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One of the principal concepts emerging
from nutrition research is that the nutri-
tive value of a protein is determined by the
relative proportions of its amino acids. In
the amino acid supplementation studies of
Elvehjem ('56), Harper ('57-58, '59) and
Salmon (’'58) have emphasized the con-
cepts of amino acid imbalance, amino acid
antagonism, and amino acid toxicity. In
most of the amino acid imbalance studies,
the overall effect of imbalance is deter-
mined by measuring the total change in
body weight when amino acid mixtures of
food proteins deficient in one or more
essential amino acids are added to low-
protein diets. It is becoming increasingly
evident, however, that significant ex-
changes in nitrogen compounds among
individual tissues may occur without any
accompanying change in the total body
weight of the animals.

A second approach is the effect of amino
acid imbalance on nitrogen balance. The
two studies of this type, all of them with
rats, (Deshpande et al., '58; Kumta, et al.,
'58) indicated that an amino acid imbal-
ance decreases the percentage retention of
the absorbed nitrogen. Recently, Harper
(’59) showed that addition of gelatin, a
protein deficient in tryptophan, to casein
supplemented with methionine caused an
amino acid imbalance which can be cor-
rected by tryptophan supplementation.
The experiments to be reported apply to
the nitrogen balance methods, to the meas-
urement of the effects of imbalance of
young growing dogs.

MATERIALS AND METHODS

The amino acid imbalance was produced
by adding an imbalanced protein, gelatin,
to a small amount of another protein, ca-
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sein, having only minor amino acid defici-
encies. For the basal diet the deficiencies
were corrected by adding the deficient
amino acids, tryptophan and methionine.
For the experiments, three young, growing
female Doberman dogs with initial weights
of 4.21, 4.79 and 4.19 kg were used. The
animals were freed of parasites and placed
in individual metabolism cages. After a
7-day adjustment period, they were fed the
experimental diets. The basal diet con-
tained: (in per cent) casein (vitamin-free),
8 ; gelatin, 15; DL-methionine, 0.3; d1-
tryptophan, o .2 ; hydrogenated vegetable
fat, 10; mineral mixture (Hegsted et al.,
'41), 2; cod fiver oil, 1; powdered cellu-
loses 2.7; dextrose, 23; sugar, 15, and
dextrin, 22.8. The diet was supplemented
with 4 ml of a complete vitamin mixture
(Manna et al., '53). Imbalances were in-
duced by omitting either one of the amino
acids at a time or both from the basal diet.

In the first experiment the animals were
fed the basal diet, before and after the
basal diet without tryptophan, at a level
of 6 gm of protein and 150 Cal. per kg per
day. In the second experiment, the basal
diet was fed before and after feeding the
basal without methionine, at a protein in-
take of 5 gm per kg per day and the caloric
intake was 120. In the third experiment,
the animals were fed approximately 4.9
gm of protein and 119 Cal. per kg per day
in the following diet sequence: the basal,
basal without tryptophan, basal without
tryptophan and methionine, basal without
methionine, and basal. Each was fed for
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three consecutive 4-day balance periods
with two days for adaptation after a diet
change. The diet, moistened with warm
water before feeding, was given twice a
day, at 8 am and 4 pm. Water was avail-
able at all times. The animals were weighed
daily. Feces and urine were collected twice
a day and stored at 4°C until analysis was
performed. Urine was collected with 1 cms
of concentrated acetic acid. Diets, feces,
and urine were analyzed for nitrogen by
the Kjeldahl method.

RESULTS

Experiment 1. Table 1 shows the re-
sults of the first experiment in which tryp-
tophan was omitted from the basal diet.
Average nitrogen retention with the basal
diet was 27.4% of the nitrogen intake.
When tryptophan was omitted, nitrogen
retention decreased to an average of
18.8% , with the second 4-day period show-
ing the highest nitrogen retention and the
third giving the lowest. A significant in-
crease to 35.1% in nitrogen retention of
the intake occurred when the dogs were
fed the basal diet again. All nitrogen bal-
ances with this treatment were higher than
those observed with the same diet before
the imbalance was introduced by omitting
tryptophan from the diet.
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Experiment 2. Table 2 presents the re-
sults of nitrogen balance experiments in
which methionine was omitted from the
basal diet. Nitrogen retention with the
basal diet averaged 38.9% of the nitrogen
intake. When methionine was omitted
from the basal diet, nitrogen balance de-
creased to an average of 17.6%. The first
period gave the lowest nitrogen retention,
and the second the highest. Correction of
the imbalance by adding methionine re-
sulted in an increase in nitrogen retention
averaging 35.9% of the nitrogen intake.
Little variation in nitrogen balance was
observed in all three periods.

Experiment 3. As shown in table 3,
the basal diet resulted in an average nitro-
gen retention of 32.8% of the nitrogen in-
take. The omission of tryptophan resulted
in a decrease in nitrogen balance to 18.5%
a response equal to that observed in ex-
periment 1. The omission of both amino
acids together increased nitrogen balance
to an average retention of 24.7% with rela-
tively little variation among the three 4-day
periods. The feeding of the basal diet
without methionine decreased nitrogen re-
tention progressively from the first to the
third period with a resulting average value
of 15.8%. The terminal feeding of the
basal diet resulted in a significant increase

TABLE 1

Effect on nitrogen balancel on the omission of tryptophan from the basal diet

Nitrogen

Period Gain
no.2 Intake Fecal Urine Retention inwt
mg/kg/day % of intake gm
Basal diet
i 1,075 35 805 21.9 64
2 1,049 22 711 30.1 154
3 1,011 49 656 30.3 139
Avg 1,045 35 724 27.4 119
Basal diet minus tryptophan
1 996 48 765 18.4 18
2 1,013 27 767 21.6 145
3 987 71 758 16.0 91
Avg 999 48 763 18.8 85
Basal diet
1 994 48 619 329 168
2 1,022 36 639 34.0 271
3 979 33 569 38.5 163
Avg 999 39 609 35.1 201

1Each value represents the average of three dogs.
2Periods were of four days’ duration each.
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TABLE 2
Effect on nitrogen balancelof the omission of methionine from a
casein-gelatin-tryptophan diet

Period Nitrogen Gain
no.2 Intake Fecal Urine Retention inwt
mg/kg/day % of intake gm
Basal diet
i 817 16 452 42.7 184
2 812 52 405 43.7 124
3 808 29 534 30.3 206
Avg 812 32 464 38.9 171
Basal diet minus methionine
1 857 41 743 8.5 135
2 867 36 610 255 134
3 874 29 683 18.5 129
Avg 866 35 679 17.6 133
Basal diet
1 806 39 477 36.0 224
2 804 40 474 36.1 243
3 786 26 480 35.6 299
Avg 799 35 477 35.9 255

1Each value represents the average of three dogs.
2Periods were of four days’ duration each.

TABLE 3
Effect of the omission of tryptophan and methionine, alone and in combination,
to a casein-gelatin diet, on nitrogen balancel

Period Nitrogen Gain
no.2 Intake Fecal Urine Retention inwt
mg/hg/day % of intake gm
Basal diet

i 752 46 476 30.6 278

2 755 17 496 32.1 229

3 791 39 471 35.5 228
Avg 766 34 481 32.8 245

Basal diet minus tryptophan

1 741 37 563 19.0 108

2 744 37 550 21.1 206

3 748 40 592 15.5 129
Avg 744 38 568 18.5 148

Basal diet minus tryptophan minus methionine

1 829 42 543 29.4 220

2 804 44 601 19.8 13

3 810 50 558 24.9 182
Avg 814 46 567 24.7 138

Basal diet minus methionine

1 775 55 559 20.8 123

2 777 39 612 16.2 234

3 786 62 661 8.0 54
Avg 779 45 611 15.8 137

Basal diet

1 775 47 477 324 560

2 766 32 458 36.0 383

3 756 41 454 34.5 328
Avg 765 40 463 34.2 424

1Each value represents the average of three dogs.
i Periods were of four days’ duration each.
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in nitrogen retention similar in all of the
three 4-day periods, with an average of
34.2% of the nitrogen intake.

DISCUSSION

Amino acid imbalances of the type de-
scribed in this paper were produced in the
rat growth experiment of Harper ('59),
who observed that addition of tryptophan
to casein-gelatin-methionine diet corrected
the imbalance as indicated by an increase
in body weight gain. Using a different ex-
perimental animal and a different tech-
nique, the present results corroborate this.

The studies by Kumta et al. ('58) and
Deshpande et al. ('58) with rats showed
that amino acid imbalance decreased not
only the percentage of ingested nitrogen
retained, but also the food intake. The

BASAL
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present results show that amino acid im-
balance decreased nitrogen balance even
though there was no decrease in nitrogen
intake.

The variation among the three 4-day
balance periods with each diet inducing
imbalance of amino acids is also of inter-
est. Figure 1 shows the behavior of the
same dog in each of the experiments car-
ried out. When either methionine or tryp-
tophan was omitted, the response in nitro-
gen balance in all dogs was low in two of
the three periods, usually the first and the
third, and relatively high in one of the
three periods, in most cases the second.
This effect was more marked with the me-
thionine omission than with the omission
of tryptophan since it appears that me-
thionine may be even more limiting than

EXP Nol

BASAL-TRY BASAL
EXP No2

MET

Fig. 1 Nitrogen balance of a dog fed amino acid-imbalanced diets.
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tryptophan under the conditions of the
experiment.

The body weight gain every 4 days ap-
peared to follow, in general, the changes in
nitrogen balance. In this case, the weight
changes, when methionine was omitted,
were less variable and not as low as when
tryptophan was omitted. These observa-
tions were interpreted to mean that the
animal adjusted to the imbalance by tem-
porarily lowering its amino acid meta-
bolic activities, possibly increasing the free
amino acid pool to balance the pattern of
absorbed amino acids by drawing amino
acids from other tissues, which results in
a decreased output of nitrogen. As indi-
cated by Allison (’'55) and Allison and
Fitzpatrick ('60), the overall nitrogen bal-
ance is a measure of the sum of gains and
losses from the various body tissues, not
necessarily indicating the shifts of protein
from one tissue to the other.

The results observed from the omission
of the two amino acids together could be
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explained on the basis of a breakdown of
the excess amino acids to the levels which
will balance the amounts of methionine
and tryptophan available. The omission
of both amino acids, therefore, does not
increase the severity of the amino acid im-
balance beyond that already present as a
result of adding 15% of gelatin to the s %
casein diet. Apparently the first limiting
amino acid has a more severe effect than
the two amino acids.

The above interpretations are more un-
derstandable when the proportions of me-
thionine (M) to tryptophan (T) in the dif-
ferent diets tested are calculated and
plotted as functions of nitrogen balance
as in figure 2. The extremes of the M/T
ratios resulted in a decreased retention of
nitrogen. When the methionine was
omitted from the basal diet, the M/T ratio
is that at the lower left of the figure
(2 0 /1), and that at the lower right (6 .6 /1)
represents the omission of the tryptophan
supplement. The high point in the middle

Fig. 2 Relationship between nitrogen balance and methionine-to-tryptophan ratio in dogs (casein-

gelatin diet).
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corresponds to the M/T ratio (3.4/1) when
both amino acid supplements were present
and the M/T ratio of 3.8/1, representing
the omission of both, appears at mid right.
The effect of the relationship between M/T
appears to hold at different levels of pro-
tein intake. As would be expected, foods
known to contain good quality protein
have an M/T ratio in the range of those
giving better nitrogen retention in the ex-
periments described. The results indicate
that the amino acid imbalances as carried
out in this study result in a decrease in
nitrogen balance and that it varies sig-
nificantly among the three 4-day balance
periods with each diet.

SUMMARY

The effect of amino acid imbalance on
nitrogen retention was studied with young
growing dogs, fed a basal diet containing:
(in per cent) casein, s; gelatin, 15; me-
thionine, 0.3; and tryptophan, 0.2. Each
diet was fed for three consecutive 4-day
balance periods. Omitting one amino acid
at a time resulted in a decrease in nitrogen
balance with the most marked effect with
methionine omission. The variation among
the three 4-day periods was considerable
when either methionine or tryptophan
were omitted from the basal diet — usually
because the middle periods gave relatively
high nitrogen balance figures. The omis-
sion of both amino acids at the same time
caused decrease in nitrogen retention over
the value obtained with the basal diet.
The decrease was, however, less than when
only one amino acid was omitted. It was
found that the methionine-to-tryptophan
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ratio of 2 .0/1, resulting when the methio-
nine supplement was omitted, and the me-
thionine-to-tryptophan ratio of s .6 /1 when
tryptophan was omitted, gave the lowest
nitrogen retention figures. Calculation of
the methionine-to-tryptophan ratio of var-
ious high quality protein foods showed that
they contain approximately a 3.4/1 ratio.
When the methionine-to-tryptophan ratio
was 3.4/1 as in the basal diet or 3.8/1
when both amino acids were omitted, the
average nitrogen retention values were
higher.
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Exposure of the human population to
radiation from nuclear debris occurs pre-
dominantly from ingestion of radionuclides
in food and water. Various types of in-
formation on levels of radioactivity may
be required for different purposes, as for
example: (a) determination of whether
a given level in the diet is reached; (b)
estimation of mean and maximal dietary
levels as may be related to geographical
considerations or dietary habits of special
groups; (c¢) monitoring of changes in die-
tary levels; (d) identification for predictive
capability of food components that are
major contributors, and of the processes
involved in transfer through the food
chain; (e) development of countermeas-
ures or remedial action; (f) provision of
basis for policy decisions and recom-
mendations by authorities; and (g) pro-
vision of information to the public. Most
of the efforts have utilized analyses for
specific radionuclides in human tissues
(Kulp and Schulert, '61) and in various
components of diet (Consumers Reports,
'60, '61; HASL 111, 113, 115, 117, '61).
A considerable problem is the difficulty of
representative sampling without the un-
dertaking of excessively extensive and
costly survey programs (FAO, '61).

The rigor of sampling and assay re-
quired for assessment of potential hazard
is related to the degree of contamination
in terms of levels that are considered of
significance. For example, if the levels in
food were known to produce a radiation
exposure of only a fraction of background
exposure, then it would be wasteful of
scientific effort and expenditure to at-
tempt complete country-wide sampling
and to require assays precise within a few
per cent. It is necessary, then, to ascertain
general levels in foodstuffs and the degree
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of variability among samples, so that ade-
quate surveillance can be undertaken effi-
ciently in accord with realistic needs.

The overall intake of radionuclides over
specified time periods can perhaps be esti-
mated with the fewest number of analyses
by the use of pooled total diet samples.
Although this method is efficient in terms
of numbers of samples required, it gives
little or no information on the mecha-
nisms of pathway through the food chain.

In the present investigation, total diet
samples were collected in January and
again in May and June, 1961, from 10 to
25 major cities and analyzed for the more
important radionuclides as well as for
stable Ca and K. Every effort was made
to have the samples represent total food
and water consumption. In addition to
providing an estimate of dietary levels of
radioactivity, it was hoped that some
measure of the sampling and assay un-
certainties would be obtained from com-
parisons of duplicate samples from some
of the cities, inter-city comparisons, and
degree of agreement with results of other
programs. Diet types were chosen so that
any large differences as a result of dietary
habits at different ages should have been
observable.

METHODS

General sampling plan. As indicated
in table 1, three primary studies were
made in January, 1961: (a) determina-
tions of stable Ca, Sro and Raxs in total
diet samples from 25 cities; (b) estima-
tion in samples from 12 cities of Ca and
Sro in milk and whole wheat constituents
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TABLE 1
Sampling plan

Nuclides
determined

A  January 19611
Ca, SrQ Razb

Ca, Srdin milk and
wheat components

K, K4 Cs137, CelH,
Pb21I0 Pu2® Zn6&

B May-June, 1961
Ca, Sra0, Razg K, K4
Csl3, Cel4d Zn&

No. of .
cities Diet-type
sampled
25 middle income teenage
3 low income teenage
3 middle income adult
3 infant (1 year)
12 middle income teenage
9 middle income teenage
3 low income teenage
10 middle income teenage
10 low income teenage
10 middle income adult
10 infant (1 year)

1For comparative purposes, all January, 1961, studies included samples from New York, Chicago

and San Francisco.

of the diet to provide direct comparisons of
their relative contribution to the total diet;
and (c) determination of stable K, K« by
calculation, Cs1¥, Ce4 Pb2) Pu2xe and Zne
in total diet samples from 9 cities. Most
of the studies were made on diets (for
males) classified as “middle income teen-
age,” although a few comparative studies
were made on diets classified as “low in-
come teenage,” “middle income adult,”
and “infant,” (9 to 15 months).

In the May-June, 1961, series, studies
were done in 10 cities from each of which
samples of the 4 types of diets were anal-
yzed for all the nuclides mentioned above,
except Puzs and Pb20

Collection and preparation of samples

In each city a university or college
home economist was given the responsi-
bility for planning a typical menu, pur-
chasing and cooking the food. The menus
were chosen to represent a well-balanced
diet, in the discretion of the home econo-
mist, and to include all items in amounts
that typically might be consumed by nor-
mal males. The food was purchased in
local markets using fresh produce when
available, and frozen or canned products
as the next choice. The food was pre-
pared, cooked and seasoned as would be
done in the home, using local water sup-
plies. All inedible parts such as bones,
excess fat, fruit pits and cores were re-

moved, so that the sample represented, as
nearly as possible, food as it would have
been eaten. Three meals, plus snacks and
drinking water, were prepared each day
for a two-week period in January and a
one-week period in May-June, and the
edible portions collected in a large drum
containing formaldehyde for preservation.
At the end of the sampling period the
drums were shipped to the laboratory for
analysis.

Where milk and whole wheat products
were analyzed separately, samples of
these items were collected from the same
batches of food that were used to prepare
the total diet samples.

Analytical procedures

Analyses were carried out in two com-
mercial laboratories: by standard radio-
chemical procedures (HASL, '57). The
entire sample was homogenized and the
aliguots were weighed, dried and ashed.
The ash was dissolved in 3:1 HC1 HNOs
mixture and the solution was made up to
a known volume.

Strontium-90. Calcium and strontium
were repeatedly precipitated as oxalates
and calcined until free from phosphates;
two yttrium hydroxide scavenges were
performed, the solution allowed to equili-

2Analyses were performed by Isotopes, Inc., West-
wood, New Jersey, and Controls for Radiation, Cam-
bridge, Massachusetts.
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brate for two weeks, and the Y« daughter
of Sro was then separated as the hydroxide,
converted to the oxalate and counted.

Cerium-144. An aliquot of solution was
oxidized with sodium bromate, and ex-
tracted into methyl isobutyl ketone. The
C1 was then back-extracted with hydro-
gen peroxide. Ccrous oxalate was pre-
cipitated, and the 2.98 Mev beta particles
of the Prus were counted.

Radium-226. An aliquot of solution
was set aside for 4 weeks to permit full
growth of RnZ2 which was then meas-
ured by the radon emanation technique.
The same solution was then used for Pu
and Zn analyses; the Pu was precipitated
as Bi(Pu)PO04 with the filtrate containing
the Zn fraction.

Zinc-65. ZnHQ(SCN)s4 was precipi-
tated twice from HNOs solution. Two Bi2Ss
scavengings were performed before pre-
cipitating ZnS from a NfTAC solution.
The ZnS precipitate was dissolved in HC1
and two Fe(OH)3Ba CO0s3: scavengings
were performed before the final double
precipitation of ZnHg(SCN)4 which was
filtered, weighed and counted.

Plutonium. Plutonium was reduced to
plutonium (I11) and carried on bismuth
phosphate at a pH of 1.5, dissolved, and
the Pu precipitated with lanthanum fluo-
ride. The Pu was further purified by ab-
sorbing the plutonium nitrate in nitric
acid on Dowex-1 anion resin and subse-
quently eluting it with 1 N nitric acid and
hydroxylamine hydrochloride. The Pu was
finally electroplated on a 4-mm diameter
area of a stainless steel disk. The disk

was autoradiographed and the alpha
tracks counted under a microscope.
Cesium-137 and lead-210. An aliquot

of original sample was heated slowly until
a fairly dry mass was obtained, digested
in fuming nitric acid until all organic
material was consumed, then digested in
concentrated perchloric acid, cooled and
brought up to volume with dilute HC1. It
was then neutralized with sodium hydrox-
ide and filtered. The filtrate contained
the Cs, and the Pb was contained in the
precipitate.

The Cs was then precipitated as the
cobaltinitrite, subsequently separated as
the silicotungstate, extracted with sodium
tetraphenyl boron in amyl acetate then
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precipitated as the chloroplatinate. The
sample was weighed, mounted and counted
for beta particles.

The precipitate containing the lead was
dissolved in HC1. The lead was concen-
trated as the sulfide, converted to the
iodide, and finally precipitated as lead
sulfate, which was then dissolved in am-
monium acetate. The Bizo was permitted
to equilibrate with the Pb2Q the Bi was
precipitated as the carbonate, mounted and
counted for beta particles.

In all of the above cases spikes and
carriers were added at the appropriate
stages and later the rates of radiochemi-
cal decay were observed to check the iden-
tity of the material being counted.

Potassium-40. Potassium-40 was de-
termined by measuring the amount of
stable K present by flame photometry, and
calculating the K* by using the radiation
emission rates of 28.0 beta particles per
second per gram of normal K and 3.45
gamma rays per second per gram of nor-
mal K.

Calcium. An aliquot of the solution
was buffered with acetic acid and calcium
oxalate precipitated. The precipitate was
redissolved in HC1 and the Ca complexed
with an excess of ethylenediamine tetra-
acetic acid. The Ca was determined by
back-titration, using calcein as indicator
(Yalman et al., '59).

Reproducibility of results

Coded split samples were used for in-
tercomparison between the two Ilabora-
tories, and for estimates of reproducibility
in each laboratory.

To provide some idea of uncertainties
in sampling, 9 pairs of independently pre-
pared duplicate samples were obtained
from 6 cities. Each sample of each pair
was planned, collected and prepared inde-
pendently by a different home economist.

EXPERIMENTAL RESULTS

Table 2 presents data on analytical and
sampling variability. The average differ-
ences between the same sample analyzed
in the same laboratory ranged from s to
10% for Srd) Csiv and K4) whereas the
differences between laboratories ranged
from 24 to 33%. However, the difference
values for Raxs were all about 50% . It is
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TABLE 2
Differences in duplicate samples from the same city and in duplicate analyses

Avg difference

ilfic %

1 Sr9%%kg (a) in duplicate samples from same city 9 0.4 12
(b) in same sample by 2 different laboratories 4 0.9 30

(c) in same sample by same laboratory 7 0.2 6

2 Ca/kg in duplicate samples from same city 8 0.03(gm) 6
3 RaZ¥/’kg (a) in duplicate samples from same city 9 0.3 57
(b) in same sample by 2 different laboratories 4 0.2 50

(c) in same sample by same laboratory 4 0.3 50

4 Cs'Wkg (a) insame sample by 2 different laboratories 4 4 33
(b) in same sample by same laboratory 4 2 10

5 K4¥kg (a) in same sample by 2 different laboratories 4 240 24
(b) in same sample by same laboratory 4 70 7

particularly noted that sampling variabil-
ity for Sro and Raxs did not greatly exceed
variability arising from analytical tech-
niques.

Table 3 presents the data on Ca, Srwo
and Raxzs in samples of middle income
teenage diets taken in January, 1961,
from 25 cities, grouped by geographical
region. There was general agreement in
the estimated dietary consumption, Ca
content and Ca intake. The average Ca
intakes of 1.8 to 1.9 gm/day indicate
choice of diets certainly optimum, if not
above, for this element. It is not possible
to generalize with respect to Sro levels be-
tween geographical regions or cities be-
cause of the many meteorological and
agricultural factors that come into play.
The values from the Western part of the
country, with the exception of Seattle, ap-
peared to be consistently lower than those
from other regions. The highest value of
Sr&¥gm of Ca observed was 1.8 times the
country-wide mean, whereas the lowest
was 0.4 of the mean value. Levels of Raxs
intake had a maximum-to-mean ratio of
2.8 and a minimum-to-mean ratio of 0.4
with 4 samples having counts less than
the counting error.

Table 4 presents comparable data for
samples collected in May-June, 1961,
which show the same general pattern evi-
dent in table 3.

Table 5 presents a comparison of Srwo
levels in the total diet, milk components
and whole wheat components from sam-

ples collected in January, 1961. Values
for Sro are given in terms of micromicro-
curies per gram of Ca for comparative
purposes; however, values on a unit vol-
ume or weight basis can be calculated
from the data presented. As expected
from knowledge of the relative movement
of Ca and Sr through the food chain
(Comar et al., '57), the values of Srx per
unit of Ca were generally higher for the
total diet than for milk, with an overall
ratio for diet-to-milk of 1.6 + 0.7. In one
city, San Francisco, the value deviated
more than expected.

Values of Srx per unit of Ca for the
whole wheat components were all higher
than corresponding values for the total diet
with an overall ratio of diet to whole
wheat of 0.5+ 0.2. If one assumes a
value for the proportion of dietary Ca
originating from dairy products, then it
is possible to calculate the upc of Srd4¥gm
of Ca of the non-milk portion of the diet,
and also the percentage contribution of
milk products to the dietary Sr@ This
was done on the assumption that dairy
products contributed 75% of the dietary
Ca (National Food Situation, '61). From
table 5, it can be calculated that the over-
all ratio of diet to non-milk components
was 0.7 £+ 0.4. From the last column, it
can be seen that on the average the milk
products contributed about 54% of the
dietary Srd) while furnishing 75% of the
Ca in the diet. Whole wheat products



TABLE 3
Calcium, strontium-90 and radium-226 in middle income teenage diets collected January, 1961
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1Data in parentheses were not used in computations since count was not larger than counting error.
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RADIOACTIVITY IN TOTAL DIET

contributed only about 3% of the Srx and
1.3% of the Ca.

Table & presents a comparison of Ca,
Sro and Razs in various types of diets
collected in January and May-June of
1961. The values for January represent
three cities: New York, Chicago and San
Francisco. Those for May-June represent
averages of two or three cities in each re-
gion as indicated in the table.

The daily Ca intakes averaged 1.1 gm
for the infant diets, 1.7 gm for the teen-
age diets, and o.s gm for the adult diets.
No significant differences in average Ca
intake were noted between the low in-
come and middle income teenage diets.

With respect to values of Sro per unit
of Ca, it would be expected theoretically
that the higher proportion of dietary Ca
contributed by milk, the lower would be
the Srd¥Ca ratio. Simple inspection of the
data in table s indicates that with one
exception the adult values were highest
and that generally the infant values were
the lowest. Statistically significant differ-
ences were found between adult diets and
the other diet types. No such significance
was observed between low and middle in-
come teenage diets or between infant and
teenage diets.

Since both the infant and teenage diets
contained a similarly high proportion of
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milk, there were thus only minor differ-
ences between their Sr3¥Ca values, where-
as the values for the adult diets averaged
20 to 70% higher than the others.

Values for Razs in the May-June series
are more meaningful than those of the
January series, because of the larger num-
bers of samples. The levels of RaZ¥unit
of Ca were about twice as high for the
adult diets than for the others. In terms
of daily intake, however, the teenage and
adult diets gave values which were about
twice those of infant diets.

Table 7 presents data by geographical
regions for the estimated daily intake of
various nuclides from low and middle in-
come teenage diets. Among individual
cities the K and K« daily intakes ranged
from 3.1 to 9.1 gm and from 2,600 to
7,800 auc, respectively; the May-June
values were generally higher, due in major
part to the larger diet weights. The daily
Csi7 intakes ranged from 16 to 112 uuc
with no definite geographical or time de-
pendency. The Ceus intake averaged about
4 anc/day with apparently aberrant values
in two instances. The Pu2s intakes ranged
from 0.03 to 0.19 aac/day. The levels of
Pb2o and Zne were so close to the limits
of detectability that no generalizations
and little meaning can be attached to the
values for these randionuclides.

TABLE 7

Estimated daily intake of various nuclides from

No. of No. of

cities samples Diet wt K
kg day gm

Northeast

January i 2 3.1 3.7

May-June 2 4 4.4 6.5
North Central

January 3 4 3.6 4.2

May-June 2 4 3.5 54
South

January 2 2 3.2 3.3

May-June 3 6 3.2 4.7
West

January 3 4 3.6 4.4

May-June 3 6 3.1 4.4
Average 3.5 4.6

1Represents 1 sample.

2No determinations made. .

3Count was not larger than counting error.
4Represents 2 samples.

low and middle income teenage diets collected in
January and May-June,

1961
Intake per day

K40 Cs«7 Cek Pb210 p u 239 Zné&

BRC RRC BRC BRC iLfic flIRC
3,000 32 0.8 2,01 004 6.51
5,600 61 36 _2 -2 (1.9)®
3,400 48 4.4 4.0 0.12 (7.0)3
4,700 34 15 -2 2 (1.8)3
2,800 76 48 3.81 0.07 8.01
4,000 34 2.2 _2 _2 (1.8)3
3,700 48 144 334 009 5.41
3,700 31 1.7 _2 2 (1.8)3

3,900 46 4.2
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The degree of uniformity of contamina-
tion can be judged by the observation that
for Csizv and Puzo the ratios of maximum-
to-mean values were about 2 and for Cew
about 4.

Table & presents comparative values
for nuclides of K, Cs, and Ce in various
types of diets. No large differences were
noted other than those resulting from
variations in the level of dietary intake.

DISCUSSION

The nuclides were chosen for analysis
on the basis of expected importance in
contributing to the human radiation ex-
posure. The reasons for interest in Srw are
well recognized and stable Ca values are,
of course, necessary for evaluation of the
Sro body burden to be attained from
given dietary levels of Sro (Comar et al.,
'57). Estimation of stable K permits cal-
culation of radiopotassium intake which
is of interest in assessment of the natural
radiation exposure; it is also of conveni-
ence to express Csu levels in terms of K,

X MICHELSON, J. C. THOMPSON, JR.,

B. W. HESS AND C. L. COMAR

although this does not imply that Cs is
interrelated with K in the same way that
Sr is with Ca. Values for RaZ5 are also of
considerable importance for comparison
of intakes of natural and man-made radio-
activity. Besides Sro and Cswz the other
radionuclides were anticipated to be minor
contributors, but it was felt that analyses
should be made. Since the food samples
of this study were contaminated by events
that occurred over two years previously,
there were no detectable short-lived radio-
nuclides such as lis1 or Ba) The specific
activity of Cu in the human population is
expected to reflect that of the carbon
dioxide of the atmosphere surrounding
crop plants with about a year lag time
(Broecker et al.,, '59; UNSCEAR, '60).
Thus the best estimates of Cu body bur-
dens may be obtained from analyses of
the atmosphere rather than of diets or
dietary components.

It should be emphasized that the sam-
ples did not represent diets and amounts
thereof that were consumed by individuals

TABLE 8
Comparison of daily radionuclide intake in various diets collected May-June, 1961

Intake per day

Wt of diet K 0 cs@ Cet
kg!day gmn liLLe me me
Northeast (Boston and New York)
Infant 1.6 2.8 2,500 41 0.6
Low income teenage 4.9 7.7 6,600 70 4.9
Middle income teenage 4.0 5.3 4,600 52 2.3
Middle income adult 2.4 25 2,200 48 1.2
North Central (Chicago and Sioux Falls)
Infant 2.3 2.7 2,300 26 0.9
Low income teenage 3.5 5.0 4,400 32 15
Middle income teenage 3.6 5.8 4,900 35 1.6
Middle income adult 3.2 4.3 3,600 20 1.3
South (EI Paso, Knoxville, New Orleans)
Infant 1.7 21 1,800 24 1.2
Low income teenage 3.2 4.8 4,100 30 2.0
Middle income teenage 3.2 4.6 3,900 37 2.4
Middle income adult 2.6 3.1 2,700 30 1.6
West (Denver, Los Angeles, Spokane)
Infant 2.0 25 1,700 20 1.2
Low income teenage 3.0 4.5 3,800 34 1.9
Middle income teenage 3.2 4.2 3,600 28 1.4
Middle income adult 35 3.4 2,500 21 1.0
Average by age group
Infant 1.9 2.5 2,000 27 1.0
Low income teenage 3.6 54 4,600 39 2.4
Middle income teenage 3.4 4.9 4,200 37 1.9
Middle income adult 3.0 3.3 2,700 29 1.3
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or groups, but rather diets and amounts
that home economists considered as typi-
cal for their locations. The general agree-
ment on intakes of total diet, Ca and K
among the numerous individuals who pre-
pared the menus indicates a reasonable
degree of representativeness. With respect
to Srd) which is considered the most
important radiocontaminant, perhaps the
best parameter is the Srd¥Ca ratio of the
diet rather than the total Sro intake
(Comar and Wasserman, '60). Thus for
Srd) the relative composition of the diet is
probably more important than the total
food intake. The degree of uniformity of
radiocontamination among samples can
be gauged by the agreement in Srwo values
from pairs of samples from the same city
and in samples from among cities.

The values for micromicrocuries of Sr&Y
gm of Ca are in general agreement with
those obtained by others from analysis
and summation of individual dietary com-
ponents. Values for adult diets during No-
vember, 1960, to February, 1961, from New
York, Chicago and San Francisco were re-
ported as 9.3, 7.9 and 3.6 (HASL 113,
115, '61); these compare with 11.3, 13.2
and 6.3 as reported here for adult diets,
and 6.5, 6.9 and 5.0 for teenage diets. For
the period April-June, 1961, adult diets
were reported as 11.0 and 9.1 for New
York and Chicago (FIASL 115, 117, '61),
as compared with 10.5 and 7.4 observed
in this study.

Attention has always been focussed on
milk because it is convenient for large-
scale sampling programs, serves as a
primary source of Ca in the diet, and
may comprise the greater part of the die-
tary intake for infants and young children.
From knowledge of the comparative utili-
zation of Ca and Sr, it can be postulated
that if the plant foods consumed by man
and the dairy animal contain the same
Sr"/Ca ratio, then milk would have a
Srg9/Ca value of one-tenth that of plant
sources of Ca (Comar et al., '57). Because
of such factors as surface contamination
and contrasting rooting habits of grasses
and vegetables, this theoretical ratio will
not be attained until the fallout Sro be-
comes uniformly distributed in all of the
Ca that is available to plants. The data
of table 5 permit several inferences: (a)
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milk Ca contained about one-half the Sro
contamination of other dietary sources of
Ca; (b) if milk had been completely
eliminated from the diet, the Sr@%/Ca in-
take would have been increased by a fac-
tor of about 1 .8; (c) dairy products con-
tributed 54% of the dietary Sro assuming
that they supplied 75% of the dietary Ca;
(d) the ratio of diet-to-whole milk is suf-
ficiently constant for given periods of time
that whole milk values can be helpful in
estimating total diet values on a nation-
wide basis with uncertainties acceptable
for purposes of hazard evaluations. This
confirms similar observations in 1959
(Michelson, '61).

The milk values in table 5 agree rea-
sonably well with similar values estimated
by others during the first quarter of 1961.
For example, values from other sampling
programs for New York City ranged from
5.3 to 8.3 aac of Sr"/gm of Ca, compared
with 6.4 reported here; for Chicago, 3.4
to 7.0 compared with 4.8; for San Fran-
cisco, 1.7 to 4.0 compared with 1.3 as
indicated in table 5 (HASL 113, 115, '61;
RHD, '61).

For Razs it is not known whether the
most important parameter is the daily in-
take, intake per unit weight of diet, or in-
take per unit of Ca. For present purposes,
comparisons are made in terms of daily
intake. Early data on the levels of Raxs in
food and water have been reviewed by
Stehney ('60). Limited analyses of foods in
the United States indicated a daily intake
of the order of : aac, most of which came
from food rather than water with some
prominent exceptions. Drinking water for
most large cities has been shown to con-
tain of the order of 0.1 auc of RaZ¥/liter
(Hursh, '54). A daily intake of 3 aac of
Raxzs has been estimated for a “standard
man” from analyses of foods in Germany
(Muth et al., '60). From analyses of ex-
cretion rates, Stehney and Lucas ('56)
have estimated an intake of about 1.6 aac/
day for 7 individuals in Chicago. Values
from summation of individual compo-
nents in adult diets in New York, Chicago
and San Francisco have been reported as
2.4, 19 and 1.7 aac/day, respectively, and
for infant diets in New York City as 0.6
(HASL 113, '61). Teenage total diet sam-
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pies from 5 U.S. cities had an average in-
take of 3 uuc/day (Michelson, '61). Thus
there is general agreement with the values
found in this study: namely, an average
intake of about 2 uuc of RaZday from
teenage and adult diets, and about : uuc/
day from infant diets as reported in table
6.

For comparison, the relative daily in-
takes of the various radionuclides were
as follows: (rounded averages expressed
in micromicrocuries in decreasing order)
K4 4,000; Cs1¥ 50; Srd) 10; CeM 4; Pb2Q
4; RazZf 2; PuZ® 0.1. Many other factors,
of course, would have to be taken into ac-
count in an assessment of relative radia-
tion dosage and potential harm from these
radionuclides.

SUMMARY

1 Total diet samples collected in 1961
from 10 to 25 major cities were analyzed
for radionuclides arising from nuclear
debris (Sr9) Cs1¥, Cel4 PuZ® Znd&, for
natural radioactivity (RaZg Pb2Q K£), and
for the stable nuclides of Ca and K. The
variability arising from collection of sam-
ples was not greater than that due to
analytical procedures.

2. Levels of Srw in the total diet ranged
from 2 to 15 uuc/gm of Ca. Values in
the West, with the exception of the Far
Northwest, tended to be lower, but no
marked differences were observed among
other geographical regions. The Sr"/gm
Ca values for adult diets, presumably be-
cause of their lower milk content, were
higher than for infant and teenage diets.

3. The values of Sr@¥ gm of Ca for the
total diet were about 1.6 times those for
the milk contained in the diet. It was
calculated that 54% of the total Srw intake
came from dairy products, on the assump-
tion that 75% of the Ca originated from
this source.

4. The daily intake of Raxzs was esti-
mated to be about 2 uuc in teenage and
adult diets, and about 1 uucin infant diets.

5. Average daily intakes of the various
radionuclides expressed in micromicro-
curies, were as follows: K4) 4,000; Csi1¥,
50; Sr9) 10; CeM4 4; Pb2Q 4; RaZh 2; PuZ®
0.1
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Effect of Diet Upon the in vitro Metabolism of Rat

Epididymal Adipose Tissuel

JOHN Di GIORGIO,2ROSEMARY A. BONANNO and D. MARK HEGSTED
Department of Nutrition, Harvard School of Public Health,

Boston, Massachusetts

It has long been known that the com-
position of adipose tissue is influenced to
a greater or lesser degree by the fatty acid
composition of the dietary fat. Under some
conditions there may be a remarkable
similarity between the two (Hegsted et al.,
'60). On the other hand, the composition
of adipose tissue does not duplicate that
of the dietary fat. This selectivity could
be explained in several ways. First, some
of the dietary fatty acids may be more
readily metabolized before reaching the
adipose tissue (Kirschner and Harris, '61;
Bloom et al., '51); also, certain fatty acids
may be either less readily incorporated into
adipose tissue or more readily mobilized;3
and finally, dietary fatty acids may be
diluted by those acids synthesized de novo
in the body. One could also assume that
the more fat there is in the diet, the less
is the need for lipogenesis (Hill et ah, '60).

It is also recognized that fatty acids of
adipose tissue are released and transported
to other tissues to be utilized for energy
purposes. Evidence in support of this
knowledge was reported by Gordon and

by a number of hormones (Schotz et al.,
'59, Leboeuf et al., '59; Engel and White,
'60).

This report is a study to determine
whether diet composition has pronounced
effects upon in vitro lipogenesis and re-
lease of fatty acids from epididymal adi-
pose tissue. Answers to several questions
were sought: (a) is there a quantitative
difference in lipogenic acivity and in the
fatty acids released in vitro from fat pads
of rats previously fed various kinds and
amounts of dietary fats; (b) what acids
are released in vitro when adipose tissue
is under the influence of epinephrine; and
(c) do dietary fats quantitatively affect the
level of adipose tissue lipase?

EXPERIMENTAL

The design of the first experiment, data
of table 1, consisted of 6 groups of male

Received for publication June 13, 1962.
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TABLE 1

Effect of diet on lipogenesis in rat epididymal adipose as measured by the manometric
determination of carbon dioxide output

Type of diet fed

Brief description Carbon dioxide

filiters/100 mg

tissue /hour
Purified glucose+ 5% coconut oil 71:(56-81)2
Purified starch+ 5% coconut oil 62 (41-85)
Purified glucose+ 25% coconut oil 14 ( 9-17)
Purified starch+ 25% coconut oil 17 (10-24)
Natural ration cereals + about 1% fat 40 (30-70)
Commercial laboratory chow3 about 6% fat 37 (21-56)

1Mean value of at least eight determinations.
2Range of values.

3Purina Laboratory Chow, Ralston Purina Company, St. Louis.
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rats, 5 rats/group, and each rat weighing
60 to 70 gm. All rats were obtained from
the Charles River Breeding Laboratory,
Boston. The purified diets containing the
smaller amount of fat consisted of: (in
per cent) glucose or starch, 67; casein,
20; cystine, 0.1; salt mixture (Hegsted et
al., '41), 4; and fat, 5 Fat-soluble vita-
mins were provided by a mixture of vita-
min A acetate, vitamin D and a-tocopherol;
water-soluble vitamins were provided as
previously described (Nakamura et al., '60).
In the diets containing larger amounts
of fat, isocaloric substitution of fat for
carbohydrate was made on the basis of
3.4 Cal./gm of carbohydrate and 9.0
Cal./gm of fat. The natural ration con-
sisted of: (in per cent) linseed oil meal,
15; yellow corn meal, 21; ground malted
barley, 10; red dog wheat, 22; oat flour,
15; dried skim milk, 12; soluble blood
flour, 3; salt, 1; steamed bone meal, 1;
and vitamin A, 100 units/100 gm. An
additional group received commercial labo-
ratory chow.4 All animals were fed diets
ad libitum for 21 days.

After the animals were fed the diet for
21 days, two rats from each group were
decapitated on the first day, two more
from each group on the second day, and
the fifth rat on the third day. Duplicate
pieces of tissue from the tip of an epididy-
mal fat pad were excised, weighed (ap-
proximately 244 mg), and each piece
placed in one of two Warburg flasks con-
taining 3.1 ml of Krebs-Ringer bicarbonate
buffer, pH 7.4 (Umbreit et al.,, '51) and
0.02 m glucose. Six-tenths unit of insulin
was contained in the flask side arm. Flask
and contents were kept at room tempera-
ture prior to commencement of the experi-
ment, then placed in the 37° water bath,
gassed with a 5% carbon dioxide-95%
air mixture for 10 minutes while shaking,
temperature equilibrated for an additional
5 minutes, and the stopcocks closed. Fol-
lowing a 20-minute control period, the
insulin was tipped into the main compart-
ment of the flask and gas pressure changes
noted at 15-minute intervals for one hour.
The results are expressed as microliters of
carbon dioxide evolved per 100 mg of fresh
tissue per hour (Ball et al., '59).

The second experiment, data of table 2,
consisted of young male rats weighing

385

40 to 50 gm which were divided into 18
groups of 4 animals each. The composi-
tion of the purified diets was the same as
stated for experiment 1 and the animals
were allowed these diets ad libitum for
64 days.

At the time of sacrifice it was possible
to manage only 9 animals per day. On the
first day one animal from each of the first
9 groups was killed and an animal from
each of the remaining groups on the sec-
ond day. On the third day the procedure
was reversed, starting with an animal
from group 18 and so forth. While this
was not random, it avoided a consistent
pattern in Kkilling animals which might
have influenced the results. Rats were
decapitated and tips of each epididymal
pad were removed, weighed (approxi-
mately 200 mg) and placed in duplicate
Warburg flasks. The manometric proce-
dure followed was the same as described
for experiment 1. Another piece of epi-
didymal adipose tissue was excised (ap-
proximately 500 mg) and placed in a
previously prepared beaker containing 9
ml of Krebs-Ringer bicarbonate buffer
containing 3% albumin.5 Approximately
30 minutes were required to kill 9 animals
and both flasks and beakers remained at
room temperature during this time. Beak-
ers were placed in the 37°C water bath of
the Dubnoff Metabolic Shaker, and gassed
with 5% carbon dioxide — 95% air for 5
minutes while shaking at 60 to 70 cycles/
minute. Then 3 ml each of 0.5% glucose
and 0.91 mmoles of epinephrine bitartrate
in buffer-albumin solution were added to
each beaker. Aliquots were taken at zero
time (immediately following the addition
of glucose and epinephrine) and follow-
ing the 4-hour incubation period in order
to determine the total fatty acids released.
Total fatty acids released were determined
by the method of Dole and Meinertz ('60).

The epididymal adipose tissue was re-
moved from the beaker with forceps and
rinsed with distilled water at the end of
the experiment. Washings were combined
with the incubation medium and sufficient
3.5 n sodium hydroxide added to raise the
pH to 8.6 to 9.6. The alkaline mixture was

4 Purina Laboratory Chow, Ralston Purina Com-
e A Lglljti)s. in Fraction V, Nutritional Biochem-

S bovine umin raction , utritionas lochem
icals Corporation, Cleveland.
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TABLE 2

Effect of kind and amount of dietary fat on lipogenesis and fatty acid release from
rat epididymal adipose tissue

Fat fed Level Carbon dioxide I;(e:\itéz |9ef| ef,\ggeyl
o toral cal.  PREIS/100 Mg 2
Safflower 12 9.82 1.083
24 9.7 1.14
48 3.0 1.92
Corn 12 35.0 1.51
24 8.5 1.94
48 4.5 1.32
Olive 12 22.3 1.72
24 6.5 1.28
48 1.7 0.81
Hydrogenated cottonseed 12 16.4 1.71
24 11.9 1.38
48 4.3 1.36
Butter 12 15.5 1.43
24 11.1 1.54
48 7.9 1.08
Coconut 12 30.0 1.76
24 35.1 1.49
48 5.6 1.59

1Milliequivalents of fatty acid released/100 mg tissue/4 hours.
2 Value reported is the mean of at least 8 determinations.

3Mean value for 4 rats.

extracted with petroleum ether (30 to 60°
boiling fraction), the ether discarded, and
the extracted solution acidified to pH 2.5
with 5 n sulfuric acid. Free fatty acids
were extracted from the acidified solution
with petroleum ether. The petroleum ether
extract containing the free fatty acids was
washed with distilled water and dried over
anhydrous sodium sulfate. The ether-sul-
fate mixture was filtered prior to trans-
methylating the fatty acids by the method
of Stoffel et al. ('59). Fatty acids were
identified as the methyl esters by gas-liquid
chromatography (table 3). The operating
conditions of the gas chromatograph have
been described (Hegsted et al., '60).

The third experiment (data of table 4)
was to determine whether dietary fat had
an effect on the in vitro lipase activity of
epididymal adipose tissue. Young male
rats weighing about 45 gm were main-
tained in individual cages, fed the com-
mercial laboratory chow for two days, then
divided into 4 groups of 8 animals per
group. One group was fed the commer-
cial laboratory chow, the second a puri-
fied diet containing 5% of coconut oil,
a third group was fed the same purified

diet but with 20% of coconut oil, and the
last group fed a purified diet containing
5% of safflower oil. The compositions of
the purified diets were nearly isocaloric
and the same as stated for experiment 1
All diets were allowed during the 4-week
experimental period.

The experiment was started one week
after feeding diets to all groups of rats.
One rat per group was anesthetized with
pentobarbital sodium6 (6 mg/100 gm body
weight) for 30 minutes prior to removal
of both epididymal fat pads. A second rat
from each group was Killed two days later
for a total of two rats per group per week.
This procedure was continued for 4 con-
secutive weeks. The fat pads were excised,
weighed and a modified method of Rizack
('61) used to determine the lipolytic activ-
ity. Three volumes of cold 0.25 m sucrose
were added to the minced tissue followed
by homogenization at room temperature
until creamy smooth. The homogenate
was centrifuged at 10,000 X g for 10
minutes at 2°C. Three phases resulted by
centrifugation; the top semisolid fat layer,

6 Nembutal, Abbott Laboratories,

d Inc.,
cago, lllinois.

North Chi-
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TABLE 4

The in vitro lipolytic activity of an extract of epididymal adipose tissue from
rats fed various diets

Diet fed
(A) Commercial laboratory cliow2
(B) Purified diet containing 5% coconut oil
(C) Purified diet containing 20% coconut oil
(D) Purified diet containing 5% safflower oil

i i i P val
Lipolytic activityl beme‘\elg gl?oups
622+2183
462+ 224 A-B P < 0.40
D-B P < 0.50
393+ 179 A-C P < 0.05
B-C P> 0.50
D-C P < 0.05
602+170 A-D P < 0.10

1Milliequivalents of fatty acid released per hour. .
2Purina Laboratory Chow, Ralston Purina Company, St. Louis.
3Mean and standard deviation for 8 determinations.

the clear infranatant, and a pellet on the
bottom of the tube. Two-tenths milliliter
of infranatant was pipetted into test tubes
containing 0.1 ml of a commercial cotton-
seed oil emulsion;70.2 ml of 0.06 m potas-
sium phosphate buffer, pH 6.8; 0.5 ml of
20% albumin dissolved in phosphate buf-
fer; and sufficient distilled water to make
a final volume of 2.0 ml. All tubes were
incubated at 37°C for one hour and the
experiment terminated by addition of the
extraction mixture of Dole and Meinertz
('60) which was used for the microdeter-
mination of fatty acids. Zero time con-
trols for initial fatty acid content con-
sists of unincubated samples of reagents
and infranatant — sucrose-extract of epi-
didymal adipose tissue.

RESULTS

Table 1 reports the effects of several
diets on in vitro lipogenesis in rat epididy-
mal adipose tissue as measured by the
manometric technique. Epididymal adi-
pose tissues from rats fed the same diet
often show considerable differences in ac-
tivity (range of values shown in paren-
theses). The results demonstrate that high-
fat diets depress fat synthesis in vitro and
it appeared to make no difference whether
the dietary carbohydrate was glucose or
starch. The two crude rations as compared
with the purified diets resulted in consid-
erably less lipogenic activity than would
have been expected if the fat content alone
was the determining factor. Apparently
some factor other than the fat content is
also involved.

In the next experiment, table 2, the
high-fat diets depressed fat synthesis in
vitro regardless of the type of dietary fat.
On the other hand, considerable differ-
ences were noted in results due to the vari-
ous fats. The most active lipogenic tissues
were from animals fed coconut oil. In-
creasing the level of this fat from 12 to
24% of total calories did not depress lipo-
genesis. The least active tissues were from
rats fed safflower oil. It is tempting to try
and relate lipogenic effects to the degree
of unsaturation of dietary fats. Safflower
is the most unsaturated oil and contains
approximately 70% of linoleic acid. Corn
oil is next, followed by olive oil, hydro-
genated cottonseed oil, butter and then
coconut oil which is about 90% saturated.
However, certain discrepancies were evi-
dent. Tissue from the group fed corn oil
was more active than expected at the low
dietary level when compared with olive
oil; tissue from butter-fed animals was
less active than expected.

A sample of each epididymal pad was
obtained for fatty acid analysis by gas
chromatography. Although there were
marked differences in composition,8which
in general were related to the composition
of the fat fed, we were unable to explain
lipogenic differences in terms of the fatty
acid composition of the adipose tissue.

Table 5 presents the analysis of variance
of the data for lipogenesis in table 2. The
most important variable is the level of fat

. 7Lipomul L.V., Upjohn Company, Kalamazoo, Mich-
igan.

8Di Giorgio, J., R. Bonanno and D. M. Hegsted, un-
published data.
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TABLE 5

Analysis of variance of COs evolution data

- Degree of
Source of variation frgedom 12
Kind of fat 5 3977.07
Level of fat 2 6956.37
Interaction 10 4352.15
Within groups 126 9988.69
Within animals 72 721.53
Between animals 54 9267.16

Mean

square F P
795.41 4.63 < 0.01
3478.19 20.24 < 0.001
435.22 2.53 > 0.05 < 0.01
79.28

10.02

171.611

1This value used in the denominator in calculating F values for the major effects since it is the

largest of the error terms.

fed. However, the kind of fat has, like-
wise, a highly significant effect. Somewhat
unexpectedly, the interaction term reached
only a low level of significance. This would
suggest that the effects of the kind and
of the amount of dietary fats are independ-
ent of each other to a considerable extent.

The amounts of fatty acid released from
epididymal adipose tissue when under the
influence of epinephrine in vitro is likewise
shown in table 2. The mean rate of re-
lease under these experimental conditions
was 1.47 + 0.316 uEqg./100 mg of fresh
tissue/4 hours of incubation. Variance
analysis revealed no significant effect of
the different dietary fats. These values
were obtained with animals decapitated
without the prior administration of pento-
barbital sodium.

The above result raised two questions:
was the 4-hour incubation too long, there-
by masking any real differences which
may have been apparent during the early
part of the experiment or were there in-
deed no differences in tissue lipolytic
activity? Table 4 summarizes data from
an experiment performed to answer the
latter question. Inspection of the data for
lipolytic activities suggests that although
differences cannot be excluded there is
little evidence of a dietary effect.

The composition of the fatty acids re-
leased in vitro was dependent upon the
composition of the parent fat pad. As
shown in table 3, the percentage of pal-
mitic and linoleic acids in the free fatty
acids released during incubation of tis-
sue under the influence of epinephrine was
essentially proportional to the amount of
fatty acids in the tissue. The proportion
of oleic acid in the free fatty acids was

slightly less than in the tissue, perhaps
significantly so. The regression coefficients
are significantly less than one at the 5%
level but not at the 1% level of signifi-
cance. In contrast, palmitoleic acid was
released in relatively large amounts as
compared with the tissue content. The
regression coefficient indicates that there
was approximately 1.5 times as much in
the free fatty acids as in the tissue. This
is greater than one at a high level of sta-
tistical significance. Thus, it appears that
the palmitoleic acid or a portion of it is
more labile under these conditions than
the remainder of the fatty acids.

DISCUSSION

The data of tables 1 and 2, wherein
high fat diets cause a depressed fat syn-
thesis in vitro, agree with results of Haus-
berger and Milstein ('55). They reported
that epididymal adipose tissue incubated
with uniformly labeled glucose as sub-
strate showed a complete inability for fatty
acid synthesis when the rats had been
previously fed a 60% fat diet; a 35% fat
diet allowed only slight lipogenesis. How-
ever, utilization of glucose for lipogenesis
increased to a significant level with a 13%
fat diet and was increased to the highest
rate by feeding a practically fat-free diet
(0.8% ). Hill et al. ('58) have demon-
strated that hepatic lipogenesis is de-
pressed by a high fat intake, even when
the diet contained a high percentage of
carbohydrate.

It is clear, however, from the results re-
ported here that lipogenesis in such stud-
ies is not solely dependent upon the
amount of fat in the diet. The kind of die-
tary fat has a significant effect. In gen-
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eral the feeding of the more unsaturated
oils depressed lipogenesis in the fat pad
but the correlation with over-all degree of
unsaturation or the content of specific
fatty acids was poor and does not appear
to offer adequate explanation. Similarly,
unpublished data on the fatty acid com-
position of the adipose tissue does not ap-
pear to explain the differences in activity
observed.

Studies with crude diets indicate that
the lipogenic activity of the epididymal
fat pads from such animals are consider-
ably less active than those obtained from
animals receiving purified diets with com-
parable levels of fat. Substitution of starch
for glucose in the purified diet did not de-
crease the activity. Thus, there appear
to be unknown dietary factors that deter-
mine the lipogenic activity.

A large number of variables may influ-
ence the results obtained in studies of the
kind reported in table 2. Fatty acid re-
lease is enhanced by fasting. Gordon and
Cherkes ('56) reported little release of
fatty acids from tissues of fed rats even
though the medium contained no fatty
acids. The animals used here had food
available up to the time of sacrifice. The
rate of release is dependent upon the time
of incubation. Lynn et al. ('60) and
Hagen (’61) found that accumulation of
fatty acids decreased after one hour. Thus,
longer incubation periods might obscure
differences evident under shorter incuba-
tion times. The possibility of interchange
between fatty acids released and tissue
fatty acids may be increased by long in-
cubation. The animals in the second ex-
periment were decapitated, whereas those
in the third (table 4) received pentobar-
bital sodium 30 minutes before sacrifice.
It has been shown that pentobarbital anes-
thesia with the simultaneous injection of
a ganglionic blocking agent decreases lipo-
lytic activity (Rizack, '61). We have found3
that anesthetizing with pentobarbital so-
dium alone caused a significant decrease
in activity as compared with that obtained
with animals decapitated. Since adipose
tissue can store epinephrine (Paoletti et
al.,, '61) these effects are presumably ex-
plained by the excitation of the animal re-
sulting in either storage of catecholamines
or activation of the lipolytic system. Fi-
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nally, the composition of the substrate
utilized to study lipolysis may be important
since lipases have some degree of spe-
cificity.® In animals fed different fats, the
substrate is presumably changed. It is not
known whether data obtained with un-
natural substrates, such as the cottonseed
oil emulsion used in some of the experi-
ments reported, or the coconut oil emul-
sion used by Rizack ('61), are entirely
relevant. It should also be pointed out
that the data reported in table 4 were ob-
tained from the infranatant fraction al-
though some activity is left in the particu-
late fraction. With these large numbers
of variables, the question of dietary effects
upon lipase activity must remain prob-
lematical although the evidence obtained
here suggests that they are probably mini-
mal.

Regression equations were calculated
relating the percentage of each fatty acid
in the fatty acids released, to the percent-
age of the same fatty acid in the adipose
tissue fatty acids. With two exceptions
the slope of the regression line was not
significantly different from 1.0, indicating
a rate of release proportional to the
amount of fatty acid present in the tissue.
On the other hand, the slope of the re-
gression line for oleic acid was 0.82, sig-
nificantly different from 1.0, indicating
that oleic acid was relatively resistant to
release. Palmitoleic acid was released in
proportions greater than those in the tis-
sue, the slope of the regression line being
1.5. From the values for 4 of the fatty
acids given in table 3, the amounts of
palmitoleic acid tend to be higher in the
tissues of animals that are also higher in
palmitic acid. Since none of the dietary
fats contained appreciable amounts of pal-
mitoleic acid, this fatty acid must be syn-
thesized in the animal and presumably
originates from palmitic acid which is
either synthesized or deposited from the
dietary fat.

Palmitoleic acid may, therefore, occupy
some special position within the triglycer-
ide which makes it more vulnerable to
tissue lipase or hydrolysis. The opposite
appears to be true of oleic acid although

9See footnote 8.

IOWashburn, L., R. Brown and W. S. Lynn 1960

Liberation and stimulation of adipose tissue lipases.
Federation Proc., 19: 224 (abstract).
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the amounts originating from the diet and
from synthesis are unknown. In view of
the large amounts of oleic acid in tissues,
as compared with palmitoleic acid, the
differences in the total amounts of fatty
acids released are greater for oleic acid
than palmitoleic acid although the per-
centage difference is greater for the latter.

SUMMARY

Diet composition has a pronounced ef-
fect upon the lipogenic and lipolytic abili-
ties of epididymal adipose tissue in vitro.
The level of dietary fat is an important
variable in that high fat diets depress in
vitro lipogenesis. On the other hand, this
is not a uniform characteristic of all fats
since their effect is variable, depending
upon the kind of dietary fat. However, the
lipogenic activities of tissues from rats
fed two crude diets were less when com-
pared with tissues from rats fed purified
diets of a similar fat content. Hence, some
factor other than dietary fat is presumably
involved in these instances.

Rats were fed crude and purified diets for
several weeks in order to study their effects
on the in vitro release of fatty acids from
rat epididymal tissue. The purified diets
were isocaloric and differed only in the
kind and amount of dietary fat. It was
found that the total quantities of fatty
acids released during a 4-hour incubation
period of epididymal adipose tissue from
the various groups of rats were not signifi-
cantly different. However, the adipose tis-
sue fatty acids were released in propor-
tions different from those initially present
in the parent tissues. Palmitoleic was re-
leased in relatively greater and oleic acid
in lesser amounts than expected from the
tissue composition.

There was no difference in the extrac-
table lipolytic activity of epididymal adi-
pose tissue from rats fed several dietary
fats.
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Department of Biochemistry, State University of New York, Upstate
Medical Center, Syracuse, New York

Numerous laboratories have demon-
strated that the hot water-insoluble, heat-
coagulated, fraction of hog or beef liver
(liver residue) possesses antithyrotoxic
properties. This antithyrotoxic effect has
usually been demonstrated by feeding
some form of thyroxine (usually desic-
cated thyroid or iodinated casein) to wean-
ling rats and preventing the growth
inhibition that accompanies the thyrotoxi-
cosis by adding liver residue to the other-
wise highly purified diet. The pertinent
literature was cited recently in an excel-
lent series of papers by Overby et al.
('59a,b,c), Overby and Fredrickson ('60a,b,
'61) and Dryden et al. (’60). This anti-
thyrotoxic effect has generally been at-
tributed to the presence of an unidentified
growth factor in the liver residue, as it
was believed that the thyrotoxic state ex-
hausted the limited supplies of this factor
otherwise available to the rat, and thereby
allowed its demonstration by the criterion
of growth. However, this explanation was
recently questioned by Overby and Fred-
rickson ('60b) when they could not dem-
onstrate an exhaustion of this factor from
the liver or muscle of hogs made thyro-
toxic.

In previous studies we (Westerfeld and
Richert, '52) noted incidentally that the
color of the hyperthyroid rat liver was
usually much darker than was true of the
euthyroid rat liver. The high speed super-
nate of a sucrose homogenate of normal
rat liver exhibited a characteristic iron-
porphyrin spectrum similar to hemoglo-
bin. Based upon the optical density of
the 410-mu peak, the liver from the hyper-
thyroid rat contained 50% more iron
porphyrin (not further identified) per
unit weight than was present in the nor-
mal control rat liver. When the thyrotoxic
growth inhibition was effectively reversed
by including a combination of liver resi-
due, cod liver oil and egg yolk in the diet,

J. Nutrition, 78: '62

the gross color of the liver as well as the
optical density at 410 mu returned to nor-
mal. This suggested that the growth re-
sponse obtained from the incorporation of
these substances into the diet was actually
due to a reversal of the hyperthyroid state
itself rather than to a vitamin-like growth
factor.

A differentiation between these two pos-
sibilities was made by determining the
effect of these dietary additions on the
metabolic rate of the thyroid-fed rat. The
addition of a vitamin-like growth factor
to the diet would not be expected to reduce
the metabolic rate even though it might
possibly restore a normal growth rate.
The results showed clearly that the growth
response exhibited by liver residue was
due to a prevention of the hyperthyroid
state, and the liver residue therefore con-
tained an unknown “antithyroid” factor.
The magnitude of the effect of liver residue
on the metabolic rate of the thyroid-fed
rat depended upon the relative amounts
of the two factors added to the diet. With
a relatively large amount of iodinated ca-
sein2(e.g., 0.35% ) and a modest amount
of liver residue (e.g., 10% ) in the diet
the decrease in metabolic rate was not par-
ticularly large. However, the effect was
clearly and dramatically evident when the
diet contained less iodinated casein or
more liver residue, or both.

METHODS3

Weanling male rats of the Holtzman
strain, weighing approximately 50 gm,

Received for publication August s, 1962. i

1 This study was aided by a grant from the National
Institutes of "Arthritis and Metabolic Diseases of the
National Institutes of Health, Public Health Service
(no. PHS-A-586).

2 Protamone. . i

3 Protamone (iodinated casein) was obtained from
the Cerophyl Laboratories, Kansas City, Missouri, and
contained "1% thyroxine equivalent. ” Phillips and
Hart salts, and the casein were obtained from Nu-
tritional _Biochemicals Corporation, Cleveland. _ A
vitamin D3 preparation containing 200,000 USP units/
gm was obtained from Charles Bowman Company,
Holland, Michigan.
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were fed the various diets for 4 weeks.
The basal diet was similar to one used by
Overby et al. ('59a), except for the omis-
sion of inert material, and consisted of the
following: (in per cent) casein, 30; cot-
tonseed oil, 10;4salt mixture (Phillips and
Hart, '35), 4; sucrose, 56; choline chloride,
0.1; and inositol, 0.05. Vitamins were
added as follows: (in mg/kg of diet) ribo-
flavin, 25; thiamine-HCI, 50; niacin, 100;
pyridoxine-HCI, 15; folic acid, 5; Ca panto-
thenate, 200; p-aminobenzoic acid 100;
menadione, 1; mixed tocopherols, 600;
vitamin Biz, 0.1; vitamin A, 40; vitamin D
preparation, 20; and biotin, 0.5.

Extracted liver residue (LR) was usu-
ally substituted for an equivalent amount
of casein to keep the total protein con-
stant at 30%. Unless otherwise noted,
the liver residue used in these experiments
was prepared from beef liver.5 It was ex-
tracted locally in a large scale soxhlet ap-
paratus, first with hot 95% alcohol and
then with hot chloroform, to remove the
lipids.

The metabolic rate (MR) was deter-
mined between 10am and 4pm with an
apparatus similar to the one described by
Robbie ('48); the exponent 0.73 was
used to convert body weight to square
meters of body surface. Five rats from
each diet group were used for this pur-
pose, and the MR was determined three
times on different days for each rat.
Such determinations were not true basal
measurements since the rats were not
fasted, and small movements were pos-

DOISY AND D. A. RICHERT

ences in metabolic rates between rats fed
the basal diet +0.1% of iodinated casein
+ 5 or 10% of liver residue were obtained
when the rats were fasted or fed overnight
and no advantage resulted from the addi-
tional manipulation of fasting. The small
size of the respiration chamber and a 5
minute preliminary acclimation period
minimized the physical activity of the rats
during the measurement, but movement
probably increased the oxygen consump-
tion relatively more with the hyperthyroid
than with the normal rats, and thereby
exaggerated the differences between them.
The values obtained are called metabolic
rates (MR) instead of basal metabolic
rates, and were reproduced satisfactorily
from day to day. Differences between
diets were also reproduced satisfactorily
in independent experiments, but the ab-
solute values varied somewhat and were
controlled by including: (1) a nonthyroid
basal diet group; (2) an unprotected
iodinated casein diet group; and (3) an
iodinated casein plus standard liver resi-
due diet group with each experiment.

RESULTS

Table 1 shows the protective effect ex-
erted by LR on MR and tissue cytochrome
c levels (as determined by the method of
Rosenthal and Drabkin, ['54]) as well as on
the growth of hyperthyroid rats. Groups of
8 rats each were fed the indicated diets
containing 0.35% of iodinated casein for 4

4Wesson Qil, The Wesson Oil

Oi Company, New
Orleans, Louisiana.

sible. However, the same relative differ- SPrepared by Armour and Company, Chicago.
TABLE 1
Inhibition of the hyperthyroid effects by liver residue
Diet composition Heart Liver
Ui Co . kz)l-g/eeli Metaltaolic Cyto Cyto
; iver : ody w rate i - -
Casein Loie Il(\J/ieIr yogla Y Weight  chrgme ¢ chrome c
iias
% % % % gm I 0zIm2/hr tr)no%éfgvrct 3vge/tgv'\1/1t U\?etgth
301 - - - 230 8.4 4.0 266 78
30 - - - 1302 15.7 8.1 353 247
20 10 - - 195 12.7 6.5 332 194
15 15 - - 205 9.9 55 303 169
30 - 2 - 1402 15.3 8.8 346 265
15 15 2 10 225 9.3 53 288 139

1Basal diet of 30% of casein and 10% of cottonseedoil (Wesson Oil Co., New Orleans, La.); all other diets

contained 0.35% of iodinated casein.

2Body weight at three weeks; correspondini_weights for first and third diets were 180 gm and 155 gm; rats
i

in all other groups survived until they were

lled at 4 weeks.
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weeks; two groups which were unprotected
and would not have survived for 4 weeks
were Killed at three weeks. Comparison
of the first two groups shows the usual
growth inhibition produced by feeding
weanling rats the basal diet containing
0.35% of iodinated casein. In addition,
the MR and the heart size were approxi-
mately doubled, whereas the cytochrome ¢
concentrations in heart and liver were in-
creased appreciably. The substitution of
10% of extracted LR in the diet for an
equivalent amount of casein partially re-
stored all of these hyperthyroid manifesta-
tions toward normal, but the effect of 15%
of LR was much more impressive. When
the amount of cottonseed oil in the 10%
LR diet was 5, 10 or 15% (not included
in table 1), the 4-week body weights were
170, 195 and 200 gm, respectively, where-
as the corresponding MR’s were 14.0, 12.7
and 11.8. The addition of 2% of cod liver
oil to the 30% casein diet in the absence
of LR had relatively little effect on the
hyperthyroid state. Similarly the addition
of 2% of cod liver oil to a diet containing
10% of LR gave slightly better growth
than the LR alone, and decreased the MR
by only 0.4 unit. A further addition of
10% of dry egg yolk to the diet contain-

Fig. 1 Effect of feeding 0.05, 0.2, 0.35 and 0.5%
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ing 15% of LR and 2% of cod liver oil
almost restored growth completely to the
basal nonthyroid level. The other criteria
of hyperthyrodism were also decreased
slightly but not completely to the basal
level. The addition of 10% of egg yolk to
a diet containing 10% of LR plus 2% of
cod liver oil increased the body weight at
4 weeks from 205 to 225 gm and decreased
the MR from 12.1 to 9.5.

These results indicated that the LR pro-
tected weanling rats from the toxic effects
of thyroid feeding by counteracting the
hyperthyroid state itself. Dietary oils in
excess of the 10% of cottonseed oil nor-
mally present had some, but relatively
little, beneficial effect on the MR or
growth rate. Egg yolk appeared to act like
LR in decreasing the MR when the 10%
of dietary LR was insufficient for a maxi-
mal response.

Metabolic rate (MR) response with
time. The relative rates at which the
MR increased with different amounts
of dietary iodinated casein are shown
in figure 1L The MR of the group fed
the basal diet remained constant at
8.7 for 7 weeks. With 0.05 to 0.50% of
iodinated casein in the diet, all groups
reached a maximal plateau in the MR

of iodinated as well as 0.35% of

iodinated casein plus 15% liver residue in the diet of weanling rats on the metabolic rate

(MR).
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after about 20 days and remained at that
point until death from thyrotoxicosis oc-
curred (usually between the third and
fourth week). With 15% of LR in the diet
containing 0.35% of iodinated casein, the
maximal MR was achieved in less than
three weeks and remained constant there-
after for at least 7 weeks. These results
demonstrated that a constant steady-state
MR could be determined after about three
weeks of feeding the various diets.

lodinated casein compared zuith liver
residue concentration. Figure 2 shows
the steady-state MR achieved with various
dietary combinations of iodinated casein
and LR. A relative titration of the iodi-
nated casein by the LR is evident. The
MR effects of 0.05% of dietary iodinated
casein were almost completely eliminated
by including 10% of LR in the diet. With
larger amounts of dietary iodinated casein
this protection by LR was progressively
less, but in proportion to the relative
amounts of each factor present.

When the relative amounts of LR and
iodinated casein were such that the steady-
state MR exceeded approximately 14, the
rats succumbed rapidly to the thyrotox-
icosis, and one-half or more of the rats in
each group were dead by 4 weeks and

% LIVER RESIDUE
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nearly all by 5 weeks. With a steady-state
MR of around 12, most of the rats sur-
vived for 4 weeks, but some died sporadi-
cally thereafter. When the combination of
iodinated casein and LR maintained the
MR below 12, nearly all of the rats sur-
vived for at least 6 weeks. Between the
sixth and tenth week of this experiment,
probably as a result of the spring seasonal
change, the MR of the basal control group
spontaneously declined 2.0 units (from 8.7
to 6.7), and the MR of the groups receiv-
ing various combinations of iodinated ca-
sein and LR which kept the MR below 12
also decreased by about the same. In com-
parison with the controls the steady-state
MR of the groups receiving iodinated ca-
sein plus LR remained relatively constant
from the third to the tenth week. Thus,
an increased MR of about 40% could be
tolerated by growing rats for 6 to 10 weeks
at the environmental temperature prevail-
ing during this experiment, whereas an
increase of approximately 60% caused
rapid fatality. The same MR was pro-
duced by different combinations of LR
and iodinated casein, and all such com-
binations had the same effect on survival.

Liver residue did not counteract com-
pletely the effect of iodinated casein on

IN  DIET

Fig. 2 Metabolic rate (MR) response in relation to the relative amounts of iodinated
casein and liver residue in the diet. Weanling rats were fed diets containing 0.05 to 0.5%
of iodinated casein plus zero to 20% of extracted liver residue, and the steady-state MR was

determined after three weeks.
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the MR irrespective of the amount fed.
Fifteen per cent of LR gave a maximal
reduction in MR with either 0.35 or 0.5%
of dietary iodinated casein, and no fur-
ther reduction occurred when this was in-
creased to 20% of LR. The magnitude of
this “residual MR” varied with the amount
of iodinated casein in the diet and
amounted to approximately one MR unit
above the basal level when the diet con-
tained 0.1% of iodinated casein (plus 10,
15 or 20% LR) and three units for 0.5%
of iodinated casein.

Rats fed 1.0% of iodinated casein in a
basal 35% casein diet all died between
the second and third week of the experi-
ment with an MR of 149+ 0.38 (s.).
When 17% of LR was substituted for an
equivalent amount of casein, the MR was
10.3 + 0.36 and all rats survived for at
least 4 weeks. When 10% of egg yolk was
added in addition to the LR, the MR was
reduced further to 8.4 + 0.41. In the ab-
sence of iodinated casein, an 18% casein
plus 17% LR diet gave an MR of 7.1 *
0.40, whereas rats fed the basal 35% ca-
sein diet had an MR of 6.3 £+ 0.23. Hence,
LR per se may have increased the MR
slightly, but certainly did not counteract
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the rat's endogenous thyroidal activity.
The lack of any inhibition of the endog-
enous MR by dietary LR was confirmed
by additional studies in which rats fed a
basal 30% casein diet had an MR of 7.1 £
0.33, whereas those fed 15 to 20% of
extracted or unextracted liver residue all
had MR’s varying from 7.3 to 7.9 (se. =
0.24 to 0.32), and rats fed zero casein
plus 37.5% of unextracted LR had an MR
of 8.4 + 0.34.

Growth. Figure 3A shows the growth
response of weanling rats to various com-
binations of dietary iodinated casein and
liver residue. With 0.05% of iodinated
casein a maximal effect on growth was
achieved with 5% of LR, and this restored
the growth rate almost to the basal non-
thyroid level. With more iodinated casein
in the diet, an optimal effect on growth
was achieved with 7 to 10% of LR; larger
amounts of LR reduced the MR still fur-
ther, but did not promote further growth.
The 4-week growth increment produced by
an optimal concentration of LR increased
from 45 to 60 gm as the iodinated casein
content decreased from 0.5 to 0.05%.

Figure 3B shows the growth response
of thyrotoxic rats in relation to the MR

Fig. 3 Growth of thyrotoxic rats in relation to (A) the relative amounts of iodinated
casein (as indicated by the symbols) and liver residue in the diet, and (B) the resulting
metabolic rate in liters of 02 consumed per square meter of body surface per hour.



398 W. W. WESTERFELD, R. J.

achieved with various combinations of
iodinated casein and LR. With 0.05, 0.2
or 0.35% of iodinated casein in the diet,
all the experimental values fell along an
inverse straight line which related MR to
growth rate, except that deviations from
this line occurred when the LR exerted no
further effect on growth but was still ef-
fective in further decreasing the MR. Ex-
cept for this limitation, the growth re-
sponse to LR could be attributed directly
to its effect in reducing the MR, and this
exception simply showed that some other
limitation on growth occurred before the
maximal reduction in MR was achieved.
The values obtained with 0.5% of dietary
iodinated casein deviated from this line
somewhat, but it was not clear whether
this deviation was real or artifactually due
to difficulties in obtaining consistent MR
values at this high level of iodinated
casein.

The liver residue used in these studies
inhibited growth somewhat when fed at
concentrations higher than 10% of the
diet. For example, rats fed a thyroid-free
basal diet of 14% of casein plus 20% of
unextracted LR or 10% of casein plus
20% of extracted LR (alcohol plus CHC13
extracted) weighed 190 gm at 4 weeks,
whereas those fed 30% of casein or 22%
of casein plus 10% of unextracted LR
weighed 220 gm. The addition of 10, 15
or 20% LR to a 30% casein diet contain-
ing 0.1% of iodinated casein all gave ap-
proximately the same growth response,
and this was the same as that obtained by
substituting the LR for an equivalent
amount of casein (200 gm at 4 weeks).

Thyroxine and analogues. Liver resi-
due counteracted the effect of dietary thy-
roxine (T4 in the same way that it count-
eracted the effect of iodinated casein
(table 2). Hence, the liver residue did not
interfere with the digestion of the iodi-
nated casein and from a quantitative stand-
point had about the same activity with T,
as with iodinated casein. Liver residue
counteracted triiodothyronine (T3 much
less effectively than T4or iodinated casein.
When T3was fed at 2 mg/kg of diet the
substitution of 10 or 15% extracted LR in
the diet for an equal weight of casein had
no effect whatsoever on MR or survival.
At lower concentrations of T3 the LR did
inhibit the increased MR, and was effec-

DOISY AND D. A. RICHERT

tive in promoting growth and survival.
However, the range of T3concentration at
which an effect of LR could be demon-
strated was very narrow (0.6 to 1.0 mg/
kg) by comparison with iodinated casein,
and no concentration of iodinated casein
was tested (0.05 to 1.0% ) that was not
counteracted to some extent by the LR.
The metabolic effects of triiodothyroacetic
acid, tetraiodothyroacetic acid and triiodo-
thyropropionic acid were also counter-
acted effectively by LR. The response with
diiodothyroacetic acid was similar, but LR
was less effective in counteracting this
analogue — possibly because of the large
amount required to produce a metabolic
effect.

Counteracting excess tissue thyroid.
To determine whether dietary LR would
hasten the removal or inactivation of ex-
cess thyroid hormone already in the tis-
sues, weanling rats were fed the basal
30% casein diet containing 0.1% of io-
dinated casein for 15 days to build up the
concentration of thyroid hormone in the
tissues. One group continued to be fed
the same diet as a control, while a second
group was then fed the basal diet without
iodinated casein and each of two other
groups was transferred to a nonthyroid
diet containing 30% casein plus 10% ex-
tracted LR, or 0.2% cholic acid (Wester-
feld et al., '62). Starting on the fourteenth
day and every two or three days there-
after, MRs were determined on all groups.

The results are shown in figure 4. Those
rats which continued to receive iodinated
casein after the fifteenth day reached the
MR plateau of 13 about the twenty-first
day. Rats receiving the basal diet only
after the fifteenth day continued to have
a high MR until the nineteenth day and
it then decreased rapidly and reached the
basal level of 7 about the twenty-fourth
day. (The basal level was established by
an additional group of rats fed the basal
diet only throughout the experiment.)
Rats receiving dietary LR or cholic acid
after the iodinated casein was removed
from the diet had an immediate decrease
in MR which reached the basal level in
21 to 22 days. On the nineteenth day the
differences in MR between the rats fed
the basal diet only and those fed LR or
cholic acid were significant at P = 0.02
for the single determinations carried out
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Fig. 4 Effect of subsequently feeding 10% of
liver residue (LR) or 0.2% of cholic acid (CA)
in the diet, on the elevated metabolic rate (liters
02m2/hour) produced by prefeeding 0.1% of
iodinated casein for 15 days.

on each rat in this experiment. Rats fed
these protective substances all gained 90
gm (from 140 gm to 230) in body weight
during the two weeks they were fed those
diets, whereas the rats fed the basal diet
only, after the iodinated casein gained
70 gm. Thus the inclusion of LR or cholic
acid in the diet either hastened the removal
of, or in some other way helped to counter-
act, the biochemical effect of excess thy-
roid hormone already in the tissues. A
possible alternate explanation, i.e., that
these substances counteracted some resi-
dual intestinal iodinated casein, appears
unlikely on the basis of the time involved.
No effect on MR was observed for 4 days

DOISY AND D. A. RICHERT

when 0.1% of iodinated casein was first
fed, and in this experiment it required 4
days after withdrawal of the iodinated ca-
sein before the MR began to decrease.
When the diet contained LR, the decrease
in MR was quite marked by 4 days.

Parenteral thyroxine and liver residue
(LR). Dietary LR was less effective in
counteracting the effects of T4 when the
latter was injected subcutaneously as com-
pared with oral administration. Table 3
shows the results of two such experiments;
the reduction in MR produced by feeding
LR was significant at P = 0.01 in some
but not all experiments. Growth and sur-
vival data also demonstrated the protec-
tion by LR and cholic acid. In the absence
of T4 administration neither the cholic
acid nor the LR decreased the MR (7.8 *
0.29 and 7.5+ 0.33, respectively).

DISCUSSION

Previous reports have indicated that
liver residue did not affect the increased
metabolic rate produced by thyroid feed-
ing. Ershoff ('47) reported no difference in
the basal metabolic rate of rats fed 0.5%
of desiccated thyroid when either 10%
of liver or yeast was included in the diet,
but no studies were made to determine
the actual effect of the liver on the MR
by comparison with an unprotected hyper-
thyroid group. Similarly Ershoff (’'49)
found an increase in the MR of rats fed a
soybean meal diet containing 0.25 to 0.5%
of desiccated thyroid or 0.125% of iodinat-

TABLE 3

Effect of thyroxine (T4) administered subcutaneously to rats being fed the basal diet
with or without liver residue or cholic acidt2

Exp. :
o. Diet fed t4
1 Basal
Basal +
Liver residue, 15% +
Cholic acid, 0.2% +
2 Basal -
Basal +
Liver residue, 15% +
1 Exp. 1: 50 /ig of T4 dissolved in 0.1 .

Metabolic Body wt
rate3 3-week A-week
gm gm
7.4+0.26 180 225
12.9+0.55 150 1754
11.5+ 0.34 150 190
11.7+ 0.42 165 210
7.3+0.30 244 _
15.1+ 0.50 184 -
11.6+ 0.61 211 _

NaOH, diluted with saline to 0.2 ml, and injected twice

daily into weanling male rats (50 gm) for 4 weeks.
2 Exp. 2: 200 fig of T4 injected every other day for 3 weeks into rats weighing 104 gm initially.
3 Metabolic rate in liters of O2 consumed/m2 of body surface/ hour, as determined between the

third and fourth week.

4 Forty per cent (2/5) survival, 100% survival in all other groups.
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ed casein, but did not determine whether
the soy diet gave a lower MR than would
have been obtained with the same amount
of thyroid substance added to a casein
diet; nor did Stevens and Henderson (’'58)
observe an effect of 10% of liver residue
on the MR of rats fed 0.243% iodinated
casein (with a 3.07% thyroxine equival-
ence), but it seems probable that these
results were negative because of the very
large amount of thyroidal activity used.
None of the previous studies therefore are
directly contradictory to the results being
reported, although they also would not
have suggested or predicted them. In
retrospect, an antithyroidal effect might
have been anticipated from the way liver
residue counteracted the adrenal and
ventricular hypertrophy, the atrophy of
the thymus and lack of ovarian develop-
ment seen in hyperthyroid rats, for none
of these responses would be anticipated
from a growth factor that did not influ-
ence the hyperthyroidism itself.

The mechanism by which liver residue
counteracts the metabolic effects of the
thyroid hormone is not clear. It might
have (1) interfered with the intestinal
absorption of the thyroactive material; (2)
hastened the removal of the thyroid hor-
mone from the tissues; or (3) inhibited
the peripheral utilization or functioning of
the thyroid hormone. The counteracting
of parenteral thyroxine suggests a periph-
eral site of antagonism, but such results
might also be the consequence of a more
rapid excretion or destruction of the hor-
mone, and this latter possibility gains
some credence from the activity of the
bile acids. The very rapid effect of liver
residue in restoring the hyperthyroid meta-
bolic rate to normal also suggests a periph-
eral antagonism or a rapid removal of
peripheral hormone. The lack of any de-
crease in the endogenous metabolic rate
suggests that, irrespective of mechanism,
the liver residue is primarily concerned
with counteracting the excess hormone
that was administered rather than the
thyroid hormone normally present. Addi-
tional studies will be required to clarify
the mechanism by which liver residue
counteracts the metabolic effect of the
thyroid hormone.
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SUMMARY

1 Liver residue counteracted the meta-
bolic effects of iodinated casein in propor-
tion to the relative amounts of the two sub-
stances in the diet, but did not restore
the metabolic rate completely nor de-
crease the endogenous metabolic rate.

2. Growth and survival simply reflected
the magnitude of the effect of liver residue
in reducing the metabolic rate; with large
amounts of liver residue some other
limitations on growth occured before the
maximal reduction in metabolic rate was
achieved.

3. Liver residue counteracted the
metabolic effects of dietary thyroxine, tri-
iodothyronine, triiodothyroacetic acid, te-
traiodothyroacetic acid and triiodothyro-
propionic acid, but was less effective
against diiodothyroacetic acid. It also
counteracted subcutaneous thyroxine, but
less effectively than dietary thyroxine. The
range of concentration of triiodothyronine
within which an effect of liver residue
could be demonstrated was very narrow.

4. The high metabolic rate produced by
prefeeding iodinated casein was restored
to normal more rapidly when the diet con-
tained liver residue or cholic acid.
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An Antithyrotoxic Assay Based Upon the Metabolic

Rate Responsei?

W. W. WESTERFELD, WILLIAM W. HOFFMAN and DAN A. RICHERT

Department of Biochemistry, State University of New York
Upstate Medical Center, Syracuse, New York

All previous nutritional studies related
to the antithyrotoxic factor have utilized
growth and survival of thyroid-fed rats as
the principal criteria of antithyrotoxic ac-
tivity. With the recognition (Westerfeld
et al.,, '62) that liver residue exerted its
antithyrotoxic effect on growth and sur-
vival as the secondary consequence of a
reduction in the metabolic rate, it was
possible to develop an assay procedure for
antithyrotoxic activity which was based
upon the metabolic rate response. Such
an assay adds an additional parameter to
the other criteria of antithyrotoxic activity
without interfering with the usual meas-
urements of growth and survival. It fur-
ther provides a means of determining
whether all substances that exhibit anti-
thyrotoxic activity on the basis of growth
and survival also have an effect on the
metabolic rate.

METHODS

From the previous studies (Westerfeld
et al.,, '62) a low concentration of iodin-
ated casein3in the diet appeared to be ad-
vantageous for the development of a sensi-
tive assay for antithyrotoxic activity by
the metabolic rate response. A concentra-
tion of 0.1% of iodinated casein (1%
thyroxine equivalent) was therefore incor-
porated into the basal 30% casein plus
10% cottonseed oil4 diet previously de-
scribed (Westerfeld et al., '62), and fed
to groups of 5 weanling male rats of the
Holtzman strain (approximately 50 gm
body weight) for 4 weeks. Test substances
were substituted for sucrose in the diet,
except that when various proteins were
added at concentrations of 20%, the ca-
sein was reduced to 20%. Growth and
survival were recorded weekly, and met-
abolic rates were determined three times

J. Nutrition, 78: '62

on each rat between the nineteenth and
thirtieth days as previously described
(Westerfeld et al.,, '62). The unprotected
hyperthyroid controls and those rats that
exhibited minimal protection on the basis
of growth curves were analyzed first in
order to obtain the metabolic rate data
before the rats succumbed to the thyro-
toxicosis.

RESULTS

Figure 1 shows the metabolic-rate, dose-
response curve obtained when weanling
male rats were fed increasing amounts of
liver residue (LR) together with 0.1% of
dietary iodinated casein. The 10% liver
residue diet has arbitrarily been equated
with 100 units of LR activity. Essentially
the same curve was obtained when the
LR was substituted for casein as when
the LR was added to a constant 30%

Received for publication August 6, 1962. .

1This study was aided by a grant from the National
Institutes of Arthritis and Metabolic Diseases of the
National Institutes of Health, Public Health Service
(no. PHS-A-586). . i .

2Materials used in this study were obtained as
follows: Protamone and Cerophyl: Cerophyl Labora-
tories, Kansas Ctiy, Missouri; triiodothyronine:

Warner-Lambert, Morris Plains, New Jersey; casein
(vitamin free), egg yolk, brewer’s yeast, lactalbumin,

fibrin, egg _albumin, hemoglobin, methionine and
AET: Nuftritional Biochemicals Corporation, Cleve-
land; liver residue:

) ue: Wilson and Comgang, Chicago;
fermentation residue (Omafac): E. R. Squibb and
Sons; fish solubles: Philip R. Park, Incorporated, San
Pedro, California; distiller’'s solubles: Schenley Dis-
tillers, Louisville; whey: Western Condensing Com-
pany, Appleton, Wisconsin; soy protein (AD C-l,
Assay Protein): Archer-Daniels-Midland ComparB{,
Minneapolis; cottonseed meal: Eufaula Cotton il
Company, Eufaula, Alabama; wheat gluten: Gen-
eral Biochemicals Inc., Chagrin Falls, Ohio; fish
meal: Viobin, Monticello, Illinois; gelatin: Baker
and Adamson, New York; bile acids: Steraloids,
ueens, New York; Guanethidine: Ciba, Summit,
ew Jersey; thiouracils: Mann Laboratories, New
York; dibenzyline: Smith, Kline and French, Phila-
delphia; reserpine: California Biochemicals, Los
Angeles; dihydroergotamine: Sandoz, Hanover, New
Jersey; antibiotics:” Bristol Laboratories, Syracuse,
New “York.
3Protamone, Cerophyl

Missouri.

4Wesson OQil, The Wesson Oil
Orleans, Louisiana.

Laboratories, Kansas City,

Company, New
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Fig. 1 An assay curve for liver residue which shows the increased metabolic rate (above
the average basal of 7.1 liters of O2 consumed per square meter body surface per hour)
resulting from the inclusion of zero to 10% of extracted liver residue in a diet containing

0.1% of iodinated casein.
in 5 independent experiments.

casein. The individual points plotted for
zero and 5% LR in figure 1 illustrate the
variability obtained in reproducing the
curve in the first 5 independent experi-
ments.

This assay response has been used satis-
factorily in our laboratory for over a year.
We have routinely included with each
run: (1) a nonthyroid basal control; (2)
an unprotected hyperthyroid group receiv-
ing 0.1% of iodinated casein; (3) a stand-
ard 5% liver residue plus 0.1% of iodin-
ated casein group; and (4) sometimes a
similar 10% liver residue standard. These
controls provided an independent refer-
ence curve for each experiment which was
generally in good agreement with the as-
say curve shown in figure 1 The first
11 independent assay runs gave an aver-
age nonthyroid basal rate of 7.17 (range,
7.0 to 7.3; standard deviation, + 0.185);
the unprotected 0.1% iodinated casein
group averaged 13.53 (11.8 to 15.1; sd,
1.06), and the 5% liver residue standard
averaged 10.24 (8.8 to 11.3; sd, 0.79). In
the next 5 runs the basal nonthyroid met-
abolic rate averaged 6.16 + 0.27 (sd) and

The individual symbols illustrate the reproducibility of the curve

both the unprotected hyperthyroid and the
5% LR standard groups also decreased by
about one unit (13.14 £1.41; 9.28 £
0.87). The reason for the decreased met-
abolic rate in the basal control group is
unknown (possibly seasonal or environ-
mental temperature), but the relative dif-
ferences in metabolic rates remained un-
changed, and the same assay curve was
applicable to these differences. The assay
was not very precise in either the very low
(<20 wunits) or very high (60 to 100
units) ranges — the former because of the
variability in reproducing the same exact
metabolic rate with the unprotected hyper-
thyroid rats = the latter because of the
“flattening” of the assay curve at the higher
concentrations of LR. The assay could
undoubtedly be made more precise by the
use of larger groups of rats, but with the
procedure described there was no difficulty
in distinguishing between good, moderate,
and poor sources of antithyrotoxic activity.

Distribution of antithyroid activity.5
Table 1 summarizes the approximate ac-

5See footnote 2.
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TABLE 1

Approximate antithyrotoxic activity of various
substances as determined by the metabolic
rate response assay procedure

c%lr%. Substance tested
% unitsl
i Liver residue cone. (Overby) 85
10 Fermentation residue 70
10 Fish meal 60
10 Cottonseed meal 55
10 Distiller’s solubles 50
10 Rabbit muscle residue 45
10 Egg yolk 25
10 Thymus (dessicated) 25
40 Yellow corn meal 25
40 Extracted soy flour2 25
10 Dried grass3 15
10 Brewer’s yeast 10
10 Whey 10
10 Wheat germ 10
5 Hemoglobin 920
0.2 Cholic acid 35
0.2 Na glycocholate 55
0.2 Deoxycholic acid 45
0.2 Dehydrocholic acid 60
23 Cottonseed oil, refined4
(total) 28
23 Cottonseed oil + 0.115%
iodinated casein 25
5 Liver residue fat 70
2 Cod liver oil 12
5 Olivp oil 28
20 Lactalbumin2 75
20 Soy protein2 35
20 Fibrin2 55
mg/kg
15 Guanethidine 30
500 6-Propyl thiouracil 45
100 Dibenzyline 20

1The standard 10% liver residue diet was arbi-
trarily equated with 100 units of LR antithyrotoxic
activity, and all other metabolic rate responses were
converted to units by means of the assay curve in

figure 1 o
2 Added to a 20% casein diet. .
3Cerophyl, Cerophyl Laboratories, Kansas City,
Missouri. i .
4Wesson QOil, The Wesson Oil Company, New

Orleans, Louisiana.

tivity of various test substances, as deter-
mined by the metabolic rate response. Of
the natural products tested, fermentation
residue, fish meal, cottonseed meal, dis-
tiller’'s solubles and a rabbit muscle residue
(prepared like liver residue) were 45 to
70% as active as the standard liver resi-
due. Egg yolk and thymus were only about
one-fourth as active as LR, and corn meal,
dried grass,6 brewer’s yeast, fish solubles,
whey and wheat germ were relatively in-
active. A liver residue concentrate pre-
pared by Dr. L. R. Overby was 8.5 times
as active as the original liver residue.

405

Cholic acid reduced the metabolic rate
of the thyroid fed rats; deoxycholic, dehy-
drocholic, and glycocholic acids were even
more active than the cholic acid. Litho-
cholic acid (0.2%) and hyodeoxycholic
acid (0.1%) were essentially inactive in
the MR test, and they also had no effect
on growth or survival. Cholesterol (1 %)
had little or no effect on the MR or growth,
and also had no synergistic effect when
combined with 0.2% of cholic acid.

An increase in the dietary cottonseed oil
from the usual 10% to a total of 23%
had a relatively small but definite effect
on the MR. This could theoretically have
been due to the consumption of less iodi-
nated casein in the higher-caloric diet, but
when this was compensated by increasing
the iodinated casein from the usual 0.1 to
0.115%, the antithyrotoxic effect of the
oil was still observed. All fats were not
equally effective in this respect, and this
response therefore cannot be attributed to
a general increase in the caloric content
of the diet. The relative activities of the
fats tested were in the order: liver residue
fat, 70; cod liver oil and olive oil, 30;
cottonseed oil, 10; corn oil and lard were
inactive. The liver residue fat was the
combined material extracted from liver
residue by hot 95% alcohol and then
chloroform.

Both cottonseed meal and its oil were
active in the same way that both liver
residue and its extractable fat were active.
In both cases two-thirds or more of the
total activity remained with the lipid in-
soluble fraction. Soybean oil and its meal
were also active in growth and survival
experiments (Ershoff, '49). Either a small
amount of the free antithyrotoxic factor
can be extracted into the lipid fraction,
or a small portion of the total activity is
present in a lipid-soluble form. The latter
possibility is suggested by the fact that
when a petroleum ether solution of the
liver residue fat was extracted exhaus-
tively with Ba(OH)2 all of the activity
remained in the solvent. The free liver
residue factor is not soluble in petroleum
ether, and if carried into solution by the
large amount of lipid present, it should
have been removed by the Ba(OH)2 It is
suggested that the bulk of the antithyro-

6 Cerophyl.
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toxic activity is present in liver in a lipid-
insoluble form, but that a small portion
is also present as a lipid.

The addition of 20% of lactalbumin or
fibrin to a diet containing 20% of casein
gave an impressive decrease in the MR,
whereas 20% of soy protein gave a modest
response. Increasing the casein content
from the usual 30% to a total of 40% had
only a small effect. The addition of 10%
of egg albumin or gelatin to a 30% casein
diet had no effect on the MR, and these
two proteins were also inactive when 20%
concentrations were added to a 20% case-
in diet. Wheat gluten was moderately
active in this test, and hemoglobin7 was
the most active naturally occurring ma-
terial yet tested (other than the bile acids).
A possible beneficial effect from a high
protein diet in thyrotoxicosis can be postu-
lated in general terms, but it is much
much more difficult to see how additional
protein would reduce the MR, or why dif-
ferent proteins would behave differently,
unless some factor other than amino acids
was associated with the active proteins.

The effectiveness of soy protein in coun-
teracting the hyperthyroid effects of iodi-
nated casein was unexpected in view of
our previous results with soy flour diets
(Westerfeld and Richert, '52). In those
studies a 40% soy protein diet (supplied
as 80% of extracted soy flour containing
50% of protein) was less effective in pro-
tecting weanling rats fed 0.1% of iodi-
nated casein than was a purified 31%
casein diet. However, additional experi-
ments demonstrated the following. In the
absence of iodinated casein, rats fed a 40%
soy protein diet (with or without the addi-
tion of 0.75% DL-methionine) grew at the
same rate (255 gm at 4 weeks) and had
the same MR (6.8 to 7.4) as rats fed a
30% casein diet (7.3). In the presence
of 0.1% of iodinated casein, all rats fed
the 40% soy protein diets (¥ methionine)
survived for 4 weeks, weighed approxi-
mately 215 gm, and had a MR of 9.3; all
rats fed the 30% casein diet died between
the third and fourth week with a MR of
15.1 and an extrapolated 4-week body
weight of 175 gm. A further addition of
5% of LR to the soy protein diets allowed
nearly normal growth (250 gm) with a
MR of 8.3 to 8.6, whereas a similar addi-
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tion of 5% of LR to the casein diet reduced
the MR to 10.4 and gave a 4-week body
weight of 205 gm with 80% survival. Rats
fed 80% of extracted soy flour plus 0.5%
of methionine as the sole source of protein
rejected and scattered the diet, weighed
only 165 gm at 4 weeks, and had an MR
of 10.5.

Guanethidine possessed measurable ac-
tivity by the MR test, and 6-propyl thioura-
cil was reasonably active by this criterion.
The latter had no effect on growth. Di-
benzyline may have had slight activity.

The following substances were com-
pletely inactive by the metabolic rate as
well as the growth criterion at the concen-
trations tested (mg/kg of diet): reser-
pine (1.5), vitamin Ki (330), vitamin C
(500), Ca pantothenate (3,000), NaHS03
(2,000) 2-aminoethylisothiouronium bro-
mide (AET) (2,000), dihydroergotamine
(10), tyrosine (5,000), and polyoxyethylene
sorbitan trioleate (Tween 85) (10,000).

In two experiments procaine penicillin
(30 mg/kg of diet) had good antithyro-
toxic activity by the metabolic rate cri-
terion as well as by growth and survival.
However, in numerous additional studies
it was inactive by all criteria. In two of
the latter studies, the following antibiotics
were also inactive: 20 mg/kg of penicillin
G or tetracycline; 100 mg/kg of kana-
mycin, streptomycin or staphcillin; 500
mg/kg of chloramphenicol; 1,000 mg/kg
of sulfanilamide, sulfapyridine, or sulfa-
suxidine.

Growth and survival. The conditions
used in this assay for the determination
of antithyrotoxic activity by the metabolic
rate effect provided less than the optimal
concentration of iodinated casein for the
study of growth and survival. Minimal
protection allowed most of the rats to sur-
vive the 4-week experiment, and survival
was therefore of little or no value in quan-
titating the response. Growth curves were
very useful since the growth response par-
alleled the metabolic rate effect, but the
growth response was somewhat erratic in
repeated experiments at this low concen-

7 The marked antithyrotoxic activity of commermally
available hemoglobin was first observed by Dr. L.
Overby, Abbott™ Laboratories, North Chicago,
(personal communication) in growth and survival
studies, and was found by him to be associated with

the insoluble (protein) rather than the acid-acetone
soluble (heme) portion of the preparation.

"ilinois



ANTITHYROTOXIC ASSAY

tration of iodinated casein. The average
4-week body weights for all the runs were:
with nonthyroid basal, 230 gm; with 0.1%
of iodinated casein, 170 gm; and with
0.1% of iodinated casein plus 5% LR,
200 gm.

No substance tested gave a good growth
response without also reducing the meta-
bolic rate. Liver residue, hemoglobin, fer-
mentation residue, cottonseed meal, liver
residue fat, lactalbumin and fibrin were
all very active by both the MR and growth
criteria. Only 6-propyl thiouracil had a
sizeable effect on the MR without giving
a corresponding growth response, and this
could have been the result of a growth-
retarding toxicity of the substance unre-
lated to the antithyroid response. All other
substances gave reasonably parallel re-
sponses between growth and metabolic
rate.

Females. In two experiments, female
rats appeared to be less satisfactory than
males for the study of antithyrotoxic ac-
tivity. There was less inhibition of growth
of the females by feeding iodinated casein,
and there was a smaller reduction of the
elevated MR as a result of including liver
residue in the diet. The magnitude of
both parameters of antithyrotoxic activity
was therefore decreased, and the difficulty
of quantitating the result was correspond-
ingly increased. Nevertheless, it was pos-
sible to show that the females responded
in a like manner to the males to the vari-
ous dietary supplements. The following
substances exhibited good antithyrotoxic
activity in both males and females: liver
residue and its concentrate, hemoglobin,
liver residue fat, fermentation residue,
cottonseed meal, lactalbumin, fibrin and
deoxycholic acid. The following were
essentially inactive in both males and
females: whey, dried grass, wheat germ,
corn oil, cholesterol, egg albumin. The
following were at least moderately active
in both sexes: soy protein, distiller's solu-
bles and sodium glycocholate.

The inhibition of the normal develop-
ment of the ovaries and uterus produced
by iodinated casein was largely or com-
pletely overcome by all those substances
that effectively reduced the MR. The basal
nonthyroid uterine weight of approxi-
mately 160 mg/100 gm of body weight
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was reduced to about 50 by feeding iodi-
nated casein and was restored to more
than 120 by liver residue and its concen-
trate, liver residue fat, cottonseed meal,
fermentation residue, hemoglobin, dehy-
drocholic acid, deoxycholic acid, sodium
glycocholate, lactalbumin, soy protein,
fibrin and distiller's solubles. Those sub-
stances that had little or no effect on the
MR and did not allow any significant de-
velopment of the ovaries or uterus in-
cluded: dried grass, whey, procaine peni-
cillin, and corn oil.

Antithyrotoxic studies with
triiodothyronine

All of the nutritional studies related to
the antithyrotoxic factor previously pub-
lished utilized iodinated casein, desiccated
thyroid, thyroglobulin, or thyroxine (T4
as the thyroactive material. The metabolic
effect of triiodothyronine (T3 was also
found to be counteracted by liver residue
(Westerfeld et al., '62), but the effect was
limited to a narrow range of T3 concen-
tration, and the magnitude of the inhibi-
tion appeared to be less than that produced
with iodinated casein or thyroxine. This
suggested that different substances might
have different effects with respect to T3
and Ti, and the following studies with T3
were designed to test this possibility.

Weanling male rats were fed the basal
30% casein plus 10% cottonseed oil diet
containing 0.6, 0.8, or 1 mg/kg of T3 The
MR increased rapidly (fig. 2) and sta-
bilized at a maximal value after 16 to 18
days. The MR of rats protected against
T3by the inclusion of cottonseed meal in
the diet reached a maximal value in about
14 days. Hence, for assay purposes, the
steady-state MR was determined after feed-
ing the diet for 16 days. The MR response
to T3 was similar to that obtained with
iodinated casein except that it increased
more rapidly and correspondingly stabi-
lized at the maximal value a few days
earlier.

Figure 3 shows the average assay curves
obtained when zero to 30% of cottonseed
meal or zero to 15% of liver residue was
tested in diets containing 0.8 or 1 mg/kg
of T3 The liver residue was twice as active
as the cottonseed meal. The same results
were obtained when the cottonseed meal
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Fig. 2 Metabolic rate response (in liters of
Qo per square meter per hour) exhibited by wean-
ling male rats fed diets containing 0.6, 0.8 or
1.0 mg of triiodothyronine/kg of diet. Metabolic
rates are also shown for rats fed a nonthyroid
basal diet as well as a diet containing 0.8 mg/kg
of triiodothyronine plus 20% of cottonseed meal.

was added to a constant 30% casein diet
as when it was substituted for a portion
of the casein to keep the total protein con-
stant at 30% (the cottonseed meal con-
tained 40% protein). Neither 10, 20 or
30% of cottonseed meal had any signifi-
cant effect on the endogenous MR in the
absence of added T3 Both curves repre-
sent the maximal sensitivity that can be
achieved in this assay. A further reduc-
tion of T3concentration to 0.6 mg/kg gave
a curve parallel to the two shown, but
further displaced toward the base line and
still covered the same relative response
range. The characteristic features of this
assay with T3 are: (1) the high residual
MR still remaining when a maximal re-
duction has been achieved with 15% of
liver residue or 30% of cottonseed meal,
and consequently, (2) a relatively small
MR range (3 to 4 units) which corre-
sponds to the significant portion of the
assay curve. The residual MR with a diet
containing 1 mg/kg of T3 and 15% of
liver residue was approximately 3 units,
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whereas a similar diet containing 0.1%
of iodinated casein plus 15% of liver resi-
due gave a residual MR of approximately
1 unit. The combination of 15% of LR
plus 30% of cottonseed meal was no more
effective against 1 mg/kg of T3than either
one alone; hence, the residual MR could
not be reduced further by larger amounts
of the antithyrotoxic factor. The nature
of these curves also demonstrated the rea-
son that liver residue was relatively in-
effective when the T3 concentration was
increased to as little as 2 mg/kg; the resid-
ual MR at that concentration would ap-
proach the unprotected level regardless of
whether one-half of the T3might have been
negated by the liver residue.

The three-week body weight of approxi-
mately 185 gm with the basal nonthyroid
diet was reduced to approximately 145 gm
when either 0.8 or 1 mg/kg of T3was fed.
With the lower concentration of T3 growth
was completely restored to the nonthyroid
level by 5% or more of liver residue or by
10% or more of cottonseed meal. With
1 mg/kg of T3in the diet, 10% of cotton-
seed meal gave a three-week body weight
of 165 gm, whereas 20 or 30% of cotton-
seed meal restored growth completely.
Growth was the same when the cotton-
seed meal was added to 30% casein or
substituted for a portion of it.

Unprotected rats fed either 0.8 or 1
mg/kg of T3died a few days earlier than
rats fed 0.1% of iodinated casein, and
all such T3rats were usually dead by the
28th day. Survival data were not particu-
larly informative except as an adjunct to
the MR results; when the latter were de-
creased sufficiently, the rats survived;
when the MR was high, the rats died
sporadically.

Distribution of anti-Ts activity. Differ-
ent foodstuffs were assayed for their anti-
thyrotoxic effects against T3 by substi-
tuting them for an equal weight of sucrose
in the 30% casein plus 10% cottonseed
oil diet containing 0.8 mg/kg of T3 when
purified proteins were tested at 20% of
the diet, the casein content was decreased
to 20%. The diets were fed to groups of
5 weanling male rats, and the MR was
determined in duplicate on each rat be-
tween day 16 and 28. The relative activ-
ity of the test substance was obtained from



ANTITIIYROTOXIC ASSAY

409

Fig. 3 The average assay curves for triiodothyronine (T 3) obtained by plotting the meta-
bolic rate (M R) against the concentration of cottonseed meal (CSM) or liver residue (LR)
in the diet. Weanling male rats were fed a basal 30% casein plus 10% cottonseed oil diet

containing 0.8 or 1.0 mg/kg of T3 and zero to 30%

of cottonseed meal or zero to 15% of

liver residue, and the metabolic rate was determined after 16 days. The curves for 1.0 mg/
kg and 0.8 mg/kg of T3 are the averages of 5 and 7 independent experiments, respectively.

an assay curve (fig. 3) which was run
simultaneously and which included: (1) a
basal nonthyroid group; (2) an unprotected
group receiving 0.8 mg/kg of T3 and (3)
at least two cottonseed meal or liver resi-
due standards. Because of the relatively
small range of the MR response which is
significantly in the assay curve, only semi-
quantitative evaluations were attempted.
The results clearly distinguished between
good, moderate and poor sources of anti-T3
activity.

Those substances that had 60 or more
units of antithyrotoxic activity against T3
(as compared with 100 units for a 10%
liver residue diet) included: 0.2% sodium
glycocholate, 2% liver residue concen-
trate, 5% hemoglobin, 10% dry egg yolk,
20% fibrin and 20% lactalbumin. Those

substances which were moderately active
(30 to 50 units) included: 0.2% deoxy-
cholic or dehydrocholic acid, 5% liver resi-
due fat, 10% fermentation residue, brew-
er's yeast or cottonseed meal, and 20%
soy protein. The following substances
were relatively inactive (less than 15
units): 0.2% cholic or lithocholic acid,
10% whey, dried grass, wheat germ, thy-
mus, com oil, distiller's solubles, or dry
fish solubles, 20% egg albumin or a total
of 40% casein. Procaine penicillin (30
mg/kg of diet) was also inactive; 500
mg/kg of 6-propyl-thiouracil and 1,000
mg/kg of 2-thiouracil decreased the MR
equivalent to 30 to 40 units of antithyro-
toxic activity. In general, the growth re-
sponse was inversely proportional to the
effect of the diet on the MR. None of the
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substances tested had a marked effect on
growth without also decreasing the MR;
hence they were fundamentally antithy-
roid rather than vitamin-like in their ac-
tion.

In general, the same substances were
active against both T3 and iodinated case-
in, but the test with T3was more rigorous.
For example, cholic acid had a moderate
but easily measured effect against iodi-
nated casein, but was essentially inactive
against T3 The other bile acids which
had more activity than cholic acid against
iodinated casein were still active against
Ts. Similarly fermentation residue moved
from the “good” category when tested
against iodinated casein to the “moderate”
category against T3 and distiller’s solubles
moved from moderate to relatively in-
active. Egg yolk was the only substance
that appeared to be more effective against
T3than against iodinated casein.

Adrenal weights. When either the 0.1%
iodinated casein or 0.8 mg/kg of T 3diets
were fed to weanling male rats for 3 to
4 weeks, the degree of adrenal enlarge-
ment varied directly with the metabolic
rate established by the diet. In different
groups of rats fed the basal nonthyroid
diet, the sum of both adrenal weights
varied from 17 to 25 mg/100 gm of body
weight; most of these groups had MR’'s
close to 6. The adrenal weights increased
from such starting values along a straight
line whose slope varied somewhat in dif-
ferent experiments, but -which usually was
3.5 to 4 mg/100 gm body weight for each
unit increase in MR. Unprotected rats re-
ceiving either iodinated casein or T3 had
a MR which was approximately 6 units
above the basal, and they had adrenal
weights that were 20 to 25 mg/100 gm
heavier than the controls. Those rats that
were protected “maximally” by the inclu-
sion of LR or cottonseed meal in the diet
had adrenals heavier than those of the con-
trols by an amount corresponding to the
residual MR. When the adrenal weights
were plotted against the corresponding MR
in those experiments in which the anti-
thyrotoxic activity of various foodstuffs
was being tested, all of the values fell
within experimental error along this
straight line relationship. None of these
substances had any effect on the adrenals
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which could not be associated with its
effect on the MR, and the reversal of adre-
nal hypertrophy by the antithyrotoxic fac-
tor was probably another consequence of
the lowering of the MR.

The increased MR which resulted from
the feeding of 6 mg/kg of triiodothyro-
propionic acid, 3 mg/kg of triiodothyro-
acetic acid, 13 mg/kg of tetraiodothyro-
acetic acid, or 300 mg/kg of diiodothyro-
acetic acid (Westerfeld et al.,, '62) was
accompanied by a corresponding increase
in the adrenal weights, as described for
iodinated casein and T3 Similarly the
inclusion of 15% of LR in these diets de-
creased the adrenal weights in accordance
with its effect in lowering the MR.

The feeding of a diet containing 0.1%
of iodinated casein or 0.8 mg/kg of T3to
weanling male rats for 3 to 4 weeks did not
produce any atrophy of the thymus, even
though the MR was doubled.

DISCUSSION

In general the assay results obtained
by the metabolic rate criterion agreed very
well with those previously obtained by the
criteria of growth and survival. The follow-
ing substances have consistently been re-
ported to have good antithyrotoxic activity:
fermentation residues (Ershoff,’50; Overby
and Fredrickson, '60a); distiller's solubles
(Overby and Fredrickson, '60a; Dryden
et al.,, '60); mammalian muscle (Overby
and Fredrickson, '60b; Tappan et al., '53;
Graham et al., '53; Boldt et al., '58); and
kidney (Ershoff, '48, '50; Stewart and
Henderson, '58). The following substances
have been reported consistently to be rela-
tively inactive: fish solubles (Overby and
Fredrickson, '60a; Dryden et al., '60; Ersh-
off, '48); milk and milk products (Dryden
et al.,, '60; Ershoff, '50; Tappan et al.,
'53); com meal (Dryden et al., '60; Ste-
vens and Henderson, '58; Tappan et al.,
'53); pancreas (Overby and Fredrickson,
'60a; Stevens and Henderson, '58); and
thymus (Overby and Fredrickson, '60a;
Ershoff, '48). Variable responses have
been reported for the following: fish meal
and cottonseed meal were listed as good
(Dryden et al., '60) or poor (Stevens and
Henderson, '58); whole egg was reported
to be good (Graham et al., '53; Overby et
al., '59c) or poor (Tappan et al., '53): egg
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yolk (Stevens and Henderson, '58) and
egg albumin were poor (Graham et al.,
'53; Dryden et al., '60; Overby et al., '59c);
dried grass was good (Dryden et al., '60),
whereas alfalfa meal was poor (Overby
and Fredrickson, '60a; Ershoff, '50, '59);
brewer’s yeast was good (Dryden et al.,
'60) or relatively inactive (Overby and
Fredrickson, '60a; O'Dell et al., '55; Ersh-
off, '47, '48, '50; Stevens and Henderson,
'58; Betheil et al., '47); spleen was good
(Stevens and Henderson, ’'58) or poor
(Overby and Fredrickson, '60a); wheat
(Tappan et al., '53) and wheat germ were
poor (Ershoff, '47) or moderate (O ’'Dell
et al., '55), and gluten was moderately
active (Graham et al.,, '53). A growth
response has also been reported (Ershoff,
'48) for heart, placenta, duodenum, brain,
and lung (Stevens and Henderson, '58).

The antithyrotoxic effect of cholesterol
has been variable in different laboratories
and has been variable in different experi-
ments within the same laboratory (Dryden
et al.,, '60). Ershoff and Marx ('48) re-
ported a minimal effect from cholesterol,
inasmuch as it prolonged survival with-
out affecting growth. Emerson et al.8and
Page et al.9 also reported that cholesterol
was active, whereas Westerfeld and Rich-
ert ('52), Stevens and Henderson (’'58)
and Overby and Fredrickson ('61) ob-
tained no antithyrotoxic response from
cholesterol. The good protection afforded
by a mixture of cholesterol plus bile salts
(Marx et al., '48) can be attributed to the
bile salts since the latter have consistently
been found to be active (Overby et al.,
'59a). 1011 In both the growth and survival
tests (Overby and Fredrickson, '61) as
well as by the metabolic rate response,
deoxycholic acid was more effective than
cholic acid, whereas lithocholic and hyode-
oxycholic acids were inactive.

All investigators have described some
degree of an antithyrotoxic response to an
increased fat content of the diet (Ershoff,
'49; Overby et al., '59a); this protective
effect has generally been attributed to the
presence of unsaturated fatty acids,213
especially linoleic acid (Greenburg and
Deuel, '50; Greenburg, '52). Cottonseed
oil has been used extensively in these
studies (Ershoff, '52, '53; Greenburg and
Deuel, '50; Greenburg, '52), and a maxi-
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mal response was reported for a total die-
tary concentration of 23% of cottonseed
oil (Dryden et al., '60; Overby et al., '59b).
All fats have not been found to be equally
effective. Lard (Ershoff, '49; Westerfeld
and Richert, '52) and numerous oils
(Overby et al., '59b) afforded good pro-
tection when added to low fat diets, but
the fat extracted from liver residue (Over-
by and Fredrickson, '60b) was appreciably
more active than cottonseed oil, and the
activity exhibited by olive oil was greater
than could be accounted for by its linoleic
acid content (Overby et al.,, '59b). Hy-
drogenated coconut oil was inactive
(Overby et al., '59b).

The increased MR following the admin-
istration of thyroid has been reported to
be decreased by the administration of fat
(Abelin, '26; Abelin and Kursteiner, ’'28;
Abelin et al., '30; Berg, '34) or linoleic acid
(Keeser, '38). Fat feeding has also been
reported to restore the loss of liver and
muscle glycogen which results from thy-
roid administration (Abelin, '26; Abelin
et al., '30; Zain, '36, '37).

Casein has been recognized as a poor
source of antithyrotoxic activity (Tappan
et al., '53; Graham et al., '53; Ershoff, '47;
Dryden et al., '60; Overby et al., '59a),
although increasing its dietary concentra-
tion (e.g., from 30 to 40% ) may have a
slight protective effect (Overby et al.,
'59c¢). 45 Soybean meal has been reported
to vary in activity from poor (Tappan
et al., '53; Stevens and Henderson, '58)
to moderate (O'Dell et al., '55; Ershoff,
'49) to good (Ershoff, '50). Soy protein
has varied similarly (Graham et al., '53;
Ershoff et al., '59),16T7 and different brands
of soy protein have given different re-
sponses in the same laboratory (Dryden
et al.,, '60). Lactalbumin and fibrin were
reported to have good activity (Overby et
al., '59c), whereas gelatin was inactivell

8Emerson, G. A., B. Esser and A. C. Page 1956

Nutritional studies with rats subjected to thyrotoxic
tress. Federation Proc., 15: 549 (abstract). .
9Page, A. C. Jr., F. R. Koniuszy, D. Wolf, 'P. Aldrich
nd K. Folkers 1956 Factors in liver reversing thy-
oid stress in rats. Federation Proc., 15: 568 (ab-
tract).
10See footnote
11 See footnote
12See footnote
13See footnote
14 See footnote
13See footnote
16 See footnote
17 See footnote
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(O'Dell et al., '55). Amino acids were in-
active (Dryden et al., '60) and an amino
acid mixture which corresponded to the
composition of liver residue was also in-
active (Dryden et al., '59c).

Both reserpine and 2-aminoethylisothio-
uronium bromide (AET) have been re-
ported to have moderate activity in growth
and survival experiments (Overby and
Fredrickson, '60a), but the response to
reserpine has not been observed consist-
ently, and Ershoff ('58) obtained less
growth and a shorter survival in the pres-
ence of reserpine than in its absence. In
large doses thiouracils depress the periph-
eral deiodination of thyroxine (Escobar
and Morreale, '61) and inhibit the in-
creased oxygen consumption which results
from the administration of thyroxine and
certain of its analogues (Andik et al., '49;
Stasilli et al., '60).

Antibiotics have given variable results
in different laboratories. Chlortetracycline
and penicillin were reported to be inactive
(Ershoff, '50; Dryden et al., '60) but both
Meites ('52) and Overby et al. ('59a) ob-
tained a growth response from procaine
penicillin; no change in MR was reported
originally (Meites and Ogle, '51), but some
decrease in MR was reported for both pro-
caine penicillin and chlortetracycline when
the rats were not fasted prior to the deter-
mination (Vogel et al.,, '58). Neomycin
has also been reported to give a growth re-

sponse, whereas streptomycin had no ef-
fect (Meites, '52).

SUMMARY

(1)
ous dietary supplements was compared
with a standard liver residue by an assay
procedure in which weanling male rats
were fed a purified 30% casein diet con-
taining 0.1% of iodinated casein (1%
thyroxine equivalent) with or without the
test supplement for 19 to 28 days; meta-
bolic rates were determined after 19 days
and compared with the metabolic rate de-
creases produced by the inclusion of liver
residue in the diet. The average metabolic
rates which constituted the assay curve
were 7.2 (liters of O- consumed per square
meter body surface per hour) for the
nonthyroidal basal group, 13.5 for the un-
protected group fed 0.1% of iodinated
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casein, 10.2 when 5% of liver residue was
included, and 8.2 for the 10% liver residue
diet.

(2) Female rats were less satisfactory
for the assay but responded to the test
supplements like the males; the inhibition
of the normal development of the ovaries
and uterus produced by feeding iodinated
casein was overcome by all those sub-
stances which effectively reduced the met-
abolic rate.

(3) A similar assay procedure in which
a diet containing 0.8 mg/kg of triiodo-
thyronine (T:i) was fed to weanling male
rats for 16 to 28 days before determining
the metabolic rate was less satisfactory
than the use of iodinated casein because
of the relatively high residual metabolic
rate that remained in the presence of a
large excess of the antithyrotoxic factor.
In general, the same substances were ac-
tive against both T3 and iodinated casein,
but the test with T3was more rigorous.

(4) The adrenal hypertrophy that re-
sulted from the thyroid feeding was
reduced by the various test substances to
the same degree that these substances
reduced the metabolic rate.

(5) The following substances were good
sources of antithyrotoxic activity (equal to
or better than 5% of liver residue; 50 units
or more) by all the criteria studied: 10%
of liver residue, 5% of liver residue fat,
1% of liver residue concentrate, 5% of
hemoglobin, 10% of cottonseed meal or
fermentation residue, 20% of lactalbumin
or fibrin, and 0.2% of deoxycholic acid,
dehydrocholic acid or sodium glycocholate.

The antithyrotoxic activity of vari-Moderate activity (approximately 35 units)

was exhibited in all tests by 20% of soy
protein and in some tests by 10% of dis-
tiller's solubles, 10% of egg yolk, 0.2% of
cholic acid or 10% of brewer’s yeast. The
6-propyl-thiouracil also had a moderate-to-
good effect in reducing the increased met-
abolic rate produced by iodinated casein
or T3 but had little or no effect on growth.
The following substances had little or no
antithyrotoxic activity by any criterion:
10% of dried grass, whey, wheat germ,
casein, dry fish solubles or corn oil, 20%
of egg albumin or 1% of cholesterol. Lith-
ocholic and hyodeoxycholic acids were
also inactive in the standard metabolic
rate assay procedure, as were 10% of lard.
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20% of gelatin and a variety of miscella-
neous substances. Procaine penicillin gave

erratic results, but along with other anti-

biotics was generally inactive.

(6)
growth response without also reducing the
metabolic rate.

LITERATURE CITED

Abelin, 1. 1926 Uber Fett-und Schilddrusen-
wirkung. Klin. Wochschr., 5: 367.

Abelin, 1., M. Knuchel and W. Spichtin 1930
Erndhrung und Schilddrusenwirkung. 1I. Uber

die Bedeutung der Vitamine fur den Verlauf
der experimentallen Hyperthyreose. Biochem.
Ztschr., 228; 189.

Abelin, 1., and P. Kursteiner 1928 Uber den
Einfluss der Schilddrisen Substanzen auf den
Fettstoffwechsel. Ibid., 198: 19.

Andik, 1., L. Balogh and S. Donhoffer 1949
The effect of thyroxine in thyroidectomized
rats treated with methylthiouracil. Experientia,
5; 249.

Berg, J. 1934 Untersuchungen uber die Heil-
wirkung von Lipoiden auf den experimentallen
Hyperthyreodismus. Ztschr. Ges. Exp. Med.,
93: 143.

Betheil, J. J., V. O. Wiebelhaus and H. A. Lardy
1947 Studies of thyroid toxicity. |. A nutri-
tional factor which alleviates the toxicity of
ingested thyroid substance. J. Nutrition, 34:
431.

Boldt, R. E., A. E. Harper and C. A. Elvehjem
1958 The effect of amino acids on the sur-
vival of the hyperthyroid rat. Arch. Biochem.
Biophys., 74; 437.

Dryden, L. P., G. H. Riedel and A. M. Hartman
1960 Unidentified nutrients required by the
hyperthyroid rat. J. Nutrition, 70: 547.

Ershoff, B. H. 1947 Effects of liver feeding on
growth and ovarian development in the hyper-
thyroid rat. Proc. Soc. Exp. Biol. Med., 64: 500.

---- 1948 Further studies of the antithvro-

toxic factor of liver. Exp. Med. Surg., 6: 438.

1949 Protective effects of soy bean meal

for the immature hyperthyroid rat. J. Nutri-

tion, 39: 259.

1950 Distribution of an unidentified

antithyrotoxic factor in materials of plant and

animal origin. Proc. Soc. Exp. Biol. Med.,

74: 391.

---- 1950a Prolonged survival of hyperthy-
roid rats fed penicillin and aureomycin resi-
dues. Arch. Biochem., 28: 359.

---------- 1952 Effect of dietary carbohydrate on
the growth promoting properties of fat in the
hyperthyroid rat. Exp. Med. Surg., 10: 21.

1953 Effects of the fat content of the

ration on the antithyrotoxic properties of B vita-

mins and liver residue in the hyperthyroid rat.

Metabolism, 2: 175.

1958 Potentiating effects of reserpine
on thyrotoxicity in the rat. Proc. Soc. Exp.
Biol. Med., 99: 189.

Ershoff, B. H., H. J. Hernandez and J. M. Muck-
enthaler 1959 Beneficial effects of the plant

413

residue factor on the survival
rats. J. Nutrition, 67: 381.
Ershoff, B. H., and W. Marx 1948 Effect of
dietary cholesterol on the length of survival of
hyperthyroid rats. Exp. Med. Surg,, 6: 145.

of thyrotoxic

No substance tested gave a goodEscobar del Rey, F., and G. Morreale de Escobar

1961 The effect of propylthiouracil, methyl-
thiouracil and thiouracil on the peripheral me-
tabolism of L-thyroxine in thyroidectomized 1-
thyroxine maintained rats. Endocrinology, 69:
456.

Graham, C. E., I. P. Reichstein, W. J. Watson
and S. W. Hier 1953 Effects of proteins on
body and organ weights in thyroid-fed rats.
Proc. Soc. Exp. Biol. Med., 82: 7.

Greenburg, S. M. 1952 The protective effect of
dietary fat on immature rats fed thyroid. J.
Nutrition, 47: 31.

Greenburg, S. M., and H. J. Deuel, Jr. 1950
The protective effect of high fat diets on im-
mature rats fed thyroid. Ibid., 42: 279.

Keeser, E. 1938 Untersuchungen uber antithy-
reoidwirksame Stoffe. Klin. Wschr., 17: 1100.

Marx, W., E. R. Meserve and H. J. Deuel, Jr.
1948 Protective action of dietary cholesterol
in experimental thyrotoxicosis. Proc. Soc. Exp.
Biol. Med., 67: 385.

Meites, J. 1952 Changes in nutritional re-
quirements accompanying marked changes in
hormone levels. Metabolism, 1: 58.

Meites, J.,, and R. C. Ogle 1951 Antithyrotoxic
effects of antibiotics in rats. Proc. Soc. Exp.
Biol. Med., 77; 758.

O’Dell, B. L., S. J. Stolzenberg, J. H. Bruemmer
and A. G. Hogan 1955 The antithyrotoxic
factor; its solubilization and relation to intes-
tinal xanthine oxidase. Arch. Biochem. Bio-
phys., 54: 232.

Overby, L. R., and R. L. Fredrickson 1960a
The antithyrotoxic factor of liver. IV. Activity
of various pure and crude materials. J. Nutri-
tion, 71: 129.

1960b The antithyrotoxic factor of liver.

V. Failure of thyrotoxicosis to deplete the ac-

tivity in swine tissues. J. Nutrition, 72: 293.

1961 Protective action of bile acids in
experimental thyrotoxicosis. Ibid., 75: 347.

Overby, L. R., R. L. Fredrickson and D. V. Frost
1959a The antithyrotoxic factor of liver. I.
Method for assay. Ibid., 67: 397.

Overby, L. R., D. V. Frost and R. L. Fredrickson
1959b The antithyrotoxic factor of liver. Il.
Comparative activities of defatted liver residue
and various fats. Ibid., 68: 251.

Overby, L. R., R. L. Fredrickson and D. V. Frost
1959c The antithyrotoxic factor of liver. III.
Comparative activity of liver residue and other
proteins. lbid., 69: 412.

Stasilli, N. R.,, R. L. Kroc and R. Edlin 1960
Selective inhibition of the calorigenic activities
of certain thyroxine analogues with chronic
thiouracil treatment in rats. Endocrinology,
66: 872.

Stevens, C. O., and L. M. Henderson 1958 Nu-
tritional studies with the hyperthyroid rat. J.
Nutrition, 64: 67.

Tappan, D. V., R. E. Boldt and C. A. Elvehjem
1953 Unidentified factors capable of reducing



414

stress in iodinated protein-fed rats. Proc. Soc.
Exp. Biol. Med., 83: 135.

Vogel, G. R., S. M. Hauge and F. N. Andrews
1958 Effect of intramuscular administration
of antibiotics on the oxygen consumption of
normal and hyperthyroid rats. Am. J. Physiol.,
192: 73.

Westerfeld, W. W., and D. A. Richert 1952
Antithyrotoxic studies related to the xanthine
oxidase factor. J. Biol. Chem., 199: 819.

W. W. WESTERFELD, WILLIAM W. HOFFMAN AND DAN A. RICHERT

Westerfeld, W. W., R. J. Doisy and D. A. Richert
1962 The nature of the antithyrotoxic effect
of liver residue. J. Nutrition, 78: 393.

Zain, H. 1936 Zur antithyreoidalen Wirkung
einiger ungesattiger Fettsauren. Klin. Wsch.,
15: 1722.

—————————— 1937 Der Einfluss ungesattiger Fett-
sauren mit 1,2 und 3 Doppelbindungen auf
die experimentell erzeugte Hyperthyreose. Arch.

Exp. Path. Pharmakol., 187: 302.



Reduction of Liver Xanthine Oxidase Activity and Iron
Storage Proteins in Rats Fed Excess Zinc'
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Experiment Station, Tifton, Georgia

Previous investigations (Cox and Harris,
'60; Magee and Matrone, '60; McCall et al.,
'61) have demonstrated a reduction of
liver iron in rats fed a diet containing
excess zinc. Cox and Harris ('60) stated
that the decrease of liver iron is an early
manifestation of zinc toxicity, whereas a
decrease of liver copper is a relatively
late effect. Recently, Cox and Hale ('62)
found a reduction of liver iron in swine
fed excess zinc without a concomitant loss
of liver copper.

This investigation was initiated to ob-
tain additional information concerning the
anomaly in iron metabolism during zinc
toxicosis and, hence, to aid in the explana-
tion of the mechanism. In this study, the
activity of xanthine oxidase and the con-
centration of ferritin and hemosiderin in
the liver of rats fed a high level of zinc
were determined.

EXPERIMENTAL

The experimental procedure was con-
ducted in the same manner as described
in an earlier report from this laboratory
(Cox and Harris, '60). Throughout the
study, 0.4% of zinc (as zinc oxide) was
used in the diet to produce the toxicosis.
After the various dietary regimens were
completed, the rats were killed and the
liver was removed for analyses. For xan-
thine oxidase determination, the livers
were placed immediately in cold, 0.039 m
sodium-potassium phosphate buffer (pH
7.4) and after being chilled, were blotted,
weighed, and homogenized. Xanthine oxi-
dase activity was determined on the ho-
mogenates by a colorimetric assay (Lit-
wack et al., '53). The method of Gabrio
et al. ('53) was used for the quantitative
fractionation of liver ferritin and hem-
osiderin. Iron content was measured by
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the method of Sideris (’'42) and molyb-
denum by the thiocyanate technique as
described by Sandell ('59).

RESULTS

Data demonstrating the effect of 0.4%
of dietary zinc for 8 weeks, on liver fer-
ritin, hemosiderin, and hemoglobin of
male rats are presented in table 1 The
concentration of both iron storage proteins
was reduced (P<0.01); however, the
depletion of ferritin (80.7% ) was greater
than that of hemosiderin (66.6% ). Of
particular significance, a higher percent-
age of the total iron loss in the liver came
from the ferritin fraction (77.2% ) rather
than hemosiderin (19.6% ). The data also
show that the relative distribution of stor-
age iron between the iron proteins did not
remain constant, the percentage of hemo-
siderin remained essentially the same,
whereas that of ferritin decreased. As
anticipated, the hemoglobin content in the
liver decreased.

Data illustrating the effect of 0.4% of
dietary zinc on rat liver xanthine oxidase
activity are tabulated in table 2. The ex-
cess dietary zinc caused a reduction in
activity, which occurred after feeding the
diet a relatively short time. The data
show that after 14 days, a loss in activity
of approximately 50% occurred in the
liver of the female rats. However, in the
male rats, about 70 and 60% reduction in
activity was noted after 4 and 7 days, re-
spectively. Since it was demonstrated that
the activity of xanthine oxidase was re-
duced, it seemed pertinent to ascertain®

Received for publication August 6, 1962.

1Published with the approval of the Director as
Journal Series Paper no. fgo

2Present address: Department of Nutrition, Uni-
versity of lowa, lowa City, lowa.

3Present address: 1412 10th Street,
South Carolina.

Hartsville,

415



416

DENNIS H. COX AND DOROTHY L. HARRIS

TABLE 1
Excess dietary zinc and ferritin, hemosiderin, and hemoglobin in rat livers
Ironlas Diet Total
Basal (6)2 0.4% Zn (6)2 Fe loss
%
Total 178.9+29.43 46.5+5.84
Ferritin 126.7+x21.4 245+ 3.84 77.2
(70.8)5 (52.7)
Hemosiderin 38.9+ 11.4 13.0+2.9" 19.6
(21.7) (27.5)
Hemoglobin 134+ 4.0 9.0+ 1.6 3.3

1Micrograms per gram of wet weight of tissue.

and zinc fed rats were 10.0 and 8.1 gmtrespectively.

The average net weights of the liver for basal

2Figure represents number of male animals fed diet for 8 weeks.

3Standard deviation.
4 Significantly less than basal group, P < 0.01.
5Figures in parentheses show percentage of total

TABLE 2
Excess dietary zinc and xanthine oxidase activity
in rat livers

Days Xanthine oxidase

fed Sex activityl
diet Basal2 0.4% Zn2
i F 9.9 7.8
3 F 13.1 11.0
14 F 12.3 6.4
2 M 11.3 7.0
4 M 8.4 25
7 M 9.4 3.6

1Micromoles of xanthine disappearance per hour
per gram of wet weight of tissue.
2Values are the average for two rats.

the status of molybdenum in the liver of
rats fed excess zinc. Samples from an
earlier investigation, in which rats were
fed 0.4% of zinc for 8 weeks, were ana-
lyzed for molybdenum. No loss of molyb-
denum was noted; average liver molyb-
denum value for rats fed 0.4% of zinc
was 1.1 ppm (dry weight basis) and for
control rats, 1.2 ppm.

DISCUSSION

Granick ('54) stated that the ferritin
fraction of liver, rather than of hemosid-
erin, is more readily available in the body
for various metabolic processes of iron.
Shoden et al. ('53) reported that iron is
mobilized from both ferritin and hemo-
siderin, and they further stated that the
compounds are functionally indistinguish-
able. They point out, however, that their
study did not permit speculation concern-
ing the intracellular exchange between
the two compounds. Recently, Morgan

iron as ferritin and hemosiderin.

(’61) reported that the reduction of stor-
age iron in iron-depleted rats was accom-
panied by little change in the relative
distribution of iron between ferritin and
hemosiderin. In the present investigation,
although both iron proteins were signifi-
cantly reduced in the liver, the depletion
of ferritin was greater than hemosiderin.
It also was noted that a higher percentage
of the total iron loss was the result of the
loss of ferritin rather than hemosiderin.
And, in contrast to the investigation of
Morgan ('61), in which he found that the
relative distribution of the total iron be-
tween the iron proteins remained essen-
tially the same, our results indicate that
hemosiderin remained the same but fer-
ritin decreased. These data indicate, there-
fore, that the ferritin fraction was more
labile than hemosiderin and was the major
source of iron loss from the liver. How-
ever, as pointed out by Shoden et al. ('53).
the role of any possible intracellular ex-
change between ferritin and hemosiderin
could not be determined.

In an earlier investigation (Cox and
Harris, '60) on zinc toxicosis in the rat.
liver iron was reduced to a minimal value,
after which no further depletion occurred.
Underwood ('56) stated that iron reduc-
tion in tissues reaches a base line below
which tissues would not release iron under
any conditions of stress. Morgan ('61)
noted that the complete removal of storage
iron from the liver and spleen of iron-
depleted rats was not achieved, but no
definite lower limit of concentration could
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be demonstrated. From these results and
those of the present investigation, one may
speculate that either the iron in the stor-
age proteins is in a form in which it can
not be further released or some mecha-
nism responsible for the iron release has
been destroyed.

The present investigation on the role
of xanthine oxidase during zinc toxicosis
was prompted by the report (Mazur et al.,
'58) which showed that xanthine oxidase
participated in the in vivo liberation of
liver ferritin iron to the circulation. It
was thought that the action of zinc could
possibly be one of increasing the activity
of xanthine oxidase and consequently in-
crease the rate of removal of iron from
the liver. This apparently is not the case,
however, since the activity of xanthine
oxidase was reduced; in fact, the reduc-
tion was found after feeding the diet a
relatively short time. In this respect, it
has been shown (Cox and Harris, '60)
that the loss of iron from the liver of rats
fed excess zinc also occurs after feeding
the diet a short time. Relevant to these
results was the investigation (Kinney et
al., '61) which showed that there were
no concomitant changes in liver iron or
iron absorption associated with decreased
xanthine oxidase activity. Strohmeyer et
al.4 also failed to demonstrate a relation-
ship between liver xanthine oxidase and
iron metabolism.

Richert and Westerfeld ('54) reported
that rats with an iron deficiency did not
exhibit an altered liver xanthine oxidase.
It could be concluded, therefore, that the
reduced enzyme activity noted in the pres-
ent investigation was not the result of the
loss of liver iron which occurs during zinc
toxicosis. On the other hand, a rapid loss
of liver iron, such as that found in rats
with zinc toxicosis, as compared with the
relatively slow rate of iron loss of rats fed
an iron-deficient diet may be important.
The failure to observe a reduction in the
molybdenum content in the liver of rats
fed excess zinc suggests that the reduced
enzyme activity was not due to a loss of
this element. The early reduction of the
activity of xanthine oxidase precludes the
possibility of an effect of dietary protein
intake; low protein intake was shown

IN THE RAT

417

(Westerfeld and Richert, '50) to reduce
liver xanthine oxidase.

SUMMARY

Experiments were made to study the
effect of 0.4% of dietary zinc on the
activity of xanthine oxidase and the con-
tent of ferritin and hemosiderin in the
liver of rats.

The feeding of a high level of zinc pro-
duced a lowering of xanthine oxidase ac-
tivity in the liver. The loss occurred after
the rats had eaten the diet for a short
time. Relevant to this result was the ob-
servation that liver molybdenum was not
reduced in rats fed excess zinc.

Both iron storage proteins in the liver
of rats fed excess zinc were reduced. The
percentage loss of ferritin was greater than
that of hemosiderin, and ferritin contrib-
uted a greater amount to the total iron loss
from the liver. These results suggest that,
under the conditions of the experiment,
ferritin was more labile than hemosiderin.
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Effect of Methionine and Other Nitrogen Sources on
Biochemical Processes in the Liveri
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New Brunswick, New Jersey

The labile nature of liver protein was
observed by Addis and associates ('36)
who found that the loss of liver protein
was high when rats were starved for two
days. This decrease in nitrogen has been
found to be aloss in actual liver cytoplasm
(Kosterlitz, '44a). The loss of basophilic
staining substance, presumably ribonucleic
acid (RNA), and the increase of fat have
also been reported by other investigators
(Elman and Heifetz, '41; Elman, '43; Kos-
terlitz, '44b, '47; Allison et al., '56).

Liver deoxyribonucleic acid (DNA) con-
centration was found to increase after
feeding a protein-free diet (Campbell and
Kosterlitz, '47; Thomson et al., '53); how-
ever, no change was noted in the total
liver DNA or the average DNA per nucleus
(Campbell and Kosterlitz, '52). This re-
port was in conflict with the data of Ely
and Ross ('51) who found an increased
amount in the average DNA content of
the nucleus. Recently, Zigman and Allison
('59) observed that severe protein deple-
tion produced by feeding a protein-free diet
caused an increase of liver ribonuclease
and a decrease of liver RNA-phosphorus.
More recently, papers have appeared which
demonstrate an increased synthesis of liver
DNA in choline deficiency (Farish et al.,
'61) and in ethionine feeding (Stekol et al.,
'60). Similarly, Williams (’'61) concluded
that there was an increase in the number
of cells per unit of weight of liver based
on a DNA concentration increase of 15
to 1.8 times during protein deficiency.

The following studies were undertaken
to determine some of the specific effects
of methionine and other supplementations
such as glycocyamine on metabolic proc-
esses in the liver. Particular emphasis was
placed on protein anabolism as it may be
connected with nucleic acid synthesis.

J. Nutrition, /8. '62

MATERIALS AND METHODS

One hundred weanling male Sprague-
Dawley rats were divided into 10 groups
after they were first paired with respect
to body weight so that the initial weights
of the dietary groups were the same. The
groups were fed a basic diet containing
12% of casein (Allison et al., '54). The
diets were supplemented with 0.7% of
DL-methionine or 0.7% of DL-methionine
plus 0.7% of glycocyamine. Previous stud-
ies have demonstrated that these amounts
of methionine and glycocyamine are opti-
mum for maintenance of adult rats and
for growth in young rats fed a diet con-
taining 12% of casein.3 Glycine (1.28% ),
alanine (1.53%), and ammonium citrate
(1.95%) used in isonitrogenous amounts
compared with glycocyamine were also
studied as single supplements and in com-
bination with methionine. The rats were
fed their respective diets for an 8-week
period at the end of which time the ani-
mals were autopsied. In one series of ex-
periments, S&L-methionine was injected
intraperitoneally one hour before autopsy.
In another series, liver slices were taken
from each animal at the time of autopsy
and incubated for two hours at 37°C in
a Krebs-Ringer bicarbonate solution con-
taining 100 mg/100 ml of glucose and 30
mg/100 ml of SHL-methionine. The livers
were removed, rinsed several times in
saline and an aliquot of approximately
500 mg of tissue was taken for digestion
by a 1:1 mixture of concentrated HzSOi
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and concentrated HNCh. The digest was
then assayed for radioactive sulfur in a
windowless proportional gas-flow counter.

The micro-Kjeldahl method (Pregl and
Roth, '35) was used to measure the total
protein content of liver, and liver lipid was
determined gravimetrically after extrac-
tion with alcohol and ether, using a modi-
fied Soxhlet tube. The method of Schmidt
and Thannhauser ('45) with slight modifi-
cation, in conjunction with the phosphorus
determination of Fiske and Subbarow
('25) was used for the measurement of
the nucleic acids.

RESULTS AND DISCUSSION

The slope of the line obtained by plotting
body weight gain against nitrogen intake
has been related to protein quality (Allison
et ah, '59). Supplementation of a casein
diet with either glycocyamine, glycine, ala-
nine, or ammonium citrate decreased or
had little effect on the efficiency of the die-
tary protein (fig. 1). However, supplemen-
tation of these diets with methionine in-
creased the growth rate to a level higher
than that of the casein-fed animals. This
is in agreement with Baron ('58) who
found that the addition of methionine to

Fig. 1 The body weight gain plotted against
nitrogen intake of rats fed casein diets supple-
mented with various nitrogen sources. O indi-
cates casein diet; O, casein plus ammonium
citrate; O, casein plus glycocyamine; casein
plus glycine; and A, casein plus alanine. The
symbols with any shaded area represent the
addition of methionine to the diet.

L. PROSKY AND R. W. WANNEMACHER, JR.
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Fig. 2 Total liver weight, liver lipid per cent
of dry weight, and total liver protein of rats fed
casein diet and casein supplemented diets for
8 weeks. Standard error of the mean is shown
by the perpendicular line to the top of the bar
of each group. White bars indicate casein, and
slanted lines, methionine supplementation to the
diet. GU represents glycocyamine; GL, glycine;
AL, alanine; and NH4, ammonium citrate.

glycocyamine in suitable concentrations
overcame to a large degree the growth
inhibition caused by feeding glycocyamine.
It was also shown by Allison ('56) and
Hetzel4 that methionine, when added to a
protein-free diet, reduced the excretion of
urea nitrogen. This observation suggests
that amino acid is involved in the catabo-
lism of the labile protein stores.

The livers of rats that were fed a diet
containing 12% of casein and an excess
amount of choline had a low protein and
a high fat content (fig. 2). This type of

4  Hetzel, C. A, 1957 Studies on protein depletion
and methionine supplementation in_the rat. Ph.D.
?J-Qres%?' Rutgers University, New Brunswick, New
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liver was shown by Harper et al. ('50) to
be associated with a reduced methionine
intake. When the casein diet was supple-
mented with methionine, the protein level
of the liver increased, whereas the lipid
content decreased. The reverse effect was
observed when the casein diet was supple-
mented with glycocyamine, indicating that
methionine had been diverted into other
pathways. The protein and lipid content
of livers of rats receiving nonessential
amino acids such as glycine or alanine
were not significantly different from those
of the casein controls.

Many of the amino acids serve special
roles in the body in addition to their more
common structural requirements in pro-
tein molecules. Methionine can function
as a methylating agent in the formation
of adrenaline (Keller et al.,, '50) and in
the conversion of glycocyamine to creatine

Fig. 3 The incorporation of S& from labeled
methionine into the liver protein of rats fed vari-
ous diets for 8 weeks. Each value is given with
the standard error of the mean. Symbols as in
figure 2. In vitro (*) experiment was made using
liver slices incubated for two hours at 37°C in a
Krebs-Ringer bicarbonate solution containing 100
mg/100 ml of glucose and 30 mg/100 ml of S5
L-methionine.
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(du Vigneaud et al., '40, '41; Borsook and
Dubnoff, '47). The data obtained on the
incorporation of S& from labeled methio-
nine in vitro and in vivo by the liver of the
rat clearly demonstrate the dual role of
methionine. A high uptake of the S&from
labeled methionine was observed in livers
of rats fed a casein diet that was low in
sulfur amino acids (white bar, figure 3).
This increase can be related to a decrease
in amino acid pool size (Wannemacher,
'61). The incorporation was further in-
creased when rats were fed the casein
diet supplemented with glycocyamine. Gly-
cocyamine diverts some of the methionine
into other pathways, which results in a
methionine deficiency. When the casein
diet supplemented with methionine was
fed to rats, there was a significant decrease
in the incorporation of S& from labeled
methionine by liver protein. Thus, this

12-

Fig. 4 Total liver ribonucleic acid phosphorus
of rats fed various diets for 8 weeks. Each value
is given with the standard error of the mean.
Symbols as in figure 2.
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study emphasized the dual role of methio-
nine not only as an essential amino acid
in the formation of tissue protein but also

as an intermediate in biochemical reac-
tions of the organism.
Allison et al. ('61) found that liver

ribonuclease activity was increased and
RNA was decreased at low nitrogen intake.
When the nitrogen intake was increased,
there was a sharp decrease in ribonuclease
activity accompanied by an increase in
liver protein. The data in figure 4 illus-
trate the increase in total liver RNA-phos-
phorus when the casein diet was supple-
mented with various nitrogen sources. A
slight depression in RNA-phosphorus was
noted when the casein diet was supple-
mented with methionine, but this was in-
creased two-fold when the methionine was
added in combination with glycocyamine.

The data in figure 5 illustrate the effect
of various nitrogen supplements on the
DNA-phosphorus content of the liver. A

Fig. 5 Total liver deoxyribonucleic acid phos-
phorus of rats fed various diets for 8 weeks. Each
value is given with the standard error of the
mean. Symbols as in figure 2.

L. PROSKY AND R. W. WANNEMACHER, JR.

decrease in DNA or no change at all was
observed when the casein was supple-
mented with glycine, alanine, glycocya-
mine or ammonium citrate. A slight in-
crease was observed when the casein was
supplemented with methionine. However,
there was a marked increase in liver DNA
when casein was supplemented with either
methionine plus glycine (1.5-fold increase
in liver DNA) or methionine plus glyco-
cyamine (3.5-fold increase in liver DNA,
figure 5). This increase would then be a
reflection of an increase in cell number
or nuclear size.

SUMMARY

When rats were fed diets containing
12% of casein supplemented with either
glycocyamine or glycine, a slight decrease
was observed in their growth rate. This
decrease was overcome by the addition of
methionine to the respective diets.

An increase was observed in the total
liver protein and a corresponding decrease
in liver fat when the rats were fed the
casein diet supplemented with methionine.
A decrease in liver protein and an in-
crease in the percentage of liver fat was
noted in rats being fed the diet supple-
mented with glycocyamine.

The incorporation of the SHfrom labeled
methionine into liver was reduced when
the animals were fed the casein diet sup-
plemented with methionine and was re-
duced further when the casein diet was
supplemented with methionine plus gly-
cocyamine or methionine plus glycine.

A working hypothesis was developed
which emphasized the dual role of methio-
nine in protein anabolism, first as an
essential amino acid in the structure of
tissue protein, and second as a methylat-
ing agent, possibly contributing to the
energy requirements for synthesis.
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The Relative Roles of Vitamins, Protein, and the
Salmonellosis Resistance Factor in the Natural
Resistance of Mice to Salmonellosisl
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Rockefeller Institute, New York, New York

The supposition is often made that the
nutrition of the host can affect its natural
resistance to infection. Investigations di-
rected toward an analysis of this supposed
relationship, however, have yet to arrive
at any consensus (vide infra). In the
main such attempts at analysis have been
based on the experimental manipulation
of three categories of nutritional sub-
stances: vitamins, protein levels, and un-
identified factors present in natural food-
stuffs. This last category may need some
prefatory comment.

Schneider and Webster ('45) found that
mice consuming diets containing wheat
survived Salmonella enteritidis infection
in significantly higher frequency than
those eating a “synthetic” diet. In sub-
sequent publications (Schneider, '46a, '48,
'49) the necessary genetic heterogeneity
of the host population and polymorphic3
character of the pathogen population for
the maximal effect of diet were estab-
lished. The resistance-promoting proper-
ties of wheat were traced by special assay
procedures (Schneider and Zinder, '56)
to a novel unidentified factor and concen-
trated a million-fold (Schneider, '56). This
factor, designated as the Salmonellosis
resistance factor (SRF),4 enhances host
resistance to S. typhimurium as well
(Schneider, '46a). The SRF has no anti-
biotic properties as measured by conven-
tional in vitro procedures, nor is it a
growth factor for either mice or Salmon-
ella.

While the effect of SRF supplementa-
tion in enhancing the natural resistance
of mice to salmonellosis has been consist-
ent, such has not been the case in studies
on protein intake. Dubos and Schaedler
('58) and Schaedler and Dubos ('59), for
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example, found that increased protein in-
take increased the survival time of mice
in tuberculosis and some other infections.
Koerner ('49) obtained a similar result
with rat tuberculosis. In contrast to these
results, Smith and Chubb ('57) and Hill
and Garren ('61) reported that increased
dietary protein levels resulted in decreased
survival times of chicks infected with
Salmonella gallinarum. To complete the
gamut of possible experiences, Ratcliffe
and Merrick ('57) concluded that dietary
protein levels had no effect on the sus-
ceptibility of rats or guinea pigs to tuber-
culosis, although with moderately virulent
strains of the bacillus, the secondary le-
sions in the guinea pig healed more rapidly
in animals receiving higher levels of pro-
tein.

As a nutritional category the vitamins,
in their multiplicity, make impossible any
general statement about their reported ef-
fect on resistance or susceptibility. Suffice
to say that deficiencies of some vitamins
have been reported to decrease resistance
to some infections and increase resistance
in others. Schneider ('46b) has reviewed
the work in this area of investigation. In&
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one instance (Hill and Garren, '55), the
addition of large amounts of all the known
vitamins to a diet already adequate in
these substances increased the resistance
of chicks to S. gallinarum infection.

The discordance of results of the studies
with protein or vitamins might be taken
as reflecting certain fundamental specifici-
ties of the particular pathogen or the par-
ticular host or their mutual combination.
If this were true, even the hope of any
meaningful generalizations would be re-
mote indeed. On the other hand, there
might well have been important and un-
analyzed differences in some of the condi-
tions inherent in the various studies which
were responsible for the apparently con-
flicting results. For instance, the compo-
sition of the basal diet used by different
investigators was not the same, and it is
possible that resistance and susceptibility
are influenced by interactions between die-
tary components with important conse-
quences for analysis and interpretation.
What might be true in one dietary context
might not be so in another. In order to
assess adequately these possibilities it be-
comes mandatory to assemble into one
diet-infection model the three nutritional
categories which have been reported to
influence the outcome of an infection and
to study their possible effects simulta-
neously. This report presents the results
of such a study.

425

EXPERIMENTAL

The plan of this study was to examine
the natural resistance of mice to salmonel-
losis as affected by three levels of protein
and two levels of vitamin supplementa-
tion, with and without a source of SRF,
in a factorially designed experiment with
two replications. The 12 diets used are
presented in table 1 The protein level
was manipulated by varying the amount
of casein to supply 5, 15, and 30% of
protein. The level of cystine was kept
proportional to the casein so that the
amino acid balance remained constant at
all levels of protein. The vitamin supple-
ment at the lower level fed supplied all
the known vitamins in amounts presumed
adequate to meet the requirements of the
mouse, a so-called “normal” intake. The
high vitamin supplement was tenfold that
of the lower. The crude SRF used was
produced by microbial means on a chem-
ically defined medium as described by
Schneider and Wood5 and Wood and
Schneider.6 The amount of SRF used was
enough to protect 80% of the mice under
the conditions of the bioassay (Schneider
and Zinder, '56). The crude SRF concen-

5Schneider, H. A, and H. N. Wood 1959 The
ecological origins of the salmonellosis resistance fac-
tor (SRF). Federation Proc., 18: 545 (abstract).

6Wood, H. N., and H. A. Schneider 1959 Prop-
erties of salmonellosis resistance factor (SRF) pro-
duced by microbial means. Federation Proc., 18:
552 (abstract).

TABLE 1

Experimental diets

Diet A B (o]
Casein, vitamin-free 5 5 15
Salts W-21 4 4 4
L-Cystine 0.1 0.1 o3
Cottonseed oil, refined2 5 5 5
Glucose,3to 100 100 100
Vitamins 14 1 1
Crude SRF5 0 + 0

1Schneider and Webster ('45).

D E F G H i J K L
15 30 30 5 5 15 15 30 30
4 4 4 4 4 4 4 4 4
03 06 06 01 01 03 03 06 06
5 5 5 5 5 5 5 5 5
100 100 100 100 100 100 100 100 100
1 1 1 10 10 10 10 10 10

¥ 0o — 0 + 0+ 0+

2Wesson Oil, The Wesson Oil Company, New Orleans, Louisiana.

3Cerelose, Corn Products Company, Argo, lllinois.

4Su pliesd)er 100 gm diet: vitamin A, 100 IU; vitamin D2, 100 IU; and in mg, tocopheryl acetate, 8.0;

menadione,

1; thiamine, 0.3; riboflavin, 0.8; pantothenic acid, 1.0; pyridoxine, 0.5;

choline, 0.5; folic acid,

0.1; niacin, 1.0; inositol, 25.0; ascorbic acid, 100.0; biotin, 20.0 /g, vitamin Bi2, 4.0 fig.

5Salmonellosis resistance factor, see text.
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trate, as used here, contributed 2.6 gm of
dried solids/kg of diet.

A strain of W-Swiss mice previously
described (Schneider and Webster, '45)
was used in this experiment. The program
of exogamous breeding to maintain ge-
netic heterogeneity (Schneider, '46) has
been continued. In recent years the mouse
colony has been maintained with a com-
mercial pelleted mouse diet.7 The mice
are free of Salmonella.

The experiment was conducted in air-
conditioned quarters at 80°F, 50% rela-
tive humidity, and with a 12-hour light
day supplied by clock-controlled fluorescent
lighting in a windowless room.

Three hundred female mice, 4 to 8
weeks of age, were weighed and divided
by planned randomization into 12 groups
of 25 mice each. Only one sex was used
in order to reduce variance. (Schneider
and Zinder, '56). No group contained
siblings. The mice, averaging 20 gm in
weight, were fed the experimental diets,
lacking the SRF supplement, for two
weeks. After this preliminary feeding
period the 300 mice were individually
caged, weighed, the SRF supplementation
begun in the appropriate groups and each
group of 25 divided into two sub-groups of
10 each plus 5 left as uninfected controls.
After 4 days’ acclimatization the mice were
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infected intraperitoneally by the double-
strain inoculation procedure described by
Schneider ('48). The dose was composed
of 1,000 viable cells of avirulent S. typhi-
murium followed 48 hours later by 1,000
viable cells of virulent S. typhimurium.

After inoculation the disease was al-
lowed to run its course for 30 days. By
this time all deaths from the infection had
ceased for 7 days and the survivors ap-
peared to be fully recovered.8

The differences in survivorship were
analyzed for significance by an analysis
of variance.

RESULTS AND DISCUSSION

The results of the experiment are pre-
sented in tables 2 and 3 and the variance
analysis in table 4. None of the 60 un-
inoculated control mice died; hence all
deaths are attributable to salmonellosis.
Body weight changes in the mice were
slight during the two-week preliminary
feeding period. With 5% of protein, aver-
age body weights remained stationary and
gains of approximately 1 gm were made
with the 15% and 30% protein diets.

70ld Guilford, Emory Morse Company, Guilford,
Connecticut. . i

8Experience in this laboratory with this infection
model over more than 20 years has shown that after
30 days, with the experimental conditions held con-

stant, survivors of infection are in no further jeopardy
from the disease.

TABLE 2

Survivorship results for replicated blocks of ten mice

Vitamin Protein

level level SRF1
%
“Normal” 5 0
+
15 (6]
+
30 (o]
+
10 X “Normal” 5 6]
+
15 (]
+
30 (6]
+

Replication sum

1Salmonellosis resistance factor; see text.

Replications

1

Treatment

Diet > sum

12
13

16

mm OO0 @W>»

©Oh O 1O

oOwWw Nbh 0O
[e¢]

=

19

19

12
16

rxX = IT0
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19
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TABLE 3

Survivorship frequency differences by main effects

Treatment Diets
Protein level, 5% ABGH
Protein level, 15% CDIJ
Protein level, 30% EFKL
« g : ABC

Normal” vitamins DEE

o g . GHI

10 X “Normal” vitamins IKL
ACE

No SRF1 GIK
BDF

SRF HaL

1Salmonellosis resistance factor; see text.

Mice
at risk

80

80

80

120

120

120

120

TABLE 4

Analysis of variance

Degrees
Source of
freedom
Total 23
Protein levels 2
Linear (1)
Deviation (1)
Vitamin levels 1
SRF2 1
Protein levels X vitamin levels 2
Linear (1)
Deviation (1)
Protein levels X SRF 2
Linear (1)
Deviation (1)
Vitamin levels X SRF 1
Protein levels X vitamin
levels X SRF 2
Linear (1)
Deviation (1)
Duplicates 12

** Highly significant, P < 0.01.
* Significant, P < 0.05.
1Not significant.

2Salmonellosis resistance factor; see text.

Sum of
squares

133.96

0.58
0.56
0.02

2.04

92.03

0.58
0.06
0.52
7.58
5.06
2.52

1.04

16.58

10.57

6.02

13.50

INFECTION

Survived Survived
%
51 63.8
52 65.0
54 67.5
75 62.5
82 68.3
55 45.8
102 85.0
Mean

square

0.29

0.56

2.04

92.04

0.29

3.79

5.06

2.52

1.04

8.29

10.57

6.02

1.12

Difference

%

1.2

2.5

5.8

39.2

0.26
NS1
NS

1.82
82.17**
0.26
NS
NS
3.38
4.52
2.25
0.93
7.40**

9.30**
5.37*

427
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These were statistically insignificant in the
face of the variance encountered.

That nutritionally effected body weight
changes have no necessary predictive value
for the outcome of an infection was shown
by Schneider and Webster ('45) and has
been concurred in by Dubos and Schaedler
('58).

When the three nutritional categories
were examined as separate factors, only
crude SRF significantly affected the out-
come of infection (table 4). The highly
significant decrease in the number of
deaths in those lots receiving SRF together
with the lack of significance of the pro-
tein or vitamin levels alone, indicate that
in a hierarchial arrangement of SRF, pro-
tein levels, and vitamin levels as used in
this experiment, SRF must be ranked first
in importance in increasing the resistance
of mice to this infection.

While protein and vitamin levels failed
to emerge as main effects in this study

C. H. HILL, R. W. COLBURN AND H. A. SCHNEIDER

embracing an array of different nutritional
contexts, it would be inaccurate to dismiss
them as without meaning in this problem.
Their relevance is indicated by the suc-
ceeding stages of the variance analysis.

As table 4 shows, SRF participates in a
three-way interaction with vitamin and
protein levels, although no two-way inter-
actions were found at a significant level.
These statistical statements merit some
interpretive comment and further analysis
if this three-way interaction is to be under-
stood.

We can proceed with our analysis by
fragmenting table 2 into halves, “ ‘normal’
vitamins” and “10 X ‘normal’.” This will
dispense with, for the moment, the vita-
min aspect of the three-way interaction
and we can now anticipate only two-way
interactions, if such occur. The variance
analysis of these halves of the experiment
is presented in tables 5A and 5B.

TABLE 5A

Variance analysis of the “

normal” vitamin level -part of table 2

Degrees Sum of Mean
F
Source freeO(];om squares square
Total ii 60.25 - -
SRF1 i 36.75 36.75 29.40**
Protein levels 2 0.50 0.25 NS2
SRF X protein levels 2 15.50 7.75 6.20*
Duplicates 6 7.50 1.25
** Highl S|gn|flcant P < 0.01
Slgnn%ant P < 0.05.
1Salmonellosis resistance factor; see text.
2Not significant.
TABLE 5B

Variance analysis of the “10 x normal" vitamin level part of table 2

Degrees
Source %f
freedom
Total ii
SRF1 i
Protein levels 2
SRF X protein levels 2
Duplicates 6
** Highly significant, P < 0.01.

1Salmonellosis resistance factor; see text.
2Not significant.

Sum of Mean E
squares square
71.67 - -
56.33 56.33 56.33**
0.67 0.33 NS2
8.67 4.33 4.332
6.00 1.00
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On comparing table 5A with table 5B,
only in the former, with “normal” vitamin
levels, is there a significant interaction
between SRF and protein levels. The SRF,
of course, clearly emerges as a main effect
in both tables, but multiplying the vitamin
levels tenfold (table 5B) has lowered the
SRF-protein interaction below statistical
significance.

In table 5A, at “normal” vitamin levels,
we are left with SRF and protein levels
interacting. Protein levels still fad to exert
an effect in their own right. The inter-
action, however, recommends a further
penetration by analysis.

The final clue is now easily obtained.
The survivorship data from the “normal”
vitamins part of table 2 is graphed in
figure 1

Inspection of figure 1 clearly suggests
that survivorship does vary with protein
level, but it is obviously ambivalent. In
the presence of SRF, increasing levels of
protein increased survivorship in a linear
way; in the absence of SRF, just the op-

Per cent dietary protein

Fig. 1 Survivorship in mouse salmonellosis
divergently affected by protein levels, depending
on presence or absence of Salmonellosis resistance
factor (SRF). (“Normal” vitamin levels through-
out, 20 mice/test.)
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posite occurs, increasing levels of protein
decreased survivorship, also in a linear
way. Thus the very direction of the sur-
vivorship differences attributable to pro-
tein was dependent upon SRF. This is a
revealing insight into the interaction of
SRF with protein.

But the graphic portrayal merely gen-
erates the hypothesis of this ambivalent
effect. The crucial question is whether the
relations observed in figure 1 are with
certitude separate, linear, and divergent
(have slopes of opposite sign). An ortho-
gonal comparison using the data from
the appropriate “normal” vitamin part of
table 2 provides an affirmative answer to
the question (P < 0.01). Since increasing
levels of protein can exert these two pre-
cisely opposite effects on survivorship, de-
pending on the presence or absence of
SRF, it is obvious that no single declarative
sentence can be formulated to give answer
to the question “What is the effect of pro-
tein on natural resistance?” The question
is now clearly naive and ignores a variable
which is an integral determinant of the
answer.

The foregoing analysis now makes pos-
sible an explication of the three-way, SRF
X protein X vitamin, interaction by recon-
struction as follows. At “normal” vitamin
levels, SRF and protein levels are inter-
acting, since survivorship frequencies vary
in opposite ways with protein levels, de-
pending on the presence or absence of
SRF. This is a two-way interaction, SRF
X protein level. But this two-way inter-
action is at some hazard, for now if vita-
min levels are multiplied tenfold, this
highly significant interaction is reduced
to insignificance (see table 5B). Since the
two-way interaction is thus nonadditively
affected by a third parameter, vitamin
levels, it follows that there exists a three-
way interaction, SRF X protein X vita-
mins. This is precisely what the variance
analysis of the complete experiment (table
4) presented.

To find, as has been found here, that
protein level increases can generate, in
one and the same infection model, diverg-
ent effects on survivorship appears to us
to illuminate the ground for some of the
conflicting results remarked earlier in this
paper. Indeed such conflict could now be
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interpreted as evidence for the supply or
lack of supply of SRF or SRF-like sub-
stances in the various experimental diets
and infections employed by the different
investigators, all further perturbed by the
vitamin levels, again variously chosen.
The hope is thus reborn that some mean-
ingful generalizations for the infection-
nutrition problem may yet be arrived at,
with the problem of specific infections
(Klebsiellae, Mycobacteriae, Brucellae, and
others) embraced by the specific SRF-like
entity involved in each group of infections,
and protein and vitamin levels participat-
ing as interactants in the ambivalent and
more subtle ways we have observed here.

Finally, since SRF has been found in
significant interaction with such classical
nutritional entities as vitamins and pro-
teins, SRF and hypothetical SRF-like en-
tities appear to be a new kind of nutri-
tional entity found in the natural world of
foodstuffs and a legitimate subject matter
for nutritional inquiry.

SUMMARY

The results and analysis of this factorial
experiment can be summarized in the fol-
lowing set of statements, each of which
can be asserted at the 99% confidence
level.

In a factorial analysis of the relative
roles of the Salmonellosis resistance fac-
tor (SRF), protein levels, and vitamin
levels in survivorship in mouse salmonel-
losis, only SRF emerged with certitude as
a resistance-promoting factor. At “normal”
vitamin levels, increasing dietary protein
levels ranging from 5 to 30% affected sur-
vivorship frequency linearly, but diverg-
ently: increasing survivorship obtained in
the presence of SRF and decreasing sur-
vivorship in its absence. This two-way,
SRF X protein, interaction was obliterated
by increasing the vitamin levels tenfold.
The consequence was a three-way interac-
tion, SRF x protein Xx vitamins, the only
other significant result to emerge from
the factorial experiment.

C. H. HILL, R. W. COLBURN AND H. A. SCHNEIDER

LITERATURE CITED

Dubos, R. J.,, and R. W. Schaedler 1958 Effect
of dietary proteins and amino acids on the
susceptibility of mice to bacterial infections.
J. Exp. Med., 108: 69.

Hill, C. H., and H. W. Garren 1955 The effect
of high levels of vitamins on the resistance of
chicks to fowl typhoid. Ann. N. Y. Acad. Sci.,
63: 186.

1961 Protein levels and survival time
of chicks infected with Salmonella gallinarum.
J. Nutrition, 73: 28.

Koerner, T. A., H. R. Getz and E. R. Long 1949
Experimental studies on nutrition in tubercu-

losis. The role of protein in resistance to
tuberculosis. Proc. Soc. Exp. Biol. Med., 71:
154.

Ratcliffe, H. L., and J. V. Merrick 1957 Tuber-

culosis induced by droplet nuclei infection. Its
developmental pattern in guinea pigs and rats
in relation to dietary protein. Am. J. Path., 33:
1121.

Schaedler, R. W., and R. J. Dubos 1959 Effect
of dietary protein and amino acids on suscep-

tibility of mice to bacterial infections. J. Exp.
Med., 110: 921.
Schneider, H. A., and L. T. Webster 1945 Nu-

trition of the host and natural resistance to
infection. 1. The effect of diet on the response
of several genotypes of Mus musculus to Sal-

monella enteritidis infection. J. Exp. Med.,
81: 359.

Schneider, H. A. 1946a Nutrition of the host
and natural resistance to infection. Il. The
dietary effect as conditioned by the hetero-
geneity of the test pathogen population. lbid.,

84: 305.

1946b Nutrition and resistance to in-

fection: The strategic situation. Vitamins and

Hormones, 4: 35.

1948 Nutrition of the host and natural

resistance to infection. IIl. The conditions

necessary for the maximal effect of diet. J.

Exp. Med., 87: 103.

1949 Nutrition of the host and natural

resistance to infection. IV. The capability of

the double strain inoculation test to reveal
genetically determined differences in natural

resistance to infection. Ibid., 89: 529.

1956 Nutritional and genetic factors in
the natural resistance of mice to Salmonella
infections. Ann. N. Y. Acad. Sci., 66: 337.

Schneider, H. A., and N. D. Zinder 1956 Nu-
trition of the host and natural resistance to
infection. V. An improved assay employing
genetic markers in the double strain inocula-
tion test. J. Exp. Med., 103: 207.

Smith, H. W, and L. G. Chubb 1957 The
effect of feeding different levels of protein con-
centrates on the susceptibility of chickens to
Salmonella gallinarum. J. Comp. Path. Therap.,
67: 10.



Impaired Pigmentation in Chinook Salmon Fed Diets
Deficient in Essential Fatty Acids
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It has long been known that the fatty
acids of fish are more unsaturated and
have longer average chain lengths than do
those of most warm blooded animals. How-
ever, the content of the so-called essential
fatty acids in fish is low (Privett et al.,
'59, '60; Ahrens et al.,, '59; Stoffel and
Ahren, '60; Thomasson, '53a, b).

There is some evidence to suggest that
essential fatty acids are required by fish.
For example, Mead et al. ('60), after in-
jecting acetate-1-CH into Tilapia mossam-
bica and isolating and degrading the fatty
acid, noted that the distribution of CH4
was similar to that found in corresponding
studies in mammals known to have an
essential fatty acid requirement. They
state that although small quantities of
polyunsaturated acids can be synthesized
from acetate, these are apparently not the
higher essential fatty acids which must
be formed from dietary linoleic acid.
Klenk et al. ('60) showed that when liver
slices from various fish were incubated
with acetate-1-CH4 fragments produced by
ozonolysis of the polyenoic acids had the
label always predominating on the car-
boxyl side of the fatty acid. There was
only low activity in malonic acid derived
from the middle of the carbon chain and
practically no activity in the propionic and
caproic aldehydes derived from the methyl
end of the fatty acid chain. These workers
concluded that synthesis of CD and C2
polyenoic acids in fish as in rats takes
place essentially from exogenous precur-
Ssors.

In this paper, data will be presented to
show that when salmon fry are fed an es-
sential fatty acid-free diet from the time
of hatching, they undergo a change in
color from their normal greenish-black to
a light brown. This depigmentation may

J. Nutrition, 78: '62

be one of the ways in which the salmon
manifests a dermal syndrome in essen-
tial fatty acid deficiency.

EXPERIMENTAL

Five duplicate lots of 300 previously
unfed chinook salmon (Oncorhynchus
tshawytscha) fry were fed 5 different diets
containing highly purified triglycerides or
fatty acids2 as the sole fat source. Fats
used in each diet were: no. 1, no fat; no.
2, trilinolein; no. 3, triolein; no. 4, lino-
lenic acid; no. 5, trilinolein and linolenic
acid. All diets were held isocaloric at 348
Cal.Z/IOO gm of dry ingredients, assum-
ing 9 Cal./gm of fat and 4 Cal./gm of
sucrose or protein. Complete diet ingredi-
ents are listed in table 1

To retard air oxidation of the highly
purified synthetic fats used in the experi-
ment, a-tocopherol was added each time
a sealed vial of fat was opened. At the
same time, vitamin D3 was added to the
fat mixture as this offered a convenient
means of uniformly dispersing the small
amount used. The fat-vitamin mixture
was stored at 2°C under an atmosphere of
nitrogen until diets were prepared.

Details of diet preparation are essen-
tially as reported by Halver ('57) except
that to minimize air oxidation, the fat-
vitamin mixture was added in the last
minutes of mixing after the diet was cool.
Only sufficient diet for one week of feed-
ing was prepared at a time. Between feed-
ings, the diet was stored at 2°C in tightly
closed jars.

Received for publication June 14, 1962.

1S%pported in part by PHS research grant no.
A-5120, and PHS _tralnlng% grant no. 2A-5300, from
the National Institute of Arthritis and Metabolic
Disease, Public Health Service.

2Purchased from Hormel Institute, Austin,
nesota.
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TABLE 1

Diet compositionl

Diet no. 1
Vitamin-free casein 37
Gelatin 12
Sucrose 37
Mineral supplement2 4
Vitamin supplement3 1
L-Cystine 0.5
L-Arginine 0.5
Trilinolein -
Triolein -
Linolenic acid -
a-Cellulose 8
Water 200

NICHOLAS NICOLAIDES AND A. N. WOODALL

2 3 4 5
37 37 37 37
12 12 12 12
34.8 34.8 36.8 34.8

4 4 4 4

. . 1 1
0.5 0.5 0.5 0.5
0.5 0.5 0.5 0.5
1.0 . - 1.0
- - 0.1 0.1
9.2 9.2 8.1 9.1

200 200 200 200

lingredients except fat purchased from Nutritional Biochemicals, Cleveland,_ Ohio.

2Mineral mix US
MnS04, 0.8; Kl, 0.15; CoCI2 1.0.

VIII, no. 2 containing in addition the following (in mg): ZnS04, 3.0; CuCl, 0.1;

3Containing in mg: thiamine, 5; riboflavin, 20; pyridoxine, 5; choline chloride, 500; niacin, 75;
calcium pantothenate, 50; i-inositol, 200; biotin, 0.5; folic acid, 1.5; ascorbic acid, 100; vitamin Biz,

0.01; menadione, 4; beta carotene, 2.

3 r For ease of diet preparation, a vitamin, amino acid, a-cellulose
(6-gm) mixture was prepared in 100 x these amounts. ] i
stored at 2°C in closed containers until needed. a-Tocopherol, 40 mg and vitamin Ds, 0.005 m

After thorough blending, the mixture was
, were

mixed with the oil of diets 2 to 5 (see text); for diet 1, they were dispersed in 1 gm of a-cellulose.

To feed the diet, small chunks were
forced through a garlic press and the
worm-like extrusions cut off at a length of
2 to 3 mm. These cut extrusions were
dropped in the water as rapidly as the fish
would consume them. Feeding was con-
tinued until the fish began to reject the
offerings. The fish were fed in this man-
ner three times daily, 6 days a week.

Dead fish were removed as soon as ob-
served and examined for injury or disease
symptoms. Each lot was weighed at bi-
weekly intervals by gathering all the fish
into a net, allowing the excess water to
drain for 10 seconds, then transferring
the fish to a tared container of water and
weighing to within 1 gm. With few ex-
ceptions, all the feeding and weighing was
done by one individual. Precautions were
exercised to avoid contact of diet or fish
with the hands.

The fish were contained in screened,
plastic coated, redwood hatchery troughs
to which particulate-free well water was
supplied at a rate of 2 gal (3.8 liters)/min.
Water temperature throughout the experi-
ment was maintained at 11° + 1°C by an
automatic temperature controlling device.
Troughs were 4 feet long, 16 inches wide
and 14 inches deep. Uniform lighting was
provided by overhead fluorescent lights
during the work day.

After 16 weeks of feeding, it was noted
that the color of a large proportion of the

fish not receiving trilinolein (namely,
diets 1, 3, and 4), had turned from a
normal greenish-black color to a light
brown color. This condition persisted and
appeared to become progressively more
pronounced as the experiment was con-
tinued. At 24 weeks, a visual estimation
of the amount of color change was made
by counting the number of fish that could
be ascribed to each of three arbitrary
classifications: “light,” “medium” and
“dark.”

To determine whether the normal dark
color could be restored if trilinolein was
included in the diet, the fish on each die-
tary regimen were then subdivided into
two subgroups of approximately 200 fish
each for further feeding. One group con-
tinued to be fed its original diet and the
other group was fed a recovery diet con-
taining 3% of trilinolein. The levels of
sucrose and a-cellulose were adjusted so
that the recovery diet would be isocaloric
with the original diets. An effort was
made to keep the color and weight distri-
bution the same for the pairs of sub-
groups.

At bi-weekly intervals all groups were
counted as ‘light,” “medium” and “dark.”
To insure consistency of this subjective
measurement, one person made ali color
estimations. The reproducibility of the
estimate was determined by recounting
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TABLE 2
Degree of pigmentation of Chinook salmon with and without essential fatty acidsl
. . P Diet 5
Diet 1 Diet 2 Diet 3 Diet 4 ilinolei
No fat Trilinolein Triolein Linolenic Iﬁ'i',ﬁ’;?e'ﬁ'iﬂ
acid acid
August 17z

Light 50 3 44 39 15
Medium 29 11 31 34 16
Dark 21 86 25 27 69

Recovery period

Original Recovery Ori
et diet diet

et diet et
August 223
Light 42 42 3 3 23 27 52 41 3
Medium 34 35 20 14 38 42 28 37 7
Dark 24 23 77 83 39 31 20 22 90
August 31
Light 18 11 2 1 16 15 7 7 2
Medium 56 61 10 12 65 57 56 56 15
Dark 21 26 86 85 17 25 35 37 80
Mortality 5 2 2 2 2 3 2 0] 3
September 14
Light 16 10 1 1 11 8 14 5 3
Medium 38 40 8 7 36 48 21 23 13
Dark 34 46 84 84 46 30 59 65 75
Mortality 12 4 7 8 7 14 6 7 9
September 28
Light 12 3 0 (o] 5 2 6 4 1
Medium 26 34 4 4 37 27 28 22 14
Dark 47 57 85 83 46 54 56 67 72
Mortality 15 6 11 13 12 17 10 7 13
October 12
Light 1 3 0 0 8 3 5 3 1
Medium 27 40 6 9 27 24 28 21 12
Dark 40 50 76 76 45 55 53 67 69
Mortality 22 7 18 15 20 18 14 9 18
October 26
Light 3 0 0 0 4 4 2 0 0
Medium 20 12 7 5 25 22 9 10 6
Dark 47 76 73 71 46 52 70 80 73
Mortality 30 12 20 24 25 22 19 10 21

ginal Recovery Original Recovery Original Recovery Original Recove
diet d d? diet d?et Y

1
7

92

15
80

83
18

10
77
12

71
23

1Numbers represent percentage of starting population of each subgroup (August 17 numbers are e,
e).

centage of population at that time)
2August 17 is the end of the initial 24-week feeding period.

30n August 22 each dietary group was divided into 2 subgrouﬁs of approximately 200 fish each One sub

%roup (orl/qinal) .continued to he fed the original diet and the ot v ed
aming 3% of trilinolein (see text). In the 5-day interim, all groups were fed "their original diet

TABLE 3

Reproducibility of estimation of degree of pigmentation

Group No. fish “Light” 1 “Medium” “Dark”
% (avg) % (avg) % (avg)
1 139 5.4(1.76)2 25.8(3.46) 65.6(2.94)
2 152 2.5(0.30) 24.1(3.88) 73.5(3.69)

1Average of 4 different estimates over a three-day period.
2Standard deviation in parentheses.

er (recovery) was fed a recovery diet con
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TABLE 4
Average gains of chinook salmon fed fatty acid test diets
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two of the groups of fish four separate
times during a three-day period (table 3).

The experiment was terminated at 34
weeks.

To help identify the pigment system in-
volved, histologic observations3were made
on biopsies of skin specimens. These
were taken from the same pigmented
areas of “light,” “medium” and “dark”
colored fish. The following routine stains
were used: hematoxylin-phloxine; giemsa;
toluidine blue buffered at pH 5. The fol-
lowing special stains were also used: luxol
fast blue combined with periodic acid-
Schiff (Hale et al., '60); Sudan black B
(Gomori, '52a); silver-orcein-aniline blue
(Humason and Lushbaugh, '60); silver
safranine (Lillie, '54); and dopa oxidase
(Gomori, '52b).

RESULTS AND DISCUSSION

Growth. Growth data presented in
table 4 show that, when substituted iso-
calorically for sucrose in a fat-free basal
ration, either linolenic acid or trilinolein
(diets 2, 4 and 5) elicited an increased
growth response, whereas triolein (diet 3)
did not. This was particularly evident in
the recovery phase of the experiment.
During this period, the average gain of
the fish fed the recovery diet (containing
3% of trilinolein) was nearly 50% greater
than that of the fish that continued to be
fed the fat-free and triolein diets (diets 1
and 3).

Pigmentation. Figure 1 shows a photo-
graph of live fish representative of the
three degrees of pigmentation recorded.
This photograph shows the magnitude of
the color changes involved. Table 2
clearly shows that at the start of the re-
covery period, those fish that had not re-
ceived trilinolein in their diet (diets 1, 3
and 4) were distinctly lighter in color than
those that had (diets 2 and 5). During
the recovery experiment all groups dark-
ened appreciably, including those not re-
ceiving trilinolein in the diet. However,
those that received trilinolein appeared to
have darkened more. The experimental

3The preparation of specimens for histochemical
observations were made at the Division of Derma-
tolol\g?_/ of the University of Oregon Medical School
by Miss Doris Brophy to whom we are very grateful.
We would_also like to thank Dr. Walter C. Lobitz, Jr.

of this Division for his assistance in interpretation
of the slides.
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Fig. 1 Photograph of live fish illustrating what is here being termed “medium,” “dark”

and “light” color.
reflections.

evidence, showing that linolenic acids was
utilized for growth yet did not support
normal pigmentation, is analogous to its
failure to satisfy the complete essential
fatty acid requirement of the rat (Aaes-
Jorgenson, '61).

The loss of pigmentation of the fish
while they were deficient in an essential
fatty acid, followed by a restoration of
pigment while still deficient, is not with-
out parallel for other manifestations of
the essential fatty acid deficiency syn-
drome. Dhopeshwarkar and Mead ('61),
for example, found that guinea pigs that
were made deficient in essential fatty
acids exhibited an initial loss and then a
regrowth of hair. Biochemically, it is

Relative size should be disregarded. The white spots are water surface

well known that alternate patterns of syn-
thesis of unsaturated fatty acids are more
pronounced during essential fatty acid de-
ficiency. For example, trienes are found
to increase greatly, especially in heart and
liver tissues (Rieckenhoff et al., '49). It
is not inconceivable that such alternate
synthesis can later alleviate in part the
multiple manifestations of the essential
fatty acid deficiency syndrome.

In a preliminary experiment using a
population of Chinook salmon that had
previously been fed a diet containing 7%
of corn oil and 2% of cod-liver oil for 6
weeks, no similar deficiency syndrome was
observed after 38 weeks of feeding a “fat-
free” diet. This diet was essentially the
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same as that of diet 1 reported here, but
contained white dextrin instead of su-
crose. Extraction of lipids from the dex-
trin, casein and gelatin used, followed by
gas chromatographic analysis of the fatty
acid methyl esters, disclosed that the dex-
trin  would contribute approximately
0.06% of linoleic acid (dry weight basis)
to the diet. Since the weight of these fish
increased fivefold while they were being
fed this “fat-free” diet, it appears that
salmon either have the ability to guard
tenaciously their essential fatty acid stores
or to have a very low requirement for
them or both.

That Kelly et al. ('58) did not observe
this depigmentation process in the com-
mon mullet (Mugil cephalis) may mean
that the essential fatty acid stores present
in their fish (before feeding was begun)
was sufficiently large to prevent the ap-
pearance of this syndrome. It is well
known that it is very difficult to establish
an essential fatty acid deficiency in adult
animals.

Microscopic examination of live fish at
magnifications up to 40 X, showed that the
dark appearance of the skin of normal
salmon was mainly due to a large number
of small black dots scattered over the
dorsa and sides of the fish and in even
rows on the fins. These dots were normally
aggregated into clusters to make up the
large spots seen on the upper portion of
the fish. Examination of experimental
fish in this manner showed that the num-
ber of pigmented dots distributed through-
out the skin decreased very substantially
in going from a “dark” to a “medium” to
a “light” color. When the fish were killed
by immersing them in formalin, all other
colors faded except the black dots and the
silver sheen, leaving a “black on white”
picture. Once again, the “light,” “me-
dium” and “dark” fish could be easily dis-
tinguished.

Histochemical tests performed on the
skin of these fish gave evidence that the
pigmented dots involved in the depigmen-
tation process were made by melanin-pro-
ducing cells and that the dark pigment in
question was melanin.

A depigmentation phenomenon was al-
so observed by Basnayake and Sinclair

AND A. N. WOODALL

('56), who studied the effect of essential
fatty acid deficiency on the hooded rat.
They found that the black hood hair of
this rat became brown after about 20
weeks of feeding a diet deficient in essen-
tial fatty acids. They state, “Since small
tracts of new jet-black hair are observed
to grow against the general brown back-
ground, there is no intrinsic local inability
to form the usual black pigment but
merely a slowing of the process. After
therapy with essential fatty acids, a very
prominent sign is the rapid growth of jet-
black hair replacing the brown. The
deficient animals replace hair poorly
(Rokonnes, '53). The brown hairs may
therefore owe their color to fading of the
original black pigment.”

Since an essential fatty acid deficiency
can produce a dermal depigmentation in
species as widely divergent as rats and
fish, it appears that essential fatty acids
are of fundamental importance in dermal
pigmentation.

SUMMARY

1 A marked depigmentation was ob-
served in the skin of chinook salmon fry
fed a fat-free diet since hatching. A simi-
lar depigmentation was observed when
triolein or linolenic acid was included in
the diet, but depigmentation was largely
prevented by the inclusion of trilinolein.
Depigmentation became apparent after
16 weeks of feeding and reached a maxi-
mum in about 24 weeks.

2. General repigmentation occurred dur-
ing a recovery experiment and appeared
to be more pronounced and more rapid in
subgroups fed a diet containing 3% of
trilinolein than in the subgroups continued
with their original diet.

3. Histochemical tests suggest that the
depigmentation process involves melanin.

4. Trilinolein or linolenic acid, or both,
elicited a positive growth response in
chinook salmon fry when substituted iso-
calorically for sucrose in a fat-free ration,
but triolein did not.
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Influence of Pyridoxine and Dietary Fat on the
Distribution of Serum Fatty Acids in Dogsi2
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Witten and Holman ('52) noted that
rats synthesize arachidonic acid from lino-
leate and hexaenoic acid from linolenate,
which conversions were stimulated by the
presence of pyridoxine. Kirschman and
Coniglio ('61), on the other hand, indi-
cated that pyridoxine was not specifically
concerned with the conversion of linoleic
acid to arachidonic acid, but “may affect
in a general manner the metabolism of the
saturated and monounsaturated as well as
polyunsaturated fatty acids.” Greenberg
and Moon ('61) observed that the presence
or absence of pyridoxine in the diet did
not influence the amount of arachidonic
acid in the blood when fat-deficient mon-
keys were fed corn oil. The composition
of tissue fat in pyridoxine deficiency has
been studied by various workers (Williams
et al., '59, '61; Johnston, et al., '61; Swell
et al., '61), but no clear-cut conclusions
have been drawn concerning a specific role
for vitamin Bn in the metabolism of the
polyunsaturated fatty acids. In the at-
tempt to delineate a possible function of
vitamin B; in relation to the metabolism
of essential fatty acids, it seemed pertinent
to investigate the influence of dietary pyri-
doxine on the fatty acid distribution in
blood serum of dogs maintained with dif-
ferent dietary fats.

MATERIALS AND METHODS

Six Beagles about 1.5 years old, two
German short-hair puppies and 6 mongrel
puppies were fed diets with or without fat
containing 20% of the calories as protein.
In the vitamin Bn-deficient diet, vitamin-
free casein4 was used as the source of
protein. In the diets containing vitamin
Be, skim milk powder was used. When
fat was used it constituted 15% of the
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calories, the remaining calories being sup-
plied by sucrose. The adult animals were
fed 100 Cal. per kg per day and the pup-
pies 150 Cal. per kg per day. The mother
of 4 mongrel puppies received a fat-free
diet beginning 5 days postpartum. After
weaning, three weeks later, the puppies
were continued on a fat-free regimen. Cel-
lulose5 was added to increase the bulk of
the food, and minerals were supplied as
bone ash and salt mixture. Each day's
diet was supplemented with a multivita-
min preparation containing vitamins A,
D and E,6 and for each 100 Cal. of the
food were added: thiamine. 0.1 mg; ribo-
flavin, 0.1 mg; niacin, 2 mg; and Ca pan-
tothenate, 0.6 mg. In an attempt to reduce
vitamin B, activity as much as possible,
deoxypyridoxine7 in the amount of 1 mg
per kg per day was added to the diet of
some of the animals for short periods of
time.

Blood was drawn from the femoral ar-
tery after an overnight fast. Total choles-
terol was determined according to the
method of Sperry and Brand ('43). The
total fatty acids of serum were prepared
by the procedure routinely used in this
laboratory (Wiese and Hansen, '53). For
gas chromatography the esters were pre-

pared by methylation with 2% sulfuric
Received for publication July 2, 1962.
1This investigation was supported in part by a

grant from the National Institute of Arthritis ‘and
Metabolic Diseases of the National Institutes of
Health, Public_ Health Service (P.H.S. A-4309).
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7 See footnote 4.
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acid in absolute methyl alcohol. The de-
termination of the distribution of the fatty
acids was carried out with the Beckman
GC-2A gas chromatograph using a 6-foot
diethylene glycol succinate column at a
temperature of 210 C and with helium as
the carrier gas.

EXPERIMENTAL PROCEDURE
AND RESULTS

The 6 adult Beagles were given diets
varying both in fat and vitamin B, content.

Dog no. 1. To be certain that deoxy-
pyridoxine in the amounts used acted as
an antivitamin, and not as toxic agent, one
animal received a diet containing corn oil,
vitamin-free casein with deoxypyridoxine
and at the same time pyridoxine was given
at the rate of 3 mg per day. This animal’s
condition remained excellent at all times.
No skin lesions developed and there was
no anemia. After about two months on
deoxypyridoxine the drug was discontin-
ued. No significant changes in the amount
of total cholesterol, total fatty acids or the
relative distribution of the fatty acids in
serum were observed during the 5 months
of observation.

Dog no. 2. This animal was given the
diet low in vitamin B6 plus safflower oil.
After about three months, hypochromic
anemia developed. A brownish discolora-
tion of the skin was noted with some loss
of hair and the whiskers became slightly
curly. The addition of pyridoxine (1 mg
per kg per day) affected a prompt restitu-
tion of the skin to normal and within two
months the anemia was corrected. The
total cholesterol, the total fatty acids of
the serum did not show consistent changes
during this period although there was a
trend for the 20:4 fatty acid8to decrease
with low vitamin B6 intake with a slight
concomitant increase in the 18:1 fatty
acid. These data are summarized in table 1

Dog no. 3. The third adult animal re-
ceived the same diet (low in vitamin Bn
plus corn oil) and in addition was given
deoxypyridoxine. The sequence of events
was the same as with the previous animal
with respect to clinical manifestations,
anemia and the serum lipid values except

8 The first figure represents the number of carbon
atoms, the second the number of double bonds.
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the trends noted with the 20:4 and 18:1
fatty acids were not observed.

Dog no. 4. This adult Beagle was fed
a diet low in vitamin B6 and was given
deoxypyridoxine for one month. Fifteen
per cent of the calories were supplied as
hydrogenated coconut fat containing only
minute amounts of linoleic acid. The ani-
mal’s condition deteriorated rapidly, with
death occurring after two months. Serum
lipid studies revealed the total fatty acids
to be lower than normal with decreases in
linoleic and arachidonic acids and in-
creases in monoenoic and eicosatrienoic
acids which features are characteristic of
fat deficiency resulting from the low intake
of linoleic acid. It was the additional de-
ficiency of pyridoxine that probably caused
the rapid deterioration and death of the
animal.

Dogs no. 5 and 6. Inasmuch as the
combined deficiency state (linoleic acid
and vitamin B apparently was lethal, at
the beginning of the period of observation
it was decided to use diets that were de-
ficient in only one respect. Hence, the
fifth adult Beagle received a diet which,
at first, contained hydrogenated coconut
oil, but later no fat. After fat deficiency
signs became apparent the diet low in vita-
min B6was given, but in order to acceler-
ate the vitamin B6 deficiency state, the
animal was given deoxypyridoxine for a
one-week period. The sixth animal was fed
the diet low in pyridoxine and for a two-
month period deoxypyridoxine was given;
then the low fat was used for an additional
month. The double deficiency state (lino-
leic acid and vitamin B6 proved to be
very hard on these animals. They ap-
peared extremely weak, lost much of their
hair, the whiskers became curly and they
became inactive and appeared to have no
initiative (see figs. 1 and 2). To prevent
imminent death, it was decided to supple-
ment the diets — first with corn oil and
with pyridoxine. The serum fatty acid
patterns changed typically and rapidly fol-
lowing the addition of the vegetable oil
containing linoleic acid; however, no effect
on the serum fatty acids could be attrib-
uted to the presence or absence of pyri-
doxine in the diet (figs. 3 and 4).

Inasmuch as Wiese et al. ('62) showed
that growth is a most important factor for
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the production of fat deficiency symptoms,
it was suggested that the lack of effect of
pyridoxine on the serum lipids in the fore-
going experiments might have depended
upon the lack of growth in the adult ani-
mals. To evaluate this concept the same
type of experiment was repeated with
growing puppies.

Dogs no. 7 and 8. Two mongrel, litter-
mate puppies at two months of age were
first fed the fat-free diet containing no
vitamin B& After one month the skin be-
gan to show typical scaliness, and the
whiskers became curly. There was slight
anemia in both animals. The puppies then
were given safflower oil and to one, pyri-
doxine also was given. Whereas the fat
deficiency pattern of the serum fatty acids
immediately changed to a normal distribu-
tion, the presence or absence of pyridoxine
had no influence on the level of arachid-
onic acid of the serum (table 2).

Dogs no. 9, 10, 11 and 12. The same
procedure was repeated with 4 mongrel,
littermate puppies, the only difference be-
ing that the animals were only 5 days old
at the beginning of the study, the dam of
the puppies having been fed a fat-free
diet. After weaning, the same low-fat
regimen was followed with the puppies.
At the age of 6 weeks all 4 puppies were
given diets low in pyridoxine as well as
low in fat. Weight increase was satisfac-
tory, but at about two months of age the
scaliness of the skin, typical of fat defi-
ciency, appeared. Two weeks later hypo-
chromic anemia was noted. At this point
all 4 pupplies received safflower oil and
two of the subjects were given pyridoxine
in addition. The change in the distribution
of the fatty acids in the serum took place
rapidly and in a similar manner in all
animals, regardless of the presence or ab-
sence of pyridoxine in the diet (table 2).

Dogs no. 13 and 14. To test the influ-
ence of pyridoxine deficiency under more
extreme circumstances, two littermate,
German short-hair puppies from the age
of three months were given a low-fat diet
and from 3.5 months the low pyridoxine-
low fat diet. To one animal deoxypyridox-
ine also was given for a period of 9.5
weeks. Both animals grew rapidly, were
lively and vigorous. They showed only
slight scaliness of the skin but a pro-
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Fig. 1 Curly whiskers and “sad look” of puppy fed diet deficient in fat (linoleic acid)
and pyridoxine (dog no. 6).

Fig. 2 Appearance of animals fed diet deficient in both linoleic acid and pyridoxine (dogs
no. 5 and 6).
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Fig. 3 Linoleic acid (--------—-- ) and arachidonic acid (------------ ) in blood serum as in-
fluenced by changes in diet (dog no. 5).

Fig. 4 Linoleic acid (—------ ) and arachidonic acid (------------ ) in blood serum as in-
fluenced by changes in diet (dog no. 6).
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nounced fat deficiency pattern in the se-
rum fatty acids. Both animals were then
given safflower oil. Dog no. 13 received
deoxypyridoxine as well as the diet low
in vitamin B,; for 13.5 weeks, whereas dog
no. 14 was given the pyridoxine supple-
ment for a 5-week period. In both animals
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the linoleic acid of the serum increased
at about the same rate, but in the animal
fed the pyridoxine-deficient diet plus de-
oxypyridoxine the increase in the relative
content of arachidonic acid was slightly
slower than in the littermate that received
pyridoxine (fig. 5).

TABLE 2

Relative distribution of fatty acids in blood serum in puppies fed a low-fat diet and following the
addition of safflower oil zvith or without pyridoxine®

Diet containing

Fatty acids as % of total fatty acids2

Dog no. - - Duration
Linoleate Vitamin Br
zueeks
7 4
+ + 3
8 - - 4
+ — 3
9 - - 4.5
4 — 15
10 - _ 4.5
+ — 1.5
1 - — 4.5
-+ + 1.5
12 — — 4.5
+ + 1.5

16 16:1 18 18:1 18:2 20:3 20:4
17.8 81 10.1 37.0 4.5 12.8 8.3
12.6 2.7 15.5 9.3 38.3 — 19.7
19.8 7.4 9.6 40.3 3.3 13.9 3.9
13.1 1.8 13.6 111 29.9 2.3 22.3
16.2 6.3 12.3 39.6 6.3 12.3 3.5
12.5 1.4 15.0 11.9 33.4 1.9 16.8
16.5 6.3 11.7 42.2 4.8 9.9 6.5
11.3 15 13.7 13.8 35.8 0.4 17.7
14.6 6.1 9.8 42.3 3.6 16.7 4.7
13.2 1.7 14.2 14.6 32.8 0.4 14.2
17.2 7.6 11.6 42.7 53 8.5 5.0
13.5 1.9 15.1 13.5 29.4 0.5 18.9

1Dogs no. 7 and 8 are littermates; and do%s nos. 9—12 are littermates.
o

2The first figure represents the number

carbon atoms, the second the number of double bonds.

M ONTMHS

Fig. 5 Weight (— <—) and relative percentage of linoleic acid (--------—-- ) and arach-
idonic acid (------------ ) in blood serum in relation to diet (dogs no. 13 and 14).
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DISCUSSION

In this study it was found that dogs
with vitamin B6 deficiency in addition to
the previously described signs of hypo-
chromic anemia, lack of initiative and
hair loss (Street et al., '41; Emerson, '54;
Hawkins, '55) rather consistently also de-
veloped curliness of the whiskers. In com-
bination with fat deficiency, vitamin Bb
deficiency proved to be such a severe con-
dition as to lead to a critical state or even
early death. Despite the low dietary intake
of vitamin B« there appeared to be no
difficulty for the animals to synthesize
arachidonate following the addition of
linoleate to the diet. It might be speculated
that the arachidonate could come from
stores in the liver or other tissues which
had been set free when the diet contained
linoleic acid; however, evidence for this
possibility is lacking. More probably the
arachidonic acid is newly synthesized from
the linoleic acid of the diet.

Inasmuch as vitamin B6has many func-
tions and lack of this vitamin might in-
fluence many metabolic reactions, there
seems to be no doubt that deficiency of
this vitamin could be severe enough to
prevent normal intracellular reactions. It
was quite clearly shown in this study that
the low dietary levels of pyridoxine did
not influence the synthesis of arachidonic
acid from linoleic acid. In one rapidly
growing puppy, some delay in the increase
of arachidonic acid level in serum was
noted compared with that of the littermate
receiving pyridoxine in the diet; however,
the degree of increase was the same in
both animals.

SUMMARY

Studies were performed concerning the
relative distribution of fatty acids in the
blood serum of 6 adult Beagle dogs, two
German short-hair puppies and 6 mongrel
puppies that received diets deficient in lin-
oleic acid or vitamin Br or both. The
presence or absence of linoleic acid caused
marked changes in the fatty acid spectrum
in the serum, whereas the presence or ab-
sence of pyridoxine in the diet did not
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influence the relative content of arachid-
onic acid in the blood serum. With two
rapidly growing young animals (the Ger-
man short-hair puppies) however, it was
noted that arachidonic acid increased
somewhat more rapidly in the serum of
the animal receiving pyridoxine in the diet
than in the littermate fed a diet without
pyridoxine, although the magnitude of
change was about the same. Apparently
the conversion of linoleic acid to arachid-
onic acid is possible without the presence
of vitamin Be in the diet.

LITERATURE CITED

Emerson, G. 1954 Vitamin B6in human nutri-
tion. Ross Conference no. X, p. 27.

Greenberg, L. D., and H. D. Moon 1961 Altera-
tions in the blood fatty acids in single and
combined deficiencies of essential fatty acids
and vitamin B6 in monkeys. Arch. Biochem.
Biophys., 94: 405.

Hawkins, W. W. 1955 Skin symptoms of vita-
min B6 deficiency in the dog. Science, 121:
880.

Johnston, P. V., K. C. Kopaczyk and F. A. Kum-
merow 1961 Effect of pyridoxine deficiency
on fatty acid composition of carcass and brain
lipids in the rat. J. Nutrition, 74: 96.

Kirschman, J. C., and J. G. Coniglio 1961 The
role of pyridoxine in the metabolism of poly-

unsaturated fatty acids in the rat. J. Biol.
Chem., 236; 2200.
Sperry, W. M., and F. C. Brand 1943 The

colorimetric determination of cholesterol.
150: 315.

Street, H. R., G. R. Cowgill and H. M. Zimmer-
man 1941 Some observations of vitamin B6
deficiency in the dog. J. Nutrition, 21: 275.

Swell, L., M. D. Law, P. E. Schools and C. R.
Treadwell 1961 Tissue lipid fatty acid com-
position in pyridoxine deficient rats. |Ibid.,
74: 148.

Wiese, H. F., and A. E. Hansen 1953 Semi-
micromethod for unsaturated fatty acids of
blood serum. J. Biol. Chem., 202: 417.

Wiese, H. F., A. E. Hansen and E. Coon 1962
Influence of high and low caloric intakes on
fat deficiency of dogs. J. Nutrition, 76: 73.

Williams, M. A., N. L. Cohen and B. Hata 1959
The effect of dietary fat on the development of
vitamin B6 deficiency in the rat. Ibid., 68: 25.

Williams, M. A., and G. E. Scheier 1961 Effect
of methyl arachidonate supplementation on
the fatty acid composition of livers of pyri-
doxine-deficient rats. Ibid., 74: 9.

Witten, P. W., and R. T. Holman 1952 Poly-
ethenoid fatty acid metabolism. VI. Effect of
pyridoxine on essential fatty acid conversion.
Arch. Biochem. Biophys., 41: 266.

Ibid.,



Iron Deficiency Studies in Chicks Using Treated
Isolated Soybean Protein Diets
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Davis, California

Reid et al. ('56) showed that the molyb-
denum in isolated soybean protein was un-
available to the chick and that by use of
this protein the dietary requirement was
unfulfilled. Subsequently, Morrison and
Sarett ('58), and others, reported that the
chick’s requirement for zinc is greater
when fed a soybean protein diet than when
given a purified casein diet. Kratzer et
al. ('59) observed that the disodium di-
hydrogen salt of ethylenediaminetetra-
acetic acid (NaZEDTA) decreased the
poult's requirement for zinc when it was
included in a diet containing isolated soy-
bean protein. Scott and Zeigler ('60) con-
firmed this finding with chicks fed diets
containing isolated soybean protein, and
Lease et al. ('60) obtained comparable re-
sults by feeding chicks diets containing
sesame seed oil meal. Davis et al.
('61) also reported that NaZEDTA re-
duced the chicks’ requirement for zinc
when isolated soybean protein served as
the source of protein in the diet. In addi-
tion, these authors reported that this pro-
tein reduces the availability to chicks of
manganese and copper. In the case of
zinc, manganese and copper, NaZDTA
overcame the effect of soybean protein,
presumably by removing the trace ele-
ments and thereby rendering them soluble
(Chaberek and Martell, '59) and absorb-
able.

The work presented in this report was
undertaken to obtain further information
on the iron requirement of the chick by
using a basal diet containing isolated soy-
bean protein treated with NaZDTA in
an attempt to reduce its iron content and
thereby enhance the effects of iron defi-
ciency. The results of this work together
with the results of the analysis of un-
treated and treated soybean protein for

J. Nutrition, 78: '62

iron and other mineral elements are pre-
sented in this report.

EXPERIMENTAL

On hatching, 5 male and 5 female one-
day-old New Hampshire chicks per lot
were selected by weight for experiments
1 and 2. Ten, one-day-old White Plymouth
Rock male chicks per lot were selected for
experiment 3. The chicks were identified
with numbered wingbands and weighed
individually at the start and weekly there-
after. They were housed in galvanized,
electrically heated battery brooders with
raised wire-mesh floors. All parts of the
batteries were coated with an epoxy resin
to prevent trace mineral contamination.
The duration of each experiment was 4
weeks. Graded levels of iron were fed
with the treated isolated soybean proteini
basal diet in experiment 1 and graded
amounts of both iron and copper were fed
with this diet in experiment 2. The chicks
in experiment 3 were fed treated isolated
soybean protein and dried skim milk basal
diets containing graded levels of iron. The
composition of the basal diets is presented
in table 1 Feed and distilled water were
provided ad libitum.

The soybean protein was treated by sus-
pending it in tap water at the rate of 454
gm of protein per 3.8 liters. The slurry
was heated to 50°C with steam, and ad-
justed to pH 4.3, the isoelectric point of
the protein, with sodium hydroxide. The
Na.EDTA was added at the level of 0.5%
of the amount of the protein, and stirred
for 30 minutes. The slurry was then al-
lowed to settle, and the supernatant was
syphoned off. The soybean protein used

Received for publication April 18, 1962.
1 ADM C-l Assay Protein, Archer-Daniels-Midland
Company, Cincinnati, Ohio.
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TABLE 1

Composition of basal diets

Isolgted Dlr<i_ed
B soybean skim
Ingredient protein milk
dietl diet2
% %
Protein source 25.0 64.0

Soybean oil 3.0 3.0

Vitamin mix3 3.15 3.15
Mineral mix4 2.27 2.27
DL-Methionine 0.5 0.3
Glycine 0.3 0.5
L-Arginine 0.0 0.5
Dicalcium phosphate 2.0 00
Calcium carbonate 25 1.77
Cellulose5 5.0 and 2.06 2.0
Butylated hydroxytoluene 0.025 0.025
Cornstarch 56.28 22.5

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

2Dried skim milk, Foremost Dairies,
Francisco, California.

3 When included in the diet at a level of 3.15%
the vitamin mixture contributed the following vita-
mins in amounts per kg of diet: riboflavin, 10 mg;
thiamine HC1, 10 mg; pyridoxine-HCI, 10 mg; Ca

antothenate, 30 mg; niacin, 100 mg; folic acid, 5 mg;

-methyl-1,4-naphthoquinone, 10 m%; vitamin A
20,000 IU/gm), 0.5 gm; vitamin Ds L,SOO ICU/gm),

.0 gm; vitamin E concentrate (44 1U/gm), 2.0 gm;
choline chloride (25% ), 2,000 mg; biotin, 0.2 mg; and
vitamin Bi2, 10.0 fig.

4When included in the diet at a level of 2.34%
the mineral mixture contributed the following min-
erals in ramS£er kég of diet: NaCl, 10.0; MnS04-H2,
0.3; FeS04-7H, 0.65; CuS04-5H20, 0.08; ZnO, 0.07;
Co(CH3C00)2-4H, 0.02; KI, 0.01; A12S04)3-18HX,
0.25; MgS04-7HX, 4.0; KC1, 3.0, KZ2HPO04, 5.0;
Na2Mo004-2H20, 0.01.
h_SSoIka-FIoc, Brown Company, Berlin, New Hamp-
shire.

6Two per cent cellulose used in the sgybean protein
basal diet, when the diet was compared to the dried
skim milk diet, to reduce the iron content of the diet.

Inc., San

in experiments 1 and 2 was treated twice
with NaZEDTA while the soybean protein
used in experiment 3 was treated 4 times.

After the treatments, the protein was sus-
pended in distilled water, heated, stirred,
and allowed to settle. The washing with
distilled water was repeated 5 times. In
order to test if all of the NaZEDTA had
been removed by washing, 10 ml of the
last supernatant was added to 5 ml of a
saturated solution of ammonium oxalate,
and the pH adjusted to pH 11.0 with so-
dium hydroxide. On addition of one drop
of saturated solution of calcium chloride
the presence of a precipitate showed that
the EDTA had been removed. Finally, as
much water as possible was removed by a
hydraulic press and the protein was dried
in an oven at 50°C.

The untreated and treated proteins and
the other nonmineral ingredients of the

L. C. NORRIS AND F. H. KRATZER

basal diets were analyzed for calciurrf, mag-
nesium, phosphorous, zinc, manganese,
copper, iron and molybdenum by the x-ray
fluorescent spectrometer and the chemical
methods of Johnson and Ulrich ('59).
The results are presented in table 2. The
amount of iron and copper in these ingredi-
ents, and the amount of these minerals
supplied by the reagent grade chemicals
in the mineral mixture were used to cal-
culate the iron and copper content of the
basal diets. The results of the calcula-
tion are presented in table 3.

Blood samples were obtained by cardiac
puncture and transferred immediately to
heparinized tubes. The hemoglobin con-
tent of the blood was determined by the
cyanmethemoglobin method in experi-
ments 1 and 2. The modified alkaline-
acid hematin method of Bankowski ('42)
was used in experiment 3. The values for
packed cell volume (PCV) were obtained
with a microcapillary centrifuge.

The results presented in this report
were subjected to statistical analysis ac-
cording to procedures described by Snede-
cor ('56).

RESULTS AND DISCUSSION

Effect of protein treatment. Washing
the soybean protein with water was nearly
as effective in removing calcium and mag-
nesium, as was washing the protein with
Na.EDTA, solution (table 2). The NaZ2
EDTA, however, was more effective in
removing manganese, copper, iron, molyb-
denum and zinc, particularly when the
number of treatments was increased. Iron,
and to some extent copper, were so tightly
bound to the protein that additional treat-
ments and increasing concentrations of
NaZDTA did not remove as much of these
elements as of manganese, molybdenum
and zinc. The phosphorus content of the
protein was not altered by the treatment,
because EDTA is a negatively charged
anion and will not chelate with other
anions.

Iron. In experiment 1, the basal diet
with the untreated soybean protein con-
tained 453 mg of Fe and 105 mg of
Cu/kg of diet, while the basal diet with
the treated protein contained 36.3 mg of
Fe and 8.0 mg of Cu/kg of diet. The
amounts of copper in these diets included
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2.25 mg/kg furnished by the mineral
mixture. The results of experiment 1 are
given in table 4. The results show that
the total iron, 45.3 mg/kg, in the un-
treated soybean protein supported approxi-
mately optimum growth. The hemoglobin
level and the cell volume, however, were
somewhat below the normal range. On
feeding the treated protein, growth, hemo-
globin level and cell volume were found
to be significantly less than these obser-
vations on the chicks receiving the un-
treated protein basal diet (P = 0.001).2

The addition of iron to the treated pro-
tein basal diet increased chick growth,
hemoglobin content and cell volume (P <
0.005). When 10 mg of Fe/kg were
added to the treated protein diet, the total
amount of iron supplied was 46.3 mg/kg,

P. N. DAVIS, L. C. NORRIS AND F. H. KRATZER

however, were considerably below tire un-
treated protein basal. Only when 25 mg of
Fe/kg were added, a total amount of 61.3
mg of Fe/kg of diet, were the blood levels
increased to levels comparable to those
of the chicks fed the untreated protein
diets. It appears, therefore, that the iron
added to the treated protein diet was not
as available for growth, hemoglobin or
cell volume as the iron from the untreated
soybean protein.

The addition of NaZEDTA to the treated
protein basal diet decreased chick growth
but had no effect when the diet was sup-
plemented with iron (P<0.01). Hemo-
globin content and cell volume, however,
were decreased significantly by NaZDTA,
with and without addition of iron, to the
treated protein basal diet (P< 0.005 and

an amount equivalent to the unsupple- < 0.01, respectively). When 25 mg of

mented, untreated protein diet. The hemo-

globin and cell volume of the group 2 Only one ro_ba_lbillity islgiv_en f%r thg th}gee crgteria

receiving the 10 mg/kg of added iron, §Geht, When statistical “analysis showed that they
TABLE 3

Mineral content of basal diets

Experi-

ment Treatment Cu Fe
mg/kg mg/kg
i Iron series
Untreated protein basal diet 10.51 45.3
NaZEDTA-treated protein basal diet 8.01 36.3
2 Copper and iron series
Untreated protein basal diet 8.2 45.3
NaZDTA-treated protein basal diet 5.7 36.3
3 Treated soybean protein basal diet 9.6Z 23.7
Dried skim milk protein basal diet 11.V 28.0
1Iincludes 2.25 mg added Cu/kg of diet.
2Includes 5 mg added Cu/kg of diet.
TABLE 4

Effect of NaZEDTA on grozvth, hemoglobin content, packed cell volume and pigmentation
of chicks fed soybean protein and NaZDTA treated soybean protein diets
containing graded amounts of iron (exp. 1)

Bod:
Treatment weight
gm
Untreated protein basal diet 341
Treated protein 301
+10 mg Fe/kg 308
+ 25 mg Fe/kg 340
+ NaZEDTA, 0.07% 269
+ NaZEDTA+ 10 mg Fe/kg 307
+ NaZDTA + 25 mg Fe/kg 353

lindicates packed cell volume.

Depig-

. Survivors/
Hemoglobin PCV1 mesr::t;lrtéon group
Mbiooa
6.5 21.9 0.0 10/10
4.2 17.1 0.5 6/10
4.8 18.6 0.2 7/10
6.6 22.4 0.1 9/10
3.1 13.2 0.9 6/10
4.3 18.1 0.4 7/10
55 20.0 0.1 9/10
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Fe/kg were added with the NaZEDTA, a to-
tal of 61.3 mg/kg, the growth approached
that of the group receiving the untreated
protein diet containing 45.3 mg of Fe/kg,
but the hemoglobin and cell volume were
still below those of this group. Thus, the
addition of NaZEDTA to the treated protein
diet made the iron remaining after the
initial treatment of the protein less avail-
able for growth, hemoglobin and cell
volume. Larsen et al. ('60) observed that
0.1% NaZEDTA in the diet fed to rats de-
creased the absorption of radioactive ferric
chloride and increased the excretion in the
urine.

The anomaly, revealed in the results
of experiment 1, is perhaps best explained
by the probability that the tightly bound
iron of treated isolated soybean protein is
released when the protein is broken down
into amino acids during digestion. Thus
NaZEDTA, although it combines with iron
to form a complex with a high stability
constant, is relatively ineffective in re-
moving the bound iron from the protein
but chelates readily with the iron diges-
tion product. In turn NaZDTA renders
iron less available for growth, hemoglobin
formation and normal cell volume because
the high stability constant of Fe-EDTA is
equal to, or slightly greater than hemo-
globin.

A high rate of mortality occurred in the
iron-deficient groups, which decreased as
the level of iron was raised. The mortality
occurred suddenly between the second and
third week of the experimental period.

In this experiment, the New Hampshire
chicks receiving the iron-deficient diets
became depigmented between the third
and fourth week of the experimental
period. The depigmentation continued
and by the ninth week the chicks were
almost white. Pigmentation was scored
according to a scale in which values from
zero to one indicated normal-to-completely
depigmented feathers. Pictures of repre-
sentative normal and depigmented 9-week
chicks are presented in figure 1 The de-
gree of depigmentation was increased by
the addition of NaZEDTA to the diet. The
iron and copper content of the normal red
feathers was 37.5 and 14.2 mg/kg, re-
spectively, while the iron and copper con-

449

Fig. 1 Effect of an iron deficiency on feather
pigmentation of New Hampshire chicks. Top
chick fed isolated soybean protein diet. Bottom
chick fed treated isolated soybean protein diet
deficient in iron.

tent of the depigmented feathers was 25.5
and 10.0 mg/kg, respectively.

In order to obtain further information
on the chick’s requirement for iron, graded
levels of iron and copper were fed in ex-
periment 2. The basal diet with the un-
treated soybean protein contained 45.3
mg of Fe/kg, and 8.2 mg of Cu/kg of
diet, while the basal diet with the treated
protein contained 36.3 mg of Fe/kg, and
57 mg of Cu/kg of diet. No additional
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TABLE 5

Effect of groivth, hemoglobin content, packed cell volume, pigmentation and mortality of
chicks fed Nu’EDTA treated soybean protein diets containing graded amounts
of iron and copper (exp. 2)

Depig- :
Treatment w%?gr){tl Hemoglobin  PCV2 mesrl%%on S”g‘r’gﬁgs/
om A
Untreated protein basal diet 353 7.6 23.3 00 18/20
+ 80 mg Fe/kg+ 6.75 mg Cu/kg 374 9.0 25.6 00 19/20
Treated protein basal diet 220 5.0 19.0 0.6 8/20
No Fe+ 2.25 mg Cu/kg 257 4.7 16.9 0.6 9/20
No Fe+ 6.75 mg Cu/kg 256 5.0 185 0.8 9/20
+ 5mg Fe+ 6.75 mg Cu/kg 288 51 19.5 0.5 11/20
+ 10 mg Fe + 6.75 mg Cu/kg 273 5.2 18.8 0.5 15/20
+ 20 mg Fe + 6.75 mg Cu/kg 303 5.6 19.5 0.2 15/20
+ 40 mg Fe+ 6.75 mg Cu/kg 307 7.2 22.2 01 13/20
+ 80 mg Fe + 6.75 mg Cu/kg 366 8.2 23.9 01 20/20

1Average of duplicate groups.
2Indicates packed cell volume.

iron or copper was supplied by the mineral
mixture used in the basal diets. The re-
sults of experiment 2 are given in table 5.
A significant reduction was observed in
growth, hemoglobin and cell volume of
the chicks fed the treated soybean basal
diet compared to the chicks fed the un-
treated soybean protein basal diet (P <
0.005).

A slight growth increase was obtained
when 2.25 mg of Cu/kg was added to the
treated soybean protein basal diet, making
a total of 9.45 mg of Cu/kg, but an addi-
tional 4.5 mg of Cu/kg promoted no fur-
ther response. Addition of copper failed,
however, to affect either hemoglobin or cell
volume. With the copper level held con-
stant, chick growth in general was progres-
sively increased with graded additions of
iron. Addition of graded levels of iron also
progressively increased hemoglobin level,
and cell volume. The addition of 10 mg
of Fe/kg, a total of 46.3 mg/kg, produced
results which were markedly below the un-
treated protein diet, which contained a
total of 45.3 mg of Fe/kg of diet. This
confirmed the results obtained in experi-
ment 1

A high rate of mortality occurred in the
iron-deficient groups in this experiment
as in experiment 1 This was reduced as
the iron level increased. Autopsy of the
chicks from the iron-deficient groups
showed that the kidneys were slightly en-
larged and somewhat hemorrhagic. The

spleens were smaller than normal and
quite pale, which would be expected in
anemic birds.

Depigmentation of the feathers due to
iron deficiency was observed again in
this experiment, and increased pigment
deposition occurred as the level of iron
was raised. The groups receiving the
highest level of copper, but no iron,
showed the greatest loss of feather pig-
ment. This indicates that copper defi-
ciency did not enhance the depigmenta-
tion caused by iron deficiency. Moreover
in previous work,3 no depigmentation of
feathers was observed in chicks fed a
low-copper diet adequate in iron.

Achromotrichia has generally been
found to be associated with a copper defi-
ciency in the rat, rabbit, cat, dog, sheep
and cattle, (Lerner and Fitzpatrick, '50).
Hill and Matrone ('61) observed a some-
what reduced intensity of the color of the
feathers of Rhode Island Red chicks in
iron deficiency, but the greatest change in
pigment concentration occurred in chicks
receiving a copper-deficient diet. Miller
and Denton ('59) reported that chicks fed
high levels of molybdenum and so-
dium thiosulfate had depigmented feathers
and that copper added to the diet pro-
duced normal feather color. Rothman and
Flesch ('43) found that human red hair,
after it had been dehydrated, rendered

3 Davis, P. N,

) L. C. Norris, F. H. Kratzer,
unpublished data.

1962,
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free of lipids, partially disintegrated and
treated with dilute acid, contained about
400 mg/kg of a red, iron-containing pig-
ment not encountered in other hair.
Nickerson (’46) isolated from red feathers
what appeared to be the same iron-con-
taining red pigment as that which Roth-
man and Flesch (’'43) had recovered from
human red hair. Stout et al. ('60) re-
ported that the “cotton-fur” abnormality
in mink was not prevented with 11 par-
enterally administered B-vitamins, paren-
teral copper or oral lysine plus tyrosine,
but that parenteral iron prevented loss of
pigment from the fur.

The immediate cause of the achromo-
trichia observed in this investigation is
unknown. Apparently, however, when a
severe dietary iron deficiency exists, and
the chick becomes depleted of its body
reserves, the requirement of iron for
hemoglobin formation, and other tissue
needs is more critical than for feather
pigmentation and deposition ceases, re-
sulting in the growth of new feathers
containing no pigment. When an ade-
guate level of iron is again supplied the
deficient chicks, deposition of pigments
again takes place in the new feathers.

In addition to the need of iron in red
feather pigments, the possibility also exists
that iron functions in an enzyme system
involved in this process, as copper in tyro-
sinase, and that the enzyme is prevented
from functioning when iron is deficient.
The strain of New Hampshire chicks used
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had feathers containing areas of black
melanin along with the red pigment. In
the depigmented feathers, neither the
black nor the red pigment was deposited.
When a diet containing iron was fed the
deficient chicks, the new feathers con-
tained first a band of black pigment fol-
lowed by the red pigment. As the feathers
grew, the black melanin was distributed
throughout the feathers in the normal pat-
tern.

In experiment 3, additional evidence on
the availability of iron in soybean protein
was obtained by comparing treated soy-
bean protein and dried skim milk basal
diets containing graded levels of iron. In
this experiment hemoglobin was deter-
mined by the modified alkaline-acid hema-
tin method of Bankowski ('42), rather
than the cyanmethemoglobin method. The
treated soybean protein basal diet con-
tained 23.7 mg of Fe and 9.6 mg of Cu/kg
and the dried skim milk basal diet con-
tained 28.0 mg of Fe and 11.1 mg of Cu/
kg. The basal diets contained 5 mg of
added Cu/kg, but no added iron. The re-
sults of the experiment are given in
table 6.

The results indicated that each addi-
tion of iron to either basal diet improved
growth, hemoglobin and cell volume (P <
0.005). The hemoglobin and cell volume
values of the chicks receiving the dried
skim milk diets were higher than the
comparable values of the chicks given
the isolated protein diets (P < 0.005).

TABLE 6

Effect on growth, hemoglobin content, packed cell volume, iron consumption, and mortality
of chicks fed NaoEDTA-treated soybean protein and dried skim milk diets
containing graded amounts of iron (exp. 3)

Fe
consumed/  Survivors/

Bod i
Treatment weigl¥t1 Hemoglobin PCV1 100 gm group
gain
gm/100
ml blood
Treated soybean protein basal diet 213 3.6 15.0 8.6 5/10
+ 40 mg Fe/kg 435 8.9 23.6 12.2 8/10
+ 80 mg Fe/kg 462 10.3 26.6 18.9 10/10
160 mg Fe/kg 426 10.0 26.2 33.1 10/10
Dried skim milk basal diet 210 4.4 17.6 12.7 5/10
+ 40 mg Fe/kg 422 10.7 27.7 18.8 7/8
+ 80 mg Fe/kg 436 11.1 27.5 26.2 9/9
Practical chick starter diet 469 10.4 26.0 — 10/10

1lindicates packed cell volume.
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The amount of diet consumed by the
groups receiving the dried skim milk diets,
however, was greater than that consumed
by treated soybean protein groups. On
the average, the groups fed the skim milk
diets consumed 6.0 mg of Fe/100 gm of
gain more than the comparable groups
receiving the treated soybean protein diets.
This probably accounts for the blood of
the chicks consuming the dried skim milk
diets containing a higher level of hemo-
globin and greater cell volume. Apparently,
therefore, the iron in isolated soybean
protein is approximately as available as
the iron in dried skim milk.

The National Research Council ('60)
recommends a level of 20 mg of Fe and
2 mg of Cu/kg of diet. On the other hand,
Hill and Matrone ('61) suggest, on the
basis of blood data alone, that a diet con-
taining 40 mg of added Fe and 4 mg of
added Cu/kg would be closer to the chicks’
requirement. Both of these recommenda-
tions appear low if growth, hemoglobin,
cell volume and mortality data are used
as criteria. It appears that the chicks’ re-
guirement is between 65 and 105 mg of
total iron/kg of diet containing approxi-
mately 10 mg of total copper/kg when
either treated isolated soybean protein or
dried skim milk is used as the protein
source.

SUMMARY

In experiments on freeing isolated soy-
bean protein of its mineral elements, the
levels of zinc, molybdenum, manganese,
calcium and magnesium were reduced ap-
proximately 35, 40, 75, 85 and 95%, re-
spectively, by washing the protein with
water. When the protein was treated with
the disodium salt of ethylenediaminetetra-
acetic acid (NaZDTA) or the pentaso-
dium diethylenetriaminepentoacetic acid
(NaZETPA), the levels of these mineral
elements were decreased 100, 70, 80, 85
and 95%, respectively. Copper and iron
were not reduced by the water treatment,
but were lowered approximately 65 and
50%, respectively, by the NaZEDTA treat-
ment.

In studies with chicks, fed diets con-
taining NaZEDTA-treated isolated soybean
protein, together with graded amounts of
iron, the iron from the untreated soybean
protein was found to be available for
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growth, hemoglobin formation and cell
volume. On the other hand, iron which
was added to the treated soybean pro-

tein basal diet was not as available
for growth, hemoglobin formation or
cell volume as the iron from the un-

treated soybean protein basal diet. The
iron remaining in the protein after the
NaZEDTA treatment and the graded levels
of iron added to the treated soybean pro-
tein basal diet were less available for
growth, hemoglobin and cell volume, when
NaZDTA was added to the diet than when
the diet contained no added NaZEDTA.
Iron deficiency caused depigmentation of
the feathers of New Hampshire chicks
which was not related to the copper level
of the diet. The results of the investiga-
tion showed that, under some conditions,
the iron requirement of the chick is greater
than that previously reported.
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Gamma Irradiation and Interrelation of Dietary
Vitamin A and Copper on Their Deposition

in the Liver of Swinel2
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J. F. EASLEY, G. K. DAVIS and T. J. CUNHA

Animal Science Department, Agricultural Experiment Station,
University of Florida, Gainesville, Florida

Copper and vitamin A have been shown
to be interrelated in a number of dietary
studies. Halverson and Hendricks (’55)
reported that copper caused a loss of vita-
min A in stored poultry diets. The addition
of 0.2 ppm of copper to a peanut oil solu-
tion of vitamin A destroyed its activity
(Bhattacharya et al., '54). Other workers
(Kamstra et al., '52) found that traces of
copper decreased storage stability of carot-
ene in carrot oil. Balakhovskii et al. ('52)
observed that carotene protected ascorbic
acid from oxidation by copper, and Balak-
hovskii and Drozdova ('57) discussed ker-
atinization of tissues in the absence of
vitamin A as due to oxidative catalysis by
copper. These references report not only
that copper oxidizes vitamin A in a variety
of materials, but that carotene and vitamin
A protect other substances in feedstuffs
and metabolizable tissues from oxidation
by copper catalysis.

The present study was made to deter-
mine (1) whether dietary vitamin A had
an effect on the level of deposition of
copper in the liver; (2) whether dietary
copper had an effect on the deposition of
vitamin A in the liver; and (3) whether
whole body gamma irradiation had any
effect on the deposition of vitamin A and
copper in the liver of swine.

EXPERIMENTAL

Two experiments were conducted. In
the first experiment, 28 pigs, two weeks
of age, were randomly divided into two
dietary groups; one group received the
basal ration (table 1) that contained car-
otenoids equivalent to 150 IU of vitamin A
per pound of feed; for the other group
2,000 IU of vitamin A as the acetate were
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TABLE 1

Composition of rations

Experiment |1 Experiment 2

Ground white corn 58.2 —
Ground yellow corn — 80.35
Soybean meal,

50% protein 23.6 17.0
Cane sugar 10.0 —
Stabilized fat 3.0 —
Steamed bonemeal 2.0 1.0
Salt 0.5 0.5
Ground limestone — 1.0
Trace minerals

(Mn, Fe, Cu, Co, Zn, 1) 0.1 0.052
Vitamin B supplement3 0.3 —
Vitamin D and E

supplementl 2.0 —
Vitamin premix5 — 0.10

1Ration contained 150 IU of vitamin A in the

equivalent form of carotenoids. When vitamin A
acetate was _added it was added at the level of 2,000
IU of vitamin A/pound of feed.

2Contributed 22 ppm of copper to basal ration, by
analysis.

3Supplied in millgrams per pound of feed: ribo-
flavin, 8; pantothenic acid, 8; choline chloride, 20,000.

4Supplied in 1U/pound of feed: vitamin D, 400;
vitamin E, 25.

_5At this level each 100 pounds of feed contained:
vitamin A, 100,000 IU; vitamin D, 9,000 IU; vitamin
Bi2, 450 mg; niacin, 900 mg; riboflavin, 200 mg;
pantothenic acid, 400 mg; choline chloride, 980 mg;
and 0.02 pounds of calcium.

added per pound of feed. After the pigs
were fed the diets for 13 weeks, 7 pigs of
each dietary group were irradiated with
350 roentgens (r) of gamma rays over the
whole body by a 6,000-curie Co@® source.
The dose was given at the rate of 11.1 r/
min. The irradiated pigs survived an aver-
age of 11 days after dosage. The non-
irradiated pigs were killed after being fed
the diets for approximately 16 weeks.
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IRRADIATION AND VITAMIN A AND COPPER

In experiment 2, 40 weanling pigs were
fed a basal ration with the composition
shown in table 1. These pigs were divided
into 4 dietary groups as follows: (1) basal;
(2) basal plus 150 ppm of copper; (3)
basal plus 150 ppm of copper for 6 weeks
and then 75 ppm; and (4) basal plus 150
ppm of copper for 6 weeks and then the
unsupplemented basal diet until slaugh-
tered. The copper was added as copper
sulfate. The swine were slaughtered at
approximately 190 pounds of weight, and
samples of liver were obtained and frozen
immediately at —8°C and analyzed within
a few days for vitamin A and copper.

Vitamin A was determined by the an-
timony trichloride-acetic anhydride proce-
dure of Gallup and Hoefer ('46). Copper
was determined by the carbamate-versen-
ate method of Cheng and Bray ('53). Sta-
tistical analysis of the data for the signifi-
cance of the variance due to the treatments
was done according to Snedecor ('56).

RESULTS AND DISCUSSION

In figure 1, data are presented for the
concentration of vitamin A in the liver of
the pigs of the first experiment. The vita-
min A unsupplemented dietary groups had
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only 2 to 3 IU of vitamin AZ/gm of fresh
liver. The high vitamin A values (116 to
122 IU/gm of fresh weight) in the livers
of the supplemented groups demonstrate
the remarkable capacity of the liver to
store vitamin A when it is present in the
diet. Heart and gracilis muscle of both
dietary groups were also analyzed and
were found to have the same level of vita-
min A present as the liver of the pigs with
no supplemental vitamin A. Irradiation
with 630 r of gamma rays over the whole
body had no significant effect on the de-
position of vitamin A in the tissues.
Figure 1 also presents the data obtained
in experiment 1 for the effect of dietary
vitamin A, with and without irradiation,
on the concentration of copper in the liver.
The swine that received no supplemental
vitamin A had a greater concentration of
copper in the liver (P < 0.05). The data
were calculated on the basis of the amount
of copper present in the ash of the liver
and the same effect of the treatments
existed. Irradiation resulted in a greater
deposition of copper in the liver (P < 0.01).
The alimentary membranes are marked-
ly affected by irradiation, and this may
have aided greater absorption of copper

Fig. 1 Effect of dietary vitamin A and gamma irradiation on vitamin A and copper

concentration in the liver of swine.
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Fig. 2 Effect of dietary copper on the deposition of vitamin A in the liver of swine.

from the tract and thereby caused the
increase in level of copper in the liver of
the irradiated animals. However, dietary
vitamin A and the gamma irradiation did
not effect deposition of copper in the heart
and gracilis muscle.

Figure 2 presents the data obtained in
the second experiment for the copper on
the concentration of vitamin A in the liver,
expressed as international units per gram
of dry weight. The copper treatments re-
sulted in an increase (P < 0.05) in the
amount of vitamin A in the liver. This
relationship also held (P < 0.05) when the
international units of vitamin A were
calculated per gram of fresh weight. The
increased vitamin A in the liver may have
been due to the copper sulfate’s giving
better intestinal health through parasite
control and thereby increasing intestinal
absorption of the vitamin A.

SUMMARY

A study was made to determine (1)
whether dietary vitamin A had an effect
on the level of copper deposition in the
liver; (2) whether dietary copper had an
effect on the deposition of vitamin A in
the liver; and (3) whether whole body
gamma irradiation had any effect on the
deposition of vitamin A and copper in the
liver of swine.

Vitamin A supplementation decreased
the deposition of copper in the liver.

Copper supplementation increased the
level of vitamin A in the liver.

Gamma irradiation increased the deposi-
tion of copper in the liver.
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Performance of Rats Fed Fish Flour or Casein as the
Sole Source of Dietary Protein Through

Four Generations
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B. CONNOR JOHNSON
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Studies in this laboratory with rats
(Metta, '60)2 have demonstrated that a
fish flour which has been desiccated, de-
fatted and deodorized by azeotropic solvent
extraction with ethylene dichloride pro-
motes growth equivalent to 91% of that
from whole egg protein using the paired
feeding method for 21 days (Mitchell and
Beadles, '30); has a better protein effi-
ciency ratio3 (PER) than skim milk or
beef protein and 90% as great as that of
whole egg protein; has a biological value
(Mitchell, '24) which is comparable to
milk and better than that of beef protein;
and has significantly increased the PER
and mineral content of 4 representative
Indian vegetable diets as well as the PER
of low-protein and high-protein corn diets
when fed to rats at a concentration (3% )
which was not detected by a panel of 26
Indian subjects.

The purpose of the present paper is to
report data concerning the acceptability
of fish flour by rats when fed as the sole
source of dietary protein in diets otherwise
nutritionally adequate; to test for evidence
of acute or chronic toxicity over several
generations; and to make other observa-
tions on the general performance of these
rats.

EXPERIMENTAL

The fish flour used in these trials was
taken from a batch prepared on plant scale
(300 pounds) in February, 1957.4 The
whole fish were desiccated, defatted and
deodorized by azeotropic solvent extraction
with ethylene dichloride (Levin and Finn,
'55). The flour had been stored at room
temperature for 4 years prior to use in
these studies, and proximate analysis at
the time of usage showed that it was com-
posed of: 79.1% crude protein (N X 6.25),

J. Nutrition, 78 '62

TABLE 1
Composition of the 19% protein diet
% %

Fish flourl 24.8

Casein2 22.3
Methionine 0.2
Starch 49.2 47.0
Sucrose 10.0 10.0
Corn oil 5.0 5.0
Wheat-germ oil 3.0 3.0
Vitamin mixture3 5.0 5.0
Mineral mixture3 1.0 55
Cellulose4 2.0 2.0

. 1Prepared by azeotropic solvent extraction of whole
fish using ethylene dichloride on plant scale by Vio
Bin Corporation, Monticello, Illinois. The fish ™ flour
was generously supplied through the courtesy of Dr.
Ezra Levin.

2Labco Vitamin-Free Casein, The Borden Company,
New York.

3As used by Schendel and Johnson ('54) plus 10
mg of thiamine HC1 and 50 mg_of Ca pantothenate/
kg diet. Thiamine hydrochloride, riboflavin, pyri-
doxine hydrochloride, calcium pantothenate, nicotinic
acid, cyanocobalamin, pteroylglutamic acid, mena-
dione, biotin, a-tocopheryl Succinate and p-amino-
benzoic acid were generously supplied by Merck
Sharp and Dohme, Rahway, New Jersey, through the
courtesy of Drs. Laurent Michaud and’S. F. Scheidy.
Methionine was generously supplied by Dow Chemical
Company, Midland, Michigan, through the courtesy of
Dr. Julius Johnson. Water-soluble vitamin A and
vitamin D were generousl
Company, Richmond Hill,
courtesy of Dr. S. M. Gordon. i

4Woodflock, Brown Company, Berlin, New Hamp-
shire.

supplied by Endo Products
ew York, through the

15.1% ash, 1.1% ether extractable sub-
stances, 95.6% dry matter, and had 4.33
Cal. gross energy/gm. The experimental
diets (table 1) contained 18.8% of crude
protein either as fish flour or casein supple-
mented with methionine. Food and water
were provided ad libitum.

The design for these studies on repro-
duction was to mate all female rats at 100

Received for publication July 10, 1962.

1Present address: Winthrop College, Rock Hill,
South Carolina.

2Metta, V. C., and S. Metta, unpublished data.

3PER =grams gain in body weight/gram protein
consumed, . i L

4Vio Bin Corporation, Monticello, lllinois.
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days of age and wean the young at 21 days
of age. The females were remated again
10 days after the weaning or death of their
litter. The original breeding stock was
composed of weanling rats of the Sprague-
Dawley strain: 15 male and 15 female rats
received the fish flour diet, and 5 male and
5 female rats received the casein diet. The
original males used in the first two mat-
ings were maintained with their respective
diets until killed and examined histologi-
cally. Succeeding matings were conducted
with weanling males obtained from a
commercial source (Sprague-Dawley) and
raised to maturity (100 days of age) with
commercial rat chow. These breeding
males were replaced every second mating.
The male pups resulting from any of the
matings were fed their respective diets
until they were killed, and examined histo-
logically. The number of pups born in
each litter was not reduced to a common
number, but all surviving offspring were
carried to weaning. Such a plan provided
information concerning the viability of the
young but prevented the birth and wean-
ing weights from being comparable.
Histological data5were accumulated at
two times during the course of the experi-
ment. Approximately midway through the
study (after 18 months), 84 animals of
the first three generations were Kkilled
and examined for evidence of pathology.
Forty additional rats were killed at the
end of the study (after 12 months). These

HAROLD E. SCHENDEL AND B. CONNOR JOHNSON

were progeny from the second mating of
the second generation females.

The rats were anesthetized and exsan-
guinated via the carotid arteries and jugu-
lar veins. The following organs and tis-
sues were blotted on filter paper, weighed
and then preserved in a 10% formalin
solution made up in 0.9% saline: liver,
kidney, spleen, heart, lung, stomach, duo-
denum, adrenal glands, thyroid glands,
testes, epididymus, ovaries, oviducts, uter-
us and gastrocnemius muscle. The iden-
tification of these specimens was not dis-
closed to the histologists until after the
gross and microscopic examinations were
completed.

RESULTS

The reproductive performance of rats
receiving fish flour or casein as their sole
source of dietary protein is compared and
summarized in table 2. Data on the first
generation were accumulated from three
matings of the parent animals. Data on
the second generation were accumulated
from 7 consecutive matings of the female
offspring. The progeny from the first of
these matings were then mated 7 times
and provide the data on the third genera-
tion. Additional data on the fertility of rats
consuming the fish flour diet were accumu-

5 The authors are indebted to Professor A. C. lvy
of the Department of Clinical Science, University of
lllinois, Chicago, and Dr. S. Bernick of the Department
of Anatomy, niversity of Southern California, Los

Angeles, for the histological examination of the
various tissues.

TABLE 2

Reproductive performance of rats fed fish flour or casein as the sole dietary protein
through three generations

Pregnancy rate

Fish
flourl

Generation
Caseinl

% of matings

F,, 3 matings 9/12 35/59
75% 56%
F2 7 matings 9/25 14/22
36% 64%
Fa, 7 matings 3/7 14/21
43% 67%
Total2 21/44 637102

48% 62%

1Sole source of dietary protein.

Litter size Weaning rate
f Fish r Fish
Caseinl flourl Caseinl flourl

no. born/litter % of pups born

9879 302731 33798 119/254

11 pups 10pups 34% 47%
58/7 131/14 9/31 24/83
7 pups 9 pups 29% 29%
16/2 142/14 2/16 327142
8pups 10pups 13% 32%

172718 575/59 44/145 1757479
9 pups 10pups 30% 37%

2In addition, 4 matings of the third generation and 5 matings of the fourth generation female rats con-

suming the fish flour diet, yielded 5/7 or 71% and

16/22 or 73% pregnancies, respectively.
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lated through 4 matings of the third gen-
eration and 5 matings of the fourth gen-
eration female rats.

The data indicate that rats consuming
the fish flour diet were able to perform as
well as the rats consuming the casein diet.
In fact there is some suggestion that the
rats consuming the fish flour diet were
better able to withstand the exposure to
the stress imposed in these studies than
the rats consuming the casein diet. At no
time did we observe any indication of
toxicity in rats consuming the fish flour:
neither from the reproductive performance
of the animals nor from the wet weight
or the gross and microscopic examination
of 12 tissues and organs.

DISCUSSION

We have shown (Metta, '60) that the
nutritive value, i.e., biological value (nitro-
gen balance) and protein efficiency ratio
(growth test) of the fish flour protein com-
pared very favorably with such high-qual-
ity proteins as whole egg, casein and beef
and suggested that therefore it might be a
valuable protein supplement. Under the
conditions of those studies, however, the
nutritional potential of the proteins might
not have been fully demonstrated or meas-
ured. The deficiencies or limitations of
a particular protein might only become
manifest under the more rigorous condi-
tions of a long-term study similar to the
one described in this report where the test
protein is the sole source of dietary protein
and where some stress has been involved.

If one uses the reproductive perform-
ance of the rat consuming the casein diet
as a standard, it is clear that these studies
were conducted under conditions of stress.
Although the animals used were purchused
as wealings and maintained in a tempera-
ture- and humidity-controlled environ-
ment throughout the trial, they began to
show signs of a respiratory involvement
after several months, i.e., heavy breathing,
sneezing and coughing. The experimental
design might also be partly responsible for
the poor reproductive performance of the
animals, i.e., frequent mating, no reduc-
tion in litter size, and other variables.
However, it is reasonable to assume that
all animals were more or less equally chal-
lenged by the conditions of the study.
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Under these conditions the reproductive
performance of animals consuming the
casein diet deteriorated appreciably over
three successive generations. Since the
pups appeared normal at birth and then
became progressively emaciated, it ap-
peared that this deterioration was the re-
sult of lactation failure. The dams also
became emaciated during lactation. In the
case of the rats consuming the fish flour
diet, however, the effects of stress on re-
productive performance were not nearly
as marked. The females appeared in better
health and achieved somewhat better preg-
nancy and weaning rates.

Although Miller ('56) has shown that
methionine is the most limiting amino
acid for rats fed heat-damaged fish meal,
his data do not indicate whether such a
limitation is a function of heat treatment
or the amino acid composition of the
fish meal. Recent reports by Njaa ('61)
and Smith and Scott ('62), however, indi-
cate that the sulfur-bearing amino acids
are the most limiting for chicks fed fish
meal that has not had its nutritional qual-
ity impaired by heat treatment. In the
studies reported here we noted a sparse-
ness in hair coat of pups at the time of
weaning, in 4 out of 59 litters (7% ) born
to female rats fed the fish flour diet. These
data might suggest that the most limiting
amino acids of a high quality fish flour for
rats are the sulfur-bearing amino acids.

SUMMARY

When fed as the sole source of dietary
protein, a desiccated, defatted and deodor-
ized fish flour prepared from whole fish
by azeotropic solvent extraction using eth-
ylene dichloride proved to be superior to
casein for the reproduction and general
performance of rats through three matings
of the first generation, 7 matings of the
second generation and 7 matings of the
third generation. The pregnancy rate of
animals consuming the fish flour was
maintained through an additional 4 mat-
ings of the third generation and 5 matings
of the fourth generation. Histological ex-
amination of 12 organs and tissues from
animals of the first, second and third gen-
erations showed no differences between
animals receiving fish flour or casein pro-
tein.
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In 1948 Gustafsson reported deaths of
germfree weanling rats with symptoms
suggestive of vitamin K deficiency. Luckey
and co-workers ('55), however, were un-
able to demonstrate prolongation of blood
clotting time in the Lobund strain of germ-
free rats maintained with a diet low in
vitamin K. Gustafsson ('59b) reported
the development of clear-cut vitamin K
deficiency symptoms in a Swedish strain
of germfree rats receiving a diet deficient
in vitamin K. In a recent communication
Brambel4 reported the successful produc-
tion of vitamin K deficiency symptoms in
the Lobund germfree rat when the diets
were rigorously extracted to remove traces
of vitamin K. In Gustafsson's ('59b)
experiments removal of the vitamin K-defi-
cient animals from the germfree environ-
ment resulted in a return to normal pro-
thrombin values. The rate at which this
change occurred appeared to be related to
the degree of “contamination” of the ani-
mals. Ex-germfree rats, moved to a con-
ventional animal room, showed normal
prothrombin times within 48 hours, where-
as those kept in sanitized, but not germ-
free, containers did not fully revert to nor-
mal values even after 72 hours. These
results suggested that members of the
microflora of the conventional animals
were involved in the recovery phenomenon.
Consequently one objective of the present
investigation was to determine whether
single microorganisms could substitute for
a complex microflora in providing vitamin
K-active substances to the vitamin K-defi-
cient germfree rat and thus to provide in-
formation on the role of specific members
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of the intestinal flora in the synthesis of
vitamin K

In a preliminary study, Gustafsson
('59b) administered various vitamin In
active compounds to germfree vitamin
K-deficient rats by stomach tube and found
that vitamin Ki at a level of 1 mg/kg of
body weight, (the only level tested) caused
a return to normal prothrombin values
within 8 hours. Comparable doses of
menadiol tetrasodium diphosphate were
not fully effective even at 16 hours. Mena-
diol sodium sulfate or 2,3-methyl-l,4-naph-
thohydroquinone did not increase the
prothrombin values of the rats above 10%
at 16 hours. As noted at the time, the
animals were removed from the germfree
isolators to sanitized containers to facilitate
the taking of repeated blood samples; con-
sequently some possibility existed of un-
certainty that the observed results were
due solely to the drugs administered. In
the present study we therefore investi-
gated the effects of various vitamin K-ac-
tive compounds in vitamin K-deficient
germfree rats maintained continuously in
a germfree environment for the duration
of the experiment. In addition to the
peanut oil-containing diet used in the pre-
vious study (Gustafsson, '59b), the effect
of two modifications of this diet were also
studied, namely, a fat-free diet and a diet
high in lard content.

Received for publication April 25, 1962.
1National Institute of Arthritis and Metabolic Dis-
eases, N.I.H., Bethesda, Maryland.

2 Department of Germfreé Research, Karolinska
Institutet. .

3National Institute of Dental Research, N.l.H.,
Bethesda

Maréland. . . . i
4Brambel, C. E. 1960 Vitamin K deficiency in
germfree rats. Fifth International Congress on” Nu-
trition, Washington, D. C., p. 2 (abstract).
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METHODS

Weanling rats of the Lobund germfree
strain were studied at the National Insti-
tutes of Health. Other experiments were
performed in the germfree colony at the
University of Lund, Sweden (Gustafsson,
‘48, '59a). In both studies isolators of the
Gustafsson type ('48, '59a) were used.
The composition of the basal, fat-free diet
is shown in table 1 Variations of this
diet included the substitution of 10% of
peanut oil or 25% of stripped lard for the
corresponding amount of potato starch.
The casein and the starch were previously
extracted with petroleum ether for 24
hours. All diets were sterilized by auto-
claving for 20 minutes at 121°C.

TABLE 1

Composition of basal diet

gm
Casein, “vitamin-free” 1 220
Potato starch2 720
Salt mixture3 40
Vitamin mixture45 +

1“Vitamin Free” Casein, General Biochemicals, Inc.,
Chagrin Falls, Ohio; extracted 24 hours with petro-
leum ether.

2 Extracted 24 hours with petroleum ether.

3HMW, General Biochemicals, Inc. (Hubbel et al.,

'37).

ZQWater-soluble vitamin solution 661 used in the
vitamin K-deficient diets contained the following for
each 10 kg of diet: (in grams) thiamine-HC1, 0.5;
riboflavin, 0.2; pyridoxine-HCI, 0.2; Ca-D-pantothenate,
1.0; nicotinamide, 2.0; ¢-inositol, 10.0; p-aminobenzoic
acid, 3.0; biotin, 0.01; folic acid, 0.2; vitamin B2,
0.0002; L-ascorbic acid, 10.0; and choline chloride,
20.0. These vitamins were dissolved in 40% ethanol
and made to a volume of 200 cm3; 20 cm3 of solution
used per kilogram of diet. i .

5Fat-solublé vitamin solution 664 used in the vita-
min K-deficient diets contained the following for each
10 kg of diet: (in grams) vitamin A acetate, 0.07;
calciferol, 0.001; and a-tocopherol, 5.0. These vita-
mins were dissolved in ethanol and made to a volume
of 100 cm3; 10 cm3 used per kilogram of diet.

Control animals of the same strains as
the germfree animals were housed in the
animal room in cages with raised screen
bottoms and given the same autoclaved
diets as the germfree animals.

Two main types of experiments were
performed. In the first, a terminal experi-
ment, the animals were untreated, time of
death was recorded and autopsies with
histological examination were performed.
In the second type of experiment when
signs of severe hypoprothrombinemia
were present, the animals were subjected
to tests of the curative effect of menadione
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derivatives or monoinfection with specific
microorganisms.

Prothrombin levels were determined ac-
cording to a slightly modified Quick
method (Lehman, '41). Prothrombin ac-
tivity was calculated from a standard curve
which was compiled for each lot of throm-
boplastin. With the thromboplastin prep-
arations used, prothrombin activity levels
of 10% corresponded to prothrombin clot-
ting times of 50 to 60 seconds.

RESULTS

Development of vitamin K deficiency.
With the basal diet all 10 germfree Lobund
rats developed severe vitamin K deficiency
with extensive hemorrhages and 100%
mortality, as did all 17 germfree rats of
the Swedish strain. The mean survival
times on a sex basis were almost identical;
that is, 28 and 33 days for the males and
44 and 46 days for the females of the
Lobund and Swedish strains, respectively.
The relationship between sex and sus-
ceptibility to vitamin K deficiency be-
comes more apparent when the data for
the combined strains are plotted in the
form of survival curves as shown in fig-
ure 1

Effects of dietary fats. The effects of
dietary fats on the survival time of vita-
min K-deficient germfree rats are sum-
marized in table 2 in which the data for

WEEKS ON DIET

Fig. 1 Survival rate of 12 male (solid line)
and 15 female (broken line) germfree rats fed
the vitamin K-deficient basal diet.
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TABLE 2

Effect of fats on survival of rats fed vitamin K-deficient diets

Bacterio-
logical
status

Diet
Germfree Basal
Basal + lard. 25%

Basal + peanut oil, 10%

Basal
Basal + lard, 25%
Basal + peanut oil, 10%'

Conventional

1Surviving 120 days.

both strains have again been combined.
It is clearly apparent that the basal mor-
tality was increased by the incorporation
of lard in the diet and decreased by the
substitution of peanut oil. The latter ef-
fect is most striking in the case of the
female rats fed peanut oil, which survived
the full 120-day experimental period with-
out any symptoms of vitamin K deficiency
other than slightly lowered prothrombin
values. Figure 2 shows the survival curves
of the female germfree rats fed the various
diets. None of the conventional control
animals exhibited vitamin K deficiency
symptoms with any of the diets.

Fig. 2 Survival rate of female germfree rat
fed the vitamin K-deficient basal diet (-------------- );
basal diet with 25% of lard (
basal diet with 10% of peanut oil (----------------- ).

Days fed diet

Sex Nr%'tgf Mortality until dead
Mean Range
%
male 12 100 30 12-35
female 15 100 45 26-69
male 2 100 17 13-21
female 8 100 16 9-26
male 9 100 52 37-75
female 8 01 — —
10 01 - -
both 10 01 — —
12 01 — —

Growth rate. It was suggested (Ma-
meesh and Johnson, '60) that lack of vita-
min K in the diet resulted in growth de-
pression in conventional rats prevented
from coprophagy by tail cups. In the pres-
ent study weights of the animals were re-
corded only at death or the termination of
the experiment. Nevertheless there were
no grossly apparent differences in the size
or weights of the experimental or control
animals when comparisons could be made.
For further clarification of this point three
groups of 20 male weanling germfree rats
of the Swedish strain were fed the basal
diet, the basal diet containing 10% of
peanut oil, or the basal diet containing
1.0 mg of vitamin Kj/100 gm. Some of
the animals that succumbed to vitamin K
deficiency showed slight growth depres-
sion during their final week when they ex-
perienced severe hemorrhages, but other
animals gained between 20 and 30 gm
during the same period. The growth
curves of the animals are shown in figure
3. They were compiled from the mean
weights of the surviving animals at each
weekly weighing period. Even though the
male rats were more severely affected than
the females by the lack of vitamin K, and
all the males eventually died except those
given vitamin Kt, the rate of growth was
satisfactory and almost equal with all
three diets.

Reversal of vitamin K deficiency by vita-
min K -preparations. In previous studies
(Gustafsson, '59b) it was found that pro-
thrombin values of 10% or lower in germ-
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WEEKS

Fig. 3 Growth curves of germfree male rats
fed the vitamin K-deficient basal diet and the
basal diet supplemented with peanut oil or vita-
min K at a level of 1 mg/100 gm of diet.

free rats could be brought to normal with-
in 4 hours by oral doses of 1 mg of vitamin
Ki/Zkg of body weight, whereas menadiol
sodium sulfate was without effect at doses
up to 5 times this level. Vitamin K defi-
ciency symptoms have also been en-
countered with refined diets in which this
latter compound was the sole source of
vitamin K (Gustafsson, '48). In the pres-
ent study vitamin Kt at a level of 25 ug/kg
of body weight had a full curative effect.
As shown in table 3, menadiol tetrasodium
diphosphate and menadiol sodium sulfate
were less effective than vitamin Ki by fac-
tors of ten- and one hundred-fold, respec-
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TABLE 3

Effect of menadione derivatives on prothrombin
activity of vitamin K-deficient germfree

animalsl
Prothrombin
Compound fﬁ:‘é{%
after dosing2
3g/kg body wt %
Vitamin Ki
(water-soluble) 25 100
Na menadiol
diphosphate 25 < 10
250 100
Na menadiol
sulfate 25 < 10
250 < 10
1000 < 10
2500 100

1Initial prothrombin activity < 10% ; minimum of 3
rats/dose.
2Expressed as % normal.

tively, measured by their effects on the
prothrombin levels of vitamin K-deficient
germfree rats. All of the preparations
used were sterilized by filtration.

Effect of microbial flora on vitamin K
requirements. It had been shown earlier
(Gustafsson, '59b) that exposure of germ-
free vitamin K-deficient rats to the full bac-
terial flora from conventional rats resulted
in a return to normal prothrombin values
within 24 to 48 hours. In the present
study, attempts were made to identify the
microorganisms responsible for the intes-
tinal synthesis of vitamin K. A variety of
microorganisms originally isolated from
the oral cavity or the feces of rats were
therefore tested by infecting vitamin K-
deficient germfree rats with combined or
single pure strains of these bacteria.
Twelve strains in all were used and in-
cluded lactobacilli, streptococci, micro-
cocci, diphtheroids, bacterioids, coliforms
and Proteus. In these tests germfree ani-
mals fed the vitamin K-deficient diet and
which prothrombin levels at or below the
10% level were transferred to a simple type
of isolator (fig. 4a, b) suitable for main-
taining a single germfree animal for
periods up to 14 days. The inoculum cul-
tures were centrifuged, washed and re-
suspended in sterile saline to the original
volume, in order to minimize the possibil-
ity of carry-over of vitamin K-active mate-
rial from the growth medium. The ino-
culum was usually introduced by spraying
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approximately 0.1 ml of a 24 to 48-hour
culture into the isolator by means of a
sterile syringe which pierced the air filter
covering the isolator. Control germfree
vitamin K-deficient animals showed no re-
sponse to the uninoculated growth me-
dium alone.

In three different experiments germfree
male rats fed the basal diet plus 10% of
peanut oil, with a bleeding tendency and
prothrombin levels below 10% were
monocontaminated and only an Escheri-
chia coli strain and an unclassified sarcina-
like micrococcus proved to be able to re-
verse the vitamin K deficiency symptoms.
Results of a typical experiment are shown
in table 4. In two separate experiments
the prothrombin values of micrococcus-
infected animals returned to normal with-
in 24 hours.

The sarcina-like organism which re-
versed the vitamin K deficiency symptoms
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was an aerobic gram-positive nonmotile
coccus. In various culture media the cells
were arranged in pairs, tetrads, clumps
and packets. The latter arrangement was
also seen frequently in intestinal contents
of monoinfected animals. There was a
wide range of size for individual cells
from about 0.7 to 2.5 u, often in the same
microscopic field. Colonies on nutrient
agar or blood agar were light tan in color,
circular and slightly raised with an entire
margin. The colony size was 3 to 4 mm.
In broth cultures growth was most rapid
near the surface; with time a ring formed
at the surface. Growth was rapid between
25° and 37°C. Acid, but no gas, was pro-
duced from glucose, levulose, maltose, su-
crose, and trehalose within 48 hours.
Lactose and melezitose were fermented
more slowly (3 to 5 days) and cellobiose
and glycerol only weakly. Adonitol, ara-
binose. dulcitol, galactose, mannitol, man-

Fig. 4A Arrangement of 7 individual germfree isolators within the Gustafsson germfree apparatus

prior to removal.
venting bacterial contamination.
to a vitamin K-deficient rat.

The jars are covered with a glass fiber filter permitting access of air while pre-
Each jar contains a supply of sterile food and water, in addition
Inoculation of the animal is accomplished by introducing a saline sus-

pension of the desired culture through the filter by means of a sterile syringe and needle.



466

Fig. 4B
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Individual germfree isolators in the conventional animal room. The rubber sleeve pro-

tecting the filter was wrapped with tape as a further protective measure.

TABLE 4

Effect of monocontaminations in single vitamin K-deficient germfree rats

Prothrombin

miCtI)%prSaogisml Source valalfgsvg er
48 hours2
%

Sarcina rat oral and enteric strain 100
Escherichia coli rat enteric strain 100
Lactobacillus acidophilus rat oral strain < 10
Diphtheroid rat oral strain < 10
Sporeformer rat enteric strain < 10
Bacteroides | rat enteric strain < 10
Bacteroides Il rat enteric strain < 10
None — < 10

1Each animal received the equivalent of 0.1 ml of a 24-hour broth culture which was washed

and resuspended in saline.
2Initial prothrombin activity < 10%.

nose, melibiose, raffinose, rhamnose, sali-
cin, sorbitol, sorbose, and xylose were not
fermented. Esculin, a-methyl glucoside
and 3-methyl mannoside were not hydro-
lyzed. Litmus milk was slowly reduced
and acidified with the formation of a soft
coagulum. The methyl red, Voges-Pro-

skauer and catalase tests were positive.
Nitrate was reduced to nitrite and hip-
purate was hydrolyzed. The organism did
not produce indole or ammonia from pep-
tones or possess gelatinase activity. Blood
was not hemolyzed. The organism does
not correspond closely to any of the mem-



INTESTINAL MICROORGANISMS AND VITAMIN K

bers of the family Micrococcaceae listed
in the current edition of Bergey's Man-
nual of Determinative Bacteriology (Breed
et al.,, '57). This, or very similar organ-
isms, have been frequently encountered by
us in the oral cavity and intestinal tract
of conventional rats. When germfree rats
are brought into a conventional environ-
ment, this type appears to be among the
first organisms to become established in
the animals. The active strain of E. coli
was isolated from rat feces and gave re-
actions typical of this species in the usual
presumptive and confirmatory tests for
coliform organisms based on lactose fer-
mentation, nature of growth on eosin-
methylene blue agar, and the indole, me-
thyl red, Voges-Proskauer and citrate tests.
It has not been further studied.

DISCUSSION

It is clearly apparent from the results
of the present study that both the Swedish
and Lobund strains of germfree rats re-
quire an exogenous source of vitamin K
in the germfree state. Both strains were
equally susceptible to vitamin K deficiency
symptoms when maintained with a pro-
perly purified vitamin K-deficient diet.

That the animals were actually suffer-
ing from vitamin K deficiency was shown
by the curative effect of subsequently ad-
ministered vitamin Ki. Menadiol tetraso-
dium diphosphate and menadiol sodium
sulfate may be substituted for vitamin Ki
but they are considerably less efficient.
Vitamin Ki at a dose of 25 ug/kg of body
weight could reverse the hypoprothrombin-
emia in germfree rats. This compares
with the observation of Dam and Spnder-
gaard ('53) that 30 ug/kg returned the
prothrombin time to normal in 20 hours
in vitamin K-deficient chicks. In the pres-
ent study menadiol tetrasodium diphos-
phate was approximately one tenth as
effective, and menadiol sodium sulfate one-
hundredth as effective as vitamin Ki in
restoring the prothrombin levels of the
vitamin K-deficient germfree rat to nor-
mal.

These observations are in accord with
the well-recognized fact that these com-
pounds are also less effective in dicou-
marol poisoning than vitamin Ki. It has
also been reported (Mushett and Seeler,
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'47) that vitamin K, was up to 250 times
as effective as menadione in the treatment
of sulfonamide-induced hypoprothrombin-
emia. Frost et al. ('56), however, found
menadione sodium bisulfite to be supe-
rior to vitamin Ki in treating chickens with
a vitamin K deficiency which was un-
complicated by the use of sulfonamides or
dicoumarol. Quick and Collentine ('51)
found that in cholecystonephrostomized
dogs menadione, in doses up to 70 ug/kg
of body weight, could not raise the pro-
thrombin level to more than 40% of nor-
mal, whereas vitamin Ki increased it to
normal at doses of 9 ug/kg. On the other
hand, Quick et al. ('54) found the mena-
dione sodium bisulfite complex to be more
active than vitamin Ki in the same test
system. Vitamin Ki has been shown to in-
crease the oxidative phosphorylation of
liver mitochondria, whereas menadione
was inactive or even inhibitory (Martius
and Nitz-Litzow, '51). Differences in the
biological activity of menadiol tetraso-
dium diphosphate and menadiol sodium
sulfate may be of interest in view of the
different chemical oxidation pathways
found for these two compounds by Clark
et al. ('58).

Although there was apparently no dif-
ference in susceptibility to vitamin K de-
ficiency between the Lobund and Swedish
strains of germfree rats fed the purified
diet used, there is no doubt that the males
of both strains were more susceptible than
the females. The difference was most
pronounced in the case of the peanut oil-
containing diet with which all the females
survived the full 120-day experimental
period and all the males succumbed by
the seventy-fifth day. This suggests that
the peanut oil used might contain suffi-
cient vitamin K to sustain the females but
not the males. It recalls experiments in
which the feeding of irradiated beef to
rats resulted in the death of all the males
with vitamin K deficiency symptoms,
whereas the females survived (Metta et
al., '59).

In contrast with peanut oil which ex-
hibited some sparing effect on vitamin
K-deficient animals, lard appeared to po-
tentiate the effects of vitamin K deficiency.
The available information does not per-
mit an explanation of the mode of action
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of the lard. However, these observations
may assume added importance when re-
garded in the light of reports that heated
or unheated fats of animal origin (Night-
ingale et al., '47; Kraybill, '59)5 or irradi-
ated meat incorporated in vitamin K-defi-
cient diets of conventionally reared rats
resulted in the appearance of vitamin K
deficiency symptoms (Metta et al., '59).

The demonstration that monoinfection
of vitamin K-deficient germfree rats with
either E. coli, or a sarcina-like micrococcus,
completely reversed the vitamin K defi-
ciency symptoms is consistent with the
earlier work of Almquist ('41) and Jacob-
sen and Dam (’60), who found that simi-
lar organisms, among others, contained
compounds with vitamin K activity. How-
ever, we believe the present study repre-
sents the first unequivocal demonstration
that an experimentally induced vitamin
deficiency may actually be reversed by
colonization of the host animal by a single
strain of bacteria.

SUMMARY

1. Vitamin K deficiency was readily in-
duced in two different strains of germfree
rats raised with a vitamin K-deficient diet.
Conventional animals fed the same diet
showed no deficiency symptoms.

2. The male germfree rats were more
susceptible to vitamin K deficiency than
the females.

3. The addition of 25% of lard to the
basal diet accelerated the appearance of
vitamin K deficiency symptoms, whereas
10% of peanut oil in the diet exerted a
sparing effect.

4. Vitamin Ki was 10 times more effec-
tive than menadiol diphosphate and 100
times more effective than menadiol so-
dium sulfate in curing the vitamin K de-
ficiency symptoms.

5. Monoinfection of germfree vitamin
K-deficient rats with Escherichia coli or
a sarcina-like micrococcus isolated from
conventional rats reversed the vitamin K
deficiency within 24 to 48 hours.

5Mackenzie, J. B., R. C. Strader and C. G. Macken-
zie 1959 A new hemorrhagic syndrome in rats and
its relation_to vitamin K and vitamin E. Federation
Proc., 18: 535 (abstract).
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