcinosis. Deficiency symptoms in
the guinea pig are quite similar to those
observed in the latter species. Stiffness of
the hind limbs observed in severely de-
ficient animals is similar to the syndrome
described by Wulzen and Bahrs 8/’36 but
should not be confused with wrist-stiffness
which these authors described later (41),
because this does not respond to mag-
nesium.

It is significant, if somewhat anoma-
lous, that the teeth of magnesium-deficient
guinea pigs become eroded and weakened,
presumably due to loss of mineral, where-
as at the same time calcium phosphate ac-
cumulates in soft tissue. These facts point
to the need for a better understanding of
the function of magnesium in calcium and
phosphorus metabolism.

SUMMARY

Weanling guinea pigs and rats were fed
diets deficient in magnesium and of vari-
able calcium and phosphorus content.
The growth rate, incidence of visible cal-
cium phosphate deposits, mortality and
other symptoms of magnesium deficiency
were noted.

Excessive intake of phosphorus was ob-
served to accentuate the symptoms of mag-
nesium deficiency. The injurious effect
of phosphorus, when added to a diet low
in magnesium, was more marked than
that of calcium but the effect was largely
eliminated by adeguate magnesium. When
the diet contained 0.9% of calcium and
0.4% of phosphorus the magnesium re-
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quirement was determined to be 80 mg per
100 gm of diet. When phosphorus was
elevated to 1.7%, the requirement rose
to 240 mg.

The symptoms of magnesium deficiency
in the guinea pig include slow growth, soft-
tissue calcification, stiffness in the hind
limbs, exostosis of the mandibles, over-
growth of the molars, and erosion, soften-
ing and decay of the incisors.
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PLATE 1

EXPLANATION OF FIGURES

2 Guinea pig, 14 weeks old, reared on a stock colony diet. Note normal stance with hind
limbs drawn well under body.

3 Magnesium-deficient guinea pig, 14 weeks old, receiving a diet which contained 0.9%
of calcium, 1.7% of phosphorus and about 0.1% of magnesium. Note abnormal stance
indicative of stiffness in hind limbs. If forced to move, the animals tended to hop like a
rabbit. Treatment with magnesium allowed the animal to assume a normal stance.

4 Incisors of a control animal, 14 weeks old, receiving 0.9% of calcium, 0.4% of phos-
phorus and 0.3% of magnesium.

5 Incisors of a magnesium deficient animal, 28 weeks old, receiving 0.9% calcium, 0.4%
of phosphorus and no supplemental magnesium. Note that incisors are dark in color,
eroded and broken. Molars were covered with a brown pigmented calculus. At autopsy
this animal showed a large number of visible deposits.

6 The upper incisor extracted from magnesium-deficient guinea pig, 14 weeks old which
had received 0.9% of calcium, 0.4% of phosphorus and no supplemental magnesium.
The control incisor in the lower photograph came from an animal which received 1.7%
of calcium, 0.8% of phosphorus and 0.3% of magnesium.

7 Lower mandibles from a guinea pig, 14 weeks old. The one in the upper half of the
photograph came from the same magnesium-deficient animal and the lower one from the
control animal described in figure 6.
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Evaluation of Protein in Foods

V. FACTORS INFLUENCING THE PROTEIN EFFICIENCY

RATIO OF FOODS
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Derse (’58) and Chapman et al. (’59)
have recently described methods for de-
termination of the protein efficiency ratio
of foods (PER) under standardized condi-
tions. Despite the widespread use of this
method, little is known about factors
which influence PER. Barnes et al. (’45)
reported, in confirmation of the original
findings of Osborne et al. (’19), that PER
values varied with the level of dietary
protein. The maximal PER values for ani-
mal proteins were found at lower dietary
levels than those for cereal proteins. Heg-
sted and Worcester ('47) and Sherwood
and Weldon (’53) concluded that in stud-
ies on the relative value of various pro-
teins, using growing rats fed diets of con-
stant protein content ad libitum, there was
no advantage to using PER :n place of
gain in body weight. Bender (56)
noted that PER was closely correlated
with food intake, falling when food
consumption was reduced. Sure (’55) ob-
served that PER values found after 10
weeks on experiment were lower than
those found after 4 weeks. The decrease
was greater for dried whole egg and dried
skim milk than for cereal proteins.

The present studies were conducted to
determine the effects of protein level, dur-
ation of the experimental period and the
sex of the rats used, on PER values found
with casein or a mixture of plant pro-
teins. The effects on PER values of dif-
ferences between strains of rats were also
tested.

EXPERIMENTAL

The rats used in the experiments re-
ported herein were individually housed in
screen bottom cages kept in an air con-
ditioned room maintained at 74 to 76°F.
Food and water were supplied ad libitum,
records kept of the amount of food con-
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sumed by each rat, and the animals
weighed individually at weekly intervals.
Experiment 1 was 10 weeks in duration,
whereas experiment 2 was 4 weeks in
duration. At the end of the experiments,
the animals were fasted for 24 hours,
killed by ether anesthesia, exsanguinated
and the livers removed and weighed. Also,
the adrenal glands of the animals in ex-
periment 1 were removed and weighed.
Liver lipid levels were determined by the
method of Folch et al. (’57) and were
expressed on a fresh-weight basis.

In experiment 1, groups of 10 male and
10 female weanling rats (20 to 23 days
old), of an inbred Wistar strain (strain A),
received otherwise adequate diets contain-
ing 7, 10 or 15% of protein (N X 6.25)
supplied by casein or by a mixture con-
taining 85% of whole wheat flour and
15% of soybean flour. The basal protein-
free diet used was that of Chapman et al.
(’59), which contained in per cent: corn
starch, 80; corn oil, 10; non-nutritive cel-
lulose, 5; salts, 4; and vitamin mixture, 1
The protein-containing materials were ad-
ded to this diet at the expense of corn-
starch, to give the desired protein levels.
Dietary fat levels were kept constant at
10% by adjustment of the amount of
corn oil added.

Experiment 2 was conducted to deter-
mine PER values for casein, dried whole
egg, the mixture of whole wheat and soy-
bean flours, or whole wheat flour, using
two additional strains of rats. The foods
tested were added to the protein-free diet
of Chapman et al.,, (’59) at the 10% pro-
tein level (N X 6.25), and fed to groups
of 10 male weanling rats of WF strain
(strain B), or the Charles River strain

Received for publication July 9, 1959.

J. Nutrition, 70: '60
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(strain C). As in experiment 1, the level
of fat in the diet was kept constant at
10% . The PER values found after 4 weeks
were compared with those obtained previ-
ously in this laboratory, using rats of
strain A

The data of the two experiments were
subjected to appropriate statistical analy-
?i,ssst;y the methods outlined by Snedecor

RESULTS AND DISCUSSION

Data on weight gain, food consumption,
and PER values found at 4 and 10 weeks
with the male rats in experiment 1 are
summarized in table 1. PER values ob-
tained during the experiment are shown
in figure 1. In 4 weeks, the animals which
received 7, 10 or 15% casein protein
(diets 1 to 3) gained 50, 80 and 105 gm
respectively, whereas those which received
comparable diets containing the plant
protein (diets 4 to 6) had significantly
reduced weight gains of 33, 56 and 88 gm,
respectively (P < 0.01 by analysis of vari-
ance and application of Duncan’s multiple
range test). At 10 weeks, weight gain
found with casein was still significantly
greater than that found with comparable
levels of plant protein.
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Q 3.0
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>
<20
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B_ 10 1 1 1 1 1 1 1 1
Vi) PROTEIN %
5 é ~ N~ PLANT PROTEIN
2.0
1 1 1 ! 1 1 1 1 |
0 2 4 6 8
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With the exceptions of the values for
7 and 10% plant protein, PER values de-
creased significantly during the experi-
ment. At 4 weeks, the value found with
10% casein protein (diet 2) was 2.75,
whereas by 10 weeks, the value had
dropped to 2.12. In contrast, the value for
10% plant protein (diet 5) dropped only
slightly, from 2.09 at 4 weeks to 1.98 at
10 weeks. Sure (’55) also noted that PER
values for plant proteins were less influ-
enced by the length of the experimental
period than were those for good quality
animal proteins.

At 4 weeks, 7 and 10% casein protein
gave comparable PER values of 2.82 and
2.75, respectively. Bg/ 10 weeks, however,
the PER value for 10% casein protein was
significantly less than that for 7% casein
protein (2.12 vs. 2.38). The value for
15% casein erotein was significantly less
at both 4 and 10 weeks than those for the
two lower levels of casein tested.

At 4 weeks, PER values with 10 or 15%
plant protein (diets 5 and 6) were similar
and significantly greater than those found
with 7% plant protein (diet 4). By 10
weeks, however, the value for 15% plant
protein (1.58) was significantly less than

FEMALES
PROTEIN %
7 X CASEIN
— o
L i | i t._.
_ PROTEIN %
5 A~ PLANT PROTEIN
. | I I 11 i 1
10 2 4 6 8 i0

EXPERIMENT

Fig. 1 PER values (gm gain/gm protein intake) for male and female weanling rats fed
diets containing casein or plant protein for 10 weeks.
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those for 10% plant protein (1.98) or 7%
plant protein (1.81).

Data on wei#ht gain, food consumption
and protein efficiency values found at 4
and 10 weeks with the female rats in
experiment 1 are summarized in table 2.
Curves of PER values obtained during the
experiment are shown in figure 1 As
might be expected, weight gain was much
lower with the females than with the
males. In contrast to results with the
males, in the females weight gain with
15% casein protein was not significantly
greater at 4 weeks than with 15% plant
protein, nor was weight gain with 7 and
10% casein protein signlficantlg greater
at 10 weeks than with comparable levels
of plant protein.

rotein efficiency ratio values were also
influenced by the sex of the test animal.
At 4 weeks, the females utilized 15% case-
in Jorotein much less efficiently than the
males, probably, in part, because of their
slower growth rate. With females PER
values found for casein declined during
the experiment, in agreement with results
obtained in the males. Although the value
obtained with the males for 10% plant
protein remained relatively constant dur-
ing the experiment (fig. 1), that obtained
with the females dropped significantly
from 2.02 at 4 weeks to 1.65 at 10 weeks.
In further contrast to the findings with the
males, 7% casein protein gave a signifi-
cantly higher PER value at 4 weeks with
the females than 10% casein protein.
Furthermore, with the females, PER val-
ues found at 4 weeks with 7 or 15% plant
protein were similar and lower than those
found at the 10% level. At 10 weeks, 7
and 10% plantfprotein gave similar PER
values with the females, whereas with the
males, 10% plant protein gave a higher
PER value than 7%.

The results of the studies showed that
PER values varied not only with quality
and quantity of the dietary protein, but
also with the duration of the experiment
and the sex of the test animal. These
factors must be standardized if compar-
able results are to be obtained in different
laboratories. Fixsen (’35) reported that
a long experimental period was necessary
for accurate determination of PER values.
She concluded that short experiments gave

INFLUENCING PROTEIN EFFICIENCY RATIO
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higher values than long ones, and recom-
mended that experiments be at least 60
days in duration. However, Mitchell (24)
pointed out that as “the composition of
the gains put on by growing animals pro-
gressively changes with age . . . the best
way cf assuring the desired equality in the
composition of gains ... is to use animals
of the same age, weight and previous treat-
ment and to conduct the experiment for
as short periods of time as may be re-
quired for an accurate measure of the
actual gain in organized tissue.” Thus, it
would seem preferable to conduct PER
experiments for shorter periods of time
than, for example, the 10-week period re-
ported by Sure (’57). Net only do differ-
ences between proteins tend to be ab-
scured after 10 weeks, but also the order
in which proteins are ranked as to quality
may be markedly different at 10 than at
4 weeks. Furthermore, as Mitchell (°24)
and Bender (’56) have pointed out,
marked differences may exist in the com-
osition of weight gains obtained in pro-
onged experiments with proteins of great-
I% differing nutritive value. In any case,
the results of theJ)resent studies indicate
that PER values determined under differ-
ent conditions are not comparable.

The results presented herein show that
female rats tend to give maximal PER
values at lower dietary protein levels than
males, suggesting a possible sex differ-
ence in protein requirement. Jones (’51)
obtained evidence indicating that female
rats had lower protein requirements than
males, and Shelton et al. (’51) presented
data suggesting that the lysine require-
ment was higher in male weanling pigs
than in female.

Although Hegsted and Worcester (’47)
and Sherwood and Weldon (’53) reported
that calculation of PER was of no advan-
tage over measurement of weight gain
alone, the results of Chapman et al. (’59)
and of the present studies indicate the ex-
istence, in most cases, of lower coefficients
of variation for PER values than for cor-
res_Ponding weight gains.

he data on organ weights and liver
lipid levels obtained in experiment 1 (table
3) showed that liver weight per gram of
body weight was greater in females than
in males, but was not influenced by the
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quality or gquantity of the dietary protein.
Adrenal weights were larger, per unit of
body weight, in the males fed diet 1, con-
tainin? 7% of casein protein, than in
those fed the other diets. The females fed
15% of plant protein (diet 6) had some-
what larger adrenal glands per unit of
body weight than those fed the remaining
diets. Liver lipid levels were not signifi-
cantly influenced by the sex of the animals
nor by the quality or quantity of dietary
protein.

The results of experiment 2, in which
PER values for 4 different foods were de-
termined with rats of strains B and C, are
presented in table 4, along with results ob-
tained previously in this laboratory with
rats of strain A In 10 experiments, rats
of strain A gave an average PER for casein
of 2.59 (range 2.41 to 2.75), whereas, in
experiment 2, rats of strains B and C gave
PER values for casein of 3.35 and 3.18, re-
spectively. The values found for whole
egg, the wheat flour-soybean flour mix-
ture, or whole wheat flour, were also sig-
nificantly lower when strain A rats were
used than when strain B or strain C rats
were used. The apgarent genetic effects
on PER observed in the present study bring
to mind the extensive work of L. S. Palmer
et al. (46) on genetic differences in food
utilization by rats. Many other workers
have also observed strain or breed differ-
ences in the nutritional requirements of
animals (Hutt, 58).

Liver lipid levels found in experiment 2
did not differ significantly from those
found previously in this laboratory with
rats of strain A
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In the method for determination of PER
outlined by Chapman et al. (59), PER
values obtained were corrected for differ-
ences between assays by multiplying the
value found by the fraction 2.5/deter-
mined PER of reference standard casein.
Application of this correction factor to the
data cbtained with rats of strains B and C
in experiment 2 gave the following cor-
rected PER values: whole egg, 2.99 and
3.14; the mixture of whole wheat and soy-
bean flours, 2.00 and 2.01; whole wheat
flour, 1.07 and 1.18, respectively. The cor-
rected values for the plant proteins agree
well with those found for strain A rats;
whereas the values for egg protein appear
to be over-corrected. These results sug-
gest that variation in PER values found in
different assays can be largely resolved by
use of a standard method which contains
a “puilt-in” reference standard.

Because of the many factors which in-
fluence the PER method for protein evalu-
ation, it would appear that simplified in
vitro procedures may be of value in routine
screening of foods for protein quality. The
pepsin-digest-residue amino acid index of
Sheffner et al. (56) and the simplified
chemical score proposed by McLaughlan et
al. (’59) are of special interest in this re-
spect. Any in vitro method, however, must
correlate closely with biological results,
and it seems clear, as Friedman (’58) and
others have pointed out, that such meth-
ods cannot at present take the place of
a biological evaluation.

TABLE 4

Effect of strain of rat on -protein efficiency ratios obtained rvith different foods

PER values found with

Food
Strain A Strain B Strain C
uncorrected correctedl uncorrected corrected

Casein 2.59(10)z 3.35(1) — 3.18(1) —
Dried whole egg 3.44(9) 4.00(1) 2.99 4.00(1) 3.14
W heat flour—soybean

flour mixture 2.09(1) 2.64(1) 2.00 2.56(1) 2.01
Whole wheat flour 1.17(1) 1.44(1) 1.07 1.50(1) 1.18

1Corrected values were obtained by multiplying the determined PER value by the frac-
tion 2.5/determined PER of reference standard casein.

2Figures within parentheses indicate number of experiments in which 10 male weanling
rats received each food at the 10% protein level for 4 weeks.
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SUMMARY

In studies on factors influencing the
protein efficiency ratio (PER) of foods,
groups of male and female weanling rats
received otherwise adequate diets contain-
ing 7, 10 or 15% protein supplied by case-
in or by a mixture of plant proteins (whole
wheat and soybean flours). PER values
(grams of gain per gram of protein con-
sumed) were calculated at weekly inter-
vals for 10 weeks. Female rats tended to
give maximal PER values at lower dietary
protein levels than did males. PER values
found with both sexes dropped as the ex-
periment progressed, but the decline was
much greater with the animals fed casein
than with those fed the plant prctein mix-
ture. In both sexes, the protein level re-
quired for maximal PER tended to decline
as the experiment progressed. Differences
between casein and the plant prctein mix-
ture were greatest during the early stages
of the experiment, in both sexes. In fur-
ther studies, differences in PER values
found with several strains of rats were
largely eliminated by the use of casein as
an internal standard. It is concluded that
the factors studied must be standardized
if comparable results are to be obtained
in different laboratories.
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The Influence of Dietary Fats on Serum Cholesterol
Levels in Cholesterol-Fed Chicks*
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Boston, Massachusetts

Previous papers on the cholesterol and
cholic acid fed rat have shown that the
kind of dietary fat determines the serum
cholesterol levels, other things being con-
stant; also that the mean serum choles-
terol level is correlated with the extent of
the atheromatous lesions ﬁroduced (Heg-
sted et al., 57a). From the study of nu-
merous dietary fats and fat mixtures (Heg-
sted et al., 57b), as well as different fats
fed at different levels (Hegsted et al., ’59?,
it appears that in the rat both the fully
saturated fatty acids and the essential fatty
acid, linoleic acid, act synergistically to
depress the serum cholesterol level. When
the total fat content of the diet was held
constant, the product obtained by multi-
plying the saturated fatty acid content by
the linoleic acid content had a high nega-
tive correlation with the serum cholesterol
level (Hegsted et al., 57b). When the
amount, as well as the composition of the
dietary fat is varied, the situation is much
more complicated, since each fat does not
affect the serum level proportionately at
different dietary levels. Nevertheless, the
linoleic-saturated acid product provides a
parameter of an equation which fits the
data on the serum cholesterol levels at
least as well as other equations which were
developed (Hegsted et al., ’59).

The data from the rat studies may have
some application to man. A mixture of
equal amounts of coconut oil (mostly
saturated fatty acids) and safflower oll
(70% linoleic acid)—one of the most ef-
fective mixtures found in the rat studies—
was as effective as safflower oil alone in
lowering serum cholesterol in hypercho-
lesterolemic men when fed as 40% of
calories in a formula diet (Hashim et al.,
’59). On the other hand, some of the fats
which promote the highest serum choles-

J. Nutrition, 70: '60

terol values in rats are those very high in
oleic acid, such as olive oil or a commerci-
ally prepared “triolein” which was 80%
oleic acid. No data suggest that these fats
are comparably hypercholesterogenic in
man. On the contrary, olive oil may de-
press serum cholesterol levels in man (Ah-
rens et al., 57). Keysetal. (’57, 58) have
concluded that monounsaturated fatty
acids have a negligible effect on serum
cholesterol.

This paper reports work upon the effect
of different oils upon the serum cholesterol
levels :n chicks fed cholesterol. The re-
lationship between fat composition and
serum cholesterol level is quite distinct
from that found in rats and appears to be
similar to those reported in man by Keys
et al. ('57) and Ahrens et al. (’57).

EXPERIMENTAL

The chicks, received from the hatchery
as day-old cockerels, were fed a commer-
cial starter mash for three to 7 days be-
fore being divided into comparable groups
upon a weight basis, banded and given the
experimental diets. All of the studies were
terminated after three experiemntal weeks
since our facilities do not readily permit
work with larger birds. Groups of 6 chicks
were housed together in cages with raised
screen bottoms. The experimental diet, al-
lowed ad libitum, had the following per-
centage composition: sucrose, 52.7; puri-
fied casein, 18; salt mixture (Hegsted et

Received for publication July 20, 1959.
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John A Hartford Memorial Fund; the Albert and
Mary Lasker Foundation, New York; the National
Heart Institute (Grant H-2200), Bethesda, Mary-
land; the Nutrition Foundation, New York; and
the Fund for Research and Teaching, Department
of Nutrition.
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al., '41), 5; gelatin, 10; celluflour2 3;
CaHPCh, 1; cystine, 0.3; choline, 0.3; and
10% of the appropriate oil or fats Fat
soluble vitamins were added as 0.5 gm of
halibut liver oils and 50 mg of a-tocopherol.
Thiamine, riboflavin, niacin, calcium pan-
tothenate, pyridoxine, biotin, folic acid and
menadione were added at levels previ-
ously described (Hegsted and Perry, '48).

The birds were bled from the wing vein
and cholesterol determined by a micro-
fiuormetric method (Carpenter et al., ’57).

RESULTS

In experiment 1, 12 groups of White
Leghorn cockerels received diets contain-
ing 10% of 4 different fats, each with
0.2, 0.4 and 0.8% of dietary cholesterol.
After bleeding chicks on the 12th and 14th
days, the above values were averaged to
give the two-week serum cholesterol level.
Chicks were bled again on the 21st day
when they were killed. The results are
shown in table 1. One can see that, on the
average, coconut oil is the most hyper-
cholesterolemic oil and safflower oil the
least. The response at different times also
depends upon the dietary fat. At all levels
of cholesterol, the safflower oil diet caused
a decrease in the serum cholesterol be-
tween the second and third weeks, where-
as the triolein and coconut oil diets re-
sulted in a continued rise. At either two
or three weeks, the serum cholesterol level
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is approximately proportional to the log
of the cholesterol dose, but note that the
relative position of the different oils is
not the same at the different levels of
cholesterol. Thus, one can conclude with
respect to chicks, as has been found with
rats (Hegsted et al., '59), that the serum
cholesterol level is dependent not only
upon the time, cholesterol level, and kind
of dietary fat, but also upon the cholesterol-
time-fat interactions. This must be borne
in mind since it may limit the general ap-
plication of any particular experimental
setup, such as those used in the following
experiments.

Table 2 records the results of a second
experiment in which three breeds of cock-
erels were used, each of which was fed
4 kinds of dietary fat either with or with-
out cholic acid in the diet. All diets con-
tained 0.8% of cholesterol. The effects of
the different fats are similar to those al-
ready recorded in table 1. Coconut oil
again produced the highest serum levels.
Safflower oil or equal mixtures of safflower
and coconut gave lower and essentially
equal serum cholesterol levels. Olive oil

2Celluflour. Obtained from Chicago Dietetic
Supply House, Chicago.

3The authors wish to acknowledge the gener-
ous assistance of the Research and Development
Department of the Proctor and Gamble Company,
Cincinnati, which supplied the oils used and
the data upon their composition.

4Haliver Oil.

TABLE 1

Serum cholesterol levels in relation to the amount of dietary cholesterol with
different kinds of fat

. Dietar
Dietary fat cholesieol

%
Triolein 0.2

o
~

Coconut

Safflower

Coconut-safflower

00O 0090 009 O
ohrAN ORN RN ©

Serum cholesterol

Sﬁ%gﬂd w&gﬁ Difference

mg % mg % mg %
287 412 + 125
370 523 + 153
444 621 + 177
301 330 + 29
605 662 + 57
877 1052 + 175
237 222 - 15
335 297 - 38
456 343 - 74
238 278 + 40
428 370 - 50

519 560 + 41
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TABLE 2
The influence of breed, dietary fat, and cholic acid on serum cholesteroll

Chaljc ;
A Time
weeks
Leghorns - i
- 2
— 3
Mean
+2 1
+ 2
+ 3
Mean
White Rocks — 1
- 2
— 3
Mean
+2 1
+ 2
+ 3
Mean
Rhode Island Reds — 1
- 2
3
Mean
+2 1
+ 2
+ 3
Mean
Grand mean

1Al diets contained C.8% of cholesterol.
20.15% of cholic acid.

(of a composition similar to the “triolein”
used in the previous experiment) was in-
termediate. Differences in the response
with time of feeding are evident, the less
hypercholesterogenic fats permitting max-
imum serum cholesterol levels in a short
time. The addition of cholic acid to the
diet causes some rise in serum cholesterol
level as expected, this effect being more
pronounced with the more hypercholestero-
genic fats, but its inclusion apparently
does not change the general relationship
of the different fats to the serum choles-
terol level. The influence of breed of
bird was not great, although the White
Rock groups tended to have lower, and the
Leghorns somewhat higher, serum choles-
terol levels.

Table 3 records the composition of a
number of fats and mixtures of fats fed
to groups of White Leghorn cockerels in

Serum cholesterol

Olive  Coconut Safflower Mixture Mean
mg % mg % mg % mg %

324 567 313 235 360
378 604 289 217 372
561 647 307 300 454
421 606 304 256 395
382 714 343 325 441
430 875 321 375 500
518 984 324 423 562
448 856 329 374 501
283 505 292 253 333
306 468 255 232 315
419 470 289 309 372
335 481 279 248 340
326 551 301 293 368
387 647 355 301 423
478 889 417 327 528
389 703 354 309 440
318 575 296 201 348
345 638 263 180 357
453 734 253 271 428
372 650 271 232 378
422 673 333 335 441
459 804 308 388 490
566 866 383 418 558
486 778 343 378 496
409 679 313 300

diets containing 0.8% of cholesterol. The
serum cholesterol values shown are the
means obtained from bleedings at one,
two, and three weeks. The zero order cor-
relation coefficients relating serum choles-
terol zo the three principal fatty acid com-
ponents where y = serum cholesterol level,
S = saturated fatty acid, M = monoun-
saturated fatty acids, and P = polyunsat-
urated fatty acids, are as follows:

ryS cholesterol-saturated fatty acid +0.567
ryM cholesterol-monounsaturated

fatty acid —0.108
ryP cholesterol-polyunsaturated

fatty acid —0.453

The coefficients of correlationbetween the
fatty acid components themselves are rSM,
-0.454; rSP, -0.438; and *MP, -0.526.
The multiple regression equation including
the three variables is:

Serum cholesterol = 1.186 3—1.120 M 1,
- 2230 P + 622.6 "1
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TABLE 3
Serum cholesterol in relation to dietary fat
Experiment 3

Group Dietary fat "}%”e
1 10% Triolein 83
2 10% Olive 82
3 10% Cottonseed 107
4 10% Linseed 181
5 10% Corn 125
6 10% Safflower 145
7 10% Coconut 9
8 8% Coconut, 2% Corn 32
9 5% Coconut, 5% Corn 67
10 2% Coconut, 8% Corn 102
11 8% Coconut,

2% Safflower 36

12 5% Coconut,

5% Safflower 77

13 8% Coconut,

2% Safflower 118

14 10% Lard 66
15 10% Hydrogenated

cottonseed 81

16 5% Lard, 5% Safflower 100
17 5% Lard, 5% Cottonseed 81

18 5% Lard, 5% Corn 90
19 5% Olive, 5% Coconut 46

20 5% Olive,

5% Safflower 113

with a multiple coefficient of correlation
(R) of 0.61. This value is not much higher
than the zero order coefficients, ryS and
ryP, and hence, is not patricularly inform-
ative. In any event, this treatment is not
appropriate. Since S+ M+ P=100, the
value for any one of the variables can be
calculated from the other two, and all of
the information is available from equa-
tions containing any two of the para-
meters. Each of the following regression
equations fits the data as well as does
equation 1.

Serum cholesterol = 2.12S —1.21P + Ci (2)
Serum cholesterol = 3.04S —0.89M + C2  (3)
Serum cholesterol =: —3.37P + 2.26M + C3 (4)

An inspection of the various regression
and correlation coefficients thus fails to
give a clear picture of the relative roles of
the different types of fatty acids. There is
a clear suggestion, however, that the satu-
rated fatty acids (S) tend to elevate the
serum cholesterol, the polyunsaturated
acids (P) lower it, and the monounsatu-

Fatty acid composition é\e/lrear?]

, Mono- Poly- choles-
Satd  uneatd  unsatd terol
% % % mg %
7.8 83.2 34 554
12.0 76.6 7.0 620
311 125 52.6 585
19.6 15.2 64.5 575
15.2 25.7 58.8 461
13.0 7.8 78.5 531
91.3 7.0 17 927
76.0 10.7 13.1 685
53.3 16.4 30.3 503
30.4 22.0 47.4 550
75.6 7.2 17.1 477
52.2 7.4 40.1 550
26.7 7.6 63.1 448
374 49.1 13.2 588
20.0 62.7 13.2 510
24.8 28.2 43.5 485
34.2 30.7 31.8 655
25.9 36.8 338 428
50.0 41.6 4.0 576
12.1 42.0 40.8 459

rated acids (M) are relatively less impor-
tant. The similarity of equation 2 with
that derived from studies upon human sub-
jects by Keys et al. (57, '59), is worthy
of note.

The data also revealed a reasonable cor-
relation between the log serum cholesterol
and the log of the iodine number, r =
—0.62. The correlation coefficient is prac-
tically identical with the multiple coeffi-
cients of correlation given above. If two
outlying values obtained from the & % co-
conut-2 % safflower oil and the 5%lard—
5% corn oil groups are eliminated, the
correlation coefficient becomes —0.72.

The next experiment was similar to the
one just described except that oils were
chosen which would give a more complete
spread of the iodine values. The correla-
tions obtained in the previously described
experiment depend heavily upon the coco-
nut oil group. Male Rhode Island Red
chicks were used. The composition of the
oils and the mean serum cholesterol values
obtained by averaging the first, second,
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TABLE 4
Serum cholesterol in relation to dietary fat
Experiment 4

Dietary fat

Grow Cogonut Other

% %
i 10 -
2 9 1% Safflower
3 8 2% Safflower
4 5 5% Safflower
5 9 1% Olive
6 8 2% Olive
7 5 5% Olive
8 9 1% Corn
9 8 2% Corn
10 5 5% Com
11 9 1% Cotton
12 8 2% Cotton
13 5 5% Cotton
14 - 10% Saffiower
15 - m10% Olive
16 - 10% Corn
17 - 10% Cotton
18 - 10% Cocoa butter
19 - 10% Lard
20 - 10% Beef tallow
21 - 10% Butter
22 - 10% Hydrogenated oil
23 - 10% Hydrogenated oil
24 — 10% Hydrogenated oil

and third week values are shown in
table 4.

The relationship between the serum
cholesterol values and the iodine number
of the dietary fats is shown in figure 1.
When the data were plotted in this way,
it was immediately apparent that the coco-
nut-corn oil and coconut-cottonseed mix-
tures (groups s through 13, table 4) did
not follow the general trend. The addi-
tion of only a small amount of corn or
cottonseed oil to the coconut oil (groups s
and 11, table 4) yielded values practically
as low as corn and cottonseed oil. These
results may be compared with the values
obtained with safflower or olive oil mixed
with coconut oil which fall progressively
with increasing unsaturation. The results
obtained in these groups 18 to 13 were
thus plotted separately. For the remainder
of the oils the coefficient of correlation is
—0.82, a reasonably good fit.

Using the results upon the 18 oils which
fit the regression line reasonably well, an
attempt was made to determine whether

lodine Fatty acid composition Sl\e/lrea}]q

no. Satd  Mono.  Poly. choles-
% % % mg %
9 9.13 0.70 0.17 511
23 8.35 0.71 0.94 391
36 7.56 0.72 1.72 444
77 5.22 0.74 4.04 340
16 8.33 1.45 0.21 497
24 7.53 2.21 0.25 413
46 5.14 4.47 0.39 372
21 8.37 0.89 0.74 295
32 7.61 1.07 1.31 277
67 5.33 1.64 3.04 288
19 8.49 0.81 0.70 299
29 7.85 0.91 1.23 317
60 5.94 1.24 2.82 248
145 1.30 C.78 7.92 276
82 1.15 8.24 0.61 381
125 1.52 2.57 5.91 271
111 2.75 1.77 5.48 308
39 6.00 3.59 0.41 329
67 3.74 4.92 1.34 450
42 5.41 4.37 0.22 357
38 6.17 S.46 0.37 419
105 2.47 291 4.63 350
91 2.47 451 3.05 327
70 251 6.91 0.58 353

the iodine number of the polyunsaturated
fatty acid content was primarily responsi-
ble for the effect upon the serum choles-
terol level. The three coefficients of cor-
relation are:
log serum cholesterol —log iodine number,
rvl = -0.82
log serum cholesterol —%
fatty acid, ryP = —0.74
log iodine number —% of polyunsaturated acid,
ryP = +0.75
The coefficients of partial correlation are: ryl.P =
-0.60 and ryP.I = -0.34,

Thus, the iodine nhumber may be of more
signifie ance than the polyunsaturated fatty
acid contents

of polyunsaturated

5 The various multiple regression equations ex-
amined for the previous experiment, as well as
several others, have been studied. The various
regression coefficients are of similar sign and
magnitude of those present for that experiment.
Since these yield correlation coefficients of sim-
ilar size to that obtained with the iodine number,
and are not decisive in determining the effect
of the various fatty acid components, as has al-
ready been demonstrated for the previous ex-
periment, they are not presented here.
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Fig. 1 Spot diagram showing the relationship between the iodine number of the dietary
oils and the serum cholesterol levels of animals receiving these oils. The numbers refer to
the groups listed in table 4. The data from groups 8 to 13 do not fit the general trend and

are plotted separately in the insert.

DISCUSSION

The data presented clearly demonstrate
a marked effect of the composition of the
dietary fat upon the serum cholesterol
levels in cholesterol-fed chicks. Within
limits the effects of the different fats are
reproducible. In several experiments in
which coconut, olive, and safflower oil were
used, their relative position was the same,
with coconut oil being the most hyper-
cholesterogenic and safflower oil the least.
Experiments concerning 11 comparable
groups are reported in tables 3 and 4.
Two of these, experiments, those using
8 % of coconut oil plus 2 % of safflower oil,
and 8 % of coconut oil plus 2% of com
oil, gave results divergent from the other
comparable groups. Results frcm the re-
maining 9 groups show a fairly good cor-

relation (r = £0.85). Insofar as we have
been able to interpret the results, the two
experiments yield similar conclusions with
regard to the effects upon serum choles-
terol values, although the absolute serum
cholesterol values were generally higher
in the first of the two experiments.

The experimental setup is far from ideal
for an assay procedure. The serum choles-
terol values do not stabilize over the ex-
perimental period and the mean values are
derived from some groups in which the
serum cholesterol value doubled during
the experimental period. As would be ex-
pected, this variation, combined with a
fairly large variation among individual
chicks, gives rather large standard errors
of the mean values reported. In most
groups these ranged from 20 to 40 mg %.
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Obvious ways to decrease these errors are
possible, primarily by increasing the size
of the experimental group and determin-
ing the serum cholesterol values at a single
time period. However, the data are suf-
ficient to demonstrate some of the impor-
tant points, and the procedure used was
dictated by the facilities available and
the desire for a rapid assay.

The conclusions from these studies are
contrary to those of Stamler, Pick and
Katz (59) who concluded that “unsatu-
rated oils failed to suppress hypercholes-
terolemia and atherogenesis” in choles-
terol-fed cockerels. These authors observed
some significant differences in the serum
cholesterol levels caused apparently by
the kind of fat included in the rations.
The difference in the experimental design,
diets used, age of birds, and other factors,
precludes anything more than speculation
as to the reasons for the divergent con-
clusions of the two studies.

One aim of these studies is to develop
an assay system which may vyield results
of significance in human nutrition. It is
of interest, therefore, to compare the re-
sults with those reported upon human sub-
jects. In a general sense, these results, like
those reported in man and various ani-
mals, show agreement that fats high in
saturated fatty acids elevate, while un-
saturated fatty acids depress, the serum
cholesterol values. However, in our ex-
perience (Hegsted et al., ’57b) oils high
in oleic acid (or other unsaturated non-
essential fatty acids such as elostearic
acid) elevate the serum cholesterol in rats.
Keys et al. (57, '58) conclude that the
monounsaturated fatty acids have essen-
tially no effect in man, whereas Ahrens
et al. (’57) interpret their results in man
to indicate that the ability to lower serum
cholesterol values is more or less propor-
tional to the over-all degree of unsatura-
tion. As indicated, the results reported
here with chicks are compatible with
either the conclusion of Ahrens et al. or
that of Keys et al. depending upon the
interpretive approach. The results are not
decisive in determining the relative ac-
tivities of the mono- and polyunsaturated
fatty acids in the chick, although we in-
terpret the results as suggesting a closer
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relationship to degree of unsaturation
(iodine number) than to an interaction
between the saturated and polyunsatu-
rated fatty acids.

Ahrens et al. (’58) have stated that one
must distinguish between studies of the
effect of the kind of fat and the amount
of fat upon the serum cholesterol level.
This distinction must be remembered in
evaluating any set of data. On the other
hand, any satisfactory interpretation of
the role of fat upon serum cholesterol lev-
els mus; relate both the amount and kind
of fat. In studies upon rats (Hegsted et
al., 59) in which both the amount and
kind of fat were varied, the relative ef-
fects of different oils were influenced
greatly by the amount included in the
diet. The experiments reported here are
similar to those of Ahrens e: al. (’57) us-
ing men, in that a diet of constant com-
position was used, except for the dietary
fat, the amount of fat being kept constant.
The results are similar also to those ob-
tained by Ahrens. The fact that the total
fat intake was constant must be noted,
since it may limit the general application
of the findings. With both species the
effect of the amount of fat under these con-
ditions remains to be seen.

Several investigators (Beveridge et al.,
’58; Grande et al., ’58) have presented evi-
dence that corn oil has effects upon the
serum cholesterol values which may not
be explicable by its fatty acid composition.
Similar evidence, not entirely consistent
in different experiments, is apparent with
the chick. Whether this effect is primarily
dependent upon the sitosterol content re-
mains to be explored.

SUMMARY

Studies upon cholesterol-fed chicks dem-
onstrate that the kind of dietary fat has
a pronounced influence upon the serum
cholesterol level. Three breeds of chicks
demonstrated only minor differences. The
serum cholesterol levels appear to be pro-
portional to the log of the dietary choles-
terol, other things being equal.

The data demonstrate that fats high in
saturated fatty acids promote hypercholes-
terolemia and that this effect is counter-
acted by unsaturated fatty acids. The
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polyunsaturated acids (primarily linoleic
acid in the fats studied) appear consid-
erably more active than the monounsatu-
rated acids but the data do not permit a
clear-cut distinction between linoleic acid
and unsaturation per se as the primary-
cholesterol lowering factor. Equally good
correlation between serum cholesterol and
iodine number (total unsaturation) and
with multiple regression equations involv-
ing the different classes of fatty acids was
found. The coefficients of parital correla-
tion suggest that iodine number may be of
more significance than the polyunsaturated
fatty acid content.

The data also contain evidence that corn
and cottonseed oil may contain factors
which lower the serum cholesterol, which
cannot be accounted for by the fatty acid
composition.

It appears that the chick, fed cholesterol,
may be a valuable model for studies in the
area of dietary fat-serum cholesterol re-
lationships and the findings may have ap-
plication in human nutrition.
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