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ABSTRACT When a casein-gelatin diet supplemented with excess L-lysine was
fed to young chicks, it produced symptoms that included abnormalities in bone com-
position and reduced growth rate. Free amino acids were compared in tissues from
chicks receiving the diet with added lysine (2% ) and from controls. The most marked
effects of the lysine were a reduction in arginine and an increase in lysine in tissues.
Supplementary arginine in the diet eliminated the symptoms, increased tissue arginine
concentration, and returned growth rate and bone composition to normal. A decrease
in cellular K concentration, calculated either from chloride or from sodium space,
was related only to dietary supplementation with lysine and not to growth rate.
Chicks receiving 2 and 4% lysine added to a soy a-protein ration did not exhibit
symptoms; plasma and muscle lysine concentrations increased, and arginine concen-
tration decreased slightly in muscle only. Since these animals and those receiving
the casein-gelatin diet supplemented with lysine and arginine had the highest tissue
lysine concentrations, lysine per se is not toxic. A difference in amino acid composi-
tion of the basal diets does not appear to be the explanation for these observations.
It is suggested that excess dietary lysine induces an arginine deficiency by decreasing
the availability of arginine from casein or gelatin or from a combination of them.

Addition of excess L-lysine, either as
the free base or as the monohydrochloride,
to casein-gelatin diets depressed growth
rate and caused toxicity symptoms when
fed to one-day-old chicks for 14 to 21 days.
Electrolyte distribution in muscle was al-
tered and high levels of lysine were ob-
served in the tissues of the animals re-
ceiving the supplemental lysine (1). A
later report2demonstrated that the toxicity
was due to a lysine-arginine antagonism
that occurred in chicks receiving the
casein-gelatin diet, but not in chicks re-
ceiving a crude stock or soy a-protein diet.
The evidence for this antagonism between
lysine and arginine is presented and dis-
cussed with reference to other reports in
which high levels of lysine or of lysine-
containing mixtures were fed to chicks.

EXPERIMENTAL

Cornish X White Rock chicks were dis-
tributed into uniform groups of 10 to 12
chicks each on the basis of body weight
and housed in electrically heated batteries
with feed and water supplied ad libitum.
Single groups of chicks were used for the
experiments shown in figures 1 and 2.
Numbers of chicks used for determina-
tions for the other experiments are noted
in the appropriate tables. Except when
indicated otherwise, all chicks were one
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day old when fed the test diets. The basal
diet described by Jones (1) was used in
most of the experiments. It contained:
(in per cent) casein, 18; gelatin, 10; corn
oil, 4; DL-methionine, 0.3; and minerals,
vitamins, and sucrose to 100. In some
experiments, this diet was modified to con-
tain 26.9% soy a-protein with an added
0.15% glycine and 0.4% DL-methionine as
the protein source. The amino acid com-
position of these diets is shown in table 1.
Amino acids3replaced sucrose when added
to the diets. When the complete commer-
cial mash was used, added lysine replaced
an equal amount of mash. L-Lysine at a
supplemental level of 2% was used most
frequently because it consistently caused
predictable growth depression and symp-
toms in chicks without significantly reduc-
ing food consumption for the first 6 days.4

Received for publication June 5, 1964.

1This investigation was supported in part by Re-
search Grant no. A-6336 from the Public Health
Service.

2Jones, J. D. 1962 Observations on the toxicity
of lysine. Federation Proc., 21: 1 (abstract).
3L-Lysine and L-arginine were added as mono-

L-Lysine hydrochloride and crystalline
kindly ~ furnished by Merck and
Company, Rahway, New Jersey; L-arginine hydro-
chloride was kindly furnished by General Mills,
Minneapolis, Minnesota.

4From an experiment in which graded levels of
L-lysine were added to the casein-gelatin diet, the
following data were recorded for the first 6 days the
diets were fed: lysine, 0, 1.5, 2.0%; mean daily food
consumption, 8.7, 8.3, 8.1 g; mean daily weight gain,
7.3, 6.1, 55 g.

hydrochloride.
B vitamins were
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Fig. 1 Effect of added dietary lysine on growth of chicks as shown by growth curves of chicks
fed at varying levels of lysine from zero to 21 days and from 8 to 21 days of age (broken lines).

ouv «

b — o] 9&&:

Fig. 2 Effect of graded levels of dietary L-arginine on growth of chicks fed casein-gelatin diets
with and without 2% L-lysine. Regression equation for control curve is Y (body wt) = 294 — 11.0X
(arginine as percentage of diet); slope of this line is not significantly different from 1.0.
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TABLE 1

Amino acid composition of basal rations 1

Ration 2
Amino acid ;
a—psl%t’ein (g:ealsa?t% Required 3
Lysine 1.06 1.65 1.0
Histidine 0.49 0.51 0.30
Arginine 1.44 1.30 1.2
Hydroxylysine — 0.10 —
Aspartic acid 2.96 1.79 —
Threonine 0.82 0.90 0.6
Serine 1.24 1.28 -
Glutamic acid 4.57 4.60 —
Proline 1.21 3.11 —
Glycine 1.12 2.65 1.0
Alanine 0.97 1.56 —
Cystine — — 0.35 of
methionine
Valine 1.12 1.28 0.8
Methionine 0.69 1.00 0.8
Isoleucine 1.17 1.03 0.6
Leucine 1.99 1.79 14
Tyrosine 0.99 1.05 0.7 of
phenylalanine
Phenylalanine 1.32 1.03 14
Hydroxyproline — 0.96 —

1Proteins were hydrolyzed with ¢ » HC1 in sealed
evacuated tubes at 110° for 24 hours.

2Expressed as percentages of ration. Values include
0.15% glycine and 0.4% DL-methionine added to soy
diet and 0.3% DL-methionine added to casein-gelatin

iet.
3NRC requirement (2).

The data for controls obtained at the
intervals noted were compared with those
from similar groups of birds receiving the
same diet supplemented with amino
acid(s). Methods of sampling and anal-
ysis were those reported previously (1)
with the following additional techniques:
ion exchange chromatography of picric
acid extracts of plasma and muscle and
of protein hydrolysates was used for
amino acid determinations (3); chloride
in plasma and muscle was determined by
the method of Keys (4); lipid was deter-
mined by loss in weight after exhaustive
extraction of samples with CHCI3:MeOH
(3:1); and calcium and magnesium in
tibias ashed at less than 480° were deter-
mined by chelometric methods. The gas-
trocnemius muscle was used in tissue
analyses and is referred to simply as muscle
in the text.

RESULTS AND DISCUSSION

To test the effect of age on susceptibility
to excess dietary lysine, diets containing
1 and 2% L-lysine added to the basal
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casein-gelatin mixture were fed to one-
day-old chicks and diets containing 2 and
4% lysine were fed to chicks which had
received the basal ration alone for 8 days
(fig. 1). The 8-day-old chick was less
susceptible to excess lysine than the one-
day-old bird. This was more evident in a
similar experiment in which the birds re-
ceiving 2 and 4% lysine were fed the
diets at 12 days of age. The total changes
in body weight for 12 and 21 days were:
control, 136 and 315 g; 2% L-lysine from
day 1, 92 and 145 g; 2% L-lysine from
day 12 to day 21, 138 and 274 g; and 4%
L-lysine from day 12 to day 21, 132 and
232 g. This difference was also evident
in that the ataxia and tremors that occur
by 5 to 7 days, and the leg deformities that
occur by 18 to 21 days in chicks receiving
2% L-lysine from day 1, were infrequent
in any of the groups first fed the lysine-
supplemented diet at 8 or 12 days of age.
These intervals were chosen because it
has been shown that the rapid changes
in tissue electrolytes toward the mature
pattern have occurred by this time (1).

Preliminary estimations of free amino
acids in plasma and muscle of chicks fed
the casein-gelatin basal and 2% lysine
diets for 14 days were made by a manual
ion exchange method (5). Addition of
lysine to the diet increased the plasma
and muscle lysine from 60 to 173 pinoles/
100 ml of plasma and from 346 to 684
nmoles/100 g of muscle and decreased the
plasma and muscle arginine from 20 to
7 pmoles/IOO ml and from 101 to 32
pmoles/100 g, respectively. With the ex-
ception of a possible increase in plasma
histidine and decrease in alanine and
glycine, the concentrations of other amino
acids were relatively unaffected. This ob-
servation plus the similarity of the symp-
toms described by Newberne et al. (6) in
the arginine-deficient chick to those ob-
served in the chick fed excess lysine and
the dependence of the arginine require-
ment on protein source (7) suggested the
following experiments: 1) supplementa-
tion of the diet containing added lysine
with graded levels of arginine, and 2)
determination of the effect of lysine added
to different basal rations.

Casein-gelatin diet. Graded levels of
L-arginine had no effect on growth when
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added to the control diets, but eliminated
visible symptoms and stimulated growth
when added to diets containing added
L-lysine (2% ). A plot of weight gain
verses the logarithm of percentage of
added arginine yielded an extrapolated
additional arginine requirement of 0.65%
(fig. 2). A comparable value (slightly
more than 0.5% ) was obtained in a simi-
lar plot from data from another experi-
ment (table 2, exp. B. lines 5 to 11).

The concentrations of free amino acids
in the plasma and muscle of chicks fed
diets supplemented with L-lysine or L-argi-
nine, or both, for 24 days confirmed pre-
liminary results that supplemental lysine,
but not arginine, alters the plasma and
muscle lysine concentration, whereas both
alter the plasma and muscle arginine
concentration (table 3). There are in-
dications that supplemental lysine at a
level of 2% may increase the concentra-
tion in plasma and muscle of other amino
acids in addition to lysine — for example,
proline and valine. An interpretation of
these data and those obtained from chicks
receiving both lysine and arginine (group
7) is not readily apparent. The variations
observed between groups probably can be
attributed to differences in food consump-
tion or in growth rates, or in both. It is
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likely that the amino acids that occur in
the diet in high concentrations and that
are not the most active metabolically —
such as proline and hydroxyproline —
tend to accumulate in the tissues when
diet consumption is increased, and that
the increase in ornithine in those animals
receiving supplemental arginine is a reflec-
tion of arginine degradation.

Two significant observations in this ex-
periment are: 1) the highest plasma and
muscle lysine concentrations were reached
in group 7 in which arginine concentra-
tions were returned to above normal by
supplementation and in which there was
normal growth; and 2) free amino acid
concentrations in muscle are a direct re-
flection of plasma concentrations.

Analysis of bones demonstrated a sig-
nificant difference in the lipid and ash
content between controls and lysine-fed
chicks (table 2, exp. A, lines 1 and 2).
Although the weight gain was not affected
by lysine added to the crude diet, the bone
lipid content was significantly increased
(table 2, exp. A, lines 3 and 4). The ex-
periment, extended to include arginine as
an additional variable, was repeated (table
2, exp. B, lines 5 to 11). Lysine supple-
mentation again significantly increased
the bone lipid content, decreased the bone

TABLE 2

Growth and bone composition of chicks fed diets supplemented with

lysine, arginine or both

Diet Bones 1
ie ;
No. . . W%llgnht ) o Ash
Lysine Arginine Y Dry weight Lipid Ash
Ca Mg P
% % 9 9 % oy tut s ary WL % % %
Experiment A, 18 days
i 0 0 170+ 11 2 1.357+0.077 2 17.8x112 347+52 — - -
2 2 0 84+ 14 0.857 + 0.0 62 30.1+2.1 28.4+0.8 — - -
33 0 0 145 1.114 16.0+0.8 1 334 — — —
43 2 0 142 1.068 23.3+0.2 31.9 — — —
Experiment B, 24 days
5 0 0 2955 1.809+ 0.086 3 20.3+0.95 344+0.45 35.7 0.68 16.9
6 2 0 108 5 0.635+0.0325 37.1+ 165 264+0.85 357 141 164
7 2 0.5 266 1.826£0.136 17.0+ 1.6 33.7+05 346 074 173
8 2 1.0 2755 - - - _ _ _
9 0 0.5 304 1.633 17.3 35.8 348 0.68 16.9
10 0 10 296 1.657 15.8 35.1 35.2 0.76 16.3
11 2 15 2975 1576+ 0.1335 164+ 135 346%0.45 344 073 172

1AIll values are mean = sd of at least 5 samples.
2Significant difference between diets 1 and 2.
3Crude commercial diet.

4 Significant difference between diets 3 and 4.

5Significant difference between diets 5 and 6, 6 and 7, 6 and 8, and 6 and 11.



Free amino acids in chicks fed casein-gelatin diets supplemented with lysine, arginine, or both
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weight and ash content, but did not alter
the calcium, magnesium, phosphorus,
sodium, or potassium content of the ash.
Arginine at supplemental levels of 0.5
and 1.5% reversed the effects of lysine.
Other diets. Addition of lysine to a
commercial chick-starting mash at levels
of 2 and 4% did not produce symptoms
and had less effect on average total body
weight gain at 28 days (weight gain: 359,
352, and 267 g for controls, 2, and 4%
lysine, respectively) than it did with the
casein-gelatin diet. (Weight gains of chicks
fed mash at 24 days were 272, 270, and
229 g for controls, 2, and 4% lysine, re-
spectively; see also table 2, lines 3 and 4.)
When lysine was added to a soy a-pro-
tein diet at levels of 2 and 4% , the growth
rate was not affected (table 4). The free
amino acid concentrations in plasma and
muscle were relatively unchanged except
for an increase in plasma and tissue lysine
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and an apparent decrease in tissue argi-
nine with increasing dietary lysine. This
alteration of tissue arginine may be an
indication of competition between these
2 amino acids at the tissue level. The
highest plasma and tissue lysine levels
observed to date occurred in this experi-
ment but had no obvious adverse effects
on the chicks, indicating that lysine per se
is not toxic. Also, lysine did not appear to
interfere with arginine utilization from
soy a-protein.

Tissue electrolytes were measured in 2
experiments to determine whether the re-
ported alterations in the sodium and potas-
sium distribution caused by excess dietary
lysine were due to a disturbed cellular-
extracellular distribution and whether a
normal distribution existed in the presence
of high lysine and normal arginine levels
in tissue. The derived data were calcu-
lated as described by Barlow and Manery

TABLE 4

Free amino acids 1 in chicks fed soy a-protein

Plasma

r-Lysine added, % 0

timéles/100 ml

Amino acid:

Taurine 17
Hydroxyproline -

Aspartic acid 2
Threonine 22
Serine 83

A sparagine”

Glutamine ] 8
Proline 19
G lutamic acid 15
Glycine 37
Alanine 44
a-Amino-n-butyric acid 3
Valine 25
M ethionine 6
Isoleucine 9
Leucine 18
Tyrosine 17
Phenylalanine 11
;3-Alanine -
Ornithine 3
Lysine 39
Histidine 10
Anserine —
Carnosine —
Arginine 22
Body wt, mean increase, g 169

1Values are means of 2 pooled samples of 5 chicks each,

for 17 days.
2Values were 110 and 122.
3Values were 71 and 89.

Muscle

2 4 0 2 4

limoles/100 9

22 13 - - -
— 45 29 36
5 4 113 95 90
30 23 84 88 67
96 65 603 828 492
97 83 1178 1100 1068
36 33 91 148 136
24 17 364 369 359
51 47 327 318 241
64 56 412 389 391
3 3 9 23 39
33 29 35 39 30
9 11 12 15 17
19 19 18 22 16
26 20 25 24 19
21 19 40 28 27
15 14 19 17 17
- - 26 14 11
5 4 11 17 12
268 351 250 1570 1770
13 13 45 47 44
— — 586 309 239
—_ - 280 93 58
17 21 116 2 102 80 3
166 162 — — —
taken afteis the diets had been fed
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(8) wusing both chloride and sodium as
indexes of extracellular space.

Cellular Na concentration in breast and
leg muscle apparently was increased by
supplemental lysine; when arginine was
also supplemented, cellular Na apparently
was decreased to a value lower than the
control values (table 5). Although it was
a consistent result and would lead one to
correlate increased cellular Na concentra-
tion with symptoms in chicks fed lysine
added to the casein-gelatin diets, the cellu-
lar Na concentration was increased by
lysine in the soy diet, and there was no
adverse effect other than a slight reduc-
tion of growth rate. (The growth data ob-
tained in these experiments were repre-
sentative of those obtained at this interval
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in the longer experiments reported here.)
Excess dietary lysine decreased cellular K
concentration which did not return to
normal when supplemental arginine was
added to the casein-gelatin diet. Lysine
consistently decreased cellular K concen-
tration regardless of the effect on growth
rate or other symptoms; furthermore,
when cellular K concentration is calcu-
lated on the basis of Na space, the groups
which had the largest reduction in cellu-
lar K were those least affected by the die-
tary lysine. Therefore, it is concluded
that the symptoms caused by excess die-
tary lysine are not directly related to the
distribution of K in the tissues. The re-
lationship of symptoms to Na distribution
remains undetermined.

TABLE 5
Electrolyte distribution in the young chick fed lysine or arginine or both

Experiment A 1

Casein-gelatin diet

Supplemental

L-lysine, % 0 2
Supplemental
L-arginine, % 0 0
Gain in body
wt, g 145 81
Composition of plasma:
H2, g/liter — —
Na, mEq/liter 139.1 141.7
K, mEq/liter 4.4 4.6
Cl, mEq/liter 114.8 119.0
Composition of muscle :
H20,9/kg
wet wt 774 769
Na, mEqg/kg
wet wt 32.0 37.3
K, mEqg/kg
wet wt 92.2 84.7
Cl, mEqg/kg
wet wt 23.0 26.0
Data derived
from average
results given
above: 2
(H2)ecl, g/kg 187 115 3 203 147 3
(H2)c, g/kg 588 634 3 566 622 3
[Na]c, mEq/kg
(H20)0 10.7 743 157 104 3
[K]lc, mEq/kg
(HD)c 156 160 3 148 150 3
[K]cNo, mEg/kg
(H2 )ch\a 148 159 3 145 148 3

Experiment B 1

Casein-gelatin diet Soy protein diet

0 2 0 2 0 4
0 0 1.5 15 0 0
132 92 129 124 121 109
953 952 954 956 954 948
143.5 141.0 143.0 140.2 140.8 139.1
4.3 4.4 3.9 4.4 4.7 4.7
120.9 1245 121.8 1225 119.3 1228
766 760 763 765 760 750
29.7 33.8 27.8 26.0 25.6 27.2
107.1 101.7 108.3 100.7 110.3 94.5
23.4 25.6 21.7 24.6 22.1 21.3
180 192 165 188 172 161
586 568 599 578 588 589
7.0 12.5 7.8 0.2 2.9 8.5
181 178 180 173 186 159
176 176 178 160 177 154

1Values are means from determinations on 8 to 16 chicks after 12 to 13 days of receiving the diets.

2Distribution of electrolytes calculated from CI

space except

[K]eNa which was calculated from Na

eace.
3Values obtained from breast muscle in the same birds.
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That a lysine-arginine relationship can
be demonstrated in the chick appears to
be a generally accepted premise.56 How-
ever, a common interpretation of the cause
and specificity of the relationship is not
readily accepted. This is due in part to
the differences in experimental approach.
Dietary proteins and levels of protein and
of supplemental amino acids have not
always been comparable. Amino acid re-
quirements, particularly of arginine, ap-
pear to be genetically determined (9) but
breeds of chicks have not been comparable
(the large variability noted in the experi-
ments reported here can be attributed in
part to this). Also, age of the chicks at
the start of the experiments has varied
from 1to 7 days.

The dependence of arginine requirement
on protein source in the absence of added
lysine has been observed frequently. The
relatively high concentration of lysine per
se with respect to arginine in casein has
been suggested as the reason for an in-
creased requirement for arginine in chicks
fed casein or casein supplemented with
lysine or mixtures of amino acids contain-
ing lysine (10, 11). The suggestion that
the levels of essential amino acids, specifi-
cally arginine and lysine, are more favor-
able in soy or plant proteins becomes less
tenable because, when more than 2%
L-lysine was added to a soy ration (which
has an amino acid composition quite simi-
lar to that of the casein-gelatin diet), an
arginine deficiency still was not induced as
measured under the conditions of the pres-
sent experiments. A low or suboptimal
protein ration or one to which crystalline
amino acids have been added to obtain
desired levels may produce somewhat dif-
ferent conclusions. It appears that the
casein-gelatin diet used here does furnish
adequate arginine to the chick and that
additional lysine acts in a specific manner
that decreases the availability of the argi-
nine: a portion of the analytically deter-
mined amino acid is not used by the ani-
mal. This is in contrast with amino acid
imbalance which is caused by addition of
a quantity of an unbalanced protein or
amino acid mixture to a diet which is
usually low in protein (12), whereas these
diets contain adequate levels of protein.
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The mechanism of this antagonism re-
mains to be determined, but some of the
possibilities include interference with di-
gestion, absorption, degradation (or use
of arginine for synthesis of another amino
acid), or excretion. Lysine does not inter-
fere significantly with the absorption of
arginine because 1) low levels of supple-
mental arginine produce increased tissue
levels of arginine and reversal of the ad-
verse effects of lysine; and 2) little effect
of lysine is noted in animals fed the soy
protein ration. In contrast with the rat,7
the chick apparently cannot synthesize
arginine; however, the chick does con-
tinue to consume the ration that contains
added lysine and, as a result, it is possible
to show a depression of arginine in the
tissues. The utilization of amino acids may
be affected by the presence of a high con-
centration of lysine since the pattern of
free amino acids in the tissue is altered
somewhat even when the tissue levels of
arginine are returned to normal by supple-
mentation. However, a competition at the
tissue level is not likely since the tissue
levels directly reflect plasma levels.

A competition for reabsorption at the
kidney is also an unlikely mechanism of
the antagonism since the concentration of
plasma lysine is greater in the chicks fed
lysine-supplemented soy ration than in the
chicks fed lysine-supplemented casein-
gelatin rations, but plasma arginine re-
mains normal in chicks fed the soy diets.
Similar arguments may be advanced
against an altered degradation of arginine
that has been absorbed.

It was postulated, from experiments in
which supplementation with glycine and
arginine alleviated the growth depression
caused by the addition of 4% L-lysine to
diets containing plant proteins, that gly-
cine and arginine function by enhancing
the excretion of excess nitrogen (13). The
relationship between arginine and glycine
has not been investigated in this labora-
tory; however, glycine had no effect when
fed to chicks receiving the casein-gelatin

50'Dell, B. L., C. L. Limbaugh and J. E. Savage

1962 Arglnme Iysme antagonism and deficiencies of
casein for the chick. Federation Proc., 21: 8 (ab-

stract).
6Lewis, D. 1962 Arginine in
nutrition. Federation Proc., 23: 7

7Unpublished data.

metabolism and

(abstract).
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diet plus 2% lysine, an observation similar
to that of ODell et al.8who also reported
a response to added K that we have not
been able to obtain (their diet contained
0.4% K and ours, 0.7% ). Tissue levels
of glycine were relatively unaffected by the
addition of high levels of lysine to either
soy or casein diets. Amino acids other
than arginine and glycine have not been
tested for their ability to reverse the effects
of excess lysine.

It is suggested that excessive dietary
supplementation with lysine induces an
arginine deficiency by decreasing the avail-
ability of arginine from casein, from gela-
tin, or from a combination of these pro-
teins.
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Factors Affecting the Utilization of "Carbohydrate-
free" Diets by the Chick
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ABSTRACT An experiment was conducted to study the role which protein plays
in enabling chicks to utilize “carbohydrate-free” diets in which non-protein calories
are supplied by fat. Results showed that neither growth nor nitrogen retention was
decreased when fat was substituted isocalorically for glucose in diets containing 13.2,
15.4, 17.6, 19.8 and 22.0 kcal/g of protein. These results show that the requirement
of the chick for carbohydrate can be met without diverting amino acids from protein
to carbohydrate synthesis, at least when protein is supplied by a mixture of soybean
protein, methionine and glycine. Studies to determine the efficiency with which chicks
utilized energy when fed high carbohydrate and “carbohydrate-free” diets showed that
neither level of protein nor source of non-protein calories affected caloric efficiency or
caloric consumption. These results show that lack of carbohydrate in the diet does
not affect the ability of the chick to utilize triglyceride and shows that the chick has
the ability to utilize large quantities of fat. The results also confirm the concept
that chicks eat to meet their energy requirement.

Donaldson et al. (1) and Rand and
associates (2) have shown that the grow-
ing chick can tolerate high levels of dietary-
fatif nutrient balance is maintained. More
recently Hill and Renner2 observed that
fat can completely replace carbohydrate in
the diet of the chick without affecting rate
of growth. Since carbohydrate is required
for maintaining level of blood glucose, for
fatty acid oxidation and in the formation
of various body constituents, the question
arose as to whether chicks fed diets free of
preformed carbohydrate were deriving car-
bohydrate from excess protein in the diet,
from glycerol in triglycerides or whether
the chick, like certain plants (3, 4) and
microorganisms (5, 6), was capable of
converting fatty acids to carbohydrate.

The present study was undertaken to
determine the role which protein plays in
enabling chicks to utilize “carbohydrate-
free” diets. Comparisons were made of
the rate of growth and efficiency of utiliza-
tion of protein and energy when chicks
were fed high carbohydrate and “carbo-
hydrate-free” diets containing from 13.2 to
22.0 kcal of metabolizable energy per gram
of protein.
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EXPERIMENTAL

Male White Plymouth Rock chicks were
used in the experiment and were main-
tained in electrically heated, thermostati-
cally controlled battery brooders with
raised wire-screen floors in a temperature-
controlled laboratory. Ten chicks were as-
signed at random at one day of age to
each experimental group, and duplicate
groups were fed each of the experimental
diets. Feed and water were supplied ad
libitum.

The composition of the experimental
diets calculated to contain 13.2 kcal of
metabolizable energy per gram of protein
is shown in table 1. The high carbohydrate
diet contained glucose as the major source
of non-protein energy. Its “carbohydrate-
free” counterpart was formulated by re-
placing glucose isocalorically by lard, using
the values 3.64 and 8.75 kcal/g for the
metabolizable energy content of glucose
and lard, respectively. Cellulose was added
to improve the texture of the “carbohy-
drate-free” diet in an amount to maintain
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TABLE 1
Composition of diets!

High “Carbohydrate-
carbohydrate free”
g g
Variables
Glucose 2 62.62 ==
Lard — 27.97
Cellulose 3 — 13.33
Constants
Soybean protein 4 26.79 26.79
Methionine 0.94 0.94
Glycine 0.74 0.74
Soybean oil 2.00 2.00
Limestone 1.49 1.49
Dicalcium phosphate  1.70 1.70
Sodium chloride 0.60 0.60
Mineral mixture 3 1.51 1.51
Vitamin mixture 3 0.60 0.60
Chromic oxide mix ¢ 1.00 1.00
Antioxidant 7 0.025 0.025

1 Diets contained 13.2 kcal/g protein. L.

2 Cerelose, Corn Products Company, Argo, Mlinois.

3 Alphacel, Nutritional Biochemicals Corporation,
Cleveland.

4 Promine R, Central Soya,
Chicago. . . .

5 Mineral and vitamin mixtures supplied: (in mg/
100 g diet) KH2POs, 930; MgSO4-7H20, 495; KI, 0.29;
FeSOyz: 7H.0, 28; CuSO4'5H-0, 0.78; ZnCly, 12.5; CoCly-
6H,0, 0.17; Na;MoOs4-2H:0, 0.83; NasSeOs, 0.022;
MnSO4-H0, 37; thiamine, 1.0; riboflavin, 1.0; Ca
pantothenate, 4.0; biotin, 0.04; pyridoxine, 2.0; niacin,
8.0; folacin, 0.3; menadione, 0.3; vitamin Bis, 0.005;
choline chloride, 210; vitamin A, 1000 USP units;
vitamin Dz, 150 IC units; vitamin E, 3.31 IU; and
chlortetracycline, 1. .

6 Contained 30% Cr203; in soybean protein. A

7 Santoquin, Monsanto Chemical Company, St. Louis.

Chemurgy Division,

the energy in a given volume equal to
that of its high carbohydrate counterpart.
The diets contained approximately 2.35
kcal/cm?®.

The other high carbohydrate diets cal-
culated to contain 15.4, 17.6, 19.8 and 22.0
kcal/g of protein were formulated by re-
placing part of the protein mixture (soy-
bean protein, glycine and methionine)
in the high carbohydrate diet (table 1)
isocalorically, by a mixture of glucose and
lard. It was assumed that the protein
mixture contained 3.83 kcal of metabo-
lizable energy per gram. The correspond-
ing “carbohydrate-free” diets were formu-
lated by substituting lard isocalorically
for glucose, and adding cellulose to main-
tain the energy in a given volume equal to
that of its high carbohydrate counterpart.

Data on growth and feed consumption
were obtained weekly and feed wastage
was determined daily. In addition, during
the fourth week of the experiment, excreta
were collected from each experimental
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group at 24-hour intervals on 3 successive
days for the determination of metaboliz-
able energy. Chromic oxide was incorpo-
rated in each of the diets at a level of
approximately 0.3% as an index substance
to eliminate the need for quantitative col-
lection of excreta and quantitative meas-
urement of feed intake. The methods for
processing excreta, conducting chemical
analyses for moisture, nitrogen, combusti-
ble energy and chromic oxide. and com-
puting metabolizable energy from these
data have been described previously (7, 8).
The differences between determined and
calculated metabolizable energy values
ranged from —1.5 to 2.6%.

At 28 days of age the chicks were
starved for 16 hours to permit their gastro-
intestinal tracts to empty, and were killed
without loss of blood. The entire carcasses
from each experimental group were frozen,
ground, mixed and an aliquot was dried
by lyophilization. In order that tissue gains
could be determined, a representative lot
of chicks was killed at the beginning of
the experiment and prepared for analysis
in a similar fashion. Carcass samples were
analyzed for protein, fat and moisture
using the methods as described by Hill and
Anderson (7).

RESULTS AND DISCUSSION

The effect of source of non-protein cal-
ories on the growth of chicks fed diets of
different protein contents is shown by the
data summarized in table 2. Analysis of
variance (9) of factorial arrangement of
treatments indicated the response to level
of protein was significant (P < 0.01); how-
ever, the response to source of energy was
not significant (P > 0.05). Analysis also
showed the interaction between protein

TABLE 2

Growth of chicks fed diets with and
without carbohydrate

Average weight, 4 weeks

Calories/g
protein High “Carbohydrate-

carbohydrate free”

kcal g g

13.2 4681 476

154 477 432

17.6 416 413

19.8 384 415

22.0 349 364

1Values are averages of duplicate groups.
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level and source of energy to be significant
(P<0.01). The data indicate that the
isocaloric substitution of fat for carbo-
hydrate decreased growth when the diet
contained 15.4 kcal/g protein and in-
creased growth when the diet contained
19.8 kcal/g protein. Subsequent studies
(10) have shown that chicks fed “carbo-
hydrate-free” diets containing 15.4 kcal/g
protein in which non-protein energy is sup-
plied by soybean oil grow at least as rapidly
as chicks fed similar diets containing glu-
cose. These results indicate that the pro-
tein requirement of chicks fed “carbo-
hydrate-free” diets is no greater than chicks
fed diets containing carbohydrate when
rate of growth is used as the criterion. The
results also show that the chick has the
ability to utilize large quantities of fat.
Calculations show that chicks fed “carbo-
hydrate-free” diets consumed 69 to 82%
of their total dietary calories as fat.

Data showing the average amounts of
protein retained by chicks fed high carbo-
hydrate and “carbohydrate-free” diets of
different protein content are presented in
table 3. The values shown are based
on data obtained from carcass analysis.
Analysis of variance (9) of the data
on protein retention, taking into account
the factorial arrangement of treatments,
indicated that the response to level of pro-
tein was significant (PC0.01), but that
the response to source of energy was not
significant (P > 0.05).

Since chicks fed “carbohydrate-free”
diets utilize protein just as efficiently as
chicks fed carbohydrate-containing diets,
it can be concluded that the requirement of
the chick for carbohydrate can be met with-

TABLE 3

Protein retained by chicks fed diets
with and without carbohydrate

Protein retained 1

Calories/g
protein High “Carbohydrate-
carbohydrate free”
kcal % %
13.2 55 2 53
15.4 57 57
17.6 59 60
19.8 62 65
22.0 64 66

1(Gain in carcass protein,
x 100.

2values are averages of duplicate groups.

g/protein consumed, g)

RUTH RENNER

out diverting amino acids from protein to
carbohydrate synthesis at least when pro-
tein is supplied by a mixture of soybean
protein, methionine and glycine.

Munro (11) observed in reviewing the
literature, that the isodynamic exchange
of fat for carbohydrate in the diet of both
adult and growing animals was followed
by an increase in nitrogen excretion,
which in some cases returned in a short
time to levels obtained with the diet pre-
ceding the change. Failure to observe a
period of decreased growth or nitrogen
retention in chicks fed “carbohydrate-free”
diets may be due to the fact that the chick
embryo develops on a medium containing
only 1% carbohydrate (12) and, therefore,
does not have to adapt to a high fat, low
carbohydrate diet.

Summarized in table 4 are data show-
ing the energy consumption of chicks fed
high carbohydrate and “carbohydrate-free”
diets of different protein content. Energy
consumption was calculated using metabo-
lizable energy values determined for each
diet. Analysis of variance (9) showed that
neither level of protein nor source of
energy affected energy consumption. Since
the diets were of equal caloric density
(2.35 kcal/cm3) these data also indicate
that equal volumes of feed were consumed.

The observation that chicks did not com-
pensate for the reduced protein level of the
diet by increased feed consumption is in
agreement with results reported previously
by Hill and Dansky (13) and lend support
to the concept that chicks eat to meet their
energy requirement. Results of this experi-
ment are not in complete agreement with
the concept proposed by Donaldson et al.
(14) and Combs (15) that chicks increase
their energy intake in an effort to obtain
sufficient protein. Interpretation of the
data depends upon whether energy con-
sumption is viewed as an absolute quantity
per chick or in relation to body size. In the
present experiment, even though energy
intake was relatively constant per chick for
the period, it was considerably higher in
the protein-deficient groups relative to body
size, which apparently accounts for the in-
creased fat deposition.

The failure of chicks to increase energy
consumption when calories from glucose
were replaced by calories from lard is in
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TABLE 4
Utilization of energy by chicks fed diets with and without carbohydrate

Diet
Calories

Source of Calories/g consumedl
energy protein

heal heal
Glucose 13.2 2105 3

154 2332

17.6 2156

19.8 2088

22.0 1966
Lard 13.2 2294

154 2084

17.6 2054

19.8 2183

22.0 2078

1Metabolizable energy content of each diet was determined.
2Calories gained/calories of metabolizable energy consumed.

3Values are averages of duplicate groups.

contrast with results reported by Carew
and associates (16) and may be due to
the high level of fat in the diet or to the
fact that the glucose-containing diet was
already adequately supplemented with
essential fatty acids. Evidence that the
lack of response was not due to the type
of fat fed has been furnished in subse-
quent studies 3 which showed that chicks
fed diets in which non-protein calories
were supplied entirely by soybean oil con-
sumed the same number of calories as
chicks fed diets containing 2% soybean
oil in which the remaining non-protein
calories were supplied by glucose.

Data on caloric efficiency (table 4), cal-
culated using determined metabolizable
energy values, show that chicks gained on
the average 0.40 kcal for each kilocalorie
of metabolizable energy consumed, irre-
spective of level of protein or source of
non-protein energy. In agreement with
Hill and Dansky (13) and Donaldson and
associates (14), it was observed that
chicks fed protein-deficient diets deposited
more calories as fat. Since caloric effi-
ciency was unaffected, it can be concluded
that chicks utilized calories just as effi-
ciently for fat synthesis as for growth.
Whether these calories were provided by
fat or carbohydrate was of no consequence
in this study. In contrast, Forbes et al.
(17) and Carew and Hill (18) observed
that rats and chicks, respectively, utilized
calories from fat more efficiently than cal-
ories from carbohydrate when fat was in-
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Energy gained Caloric

Fat Protein efficiency 2

heal heal

337 507 0.40

431 490 0.40

449 417 0.40

469 370 0.40

482 328 0.41

408 509 0.40

353 436 0.38

442 393 0.41

482 393 0.40

469 344 0.39
corporated in the diet at lower levels.

Whether the equality of calories from lard
and glucose in the present study is the
result of the high level of fat fed, awaits
further study.
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Factors Affecting the Utilization of "Carbohydrate-
free" Diets by the Chick

LEVEL OF GLYCEROL %
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ABSTRACT Experiments were conducted to study the role which glycerol plays
in enabling chicks to utilize fatty acids in “carbohydrate-free” diets. Studies have
shown that removal of glycerol from a “carbohydrate-free” diet, by substituting soybean
fatty acids for soybean oil, results in a marked depression in growth rate. The
amount of glycerol required for the maximal growth response of chicks fed diets
containing 15.4 kcal/g protein in which non-protein energy is supplied by soybean
fatty acids has been shown to be the amount required for theoretical conversion of
fatty acids to triglyceride, i.e., 0.108 g glycerol/g fatty acids. Other studies have
shown that glucose is at least as effective as glycerol in enabling chicks to utilize fatty
acids. The amount of glucose required for the maximal growth response varied from
one-third to the same amount required for theoretical conversion of fatty acids to tri-
glyceride, i.e., 0.035 to 0.105 g glucose/g fatty acids.

Results of a previous study (1) have
shown that calories from fat can com-
pletely replace calories from carbohydrate
in the diet of the chick without altering
growth rate or nitrogen retention, even
when sub-optimal amounts of protein are
fed. The present experiments were under-
taken to determine the role which glycerol
plays in enabling chicks to utilize “carbo-
hydrate-free” diets. In addition, studies
were conducted to determine the require-
ment for glycerol and to ascertain the
effectiveness of glucose in meeting this
requirement.

EXPERIMENTAL

Diets devoid of carbohydrate and of car-
bohydrate and glycerol were formulated
from the high carbohydrate diet (table 1)
by substituting either soybean oil or soy-
bean fatty acids, isocalorically, for glucose,
using the values 3.64, 9.21 and 8.65 kcal/g
for the metabolizable energy content of
glucose, soybean oil and soybean fatty
acids, respectively.

Diets containing graded levels of glyc-
erol or glucose were formulated from the
high carbohydrate diet (table 1) by the
isocaloric substitution of mixtures of glyc-
erol and soybean fatty acids or glucose and
soybean fatty acids for glucose. Glycerol
was assumed to be completely absorbed

and to have a metabolizable energy value
of 4.32 kcallg.

The diets were formulated to contain
15.4 kcal/g protein since previous work
(1) had shown that at this ratio protein
is present in sufficient quantities to pro-
mote rapid growth, but is not in excess.
The caloric density of the experimental
diets was maintained approximately equal
to that of the high carbohydrate diet by
the addition of cellulose.2

The soybean fatty acids were prepared
by alkaline hydrolysis of crude degummed
soybean oil. After acidification the fatty
acids were separated from the acid seat by
decantation and water-washed to remove
acid and glycerol. Traces of water were
removed by heating under reduced pres-
sure in an atmosphere of nitrogen.

White Plymouth Rock or Dominant
White X White Plymouth Rock male chicks
were used. They were maintained in elec-
trically heated, thermostatically controlled
battery brooders with raised wire-screen
floors in a temperature-controlled labora-
tory. Feed and water were supplied ad
libitum. Data on growth and feed con-
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TABLE 1
Composition of high carbohydrate diet

%

Soybean protein 1 23.59
Glycine 0.63
Methionine 0.81
Soybean oil 2.00
Limestone 1.49
Dicalcium phosphate 1.70
Sodium chloride 0.60
Mineral mixture 2 1.50
Vitamin mixture 2 0.52
Antioxidant 3 0.025
Glucose 4 67.14

1Promine R,
Chicago.

2Mineral and vitamin mixtures supplied: (in mg/
100 g diet) KH2P04, 930; MgS04'7H20, 495; KI, 0.29;
FeSO4-7H20, 28; CuS04-5H20, 0.78; ZnCl2, 12.5; CoCl2-
6H20, 0.17; Na2Mo004-2H20, 0.83; Na2Se03, 0.022;
MnS04-H20, 37; thiamine, 1.0; riboflavin, 1.0; Ca
pantothenate, 4.0; biotin, 0.04; pyridoxine, 2.0; niacin,
8.0; folacin, 0.3; menadione, 0.3; vitamin B42, 0.005;
choline chloride, 210; vitamin A, 1000 USP units;
vitamin D3, 150 ICU; vitamin E, 3.31 I1U; and chlor-
tetracycline, 1.

®Santoquin, Monsanto Chemical Company, St. Louis.

4 Cerelose, Corn Products Company, Argo, lllinois.

Central Soya, Chemurgy Division,

sumption were obtained weekly and feed
wastage was determined daily.
Experiments 1, 2, 3 and 4 were con-
ducted wusing duplicate groups of 10
chicks/treatment. The chicks were reared
to 4 days of age with a “carbohydrate-free”
diet in which non-protein energy was sup-
plied by soybean oil. They were then al-
lotted on the basis of body weight to the
experimental groups and fed the experi-
mental diets to 28 days of age. A similar
procedure was followed in experiment 5,
except that chicks were reared to 7 days
of age with the “carbohydrate-free” diet.
In experiment 5, 3 replicate groups of 9
chicks were used in each treatment.

RESULTS

Summarized in table 2 are data showing
the average weights, energy consumption

RUTH RENNER AND A. M.

ELCOMBE

and caloric efficiencies of chicks fed diets
in which non-protein energy was supplied
by glucose, soybean oil, soybean fatty
acids and soybean fatty acids plus glycerol
(exp. 1). The results show that growth
of chicks was markedly depressed when
glycerol was deleted from the “carbo-
hydrate-free” diet by substituting soybean
fatty acids for soybean oil. The addition
of 0.108 g glycerol/g fatty acids, i.e., the
amount required for theoretical conversion
of fatty acids to triglyceride significantly
increased growth (P < 0.05). The addi-
tion of twice this amount of glycerol had
no further effect.

Chicks fed the diet in which non-protein
energy was supplied by soybean fatty acids
consumed fewer calories and utilized them
less efficiently than when non-protein
energy was supplied by soybean oil or
glucose. The addition of 0.108 or 0.216 g
glycerol/g fatty acids significantly in-
creased energy consumption and caloric
efficiency (P < 0.05).

Since the possibility existed that the re-
duced growth of chicks fed soybean fatty
acids was due to failure to absorb this high
level of fatty acids, fat absorbability was
determined during the fourth week of life.
Results showed the absorbability of soy-
bean oil and soybean fatty acids to be 98
and 92% , respectively. Thus, inability to
absorb free fatty acids was not the cause
of the growth depression.

To determine the effect on growth of
feeding glycerol at lower levels and to
determine the effectiveness of glucose in
enabling chicks to utilize fatty acids in
“carbohydrate-free” diets, chicks were fed
diets containing one-third, two-thirds, and
the same amount of glycerol or glucose
required for theoretical conversion of fatty

TABLE 2
Effect on growth of deleting glycerol from a “carbohydrate-free” diet

Source of
energy
Glucose
Soybean oil
SFA 2

SFA+ 0.108 g glycerol/g fatty acids
SFA+ 0.216 g glycerol/g fatty acids

1Values are averages of duplicate groups.
2 Soybean fatty acids.

. Calories
AT cohsumed  cgnsumed

9 heal kcal
464 1 2179 5.40
490 2266 5.30
298 1496 6.30
445 2064 5.38
453 2066 5.26
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acids to triglycerides (table 3). Analysis
of variance and application of Duncan’s
multiple range test (2) to the data showed
that growth was increased significantly
(P < 0.05) by the addition of either 0.072 g
glycerol/g fatty acids or 0.035 g glucose/g
fatty acids. The addition of higher levels
of glycerol or glucose did not cause any
further significant increase in growth rate,
although the difference in growth of chicks
fed 0.108 g instead of 0.072 g glycerol/g
fatty acids approaches significance. In
agreement with results of the first experi-
ment, growth of chicks fed diets containing
0.108 g glycerol/g fatty acids did not differ
significantly (P > 0.05) from growth of
chicks fed the diet containing soybean oil.

In contrast with the results of experi-
ment 1, the utilization of energy by chicks
in this experiment did not decrease sig-
nificantly (P > 0.05) when soybean fatty
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acids replaced soybean oil as the source of
non-protein energy.

Subsequent studies (exps. 3, 4 and 5),
conducted to determine the glucose re-
quirement of chicks fed diets in which non-
protein energy was supplied by soybean
fatty acids, have shown that the response
to glucose is variable (table 4). Results
show that the addition of 0.018 g glucose
/g fatty acids (exps. 3 and 4) was ineffec-
tive in stimulating growth. In all experi-
ments (exps. 3,4,5) the addition of 0.035 g
glucose/g fatty acids resulted in a signifi-
cant increase in growth (P < 0.05). Only
in experiment 3 was a further significant
growth response (P < 0.05) obtained from
the addition of higher levels of glucose,
i.e., 0.105 g glucose/g fatty acids.

Analysis of variance and application of
Duncan’s multiple range test (2) to data
on caloric efficiency (table 4) showed that

TABLE 3
Response of chicks to glycerol and glucose

Treatment

Calories
Avg wt, consumed
Sghjgggyof Glycerol Glucose 4-week /g gain
g/g SFA g/g SFA 9 kcal
SFA 1 343 2 5.44
SFA 0.036 - 371 5.41
SFA 0.072 - 413 5.44
SFA 0.108 - 450 5.24
SFA - 0.035 432 5.32
SFA - 0.070 428 5.32
SFA - 0.105 420 5.20
Soybean oil — - 486 5.00
Glucose — — 439 5.17
1So¥bean fatty acids. .
2Values are averages of duplicate groups.
TABLE 4

Growth and energy utilization of chicks fed diets containing graded levels

Treatment Experiment 3
o owew R SO
g/g SFA 9 kcal
SFA1l - 304 2 6.51 2
SFA 0.0099 307 6.29
SFA 0.018 335 6.07
SFA 0.026 361 5.70
SFA 0.035 379 5.84
SFA 0.105 437 5.33
SFA 0.210 - -
Soybean oil - 492 5.15
Glucose - - -
1So¥bean fatty acids. i
2 Vadlues are averages of duplicate groups.

3Values are averages of triplicate groups.

of glucose

Experiment 4 Experiment 5

Avgwt, Calories/ Avg wt, Calories/g
4-v%eek gain : 4-week gain
9 kcal 9 kcal
3352 5.60 2 337s 5.59 3
338 5.63 — _
4{25 5.22 399 4.99
400 5.44 400 5.16
460 5.44 423 4.93
490 5.09 515 4.92
447 5.59 514 5.25
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in experiments 3 and 5 the utilization of
energy by chicks fed diets in which non-
protein energy was supplied by soybean
fatty acids was less efficient than when
diets containing soybean oil were fed. The
addition of as little as 0.026 g glucose/g
fatty acids to the diet containing soybean
fatty acids resulted in significant increases
in energy utilization.

DISCUSSION

The ability of the chick to utilize fatty
acids in the absence of dietary carbo-
hydrate and glycerol is limited. Studies
have shown that deletion of glycerol from
a “carbohydrate-free” diet by substituting
soybean fatty acids for soybean oil de-
creased growth by approximately 35%.
The addition of 0.108 g glycerol or 0.035
to 0.105 g glucose/g fatty acids permitted
growth to increase to approximately 88%
of that of chicks fed comparable diets con-
taining soybean oil. The role which glyc-
erol and glucose play in enabling chicks
to grow when fed diets containing 15.4
kcal/g protein and in which non-protein
energy is supplied by soybean fatty acids
is unknown.

The efficiency of utilization of energy by
chicks fed diets in which non-protein

RUTH RENNER AND A. M.

ELCOMRE

energy is supplied by soybean fatty acids is
variable. Statistical treatment of the data
on energy utilization in the 5 experiments
has shown, however, that chicks fed diets
in which non-protein energy is supplied by
soybean fatty acids utilize energy less effi-
ciently than when energy was supplied by
soybean oil or soybean fatty acids plus the
amount of carbohydrate required for theo-
retical conversion of fatty acids to tri-
glycerides. Whether the energy is lost as
heat or as excretory products requires fur-
ther study.
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Effects of Dietary Moisture on the Determination
of the Nutritional Value of Foods
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ABSTRACT A series of breakfast cereal, whole milk solids and sugar mixtures,
and a dry dog food were fed, with and without the addition of water, to weanling
rats for 28 days. The cereal mixtures, containing 11.3, 12.6 and 16.8% protein from
com-, wheat- and oat-based products, respectively, were rehydrated to a 68% moisture
level which represents the moisture level consumed in a cereal and milk breakfast.
The dog food (25.8% protein) was fed at 6, 24 and 54% moisture levels. The
addition of water to the cereal and milk mixtures resulted in an increase in the
amount of water consumption from the water bottles. No increase in the volume of
drinking water was noted when water was added to the dog food. The increase in
moisture of the cereal diet containing the lowest protein content resulted in sig-
nificant increases in body weight gain and protein efficiency utilization. The addition
of water to the other 2 cereal diets did not result in significant increases in body
weight gain or protein efficiency utilization. The dog food with the highest moisture
level gave significantly poorer body weight gains and protein efficiency utilization

when compared with the dry product.

Keane et al. (1) in 1962 demonstrated
that the addition of 20% of water to a
purified diet of low moisture content re-
sulted in increases in the body weight
gains and protein efficiency ratios when
rats were fed at dietary protein levels of
6 to 12% . This effect was not noted at the
18% protein level. In a second paper (2)
the same group reported that this effect of
moisture occurred when different sources
of protein were used. However, when corn-
starch was used in place of sucrose as the
source of carbohydrates no significant in-
crease in the protein efficiency was noted
with the addition of 20% water.

Lepkovsky et al. (3) studied the effects
of water intake and showed that the with-
holding of water during meals resulted in
a reduction of food intake. Experiments
by Harper and Spivey (4) suggested that
the capacity of different carbohydrates to
exert osmotic pressure can influence the
growth rate of rats fed low protein diets.

The data presented in these publications
indicate that the water content of the diet
and the type of carbohydrate ingested, as
well as other probable unknown factors,
may have important effects on the growth
rate and protein efficiency utilization of
rats. The present study was carried out to
determine the effects of the moisture con-
tent of the diet on the body weight gains

J. Nutrition, 84: '64

and protein efficiency utilization with rats
fed a series of diets containing natural
foods rather than semi-purified rations.
Breakfast cereal and milk combinations
and a dry dog food were selected since
these mixtures vary in protein content and
usually promote good body weight gains
in the growing rat.

EXPERIMENTAL

Groups of 10 rats each were fed diets
containing breakfast cereal, milk and sugar
combinations in the ratio of 28.4 g of
cereal, 118 ml of whole milk and 8 g of
sugar. For the “dry” diets whole milk
solids 2 were substituted for fresh whole
milk. These diets contained 55.8% cereal,
28.4% whole milk solids and 15.8%
sugar.3 The whole milk solids were re-
hydrated with distilled water to the mois-
ture level in whole milk when the “wet”
diets were fed. The dry diets contained
2 to 3% moisture and the wet diets, 68%
moisture. Corn flakes, wheat flakes and
oat flakes were the type of cereals selected
for this study since they resulted in diets
which differed considerably in protein con-

Received for publication June 22, 1964.

1Mailing address: Technical Center, General Foods
Corporation, White Plains, New York.

2Parlac, The Borden Company, New York 10017.

3Domino 10X Sugar, American Sugar Refining Com-
pany, New York.
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tent as shown in table 1. A dry dog food
was fed at 3 moisture levels. This product
was fed wet by adding one part of water
per one part of food. This is the customary
procedure used in feeding this product to
dogs. In addition a lower level of water
was added to the dog meal to result in a
calculated level of 28% moisture.

The corn flakes, oat flakes, and wheat
flakes products were commercial breakfast
cereals. The protein in the corn cereal was
derived from corn grits, that in the wheat
flakes cereal from wheat, wheat flour and
malted barley flour, and the oat product
was made from oat flour with a small
supplement of rice flour, soy flour and milk
protein concentrate. Meat and bone meal,
hominy feed, wheat flakes, soybean oail
meal, and wheat flour were the major con-
stituents of the dog food included in this
study.

The animals were male weanling rats of
the Wistar strain4 weighing between 48
and 59 g at the beginning of the study.
They were housed in individual raised-
bottom wire cages in an air conditioned
room kept at 22 to 25°. Water and food

MAZURA AND R. THIESSEN, JR.

were given ad libitum throughout the 28-
day test period. Fresh food was prepared
each day for the animals fed the wet diets.
The cereals were ground to a fine-particle
size with a Fitzpatrick Mill before they
were blended into the basal diets. When
the water was added to the cereal diets the
mixtures were homogenized in a Waring
Blendor. The water consumption from the
water bottle on each cage was recorded
during the last 2 weeks of the test.

RESULTS AND DISCUSSION

The body weight gain and food utiliza-
tion data are summarized in tables 2 and 3.
It is shown that the addition of water to
the cereal diets resulted in increases in
body weight. The weight gain and protein
efficiency data were subjected to analysis
by the variance technique, and it was con-
sidered that a significant difference oc-
curred when P was 0.05 or less. The corn
flakes diet is the only one in which the
increase in body weight gain was different
at the 5% significance level.

TABLE 1
Analyses of test diets

Diets

Corn flakes, whole milk solids, sugar
W heat flakes, whole milk solids, sugar
Oat flakes, whole milk solids, sugar

Dog meal

1Protein based on Kjeldahl nitrogen x 6.25 factor.
2Two levels of water added to dog food diet.

4 Charles River Breeding Laboratories, North Wil-
mington, Massachusetts.

'Tg?,teef? Moisture level

w ” “Dry” Wet
d'?g%; diets diets
% % %
11.3 3.2 67.8

12.6 2.3 68.1
16.8 2.0 67.5

25.3 6.8 54.1

(23.5) 2

TABLE 2
Summary of body weight gain and food utilization data — cereal diets

Body weight gains

Protein efficiency values 1 Fooea%fétélancy

Dry”

) Wet “Dry” Wet « »”
diefs diets diefs diets (Ijjlg%'s tyi\cle%
9 9
Corn flakes, milk, sugar 80.3+3.53 1139+ 6.1 2.42+0.06 2.88+0.06 0.283 0.336
W heat flakes, milk, sugar 106.0x4.5 113.4+ 7.6 2.47+£0.07 2.63+0.07 0.318 0.341
Oat flakes, milk, sugar 126.0+9.7 142.9+8.5 2.25+0.11 2.34+0.08 0.391 0.399

4Protein efficiency values calculated as grams of body weight gain per gram of protein consumed
2Food efficiency values calculated as grams of body weight gain per gram of dry food consumed
3Mean values * se for body weight gains and protein efficiency values.
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When the protein efficiency values were
compared there was a similar situation in
that all the cereal diets showed an increase
in protein efficiency utilization when water
was added to the diets. Again the corn
flakes diet is the only one showing a dif-
ference at the 5% significance level.

The dog meal gave a statistically signifi-
cant poorer body weight gain value when
the high moisture product was compared
with the dry meal. Both of the dog foods
with the higher moisture levels gave sig-
nificantly lower protein efficiency values
when compared with the dry product.

The food intake data presented in table
4 show that there was considerable in-
crease in food intake when water was
added to either the com flakes or the dog
meal. In the cereal diet series, the only
significant increase in food consumption as
a result of the water addition was noted
with the corn flakes diet. When the dog
food was fed, both levels of water resulted
in significantly higher food consumption.

It is shown also that there was very
little variation in water consumption on
the basis of a gram of dry food intake
when the dry diets were fed. Unexpectedly
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of a gram of dry food consumed. On the
other hand, the addition of the water to
the dog meal-type ration was not accom-
panied by an increase in fluid intake. The
water intakes in this table include the
moisture obtained from the food as well as
the fluid from the water bottles on the
cages.

Radford (5) compared the water bal-
ance in rats fed either commercial labora-
tory chow5or a semi-purified diet and his
observations suggested that water intake
was determined by the minimal urine
water for solute excretion or by changes
in fecal volume. The relatively high su-
crose content of the cereal diets may have
been a factor in the regulation of water
intake due to its greater osmotic effect.
However, Harper and Spivey (4) noted
that rats consuming sucrose drank less
water than those consuming dextrin as the
source of carbohydrate. Cizek (6) re-
ported that the total water intake increased
in dogs when greater than 2 parts of water
were added to one part of a dry dog food
ration. In our study the cereal-milk mix-
tures were made by adding slightly more

the “wet” cereal diets resulted in an in- ) )
- L . 5Purina Laboratory Chow, Ralston Purina Com-
crease in water consumption on the basis pany, st Louis.
TABLE 3
Summary of body zveight gain and food efficiency utilization data — dog food diets
Protein Food
Diet Body wt gain efficiency efficienc
value 1 value
g
“Dry” dog food 150.7+6.5 3 1.36+0.04 0.396
Dog food, 23.5% moisture 152.4+7.5 1.02+ 0.04 0.299
Dog food, 54.1% moisture 132.6 5.7 1.04+0.04 0.275

1Protein efficiency values calculated as grams of body weight gain per gram of protein consumed.
2Food efficiency values calculated as grams of body weight gain per gram of dry food consumed.
3Mean values * se for body weight gains and protein efficiency values.

TABLE 4
Food and water consumption data

Dry food consumed 1

Water consumed/g solid intake 2

Diet “Dry” Wet “Dry” Wet
diets diets diets diets
9 9 ml ml
Corn flakes 284 339 1.4 2.4
W heat flakes 333 333 15 2.4
Oat flakes 322 356 1.6 2.4
Dog meal 403 483(509)3 15 14(1.2) 3

1Average values after 4-week feeding period.

2W ater and food consumption measured during last 2 weeks of test.
3Values in parentheses obtained from diet adjusted to 23.5% moisture.
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than 2 parts of water to one part of the dry
cereal, with solids and sugar mixtures.

The data obtained in this experiment
correlate rather well with the observations
made by Keane et al. (1) in that the addi-
tion of moisture showed no beneficial
effects on protein utilization at the higher
dietary protein levels. There does not ap-
pear to be an obvious explanation for the
poor performance of the animals fed the
dog foods with the addition of water. None
of the animals in these groups showed any
evidence of abnormalities such as respira-
tory disease. A previous experiment had
shown that a similar sample of dog food
resulted in a considerable increase in food
intake without significant effects on body
weight gain or protein efficiency utiliza-
tion when the moisture level was increased
to 50% . The earlier study had been made
with a different source of rats which did
not grow as rapidly as the animals used
in this study. Other unpublished experi-
ments have indicated that, with either
casein or a dry dog food as the source of
dietary protein, there were poorer body
weight gains at high dietary protein levels.
It may be that the considerable increases
in food intake with the wet dog food diets
gave an increase in protein consumption
which in turn could cause a retardation of
body weight gain and protein efficiency
utilization. Additional investigation would
be necessary to determine this.

It appears, therefore, that, when the rat
is used in nutritional value studies, the
moisture level of the diet may have an
important effect on nutritive value when

MAZURA AND R. THIESSEN, JR.

body weight gain and protein efficiency
utilization are used as a criterion of nu-
tritional adequacy of the diet. This effect
appears to be present when either a mix-
ture of natural foods or a semi-purified
diet is fed.
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Electrophoretic Study of the Effects of Changes in
Dietary Protein Concentration and of DL-Ethionine
on the Soluble Proteins of Rat Liver
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Departments of Biochemistry and Pharmacology, State University
of New York, College of Medicine, Syracuse, New York

ABSTRACT

Measurements, by means of electrophoresis, of the concentrations of

soluble proteins in rat liver indicate that the concentrations of these materials vary
with the protein concentration of the diet, but the change in concentration is not the

same for all liver proteins.

One group of proteins of relatively low mobility was

observed in the same concentration in the livers of rats receiving either a high pro-

tein diet or a low protein diet.

These proteins occurred in the mitochondria-plus-

microsomes fraction and in the cell sap. The proteins which did change in concen-
tration had greater electrophoretic mobility than the above group. They were derived

from the mitochondria-plus-microsomes and from the nuclei.

The cell sap contained

proteins of similar mobilities but these proteins did not change in concentration as
the dietary protein concentration changed. The effect of feeding DL-ethionine on the
concentrations of soluble liver proteins was qualitatively very similar to the effect

produced by feeding a low protein diet.

Kosterlitz (1) showed that the concen-
tration of total liver protein in rats varies
with the level of dietary protein and that
the change results from gains or losses of
whole cytoplasm, both particulate and
interparticulate matter being affected; the
number of liver cells does not change.
Essentially in agreement with these obser-
vations are the results of Luck (2) who
reported the albumin, pseudoglobulin,
euglobulin and nucleoprotein fractions of
rat liver to vary in concentration with the
dietary protein concentration; the change
in concentration was nearly the same for
all fractions.

The rather uniform changes in the con-
centrations of the various liver protein
fractions, as implied by the above results,
do not apply to the liver enzymes (3).
The concentrations of some liver enzymes,
namely, apyrase, cytochrome ¢, cyto-
chrome oxidase, glycylglycine peptidase
and glutamic-oxaloacetic transaminase, do
not change when the level of dietary pro-
tein is decreased. However, the concen-
tration of some liver enzymes decreases
under the same conditions, namely,
ATPase, catalase, choline oxidase, cyto-
chrome c reductase, succinoxidase, gluta-
mic-pyruvic transaminase, uricase and
xanthine oxidase.

J. Nutrition, 84: ’64

It seemed worthwhile, therefore, to re-
investigate this problem with the use of
electrophoresis. By this means it was
possible to demonstrate a selective reten-
tion and a selective loss of liver proteins
when rats were fed a low protein diet.

Studies of the electrophoretic properties
of rabbit and rat liver proteins have been
reported by Sorof and Cohen (4, 5) and
by Anderson (6).

EXPERIMENTAL

Two groups of 8 female, albino rats 3
having body weights of about 100 g were
fed complete, purified diets (7)4 with
casein concentrations of 8 and 30% for
18 to 34 days. After decapitation of the

Received for publication June 29, 1964.

1Present address: Department of Biochemistry, The
Creighton University School of Medicine, Omaha,
Nebraska.

2Student Research Fellow, National Science Foun-
dation, Summer, 1957 and 1958.

30btained from The Charles River Breeding Labo-
ratories, North Wilmington, Massachusetts.®

4The diet contained per 100 g diet: (in grams)

casein (General Biochemicals Inc., Chagrin Falls,
Ohio), 30 (high protein diet) and 8 (low protein
diet); hydrogenated cottonseed oil (Crisco, Procter
and Gamble, Cincinnati), 4; cottonseed oil (Wesson
Qil, The Wesson Oil Co., New Orleans, La.), 2; cod
liver oil, 1; salt mixture (Phillips, P. H., and E. B.
Hart, J. Biol. Chem., 109: 657, 1935), 4; glucose, 59

(high protein diet) and 81 (low protein diet); and
gn milligrams) choline chloride, 100.0; niacin, 2.5;
a pantothenate, 1.0; thiamine-HCI, 0.4; riboflavin,
0.4; pyridoxine-HCI, 0.4; biotin, 0.1; folic acid, 0.2;
and (in micrograms) vitamin B12, 0.1.
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animal, the liver was perfused in situ
with cold 0.9% saline (8) to remove re-
sidual blood. It was then excised, blotted

free of excess saline, and after weighing,
was minced and homogenized in a chilled,
glass Potter-Elvehjem homogenizer with
3.0 ml of cold veronal buffer (pH 8.6,
ionic strength 0.1) (9) per g of liver. The
homogenate was dialyzed in a nitrogen
atmosphere at 5° against 1,200 ml of the
buffer containing 500 mg of cysteine *HC1
neutralized to pH 8.6 with 1 m KOH. After
10 to 12 hours, a fresh supply of buffer
mixture was substituted and the dialysis
continued for an additional 12 hours (4).

The dialyzed homogenate was centri-
fuged at 0° for 30 minutes at 80,000 X g.
The clear, amber supernatant liquid was
collected and used for the electrophoresis
run which was made in an electrophoresis-
diffusion apparatus 5using a micro cell of
2-ml capacity. A current of 4.0 ma was
applied for 180.0 minutes.

A second series of determinations was
made as above except that the perfused
livers were divided; one part was treated
as before and the remainder was homog-
enized with 9 parts of cold, isotonic su-
crose to isolate the cell fractions. The
nuclei and debris were removed by centri-
fuging at 0° for 10 minutes at 500 X g.
This precipitate was washed twice in 2.5
volumes of the sucrose solution and the
sucrose supernatant solutions were com-
bined and centrifuged at 0° for one hour
at 105,000 X g.

The sediment, consisting of mitochon-
dria plus microsomes, was homogenized
in 3.0 ml of veronal buffer per gram based
on the original weight of liver. The final
sucrose supernatant solution, representing
the soluble fraction of the liver cells (cell
sap), was lyophilized and the residue dis-
solved in the same volume of buffer as
used for the mitochondria-plus-microsomes

fraction. Dialysis and electrophoresis of
both cell fractions were carried out as
above.

A third series of determinations was
made using 2 groups of rats as above; one
group was fed the 30% casein diet and the
other was fed the same diet to which d1-
ethionine was added (0.33 g/100 g of
diet). These animals were fed the diets

IBERT C. WELLS, CONNIE K. MILLAR, SAMUEL MALLOV AND MAURICE L. ZETTLE

Fig. 1 Representative tracings of descending
boundaries (Schlieren patterns) obtained by elec-
trophoresis of extracts of soluble liver proteins
from rats fed a high protein (30% casein) diet
and a low protein (8% casein) diet: A, extracts
from whole homogenate; B, extracts of mitochon-
dria-plus-microsomes; C, cell sap. The vertical
arrows indicate the position of the boundary at
the start of the experiment; the horizontal ar-
rows indicate the direction of migration.

for 24 days and were then treated as in the
first series.

Representative tracings of the Schlieren
patterns of the descending boundaries
from typical electrophoresis runs are
shown in figure 1 for the animals fed
high and low protein and in figure 2 for
the ethionine-fed rats and their controls.

The photographs of such boundaries
were enlarged 2.75 times by projecting the
image onto a paper and tracing around it.
The tracings were divided into 2 distinct
areas by drawing a perpendicular line to
the base from the minimum between the
2 major peaks. The area of faster migrat-
ing components was obviously inhomo-

5 Model H.

Spinco Division, Beckman Instruments,
Inc., Palo Alto,

California.



SOLUBLE PROTEINS OF RAT LIVER

Fig. 2 Representative tracings of descending
boundaries (Schlieren patterns) obtained by elec-
trophoresis of extracts of soluble proteins pre-
pared from whole homogenates of liver from: A,
control rats fed a 30% casein diet; B, rats fed
the same diet plus 0.33 g DL-ethionine/100 g of
diet. The vertical arrows indicate the position of
the boundary at the start of the experiment; the
horizontal arrows indicate the direction of migra-
tion.

geneous; the area of slower migrating com-
ponents consisted of a single peak which
undoubtedly represented a mixture of pro-
teins with similar mobilities. The total
area of each tracing and the area under
the peak representing the slower moving
components were measured with a planim-
eter; the area of the faster moving com-
ponents was obtained by difference.

RESULTS

The results of these measurements and
other pertinent data are shown in table 1
for the animals fed high and low protein,
and in table 2 for the animals fed ethio-
nine, and their controls.

The liver weights of the rats fed the
30% casein diet were greater than the
liver weights of those animals fed the 8%
casein diet. However, the ratios of liver
weight to body weight were the same for
both groups.

From the total areas of the electrophore-
sis patterns it may be concluded that the
extractable proteins are in a higher concen-
tration in the livers of the rats fed the
30% casein diet. These observations are
consistent with those of Kosterlitz (1).

The difference in concentrations of ex-
tractable protein in the livers of the ani-
mals fed high and low protein occurred
only among the faster migrating compo-
nents; the concentrations of slower migrat-

IANZT

8

> P o o e @

B >

.gs
(“)o
Js

8-
B

2
Qq,

Wik

OF PR+:80B8ITIHLT <6
SSEL B a8 8 FxTFTef

Tt 88 [° 659+ 19

IE85 #° 10

Lok
T
RSz

& o o0gETT

1

2 0z8 % acoy

2 ogo

low protein, 13.3 + 0.8(7) g/rat/day.

13.1 + 0.8(8) g/rat/day;

high protein,

2Areas are expressed in units read from the planimeter.

1Diet consumptions for the 2 groups of animals:
3Mean

se.
4Number of determinations is shown in parentheses.

* Denotes significance at P~ 0.01; Fisher’s test.
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TABLE 2

Soluble protein concentrations in livers of rats treated with di-ethionine

Electrophoretic analysis,

Rats 1 Wt gain ﬁ%«’:}tix% Whole homogenate
Slow Fast
area 2 area
g/rat/day g/g body wt
Control 352+ 0.23(8) * 0.045+ 0.001(8) 132+9(8) 356+22(8)

Ethionine-treated 241+£0.1 (8) *

0.055+0.003(8) *

108+6(7) ** 208+23(7)*

1Diet consumptions for the 2 groups of animals: control, 8.9 -t- 0.5(4) g/rat/day; ethionine treated,

7.4+ 0.7(4) g/rat/day.

2 Areas are expressed in units read from the planimeter.

3Mean + se.

4Number of determinations is shown in parentheses.

* Denotes significance at P A 0.01; Fisher’s test.
** Denotes significance at P = 0.05; Fisher’s test.

ing components were not influenced by the
concentration of dietary protein. Similarly,
only the faster migrating components of
the mitochondria-plus-microsomes frac-
tions were affected by the change in die-
tary protein concentration. This difference
in extractable protein concentrations in
the mitochondria-plus-microsomes frac-
tions accounts for 58% of the total differ-
ence of protein concentrations in the liver
as observed in the extracts from whole
homogenates.

Comparisons of electrophoretic mobil-
ities indicated that probably the slow mov-
ing components of the mitochondria-plus-
microsomes fractions and of the soluble
supernatant fractions contributed to the
slow moving components observed in the
patterns of extracts from the whole homog-
enates. Furthermore, the sum of the con-
centrations of these components in the ex-
tracts of the cell fractions equaled the
concentration of slow moving components
in the extracts from the whole homog-
enates for animals fed both the high and
low protein diets. It may be concluded
therefore that the slow moving compo-
nents in the extracts of the whole homog-
enates are largely derived from the mito-
chondria, microsomes and cell sap.

About 70% of the fast-moving proteins
of extracts of whole homogenates are de-
rived from the mitochondria, microsomes
and cell sap. The remaining 30% are
presumably derived form the nuclear frac-
tion. Since 58% of the difference in
concentrations of extractable proteins, ob-
served between extracts from whole ho-

mogenates of the livers of animals fed the
high and low protein, was accounted for
by the difference in concentrations of fast-
moving components derived from the mito-
chondria-plus-microsomes fractions, it may
again be presumed that the remaining
42% of the difference is due to a differ-
ence in concentrations of proteins which
are extractable from the nuclei.

Ethionine feeding resulted in a depres-
sion of growth rate and in a significant in-
crease in relative liver weight (table 2).
Since female rats were used in these ex-
periments, this increase in relative liver
weight is probably due to fat accumula-
tion in the liver (10).

Electrophoresis of extracts from whole
liver homogenates prepared from ethio-
nine-fed rats revealed a decrease in the
concentration of both the slow-moving and
fast-moving components. The 18% de-
crease in the former can be accounted for
on the basis of the 18% increase in rela-
tive liver weight attributable to fat accu-
mulation; the decrease in the concentra-
tion of the fast-moving components is too
large to be explained in this way and must
be due to an effect of the ethionine on liver
protein metabolism.

In pilot studies, the soluble liver pro-
teins, extracted from the whole liver ho-
mogenate as above, were separated into
albumin, globulin and nucleoprotein frac-
tions. Electrophoresis of these materials
indicated that no specific area of the elec-
trophoresis patterns was associated with
any one of these classes of proteins.
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DISCUSSION

The concentration of soluble protein in
liver decreased when the rat was fed a low
protein diet and the decrease was due pri-
marily to a loss of the fast-moving pro-
teins from the mitochondria, microsomes
and presumably the nuclei. The concen-
trations of extractable proteins were ap-
proximately the same in the cell sap de-
rived from the livers of animals fed the
high and low protein.

It is concluded that the difference in
protein concentrations in the livers of the
2 groups of rats cannot be due to differ-
ences in whole liver cytoplasm. The ob-
servation that there is a group of soluble
proteins of relatively low electrophoretic
mobility, which is in the same concentra-
tion in the livers of animals fed high and
low protein, is further evidence that the
difference in liver protein concentrations
in the 2 groups of animals is not due to a
difference of whole cytoplasm. This group
of proteins is derived from the cell sap and
the mitochondria- plus-microsomes but ap-
parently not from the nuclei.

Since the effect of feeding ethionine was
qualitatively similar to the effect produced
by feeding the low protein diet, it is rea-
sonable to conclude that the administered
ethionine blocked the synthesis of liver
proteins. This conclusion is consistent
with the observation (11) that ethionine
is a metabolic antagonist of methionine.

1

10.

11.
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Passage of Selenium across the Placenta
and also into the Milk of the Dog *

KENNETH P. McCONNELL and DOROTHY M. ROTH
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ABSTRACT

After a single, subtoxic, subcutaneous injection of radioactive sele-

nium, as selenious acid, selenium passed through the mammary glands into the milk
of the dog. The administered inorganic selenium was converted into organoselenium
in the milk, because nearly all the Se’ was present in the proteins of the milk. It
was observed that selenium was distributed equally between casein and milk serum
proteins. At the time of the second pregnancy, the radioactive isotope was still detect-
able in the bitch and appeared in the milk when lactation began after the second
pregnancy. Selenium-75 was transported across the placental membrane, since it was
observed in the pups delivered by Caesarean section.

Selenium may be eliminated from the
animal body through the kidney, gastroin-
testinal tract, lung and mammary glands
into the milk of lactating animals. Several
investigators have reported that selenium
was present in the milk of domestic ani-
mals (1-3), and in the rat (4). Since it
is known that selenium readily incorpo-
rates into tissue proteins (5-8), the ques-
tion arises whether selenium is incorpo-
rated also into the milk proteins of the
dog. Our results indicate that selenium
was present in the various protein frac-
tions of dog milk.

Placental transfer of selenium has been
demonstrated (9, 4). In a concurrent ex-
periment designed to obtain quantitative
information on the transport of Sebacross
the placental membrane, a pregnant dog
previously injected with Se™ 3 was de-
livered by Caesarean section, and the pups
were assayed for Sebactivity. It was found
that Se® passes the placental barrier and
is incorporated into various tissues of the
pups. A preliminary report of these experi-
ments was made in a recent review (10).

EXPERIMENTAL PROCEDURE

Lactating dogs were injected subcutane-
ously with HZe® 3in amounts shown in
table 1. Milk samples were collected at
various intervals from 2 hours throughout
2 successive lactation periods. Radioac-
tive determinations were made on whole
milk, whole blood, plasma and red blood
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cells. The milk was centrifuged for 30
minutes at 40°, to separate the fat and the
skim milk (11). The skim milk was frac-
tionated into casein and milk serum by
isoelectric preciptation of the casein at
pH 4.6. The milk fractions were then as-
sayed for Sebradioactivity (7). A count-
ing efficiency of 43% was obtained. Ali-
quots of whole milk, skim milk and the
milk serum were treated with 10% tri-
chloroacetic acid and the protein precipi-
tate was washed twice to give the protein-
bound selenium values. The 5 pups from
dog no. 744 (first litter) were nourished
with the mother’s milk and were Killed
at various intervals over a 2-month
period, following which the tissues were
assayed for Se’ The dogs treated with
Sed were bred again without further in-
jection of the isotope (table 1). The sec-
ond litter produced 2 pups each from dogs
no. 744 and no. 863 which were delivered
by Caesarean section. Milk and blood sam-
ples of the bitch and the tissues of the
pups were assayed for Se& Tissue Seb
analysis of the pups from dog no. 744 only
was made.

RESULTS AND DISCUSSION

Figures 1 and 2 show the amounts of
Sed in the whole milk throughout the 2
lactating periods of dogs no. 863 and no.

Received for publication June 19, 1964.

1 This investigation was supported in part by Pub-
lic Health Service Research Grant no. A-4445 from
the National Institutes of Health.
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TABLE 1

Experimental details

subcutaneous  pioMe, R No
injection y
days after ups
H2Se703 in}/ection pup
me fig Se
Dog no. 863
1st Pregnancy 1 0.50 35 natural 32
2nd Pregnancy nil nil Caesarean, 193 days 2
Dog no. 744
1st Pregnancy 1 0.64 7 natural 5
2nd Pregnancy nil nil Caesarean, 235 days 2

llnjected one day after parturition.
2Three pups from a 9-pup litter allowed to suckle.

Fig. 1 Time distribution of Se® in milk of dog no. 744 injected with Na2Se70 3.

Days pups
I%/illg_dp
after birth

at birth
at birth

12 days(pup 1)
12 days(pup 2)
23 days(pup 3)
46 days(pup 4)
52 days(pup 5)

0 days(pup 1)
22 days(pup 2)
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Final
milk Se’
assay
time

days

220

278
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[st PREGNANCY
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2nd PREGNANCY

Fig. 2 Time distribution of Se% in milk and blood of dog no. 863 injected with Na2Se7503.
pregnancy: percentage of skim milk Se’ in milk serum, 36.8 + 11.3 (15 samples); percentage oi
milk Se’ in casein, 63.2 + 9.9 (15 samples); percentage of protein-bound selenium, 88.5 + 7.

samples).
percentage of skim milk Se® in casein, 47.9 + 14.2

744. As early as 2 hours after injection
(dog no. 863), Se®d was detected in the
milk. Maximal concentration of the iso-
tope in milk was reached in 4 days by dog
no. 863, and in 5 days by dog no. 744. At
the time of Caesarean section after the sec-
ond pregnancies (235 days in dog no. 744,
193 days in dog no. 863 after injection),
selenium increased in the milk as shown in
figures 1 and 2. The final Se determina-
tions on the milk were made 275 and 220
days after injection of Se™ 3= in dogs no.
744 and no. 863, respectively.

Figure 1 shows that inorganic selenium
administered to the lactating dog was con-
verted into milk organoselenium, since
nearly all the selenium was present in the
proteins of the milk. About 90% of the
whole milk and skim milk selenium was
protein-bound, and more than 85% of milk
serum was protein bound. Isolated and
washed casein contained Se’ The Sebwas
present in the milk proteins until lactation
ceased after the second pregnancy. The
distribution of the selenium in the various
protein fractions of the milk (fig. 1)
showed that Se® was equally distributed
between the casein and milk serum. Dog

Second pregnancy: percentage of skim milk Se®in milk serum, 52.1 + 14.2 (14 san

(14 samples).

no. 863 (fig. 2) showed essentially
same distribution pattern of seleniui
tween casein and milk serum as do
744. A preliminary report on the i
poration of selenium in whole 1
plasma and red blood cells has been n
A detailed report on the incorporate
selenium in whole blood, plasma an
blood cells on a different series of an:
will appear elsewhere. In the pr
study, the observed increase in the
centration of selenium (cpm/ml) b
whole blood of lactating dog no. 863
2) was accompanied by a similar inc
in whole milk selenium content (cpm
Whole milk and whole blood seleniun
ues decreased at about the same rate,
plasma fraction reached a maximal
nium value (24 hours) before the
fractions. In this particular experi
the red blood cells, which presumably
little-known relationship to the milk
tions, reached a maximal value at 6 w
The 5 pups of dog no. 744, which
nourished with the mother’s milk,

2 McConnell, K. P., and D. M. Roth 1957
tion of selenium-75 disappearance from dog
Federation Proc., 16: 219 (abstract).

E
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IN MILK AND PLACENTA

TABLE 2

Distribution of Se7 in pups from dog no. 744 injected with HzSe7%0 3

1st Pregnancy

Organ Male Female Female
no. 1 no. 2 no. 3
% total activity

Heart 0.93 0.78 1.39
Lungs 3.28 2.52 2.96
Liver 17.83 20.96 23.91
Spleen 0.92 1.35 1.56
Kidney 8.39 7.71 7.45
Diaphragm 0.64 0.51 0.72
Small intestine 16.53 16.55 10.54
Large intestine 1.96 2.36 2.35
Adrenals 0.05 0.05 0.06
Muscle 1 38.59 32.00 45.50
Pancreas 0.72 0.64 0.64
Stomach 2.05 3.11 2.99
Stomach content 0.63 4.40 0.12
Bile 0.05 0.05 0.01
Blood 7.44 7.03 —
Total cpm X 105 4.52 4.77 5.55
Age at

killing, days 13 13 34
Days after injection

of mother 12 12 33

1Total musculature based on 40% of body wt.

killed at different time intervals and the
tissues assayed for Se’A The radioactivity
of the tissues expressed as counts per
minute per organ remained high for more
than 2 weeks and then decreased (table
2). It was at this time that the pups’ food
intake was supplemented with commer-
cial dog chow.3 The percentage of the
total body counts observed at any one time
in the various tissues remained fairly con-
stant throughout the experimental period,
with the highest concentration of Se® in
the total muscle, liver, small intestine and
kidney. Despite the metabolic demands of
2 lactations and a pregnancy period, dogs
injected with a single dose of microgram
amounts of inorganic selenium maintained
or conserved selenium in such a manner
that it was available in the maternal or-
ganism and transmitted to the pups by
placental and mammary passage. Should
future studies prove that selenium plays
an essential role in growth and develop-
ment, the manner in which the lactating
and pregnant dogs maintain or conserve
selenium may have some bearing on its
role in nutrition.

343

2nd Pregnancy
Male Female Female Male
no. 4 no. 5 no. 1 no. 2

% total activity
2.08 1.65 1.88 0.53
3.31 2.81 7.02 1.61
16.87 14.09 23.64 10.15
1.21 0.60 1.19 0.83
6.71 4.76 9.24 2.82
0.98 0.65 2.24 0.32
8.79 9.04 6.14 7.44
1.89 1.49 1.68 0.83
0.08 0.05 0.02 0.03
53.78 46.02 44.31 71.67
0.86 0.76 0.32 0.54
3.35 2.37 2.31 1.48
- - - 1.25
0.07 0.07 - 0.04
— 15.63 — —
1.36 1.44 0.0053 0.051
57 63 born dead 22
56 62 236 258
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Factors Affecting the Activity of Pentose Phosphate-
metabolizing Enzymes in Rat Liver *

N. J. BENEVENGA,2 W. J. STIELAU 3and R. A. FREEDLAND
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University of California, Davis, California

ABSTRACT A direct spectrophotometric method for the assay of pentose phos-
phate-metabolizing enzyme activity, also referred to as transketolase activity, is de-
scribed. This method was used to study the effect of diets and hormones on the liver
activity of this enzyme system. High protein, high fructose, and a starvation-refed
regimen all produced significant increases in pentose phosphate-metabolizing enzyme
activity. Administration of hydrocortisone or cortisone also caused increases and feed-
ing iodinated casein or thyroxine administration had a negligible effect on the activity
of this system. A 4-day fast, diabetes, adrenalectomy, and hypophysectomy all caused
significant decreases in liver pentose phosphate-metabolizing enzyme activity. Both
vitamin-free and thiamine-free diets produced large decreases in the activity of this
system, whereas a pyridoxine-free diet causd only a slight decrease in activity. The
addition of oxythiamine to the thiamine-free diet caused a further decrease in activity

of the pentose phosphate-metabolizing enzymes.

Recently there has been considerable in-
terest in the measurement of pentose phos-
phate-metabolizing enzymes, which have
also been referred to as transketolase.
However, transketolase is only one of 3 en-
zymes required for the usual measurement
of “transketolase,” the other two are phos-
phoribose isomerase and phosphoribulose
epimerase. Since the substrates for all
three of these enzymes are pentose phos-
phate, a better term for the system than
transketolase would be pentose phosphate
metabolizing enzymes (PPME) which will
be used hereafter in this report.

Much of the interest in this system has
been due to the work of Brin (1) who has
shown a decreased activity of the PPME as
a result of thiamine deficiency. This de-
creased activity has been observed in red
blood cells (1, 2) and other tissues (2),
the former being used for diagnostic pur-
poses. Other groups have also found de-
creases in activity of PPME during a thia-
mine deficiency (3, 4).

The method used for these assays de-
pends upon the disappearance of ribose or
appearance of hexose or heptulose after
incubation with ribose-5-phosphate (1, 3).
However, due to the very large blanks or
endogenous values compared with the ac-
tual changes observed in the complete re-
action, very small errors in sampling will
be compounded into much larger errors in

J. Nutrition, 84: '64

the final calculation. The assays by this
method are also long and tedious; there-
fore, a more sensitive and rapid method to
assay this system was studied. The pres-
ent report will present this method, as well
as results on the effect of various diets and
hormones on the activity of the PPME, us-
ing the new assay system.

METHODS

Male Sprague-Dawley rats were used
throughout. The enzyme preparations
were obtained by killing the rat with a
sharp blow on the head, exsanguating,
rapidly removing and chilling the tissues
to be studied, homogenizing in a Potter-
Elvejhem homogenizer with 4 or 9 volumes
of ice-cold 0.14 m KC1, and centrifuging
at zero to 4° at 20,000 x g for 30 minutes.
The resultant supernatant solution was
used as the enzyme source. The Kinetic
studies were performed using liver as the
enzyme source. The basic design of the
assay was as follows: 0.3 ml of 0.17 m
arsenate + 0.27 m glycine at pH 9.0, 0.6
ml of 0.1 m cysteine at pH 9.0, 0.1 ml of
0.1 m MgCh, 0.25 ml of DPN+ (40 mg/ml),

Received for publication May 4, 1964.

1 A project supported in part by Public Health
Service Research Grant no. AM-04732 from the Na-
tional Institute of Arthritis and Metabolic Diseases.

2Supported by Public Health Service Grant no.
A-5745,

3Present address: University of Natal, Pietermaritz-
burg, Natal, South Africa.
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glyceraldehyde-3-phosphate dehydrogenase
sufficient to oxidize at least 2 umoles of
glyceraldehyde-3-phosphate/minute under
the prevailing assay condition at 27°, en-
zyme, water to 2.8 ml and the reaction was
started with 0.2 ml of ribose-5-phosphate
(50 umoles/ml). The absorption at 340
mu was followed using a Gilford model
2000 multiple sample absorbance recorder.
The reactions were carried out at 27°.

The basis of this method is the forma-
tion of xylulose-5-phosphate from ribose-5-
phosphate via ribulose-5-phosphate follow-
ed by the transketolase reaction between
ribose-5-phosphate  and  xylulose-5-phos-
phate forming sedoheptulose-7-phosphate
and glyceraldehyde-3-phosphate. The lat-
ter product is converted to 3-phosphoglyc-
eric acid by the glyceraldehyde-3-phos-
phate dehydrogenase in the presence of
arsenate with the concomitant formation
of DPNH, which is measured by its ab-
sorption at 340 mu. One unit of activity is
defined as the amount of activity required
to form 1 amolé DPNH/minute at 27° un-
der the specified assay conditions.

In the original studies on the method,
certain changes were made in the condi-
tions such as in pH, DPN+ concentra-
tion, ribose-5-phosphate concentration, and
glyceraldehyde-3-phosphate dehydrogenase
concentration. Table 1 shows the effect of
pH on the reaction. The middle of the
broad pH optimal range was near the pH
of 9.0 and therefore this pH was used for
all further studies because of the greater
stability of cysteine at this pH. Studies on
the variation of reaction rates with time
revealed a time lag varying from less than
one to several minutes. However, after the
lag period the reaction rate was constant
for periods up to 15 minutes in most cases.

TABLE 1

Effect of pH on the activity of the pentose
phosphate-metabolizing enzymes

f Relative
pHI activity 2
7.7 94-97
8.0 100
9.0 93-97
9.5 93-97

1A glycine-arsenate buffer was used at all pH
values (see Methods section for further description).

2The activity is reported as percentage of activity
at pH 8.0.

STIELAU AND R. A. FREEDLAND

Only the rates obtained after the lag period
were used in the calculations of activity.
It was assumed that the lag period repre-
sented the time required to convert suffi-
cient ribose-5-phosphate to xylulose-5-phos-
phate to permit the transketolase reaction
to proceed at an optimal rate. To test this
theory, xylulose-5-phosphate4 (5 umoles)
was added to the reaction at the start; this
completely eliminated the lag.

The reaction rate during the linear phase
was considerably greater (50%) for the
mixture of pentose phosphates than for the
ribose-5-phosphate alone; thus there is
some limitation in the activity of the iso-
merase or epimerase, or both (table 2).

TABLE 2

Effect of pentose phosphate concentrations on the
activity of pentose phosphate-
metabolizing enzymes

Moot Relaye
10 /¢moles ribose-5-phosphate - 100
5 //moles ribose-5-phosphate 6 73
20 /Imoles ribose-5-phosphate 7 113
5 //moles ribose-5-phosphate
+ 5 //moles xylulose-
5-phosphate 13 150

1Relative rate is reported as percentage of the
activity obtained using 10 /;moles of ribose-5-phos-
phate.

Doubling the concentration of ribose-5-
phosphate or DPN+had only a slight effect
on the reaction rate, although reducing
either of these to one-half the suggested
concentration caused a decrease in rate.
Doubling or halving the glyceraldehyde-3-
phosphate dehydrogenase had no observ-
able effect upon the reaction rate.

The reaction rate was linear with en-
zyme concentration (table 3); thus the
assay can be used in its present form as a
quantitative estimation of PPME activity.
This assay was then used in a number of
tissues to evaluate the activity of PPME
and these activities were compared with
those obtained using Brin’s method (2).
Attempts to obtain ribose disappearance
data using Brin’s method were unsuccess-
ful. The very high initial levels of ribose
in the tissue homogenates compared with
the very small decreases during incuba-

4 This was a gift from Dr. W. A. Wood, Michigan
State University.
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TABLE 3

Effect of added liver supernatant solution on the activity of the pentose
phosphate-metabolizing enzymes

Activity 1
Animalnno. 1 Animal no. 2
mlof mfimoles mfimoles mfimoles m/imoles
p DPNH/min : DPNH/min
supernate 2 DPNH/min g liver DPNH/min g liver
0.15 3.9 0.517 3.5 1.17
0.30 8.2 0.547 7.7 1.29
0.45 12.4 0.550 10.6 1.18

1Allrates are corrected for endogenous activity.

2A 5% supemate was used for animal no. 1, and a 2%

tion were the primary causes for the fail-
ure to obtain ribose disappearance data.
Hexose accumulation data were obtained.
A preliminary survey with three 400-g ani-
mals indicated that the activities in the
various tissues relative to those in the liver
were similar to those observed by Brin,
but that the overall activity was about
15% of the rates reported by Brin et al.
Part of the discrepancy in absolute rates
between the 2 methods can be accounted
for by the differences in the temperatures
of the reaction mixtures, 38° for the Brin
method and 27° for the direct spectro-
photometric assay. The direct spectro-
photometric assay could not be used on
blood because of the high initial optical
density of the sample due to hemoglobin.
The reproducibility of the spectrophoto-
metric assay was examined in one rat us-
ing 6 replicates in 3 tissues: liver, Kidney,
spleen, with the following activities, 37.4 +
1.1; 15.6 + 0.7; and 23.4 + 0.8 nmoles
DPNH produced/hour/g tissue = se of the
mean. In an earlier study 11 replicates
run on one liver sample throughout the
complete day yielded a rate of 49.4 £1.6
with a coefficient of variation of 10.7%.
Animals. For the hormonal and dietary
studies animals were housed in individual
screen-bottom cages. The control diet con-
sisted of 65% glucose, 25% casein, 5%
corn oil, 4% salts mix,8and 1% vitamins.6
The fructose and protein diets contained
fructose and casein in place of the glucose,
respectively. The iodinated casein diet con-
tained 4% iodinated casein in place of 4%
of the glucose. Vitamin-free casein was
used for the vitamin-free diets, thiamine-
deficient diets, and pyridoxine-deficient
diets (6). The vitamin mixes were made
up from purified vitamins (6). Food was

supernate was used for animal no. 2.

given ad libitum to the rats, with the ex-
ception of the fasted animals; all animals
were permitted water ad libitum. Hor-
mone treatments were as follows: corti-
sone and hydrocortisone (ip), 5 mg/day/
rat; thyroxine (ip), 1 mg/day/rat; dia-
betes was produced by alloxan, 200 mg/kg
(ip), and only rats with blood sugar values
over 300 mg/100 ml were considered dia-
betic. All animals were maintained with
the diet or kept on treatment for 5 days
prior to Kkilling, except the fasted-refed
rats which were fasted 48 hours and refed
24 hours prior to Killing. Food was with-
held from the fasted animals for 96 hours.
The adrenalectomized rats received 1.5%
NaCl in their drinking water. The hypoph-
ysectomized rats were kept one month
after surgery before use.7 Proteins were
measured by the biuret method (7). All
values are reported as activity per 100 g
of body weight and/g of liver, with stand-
ard errors presented for the former values.

RESULTS

A tissue distribution study for PPME
was undertaken. The results showed the

2 Phillips, P. H,, and E. B. Hart 1:335 The effect
of organic dietary constituents upon chronic fluorine
toxicosis in the rat. J. Biol. Chem., 109: 657, plus
added cobalt. The salt mixture contained: (in per
cent) dipotassium phosphate, 32.2; Ca carbonate,
30.0; NacCl, 16.7; magnesium sulfate (hydrate), 10.2;
Ca phosphate (CaHP04-2H20), 7.5; ferric citrate, 2.75;
manganese sulfate, 0.51; KI, 0.08; copper sulfate,
0.03; Zn chloride, 0.025; cobalt chloride, 0.005. (Salt
Mixture P—H, obtained from Nutritional Biochemicals
Corporation, Cleveland.)

6 Vitamin mixture contained: (mg/kg of diet) vita-

min A concentrate (200,000 units/g), 45.0; vitamin
D concentrate (400,000 units/g), 2.5; a-tocopherol,
50.0; ascorbic acid, 450.0; inositol, 50.0; choline

chloride, 750.0; menadione, 22.5; p-aminobenzoic acid,
50.0; niacin, 45.0; riboflavin, 10.0; pyridoxine-HCI,
10.0; thiamine-HCI, 10.0; Ca pantothenate, 30.0; biotin,
0.2; folic acid, 0.9; and vitamin B12, 0.0135 (Vitamin
Diet Fortification Mixture, obtained from Nutritional
Biochemicals Corporation, Cleveland).

7The surgically altered rats were obtained from
Diablo Laboratories, Berkeley, California.



348 N. J. BENEVENGA, W. J.

highest activity in the liver (37.4 units/g)
followed by spleen (23.4 units/g) and kid-
ney (15.6 units/g), then brain (1.1 units/
g) with much lower activity. The standard
errors and coefficients of variation indicate
that the results are very reproducible with
the same preparation and the coefficient of
variation which averages about 9.4% can
be considered as an indication of the re-
producibility of the method. Since liver
contained the highest PPME activity and
has been shown to be adaptable in enzyme
content under various physiological condi-
tions, only the liver activity of this system
was examined during subsequent dietary
and hormonal manipulations.

Various feeding regimens were exam-
ined for their effects on the liver PPME
activity (table 4). A 4-day fast caused a
decrease in activity per unit of body
weight, but due to the decreased liver
weight-to-body weight ratio, an increase in
activity per gram of liver was observed.
The same phenomena was observed with
the group fed a 4% iodinated casein diet
for 5 days; however, in this case the de-

STIELAU AND R. A. FREEDLAND

crease in activity per unit of body weight
was not significant. A description of meta-
bolic rate and liver glycogen level for
these animals has been described elsewhere
8, 9).

( A rzigh protein or high fructose regimen
caused a significant increase in liver PPME
activity both on a fresh liver weight and
body weight basis after 5 days of feeding.
A 48-hour fast followed by feeding a high
glucose diet (the control diet) caused a
marked increase in activity both on body
weight and liver weight basis.

Various hormone treatments were ex-
amined for their effect on the liver PPME
activity (table 5). Both cortisone and hy-
drocortisone caused a marked increase in
activity. Thyroxine had approximately the
same results as observed with 4% iodi-
nated casein diets, including the absence
of liver glycogen. Alloxan diabetes caused
a significant decrease in activity. The re-
moval of the adrenal or pituitary glands
also caused very marked decreases in ac-
tivity per gram of liver and per unit of
body weight.

TABLE 4

Effects of dietary treatment on the activity of the liver pentose
phosphate-metabolizing enzymes

Diet animals
Control 44
4-Day fast 10
High protein 10
Fasted-refed 8
Fructose 4
lodinated casein, 4% 11

Activity (as % of control value)

Per gram liver Per 100 g body wt

100.0+ 3.251 100.0+ 3.51
140.2 d?10.7 ** 81.8+ 3.7 **
184.0 £ 20.4 ** 155.0 + 20.0 *
130.0+ 5.3 ** 155.0+ 8.0 **
172.0+ 8.6 ** 1425+ 11.6 **
1343+ 7.0 ** 91.1+ 43

1s. of mean, control activity units/g liver, 1.19; units/100 g body wt, 5.69.
* Differs from the control value at P =0.05 or less.
** Differs from the control value at P =0.01 or less.

TABLE 5

Effects of hormonal treatment on the activity of the liver pentose
phosphate metabolizing enzymes

No. of

Treatment animals
Control 44
Hydrocortisone 14
Cortisone 12
Thyroxine 6
Diabetes 6
Adrenalectomized 4
Hypophysectomized 4

1s. of mean, control activity units/
** Differs from the control value at

Activity (as % of control value)

Per gram liver Per 100 g body wt

100.0+ 3.261
1439+ 9.3 **
171.6+ 18.3 **

100.0+ 3.51
155.9-1- 8.6 **
166.0+ 12.4 **

1228+ 5.9** 103.0+ 5.1

69.8+ 7.4** 59.8=t 7.7 **
62.0x 7.0** 65.0-+- 9.1 **
55.0+ 5.0** 46.7+ 6.4 **

liver, 1.19, units/100 g body wt, 5.69.
=0.01 or less.
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TABLE 6

Effect of vitamin-deficient diets on the activity of liver pentose
phosphate-metabolizing enzymes

Diet fe-BlrQFet

days
Vitamin-free 14
Vitamin-free 14
Vitamin-free 21
Vitamin-free 21
Pyridoxine-free 14
Thiamine-free 14
Thiamine-free + oxythiamine 14

. . Activity 1
Normal Vitamin-
wt 2 deficient Per
wt Per 100 g
ram body wt
iver
9 9 % %
124 52 24 29
92 40 31 32
164 48 21 21
111 41 19 26
170 75 101 84
158 76 46 36
158 53 10 12

1AIll activities are reported as a percentage of the corresponding normal or control value.
2Weight of the corresponding control or normal animal.

The relationship of PPME activity and
thiamine deficiency has been important in
experimental and clinical nutrition; there-
fore it was important to examine the effect
of thiamine deficiency on the PPME activity
using the new assay method (table 6). Vita-
min-free diets caused a decrease in weight
gain and also a decrease in PPME activity;
this decrease was somewhat greater after
feeding the vitamin-free diet for 21 days
than after 14 days. To test further the
assumption that the observed decrease was
due to a thiamine deficiency and not that
of another vitamin, a pyridoxine-free diet,
thiamine free-diet and thiamine-free diet
plus oxythiamine were tested for their ef-
fect on the PPME activity. Oxythiamine
has been shown to be effective in decreas-
ing “transketolase” activity (2). The py-
ridoxine-free diet had no appreciable ef-
fect on the PPME activity per gram of liver
and the slight decrease per unit of body
weight may be due to some overlapping of
fasting effects. The thiamine-deficient ani-
mals had a marked decrease in PPME ac-
tivity, although the weight gains were simi-
lar for the pyridoxine- and thiamine-free
groups. Oxythiamine administration (100
ug/day) further accentuated the decrease
in PPME activity. Thus, it appears that
there is a direct relationship between thia-
mine deficiency and low liver PPME ac-
tivity.

DISCUSSION

The direct spectrophotometric assay for
pentose phosphate metabolizing enzymes
(PPME) has the advantages of being rapid,
shorter in duration, and allowing a direct

observation of the reaction rate with time
The addition of xylulose-5-phosphate to
the reaction mixture causes a 50% greater
rate than the addition of equal amounts of
ribose-5-phosphate. This indicates that the
transketolase reaction is more rapid than
the over-all PPME reaction, even after the
lag period. Therefore, the proposed name
of pentose phosphate-metabolizing en-
zymes is probably more accurate than
transketolase for this and similar non-di-
rect assays. When xylulose-5-phosphate
becomes commercially available it will be
feasible to add this compound and ribose-5-
phosphate, which should permit the direct
assay of transketolase.

Certain dietary treatments have been
shown to have a considerable effect on the
activity of liver glucose-6-phosphate dehy-
drogenase (G-6-PD). Since this enzyme
catalyzes the first step of the pentose phos-
phate pathway and the PPME represents an
important segment of this pathway, it
seemed worthwhile to examine the activity
of the PPME under these various condi-
tions. Fasting, which decreases G-6-PD per
unit body weight (9,10), also has the same
effect on PPME activity. A high protein
diet (11), a high fructose diet (9, 12, 13),
and a fasted-refed regimen (10), which
cause increases in G-6-PD activity, also
produced significant increases in PPME ac-
tivity. The iodinated casein diet which
had no significant effect on G-6-PD activity
(9) also had no effect on PPME activity.
Thus it appears that these conditions not
only increase or decrease the activity of
the initiating step of the pentose phos-
phate pathway, but have a pronounced
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effect upon the activity of the entire path-
way.

A similar pattern was observed with
various hormonal treatments. In this case
both cortisone and hydrocortisone pro-
duced increased PPME activity; these
experimental groups also had elevated
G-6-PD activities (14). Thyroxine, as in
the case of iodinated casein, had no ob-
servable effect on PPME activity. Condi-
tions which decrease G-6-PD activity
appreciably, namely, diabetes (9, 15), ad-
renalectomy (9, 14, 16), and hypophysect-
omy (17), also produced marked decreases
in PPME activity. With the hormonal
treatments, as in the dietary study, there
was a correlation between G-6-PD and the
PPME activities.

Since one of the PPME’s, transketolase,
requires thiamine pyrophosphate as a co-
enzyme it would be expected and has been
shown that a thiamine deficiency decreases
the PPME activity (2, 3). Therefore, as a
further test of the direct spectrophoto-
metric assay, the PPME activity of animals
with various vitamin deficiencies was ex-
amined (table 6). A vitamin-free diet
caused a very significant decrease in PPME
activity after both 14 and 21 days on the
regimen. The use of a pyridoxine-deficient
or a thiamine-deficient diet shows that the
decrease in PPME activity is correlated
with the thiamine deficiency and is not
due to a general or nonspecific deficiency.
The slight decrease caused by the pyridox-
ine-free diet may be the result of decreased
food intake as fasting also causes a
marked decrease in PPME activity. The
use of oxythiamine, which further aggra-
vates the thiamine deficiency, also caused
a further decrease in the PPME activity.
When xylulose-5-phosphate becomes avail-
able and a more specific assay for trans-
ketolase becomes practicable, these systems
can be examined more closely. It will be
particularly important to ascertain whether
a thiamine deficiency causes a decrease
only in transketolase or whether the en-
tire PPME system is affected.
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ABSTRACT It is possible to relate the tocopherol requirement of the rat to the
dietary or tissue lipid fatty acids by means of growth curves when the methionine
levels and other components of the diet are controlled and the environment is optimal.
One of the dependent variables is the amount of selenium available to the animal.
Conversely, if the a-tocopherol content of the diet is controlled at a low level, the
growth curves can be related to the levels of biologically available selenium. Such
growth curves show that the selenium requirement of the tocopherol-deficient rat has
a very narrow optimal range and that the toxicity of selenium may be decreased by
adding methionine. The selenium content of casein is variable and, to only a moderate
degree, biologically available. When rats were fed low levels of dietary fat (1 to 7.5% )
in a diet essentially devoid of tocopherol, the time required for the production of
creatinuria, a sign of nutritional muscular dystrophy, was inversely proportional to the
dietary fat level. The tocopherol requirement also decreased markedly as the dietary
fat level was lowered. The time in weeks required to produce creatinuria was cor-
related with the fatty acid composition of the muscle phospholipid and neutral lipids,

Since the major, if not sole, function of
d-a-tocopherol is as a biological antioxi-
dant, it is logical that dietary polyunsatu-
rated fatty acids (PUFA) are prime factors
in the production of tocopherol deficiency
(1, 2). It is well known, however, that a
complex interrelationship also exists be-
tween biologically available selenium,
sulfur amino acids, and tocopherol (3, 4).
In the chick, by careful manipulation of
the diet, it is possible to produce any one
of the following: encephalomalacia, exuda-
tive diathesis, or nutritional muscular dys-
trophy as the distinctive deficiency state
(5-7).

The tocopherol requirements of the rat
(2, 8) and the chick (9), using various
specific criteria of deficiency, have been
shown to vary with the amount of fat fed.
At moderate-to-high levels (7.5 to 25% )
of a given dietary fat, however, the muscle
lipids of the rapidly growing rat reach
equivalent equilibrium fatty acid composi-
tions and the tocopherol requirement by
the criterion of creatinuria is independent
of the amount of fat fed (10).

In a previous paper (10) the potential
in vivo peroxidizability of the PUFA was
explored in detail and an attempt was
made to define the tocopherol requirement

J. Nutrition, 84: ’64

of the rat as a function of n in CH3CH2 *
(CH = CH CH2),(CH2yCO0H under a spe-
cific set of experimental conditions as-
suming that creatinuria is evidence of the
onset of lipid peroxidation in muscle. The
present report2 deals mainly with the
growth of rats and demonstrates that
classical growth curves may be useful in
evaluating tocopherol needs, if all vari-
ables are properly controlled. An investi-
gation was conducted of the role of bio-
logically available selenium, methionine,
and amount of fed fat on the tocopherol
requirement of the rat.

MATERIALS AND METHODS

The experimental diets and procedures
have been described in detail in a previous
paper (10). Briefly, the diet consisted of
casein,3 glucose monohydrate,4 fat, vita-

Received for publication July 8, 1964.

1Supported in part by Illinois Mental Health Fund
and Public Health Research Grant no. AM-07184 from
the National Institute of Arthritis and Metabolic
Diseases.

2A preliminary report of this work was given at
the 1964 meeting of the Federation of American
Societies for Experimental Biology, Chicago, L. A.
W itting and M. K. Horwitt 1964 Effect of dietary
selenium, methionine, and fat level on the require-
ment of the rat. Federation Proc., 23: 395 (abstract}.

3Casein obtained from Nutritional Biochemicals
Corporation, Cleveland, or General Biochemicals Inc.,
Chagrin Falls, Ohio.

4 Cerelose, Corn Products Company, Argo, lllinois.

351



352

mins (2) and salt mix 446 (11). Vitamins,
salts, and protein were added at a con-
stant ratio to calories. Casein, therefore,
always supplied 21.8% of calories. The
weight percentage of casein was 20.8, 21.5,
22.7, 24.1, 25.9 and 27.5% when the diet
contained 1, 3, 7.5, 12.5, 19 and 25% fat,
respectively.

Dietary fats were prepared by methyla-
tion of tocopherol-free fatty acids (10),
and sodium methoxide catalyzed ester
interchange of the freshly molecularly dis-
tilled methyl esters with glyceryl triace-
tate under vacuum. The fatty acid com-
position of the 2 fats used was balanced to
achieve an iodine value of 82.0 (12). The
so-called “dienoic fat” therefore contained
42 5% saturated; 21.2% monoenoic; and
36.0% dienoic acids; and the so-called
“trienoic fat” contained 58.5, 10.0, 8.4,
and 23.1%, respectively, of saturated,
monoenoic, dienoic and trienoic acids. The
dietary fats were stored in filled glass con-
tainers at —5° prior to use. Diets were
mixed every other day and kept refriger-
ated when not in use. Fresh feed was sup-
plied to the animals daily and particular
care was taken to remove any portion of
the previous ration not consumed. In a
prior experiment (10), no advantages were
noted when butylated hydroxyanisole was
added to the fat to stabilize it prior to in-
gestion.

Tocopherol supplements, dissolved in
coconut oil freed of tocopherol as previ-
ously described (10), were administered
by dropper 3 times a week. Dosage of
a-tocopheryl acetate in milligrams per kilo-
gram of rat body weight per week, was ad-
justed according to 25-g animal weight
brackets (50 to 75 g; 75 to 100 g; 100 to
125 g, etc.). Rats, Sprague-Dawley strain,
were weighed weekly. Each dietary group
consisted of 5 rats. Methionine, when
used as a supplement, was fed at only one
level (0.4% DL-methionine) but d-a-to-
copheryl acetate and sodium selenite were
fed at various levels as indicated. Some of
the experimental periods were shorter than
others because of the need to kill animals
for tissue analysis (10).

Selenium was determined by the method
of Watkinson (13). Creatine and creati-
nine were determined by the method of
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Bonsnes and Taussky on 24-hour urine
samples (14).

RESULTS

Effect of supplemental selenium and
methionine on growth. Eight groups of
5 male weanling white rats each, were fed
the synthetic “trienoic fat” described in
the experimental section at the 12.5%
level in a tocopherol-deficient ration.
Three groups received oral supplements of
0.2, 0.4, or 0.6 mg d-a-tocopheryl acetate/
kg body weight/week. This ration con-
tained approximately 0.25 ppm of selen-
ium largely derived from the casein.
Growth curves, broken lines, are shown in
figure 1. Methionine (0.4% DL-methio-
nine) and selenium (0.10 ppm of selenium
as sodium selenite) were added to the ra-

Fig. 1 Effect of added selenium and methio-
nine on the growth response of the tocopherol-
deficient rat to low levels of tocopherol supple-
mentation. Broken lines indicate basal ration,
average weight of 5 rats per group. Solid lines
indicate basal ration plus 0.4% DL-methionine
and 0.10 ppm of selenium as sodium selenite,
average weight of 5 animals per group. Tocoph-
erol (mg d-a-tocopheryl acetate/kg rat/week indi-
cated by numbers at end of each line.
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tion fed to the remaining 5 groups and
a-tocopheryl acetate was administered
orally to four of the groups at dose levels
of 0.2, 0.4, 0.6, or 15 mg/kg rat/week.
Growth curves, solid lines, are shown in
figure 1.

Mason (15) noted that tocopherol-de-
ficient rats grew as well as animals given
the tocopherol supplement, for several
months. Thereafter, however, the weight
of the deficient animals stayed at a plateau
for 3 to 4 months, and then decreased. In
the present experiment, differences in aver-
age weight and standard error of the mean
between groups at early periods were suffi-
ciently small so that individual group aver-
age lines were not drawn until a clearly
divergent trend was evident. Addition of
selenium and methionine to the basal ra-
tion significantly (table 1) increased the
average growth response (fig. 1) of tocoph-
erol-deficient rats at each of 3 levels of to-
copherol supplementation.

Effect of seleiiium supplementation on
growth response. Five groups of 5 male
weanling rats each were fed the synthetic
“trienoic fat” (10) at the 12.5% level in
the tocopherol-deficient ration. Selenium
was added to the ration at the levels of
zero, 0.03, 0.10, 0.30, or 1.00 ppm. In the
control group in this and each succeeding
experiment, 0.10 ppm of selenium and
0.4% DL-methionine were added to the
ration, and oral supplements of 15 mg
d-a-tocopheryl acetate/kg body weight/
week were given. Growth curves are
shown in figure 2(A). Best growth was
noted in the group receiving 0.10 ppm of
added selenium. Addition of 0.30 ppm of
selenium produced better growth than
addition of 0.03 ppm of selenium, but was
inferior to the addition of 0.10 ppm of
selenium. Four of 5 rats died during the
eleventh week in the group fed 1.00 ppm
of added selenium. The levels of signi-
ficance of the observed differences in group
average weights are noted in table 1 in
which the effects of the deviations in
weight of the individual rats from the
group average are taken into consideration.

Effect of selenium supplementation in
absence and presence of added methio-
nine. Five groups of 5 male weanling
rats each were fed the synthetic “trienoic
fat” at the 12.5% level in the tocopherol-
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Fig. 2(A) Effect of added selenium on the
growth of the tocopherol-deficient rat. Average
weight of 5 rats/group. Selenium additions in
parts per million indicated at end of each line.
E-f denotes the control group fed the basal ration
containing 0.10 ppm of added selenium and
0.4% of added DL-methionine and supplemented
with 15 mg d-a-tocopheryl acetate/kg rat/week;
(B) Effect of added selenium in the presence of
added methionine (0.4% a1-) on the growth of
the tocopherol-deficient rat, average weight of 5
animals per group. Selenium additions in parts
per million indicated by numbers at end of each
line.

deficient ration to which 0.4% DL-methio-
nine had been added. Selenium was added
to the rations at levels of zero, 0.03, 0.10,
0.30, or 1.00 ppm. Growth curves are
shown in figure 2(B). Adjacent growth
curves were compared statistically to de-
termine the significance of observed weight
differences (table 1). Then the growth of
the groups at each level of selenium addi-
tion (fig. 2(A) and (B) was compared to
evaluate the effect of methionine supple-
mentation (table 1). Added methionine
enhanced the growth-promoting properties
of added selenium and decreased the toxic
effects of adding 1.0 ppm of selenium.
Although four of five rats died during the
eleventh week of receiving the 1.0-ppm
supplement, all survived for the duration
of the experiment when 0.4% DL-methio-
nine was added.

Effect of level of tocopherol supplemen-
tation on the growth responses to added
selenium and methionine. The effect of
4 levels, zero, 0.03, 0.10, and 0.30 ppm of
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selenium addition alone and in combina-
tion with 0.4% DL-methionine was evalu-
ated at 5 levels of tocopherol supplemen-
tation, 0.2, 0.4, 0.6, 1.2, and 2.4 mg/kg
rat/week, respectively. Only 30 of the re-
quired 40 groups necessary for the com-
plete experiment were actually used (table
1). In each case, each group contained 5
male weanling rats and the dietary fat was
the synthetic “trienoic fat” fed at the
12.5% level. Growth at 0.2 mg/kg rat/
week was similar to that noted in figure
2(A) and (B) for zero tocopherol supple-
mentation. Growth curves obtained at 0.4
mg d-a-tocopheryl acetate/kg rat/week at
various levels of selenium addition are
shown for the basal diet (fig. 3(A)) and for
the basal diet with added methionine (fig.
3(B)). Growth at 0.6 mg/kg rat/week
was similar to that noted in figure 3(A)
and (B) for 0.4 mg/kg rat/week. Similar

TIME (WEEKS)

Fig. 3(A) Effect of added selenium on the
growth response of tocopherol-deficient rats to
supplementation with 0.4 mg d-a-tocopheryl ace-
tate/kg rat/week, except broken line, 0.6 mg/kg
rat/week. Average weight of 5 animals/group.
Selenium additions in parts per million indicated
at end of each line. E+ denotes the control
group fed the basal ration containing 0.10 ppm
of added selenium and 0.4% of added DL-methio-
nine and supplemented with 15 mg d-a-tocoph-
eryl acetate/kg rat/week; (B) effect of added
methionine (0.4% DL-) on the growth response
of tocopherol-deficient rats to supplementation
with 0.4 mg d-a-tocopheryl acetate/kg rat/week,
except broken line, 0.6 mg/kg rat/week. Average
weight of 5 animals/group. Selenium additions
in parts per million indicated by numbers at end
of lines.
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data subsequently obtained at a later date
at a higher level, 1.2 mg/kg rat/week, of
tocopherol supplementation are shown in
figure 4. Growth curves at 2.4 mg/kg rat/
week were similar to those noted in fig-
ure 4.

Creatinuria. The following summarizes
observations with respect to the onset of
creatinuria as affected by different levels
of selenium, methionine and tocopherol.
When the ration did not contain added se-
lenium and methionine, creatinuria oc-
curred in approximately 7 weeks, and to-
copherol supplements (0.2 to 0.6 mg/kg
rat/week) were ineffective in delaying the
development of creatinuria (10). How-
ever, when larger tocopherol supplements,
1.2 and 2.4 mg/kg rat/week were admin-
istered, creatinuria developed in 9 to 10
and 29 weeks, respectively. If only selen-
ium, (0.03 to 0.30 ppm) was added, the
onset of creatinuria was not delayed by
low levels of tocopherol supplementation
(0.2 to 0.6 mg/kg rat/week). At a
higher dose level of tocopherol (1.2 mg/kg
rat/week, the times of onset of creatinuria
were 24, 24, and 30 weeks, respectively,
when 0.03, 0.10, or 0.30 ppm of selenium
was added to the basal ration. Adding

Fig. 4 Effect of added selenium and methio-
nine (0.4%DL-) on the growth response of tocoph-
erol-deficient rats to supplementation with a rela-
tively high dose level of a-tocopherol, average
weight of 5 rats/group, selenium (ppm), tocoph-
eryl acetate (mg/kg rat/week), and methionine
(0.4%d1-) as indicated.
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methionine and 1.2 mg d-a-tocopheryl ace-
tate/kg rat/week delayed the onset of
creatinuria until 12 weeks if no selenium
was added and until 30 weeks when 0.03,
0.10, or 0.30 ppm of selenium was added.
In the most extensively studied series, 0.10
to 0.13 ppm added selenium plus 0.4%
DL-methionine, a linear dose response was
obtained to between 0.2 to 1.75 mg/kg
rat/week. Without tocopherol supple-
mentation, creatinuria occurred in 9 weeks
and the onset was delayed 17 to 18 weeks/
mg dha-tocopheryl acetate/kg rat/week.

Effect of low fat diets on growth and
onset of creatinuria. When the “dienoic”
synthetic fat was fed at the 1 and 3%
levels in a diet essentially devoid of tocoph-
erol, growth (fig. 5) was initially inferior
to that noted when this fat was fed at the
7.5 and 12.5% levels (10). Sustained
growth, however, was markedly superior
at the lower fat levels.

As the level of synthetic “dienoic” die-
tary fat was lowered from 7.5 to 3% and
then to 1%, the period of feeding re-
quired to produce creatinuria (fig. 6) in-
creased from 11 to 14 weeks and then to
33 weeks, respectively, when the diet was
essentially devoid of tocopherol (fig. 5).5
The delay in onset of creatinuria per 0.4
mg of d-a-tocopheryl acetate/kg rat body
weight fed per week similarly increased
from 7 weeks to 13 weeks and then to 15

Fig. 5 Effect of dietary fat level on the growth
of rats fed a tocopherol-free diet. Growth curves
(average of 5 rats/group) are labeled as to the
percentage of fat fed.

L. AL WITTING AND M.

K. HORWITT

Fig. 6 Effect of dietary fat level on the time
of onset of creatinuria in tocopherol-deficient rats
and rats given a supplement of 0.4 mg d-a-to-
copheryl acetate/kg rat/week, and effect of die-
tary fat level on the linoleic acid (18:2) content
of the muscle neutral lipids. Circles indicate data
from groups fed tocopherol-free diets (5 animals/
group), triangles indicate data from groups given
the tocopherol supplement (0.4 mg/kg rat/week),
and crosses indicate the percentage of linoleic acid
in the gastrocnemius and quadriceps muscle neu-
tral lipid fatty acids from control rats given a sup-
plement of 15 mg d-a-tocopheryl acetate/kg rat/
body weight/week.

weeks. At the low fat levels (1 and 3% ),
only a small change in muscle phospho-
lipid linoleic and arachidonic acid com-
position was noted (table 2), whereas the
muscle neutral lipid linoleic acid content
was drastically altered. Muscle neutral
lipid linoleic acid (average of 5rats/point)
observed in control animals given the to-
copherol supplement (15 mg/kg rat/ week)
is plotted in figure 6 for comparison with
the rate of production of creatinuria.

DISCUSSION

Several factors must be considered in
discussing the present data. Considerable
care was taken to reduce the tocopherol
content of the ration, and the levels of to-
copherol supplementation were rather low.
For example, using round numbers, for a
300-g rat consuming 150 g of feed/week,
given a supplement orally by dropper of

51t was reported previously 310) that feeding the
“dienoic” fat at the 25% level resulted in a more
rapid production of creatinuria. Subsequent experi-
ments have shown that these results were attributable
to the use of a small batch of casein unusually low
in biologically available selenium. Only the points
for data derived from experiments at the 19% fat
level are taken from reference 10.
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TABLE 2
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Effect of level of synthetic dietary fat on the fatty acid composition of muscle 1
neutral lipids and phospholipids

Phospholipids

Dietary fat 2level, % 1 3 75 19 25
No. of samples 5 4 3 9 5
% % % % %
Muscle fatty acid composition :
Monoenoic 173+223 12.0+ 15 9.9+0.8 8.7+ 23 6.9%2.0
Dienoic 15.2+1.7 20.0+ 0.7 21.0+ 0.2 21.2+ 25 22121
Trienoic 2.3%0.2 0.9+ 0.1 0.6+ 0.1 0.4+£0.2 04+0.1
Tetraenoic 16.7+0.9 18.8+ 2.0 18.3+0.4 21.4+1.0 205+1.7
Pentaenoic 2.6+0.5 3.0+ 05 45+0.7 47+1.6 34x1.2
Hexaenoic 2.6+0.3 2.6%+ 0.6 51+ 05 49+1.1 48+0.2
Total PUFA’s 39.4+2.3 45.3+ 15 49.6+ 0.6 52.8+1.3 51.1 1.1
Neutral lipids
Dietary fat level, % 1 3 75 19 25
No. of samples 5 3 1 9 5
% % % % %
Muscle fatty acid composition :
Monoenoic 56.2+3.4 53.7+ 3.2 33.2 31.3+2.1 31.3+0.2
Dienoic 3.3+0.5 7.9+0.9 36.8 36.8+1.7 35.7+ 0.9
Trienoic 0.4 0.2 0.2 0.5 0.3
Tetraenoic 0.5 0.5 1.7 1.8 0.5
Pentaenoic 0.3 0.4 0.9 0.9 0.3
Hexanenoic 0.2 0.1 0.4 0.1 0.1
Total PUFA’s 4.6+0.8 9.3+ 1.0 40.0 40.1 1.1 37.4+0.4

1Gastrocnemius and quadriceps.
2Fatty acid composition:
3Average * sd.

0.4 mg or 1.2 mg d-a-tocopheryl acetate/kg
body weight/week, the tocopherol levels
would be equivalent to 70 and 220 ug/
100 g diet, respectively. Tocopherol-defi-
cient rations containing more tocopherol
than the first amount have been used fre-
quently in experiments reported from this
and other laboratories (16).

Certain foreign caseins (17, 18) have
been reported to be low in biologically
available selenium. Domestic casein, how-
ever, prevents liver necrosis when fed at
the 15 to 20% level (18). The present
basal ration contains approximately 0.25
ppm of selenium. Similarly, although ca-
sein is known (19) to be low in sulfur
amino acids, when fed at a high level
(21.8% of calories) as in the present ex-
periment, evidence of such an amino acid
deficiency would not be anticipated.
Whether the high level of casein in the
diet caused an amino acid imbalance that
could be partially ameliorated by supple-

(in per cent) saturated, 42.5; monoenoic, 21.2; dienoic, 36.0; trienoic, 0.3.

menting with methionine, could not be
evaluated in the present experiment.

An analogy to the work of Scott (20)
with chicks appears evident. With the
tocopherol-deficient diet used in his lab-
oratory low levels of selenium supplemen-
tation (0.1 ppm) prevented exudative dia-
thesis. Higher levels of selenium (1 to
5 ppm) “ . . . reduced the incidence of
muscular dystrophy but failed to prevent
this disease in young chicks when severely
vitamin E-deficient diets were used.” (Ital-
ics ours). In these same experiments low
levels of added methionine (0.15% ) stim-
ulated growth but had no effect on the
dystrophy, whereas higher levels (0.38%
DL-methionine) prevented the nutritional
muscular dystrophy. The diet used by
Scott contained small amounts (0.0125%)
of synthetic antioxidant (ethoxyquin, 6-
ethoxv-2,2,4-trimethyl-1:2 dihydroquino-
line or DPPD, N, N' diphenyl-p-phenylene-
diamine) to prevent encephalomalacia.
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Also, Schwarz (21) observed that supple-
mental sulfur amino acids reduced tenfold
the tocopherol requirement of rats fed the
torula yeast diet. Growth with this ration,
however, is relatively poor.

Effect of selenium and methionine on
growth and tocopherol requirement. In
the present experiments, the addition of
selenium (0.10 ppm selenium as sodium
selenite) and methionine (0.4% DL-me-
thionine) significantly improved (table 1)
the growth response (fig. 1) of tocopherol-
deficient rats obtained by giving supple-
ments of 0.2, 0.4, and 0.6 mg d-a-tocoph-
eryl acetate/kg body weight/week. When
these factors were considered separately
(fig. 2(A) and (B)) 0.4% DL-methionine
alone was not found to improve the growth
of tocopherol - deficient rats. However,
when the animals were fed diets contain-
ing between 0.03 and 0.30 ppm of added
selenium alone, significant improvements
(table 1) in growth were noted (fig. 2(A)).
Significant (table 1) improvements in
growth responses attributed to the added
methionine were observed when the diet
contained 0.03 and 1.00 ppm of added
selenium (fig. 2(A) and (B)). Similar
growth stimulation attributed to the added
methionine was observed at the interme-
diate levels of added selenium (0.10 and
0.30 ppm), but these differences were not
significant with the small groups (5 rats
per group) used. Results (figs. 3(A) and
(B), and 4) at 2 levels of tocopherol sup-
plementation (0.4 and 1.2mg/kg rat/
week) and at other levels (0.2, 0.6, and
2.4 mg/kg rat/week) for which the data
were not presented, were similar. Sele-
nium addition stimulated growth, and
methionine addition effected an additional
stimulation of the growth response. How-
ever, with increasing levels of tocopherol
supplementation, the spread of the groups
decreased and the growth stimulation,
therefore, became less significant.

With the present severely tocopherol-
deficient diet, selenium toxicity was noted
at an unusually low dietary level of this
trace element (0.25 ppm in basal + 1.00
ppm added). Under these stressful con-
ditions, lower levels of added selenium
(0.03 to 0.30 ppm) stimulated growth but
did not delay the onset of creatinuria.
Under less severe conditions, supplemen-
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tation with 1.2 mg d-a-tocopheryl acetate/
kg rat/week, it was evident that the sele-
nium supplementation lowered the appar-
ent tocopherol requirement of the rat (i.e.,
delayed onset of creatinuria). Methionine
supplementation decreased the lethal ef-
fect of the previously toxic level of sele-
nium and also decreased the apparent
tocopherol requirement of the rat by
the same criterion of delay in onset of
creatinuria.

Selenomethionine has been shown to be
a more potent antioxidant than a-tocoph-
erol (22) and it is likely that the selenium
added to the diet is incorporated into the
tissue proteins to function in a manner
which decreases the requirement for to-
copherol as a tissue antioxidant. In view
of the recent paper of Shimazu and Tappel
(23), on the protective action of seleno-
amino acids against free radical damage
to protein, a possible mechanism for the
lowered tocopherol requirement may be
formulated. The formation of polar fatty
acid peroxide groups within the hydro-
phobic membrane, a bimolecular-oriented
phospholipid layer, results in an “unfold-
ing” of the membrane, bringing peroxi-
dized groups into the aqueous phase in
contact with the surrounding protein.
Damage to the protein is then minimized
when the protein contains selenium. An
analogous relationship between aqueous
and lipid phases in the cell may prove
useful in understanding the function of
ascorbic acid as an antioxidant.

Effect of dietary fat level on tocopherol
requirement. Except insofar as growth
and the tocopherol requirement of the rat
were affected, the dietary fat level had
very little connection with the rest of the
present investigation. In gathering data
on factors known to affect the tocopherol
requirement, however, it was necessary to
include this variable due to the contradic-
tory statements occurring in the literature
(2, 8-10). The present data (table 2)
taken in conjunction with those presented
previously (10) suggest that muscle phos-
pholipid fatty acid composition is depend-
ent qualitatively, but not quantitatively,
on the nature of the dietary polyunsat-
urated fatty acids available. Polyunsat-
urated fatty acids “overflow” into the
neutral lipids only to a very slight extent
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until surplus quantities are ingested. Even
then, only linoleic and linolenic acids ap-
pear in any appreciable quantity in the
neutral lipids.

At relatively low levels of dietary fat
(7.5% ) both the neutral lipid and phos-
pholipid fatty acid achieved relatively
“fixed” compositions in equilibrium with
the fatty acid composition of the fat fed
(table 2). Still lower levels of dietary fat
represent an unusual nutritional situation
encountered only in some experimental
animal diets or in certain human disease
states. In these special cases, the tocoph-
erol requirement is markedly reduced, not
because of any great change in the poten-
tial estimated in vivo peroxidizability of
the phospholipid fatty acids, but rather by
the greatly reduced estimated peroxidiza-
bility (10) of the much greater quantity
of neutral lipid in the tissue (fig. 5).

Although the data presented are con-
sistent with the concept that tocopherol
functions largely, if not solely, as a fat-
soluble, biological antioxidant, no evidence
of lipid peroxidation has been presented.
The decreased concentration of some poly-
unsaturated fatty acids during tocopherol
deficiency, the presence of lipofuscin or
ceroid pigments, and studies of the liver
by means of electron microscopy will be
covered in future papers.6 The present
data apply only to the young, growing rat
in equilibrium with his dietary fat.

Adipose tissue from adult humans fed
normal diets contains approximately 8 to
10% of linoleic acid (24), but this level
may increase to 40% or more when
subjects are fed diets containing large
amounts of corn oil or safflower oil (25).
The data illustrated in figure 6, support the
concept that the tocopherol requirement of
man can be related to the linoleic acid
content of his tissue as influenced by die-
tary fat (26). Fortunately, increased con-
centration of polyunsaturated fats in hu-
man diets is usually paralleled by the pres-
ence of increased levels of tocopherol. The
problems which may arise when this ratio
is disturbed remain to be studied.
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ABSTRACT A series of experiments was conducted on the dietary relationship
of the cations, sodium and potassium, and the anions, chloride and sulfate. The
data showed that excesses of dietary chloride or sulfate ions supplied as glutamic
acid hydrochloride, calcium chloride or calcium sulfate markedly depressed growth
rate of chicks unless these anions were balanced with equimolar levels of sodium or
potassium supplied in the diet with a metabolizable anion such as glutamate or
carbonate. Excess sodium supplied as sodium glutamate was also detrimental unless
a high level of chloride in one of the above forms was also present. Chicks tolerated
excesses of potassium better than excesses of sodium. These experiments provide a
probable explanation of many discrepant results reported in the literature on the

dietary requirements of chicks and rats for sodium and potassium.

Although the physiological role of
sodium, potassium and chloride in the
regulation of osmotic pressure and acid-
base balance in the animal has been well
established (1), the application of these
principles to nutritional investigations has
received little study. This could be partic-
ularly important in nutritional investiga-
tions requiring the use of high purified
diets, since large quantities of amino acid
hydrochlorides or other acid-forming salts
are sometimes used.

In this laboratory, certain differences,
depending upon the mineral mixture used
in a purified diet, were noted in the growth
rate of chicks. The tested mineral mix-
tures differed only in form and level of
chloride. These observations led to a series
of studies of the effect of feeding amino
acid hydrochlorides or other “acid” chlo-
rides upon the sodium and potassium
needs of the young chick.

MATERIALS AND METHODS

The composition of the 2 purified diets
used in these studies is shown in table 1.
One diet contained casein (diet A) as a
source of protein and the other, isolated
soybean protein (diet B). Alterations in
the diet were made at the expense of glu-
cose, except where indicated with the basal
diet used in each individual experiment.
Mineral mixture no. 1was used in all basal
diets except in experiment 1 (table 2) in
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which mineral mixture no. 2 was used.
The basal diets were analyzed as described
by Leach and Nesheim (2). The total
amount of dietary chloride is shown in all
of the tables.

White Plymouth Rock male chicks were
fed the experimental diets from 2 to 29
days of age in experiment 1, and from 2
to 15 days of age in the remaining experi-
ments. Chicks were housed in electrically
heated cages with raised wire floors, and
feed and demineralized water were sup-
plied ad libitum.

Statistical analyses were conducted by
procedures described by Federer (3).

EXPERIMENTS AND RESULTS

In a preliminary experiment, the growth
rate of chicks fed a diet similar to diet A
(table 1) varied, depending upon which
of 2 mineral mixtures was used. The
major differences in the 2 mineral mix-
tures were the levels of chloride and car-
bonate they contained.

To determine more precisely the effects
of changes in the chloride level of the
mineral mixture, an experiment was con-
ducted in which the chloride, sodium and
potassium levels were altered in several
ways. The dietary variables were studied*
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TABLE 1
Composition of diets
Diet A Diet B
% %
Glucose 56.67 58.47
Isolated soybean protein - 27.00
Casein 27.00 -
Arginine -HC1 1.50 -
DL-Methionine 0.30 0.70
Glycine 1.00 0.30
Corn oil 3.00 3.00
Cellulose 3.00 3.00
Vitamin mixture 1 1.23 1.23
Mineral mixture no. 1238 6.30 6.30
Protein (N X 6.25), % 25.86 24.82
Metabolizable energy, kcal/g 3.18 3.35
1 Supplies_the following per 100 g of diet: inositol,
25.0 mg; niacin, 5.0 mg; Ca pantothenate, 2.0 mg;
pyrldoxme-HCI, '0.45 mg; folic acid, 0.40 mg; mena-
dione sodium bisulfite, 0.125 mg; biotin, 0.02 mg;
vitamin Bi2, 2.0 /,g; a-tocopheryl acetate, 6.6 IU;
vitamin A, 540 IU; vitamin D3, 98 ICU; thiamine-HC1,
1.1 mg; riboflavin, 1.1 mg; ethoxyquin, 12.5 mg; and

choline chloride, 220 mg.

2Mineral mixture no. 1 supplied the following per
100 g of diet: CaCO03, 2.80; CaHPO04-2H20, 0.34 g;
KH2PO4, 1.38 g; NaH2P04-H20, 1.44 g; MgS04, 0.25 g;
MnS04-H20, 33.3 mg; FeS04-7H20, 33.3 mg; KI, 0.26
mg; CuS04-5H20, 1.67 mg; CoS04-7H20, 0.20 mg;
NaMo04-2H20, 0.83 mg; and ZnCO03, 11.5 mg.

3Mineral mixture no. used in experiment 1
(table 3), 6.10 g/100 g of dlet supplied the following
per 100 g of diet: CaCO03, 1.83 g; CaHPO04, 1.70 g;
KH2P 04, 1.38 g; NaHCOa, 0.87 g; MgS04, 0.25 g;
MnS04-H20, 33.3 mg; FeS04-7H20, 33.3 mg; KI, 0.26
mg; CuSO45H20 1.67 mg; CoCI26H20 0.17 mg;
Na2M 004-2H20, 0.83 mg; and ZnO, 7.46 mg.

and the results obtained are presented
table 2.

In this experiment, increasing the chlo-
ride content of the diet from 0.45 to 0.81%
depressed growth rate. This effect was
reversed by the addition of sodium and
potassium bicarbonate to the diet. The
level of 0.67% chloride, which coincides
with that in the casein diets supplemented
with arginine hydrochloride and mineral
mixtures of the type commonly used in
purified chick diets, was achieved by sub-
stituting sodium chloride for the sodium
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bicarbonate in the basal mineral mixture.
The basal levels of sodium (0.24% ) and
potassium (0.40% ) exceeded the known
requirements for the elements (4, 5).

A further increase in chloride content
to 1.50% severely reduced growth rate.
This effect was minimized when the chlo-
ride was supplied in the form of sodium
and potassium salts, resulting in concomi-
tant increases in sodium and potassium
which allowed the chicks to tolerate better
the effects of excess chloride. The results
of this experiment suggest that the differ-
ences in growth rate with different chlo-
ride levels and salts are primarily due to
effects on acid-base balance of the various
salts used in the diets. Thus, the chloride
supplied as arginine hydrochloride, glu-
tamic acid hydrochloride, or CaCl2 may
have produced a metabolic acidosis which
was neutralized by the addition of extra
sodium and potassium in conjunction with
metabolizable anions such as bicarbonate
and acetate.

To determine the amount of excess chlo-
ride that would be detrimental, calcium
chloride was included at graded levels in
a diet for chicks (table 3). The amount
of calcium in all diets was kept constant
by substituting CaCl2 for CaCO03 in the
mineral mixture. The amounts of sodium
and potassium were also maintained con-
stant at 0.24 and 0.40%, respectively.

The data in table 3 show that the basal
diet (0.02% CI) was deficient in chloride
since growth of chicks was considerably
improved when 0.30% chloride was added
to the diet. This observation led to a fur-
ther study of chloride deficiency in chicks
(2). All levels of chloride above 0.3%
depressed growth of chicks fed these diets
as compared with diet 2. Because of the

TABLE 2
Effect of excess chloride, sodium and potassium on the growth rate of chicks

fed a purified diet (diet A)
: Level of Level Level Avg wt,
Source of chloride chloride of Na of K 4 wieks'1
% % % 9
Arginine PICI 0.45 0.24 0.40 567
Arginine-HCI, NaCl 0.81 0.24 0.40 508
Arginine -HC1, NacCl 0.81 0.45 0.76 572
Arginine-HCI, NaCl, CaCl2 1.50 0.24 0.40 391
Arginine-HCI, NacCl, glutamic acid-HCI 1.50 0.24 0.40 415
Arginine-HCI, NaCl, KC1 1.50 0.45 0.76 507

1Values represent averages of 2 groups of 15 chicks/treatment.
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TABLE 3

Effect of feeding calcium chloride at various
levels to chicks (diet B)

Treatmentl

Level of sza/\évetk?s Mortality
chloride
% 9 %
0.02 148 21
0.32 209 4
0.62 183 4
0.92 173 0
1.22 144 0
1.52 122 8

1CaCl2'2H20 added to the diet at the expense of
l?_aCC>3 to maintain constant the calcium level in all
iets.

2Represents the average weight of 3 groups of 8
male White Plymouth Rock chicks/treatment.

3 Statistical analysis of these data indicated that the
weight of chicks receiving the 0.02% chloride level
was significantly different (P < 0.01) than weights
of chicks receiving higher levels of chloride. The
chloride levels fed, depressed growth rate in a linear
fashion with the regression of chloride level on body
weight being highly significant (P < 0.01)

results obtained in this study, in later
experiments a level of 1% chloride added
as glutamic acid hydrochloride was used
for a “high-chloride” diet.

The next experiment was conducted to
determine the effect of feeding diets high
in an amino acid hydrochloride along with
variable levels of sodium and potassium.
To keep the alterations in other anions or
cations in the diet from confounding the
results, chloride was added as glutamic
acid hydrochloride, and sodium and potas-
sium as sodium or potassium glutamate.
Thus the total amount of glutamate or
glutamate salt was kept constant in all

POTASSIUM AND CHLORIDE
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diets. The design and results of this ex-
periment are shown in table 4.

A series of sodium and potassium levels
was studied at 2 levels (0.45 and 1.50% )
of dietary chloride. The high level of chlo-
ride used represented the addition of 1%
chloride to the basal diet as glutamic acid
hydrochloride. Additional amounts of so-
dium and potassium were added to the
basal diet (0.24 Na and 0.40 K) at levels
which were 0.75 m (treatments 2 and 5),
equimolar (treatments 3 and 6), and
1.25m (treatments 4 and 7) with the 1%
added chloride. In treatment 8, a mixture
of sodium and potassium glutamate was
used to make the total added sodium and
potassium levels equimolar to the added
chloride.

Levels of 0.89 and 1.05% added sodium
were detrimental in the low chloride series
as evidenced by the high mortality of
chicks and the low body weight of sur-
vivors in treatments 3 and 4. Most of the
mortality in chicks fed the high levels of
sodium occurred in the first 3 to 5 days
of feeding. In groups of chicks fed at the
high levels of potassium, little mortality
occurred although the growth rate of
chicks fed the highest level was slightly
lower than that of chicks fed at the 2
lower levels. In the high chloride series
of treatments there was little mortality
from feeding high levels of sodium. The
chloride appeared to protect the chick
from sodium “toxicity.”

TABLE 4

Relationship of various levels of sodium and potassium to the chloride content
of a diet for chicks (diet A)

Treatment Level Level
no. of Na of K
% %
1 0.24 0.40
2 0.73 0.40
3 0.89 0.40
4 1.05 0.40
5 0.24 1.22
6 0.24 1.50
7 0.24 1.78
8 0.56 0.95

Level of chloride 1

0.45% 1.50%
2Avygev“<’st’2 M ortality é_\\\//vgexts M ortality

9 % 9 %
180 8 143 8
191 0 165 4
182 67 184 4
122 92 174 0
186 0 165 4
190 12 185 0
176 0 192 8
197 8 186 12

1Statistical analysis of these data was carried out by an analysis of variance, and the difference

in mean treatment weights required for significance

test (3) is 25.5

(at P < 0.05) accordlng to Tukey’s HSD

g.
Each value represents the average of 3 groups of 8 chicks/treatment.
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Increasing the chloride content of the
basal diet (treatment 1) from 0.45 to
1.50% markedly depressed growth rate of
chicks. Increasing the level of sodium or
potassium alleviated the growth depres-
sion observed in chicks fed at the high
chloride levels. In each case it appeared
that the equimolar level, or above, of the
cation was needed to completely reverse
the growth depression caused by feeding
excess chloride as glutamic acid hydro-
chloride. When a combination of sodium
and potassium was used, equimolar to the
added chloride, the growth rate of chicks
was not depressed.

An additional experiment was con-
ducted to compare glutamic acid hydro-
chloride and calcium chloride as sources
of excess chloride in the diets used. In
addition, the influence of extra nitrogen
as glutamic acid in a diet high in calcium
chloride was studied along with the effec-
tiveness of potassium carbonate in re-
versing the effects on chicks of consuming
diets with high chloride levels. The data
from this experiment are shown in table 5.
Chicks fed at high levels of chloride, either
as the glutamic acid hydrochloride or as
calcium chloride, grew at a considerably
slower rate than chicks fed the basal diet.
The calcium chloride depressed growth
significantly more (P < 0.05) than the
glutamic acid hydrochloride. The dif-
ference between the 2 sources of excess
chloride may be at least partially due to
the ammonia supplied with the glutamic
acid, because chicks receiving the calcium
chloride treatment supplemented with glu-
tamic acid did not grow at rates signifi-
cantly different from those receiving the
glutamic acid hydrochloride. The potas-
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sium carbonate was partially effective in
reversing the chloride toxicity.

In view of the results obtained in previ-
ous experiments with excess chloride and
sodium and potassium levels, it was con-
sidered that similar results would also be
obtained with excess sulfate supplied as
calcium sulfate. Sulfate at graded levels
was fed to chicks in the presence or ab-
sence of a combination of 0.64% sodium
and 1.08% potassium. The glutamate
content of all diets was kept constant and
sodium or potassium glutamate was used
to bring the sodium and potassium content
to the above levels. The calcium level in
all diets was kept constant by adjustments
in the level of calcium carbonate used.
The design and results of this experiment
are shown in table 6.

As the sulfate level in the diet was in-
creased, the growth rate of chicks was
depressed. Except for the highest level of
sulfate, extra sodium and potassium as the
glutamic acid salts in the diet completely
reversed the growth depression. Possibly
a higher level of sodium or potassium than
used may be necessary. The sulfate was
not as growth-depressing as the chloride,
probably because of poorer absorption of
the sulfate as compared with chloride.

An attempt was made to determine
whether the other alkali elements, lithium
or rubidium, could function to counteract
excess chloride levels in a diet, but these
elements proved to be highly toxic and
chicks died within a week after being fed
these materials. In addition, the alkaline
earth elements, calcium and magnesium,
were studied but these were also ineffec-
tive in counteracting chloride toxicity.

TABLE 5
Influence of glutamic acid and potassium carbonate on excess dietary chloride (diet A)

Treatment

Basal diet (0.45% CI)
1% Chloride (as glutamic HC1) 3

1% Chloride (as CaClo”Ho00)

A WN

1% Chloride (as glutamic-HCI) + 1.95% K»C03

1% Chloride (as CaCl2*2H20) + 10% glutamic acid

Avg wt, 12
2 weeks

9
192 d
153 b
179 ¢
129 a
141 ab

1Each value re?lresents the average of 3 groups of 8 chicks each/treatment.

2Means not fo
multiple range test
31In treatments 2 and 3 the glu am ic
2 and 5 the CaCl2 replaced CaCO03 and

owed by the same letter are significantly different (P < 0.051 by Duncan’s

acid-HCI replaced glucose in the basal diet, in treatments
the dietary calcium level remained constant.



SODIUM, POTASSIUM AND CHLORIDE
TABLE 6
Effect of sodium and potassium on reversing
sulfate toxicity (diet B)
0.24% Na, 0.64% Na,
Treatment 12 0.40% K 1.08% K
SO4 added Avg wt, Avg wt,
2 weeks 3 2 weeks 3
% 9 9
0 235 242
0.5 233 240
1.0 213 246
1.5 213 240
2.0 206 233
2.5 193 221
1The SO4 was added as CaS04-2H20 replacing

CaCO03 to maintain a constant percentage of Ca in all
diets. The sodium and potassium were added as
sodium and potassium glutamate. All diets had the
same glutamate level by adjusting glutamic acid or
appropriate sodium or potassium salt. Mineral mix-
ture no. 1 (table 1) was altered for use in the basal
diet to supply 0.416 g MgCIl2-6H20/100 g of diet in-
stead of the MgS04; 0.11 g NaCl/100 g diet; and the
NaH2P04-H20 was reduced to 1.18 g/100 g diet (diet
contains 0.23% Cl).

2 Statistical analﬁses of these data by analysis of
variance showed that there was a significant effect
(P < 0.01) from the sulfate levels fed and the dif-
ferent sodium and potassium levels fed. There was
also a significant interaction (P < 0.05) between
sulfate levels and sodium and potassium levels fed.

3Each value represents the average of 3 groups of
8 chicks each/treatment.

DISCUSSION

These studies show that a rather close
balance of sodium and potassium to chlo-
ride and sulfate must be maintained in
diets in which the forms of chloride and
sulfate may increase dietary acidity. Thus,
levels of amino acid hydrochloride in puri-
fied diets for chicks must be balanced
with nearly equimolar amounts of sodium
or potassium supplied with a metaboliza-
ble anion such as carbonate. Conversely,
excessive sodium supplied with a metab-
olizable anion can also be detrimental to
chicks unless it is balanced with sufficient
chloride or other anion. Excesses of potas-
sium appear to be less detrimental than
sodium.

The results of these experiments with
chicks are similar to those reported by
Thacker (6). Growth rates of rabbits
were improved by supplementing the basal
diet with salts of calcium, magnesium,
sodium and potassium carrying an anion
metabolizable to C02 and HXD. The chlo-
ride and sulfate salts of the above cations
were ineffective. The mineral mixture used
in the basal diet was high in calcium and
potassium sulfates.

Presumably the results obtained are
those of the maintenance of body acid-
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base balance. Excess acidity neutralized
by the bicarbonate buffer system of the
body results in chloride excretion in the
kidney. Since pH 4 is usually the lowest
value for urine in most animals, very little
HC1 can be excreted and the chloride must
be excreted primarily as an ammonium
salt or neutral salt such as sodium or po-
tassium chloride. Thus with high amounts
of dietary acidity a sodium and potassium
deficiency may be induced. No measure-
ments of urinary excretion of sodium,
potassium and chloride were made in these
studies. However, recently Koike et al.2
reported that considerable sodium excre-
tion may occur under certain conditions
through the large intestine as well as in
the urine.

These results are of particular impor-
tance in the formulation of purified diets
for chicks. Thus in diets using casein as
the source of protein, and supplemented
with arginine hydrochloride, the sodium
and potassium in the mineral mixture
should be supplied as carbonate or bicar-
bonate salts. Similarly, mineral mixtures
in diets with crystalline amino acids as the
source of protein should be formulated to
take into account the high levels of amino

acid hydrochloride often used in such
diets.
Several observations in the literature

can probably be explained because of prob-
lems encountered in acid-base balance of
dietary components. A purified diet for
chicks containing high levels of arginine
and lysine hydrochlorides was improved
by the addition of potassium acetate,
citrate or bicarbonate.3 Leach et al. (7)
presented data on the toxicity of dietary
sulfate which was greater than that ob-

served in experiments reported in this
paper, probably because the basal diet
used already contained a substantial

amount of chloride as arginine hydrochlo-
ride.

The relationships observed in these ex-
periments also provide a likely explanation
for variations in sodium and potassium
requirement reported in the literature.

2Koike, T., D. H. Lumijarvi and F. W. Hill 1964
Studies of sodium movement and excretion in
chickens. Federation Proc., 23: 185 (abstract).

30°Dell, B. L., C. L. Limbaugh and J. E. Savage
1962 Arginine-lysine antagonism and deficiencies of
casein for the chick. Federation Proc., 21: 8 (ab-
stract).
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Bums et al. (8) reported a sparing action
of sodium level in the diet on the amount
of potassium required for maximal growth
rate in chicks. At 0.1% dietary sodium,
1% potassium was required for maximal
growth rate, whereas when 0.18% sodium
was included in the diet, only 0.33% potas-
sium was needed. The mineral mixture
used in the experiments contained calcium
chloride to supply 0.44% chloride. The
sodium and potassium was supplied as the
bicarbonate salts. As shown by the data
in this paper, the variation in potassium
requirement at different sodium levels was
probably due to the need for sodium or
potassium for excretion of the excess chlo-
ride supplied by the calcium chloride in
the mineral mixture. Similarly, McWard
and Scott (5) reported that the dietary
sodium requirement of the chick varied
from 0.11% in a diet containing isolated
soybean protein as the source of protein
to 0.2% in a diet containing casein. The
casein diet contained the same mineral
mixture as in the studies of Bums et al.
(8) with 0.44% chloride supplied as cal-
cium chloride, whereas the diet containing
soybean protein had 0.18% chloride sup-
plied as KCl1. Thus the higher sodium
requirement with the casein diet was prob-
ably due to the increased need for sodium
caused by the excess chloride supplied by
the calcium chloride.

In further experiments, using the diet
containing isolated soybean protein, Mc-
Ward and Scott4 were unable to confirm
the dietary studies of Burns et al. (8) who
reported that increasing the level of
sodium or potassium would decrease the
requirement for the other element. The
sodium and potassium requirement studies
with rats have also been complicated by
the use of diets containing calcium chlo-
ride in the mineral mixture while using
bicarbonates of sodium and potassium to
supply the levels of these elements studied.

X. R. ZEIGLER AND J. A. SERAFIN

Thus Grunert et al. (9) observed that
there was a slight sparing effect of the
sodium requirement by high dietary potas-
sium levels and a larger effect on the
potassium requirement by increased so-
dium levels. The mineral mixture used
supplied calcium in the form of calcium
chloride to the diet. In the studies of St
John (10) the sodium requirement of the
rat was found to be 0.3% of the diet.
These studies were also complicated by
the use of 1.7% HC1 in the mineral mix-
ture.
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Comparison of Mo® Metabolism in Swine and Cattle
as Affected by Stable Molybdenum %
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Agricultural Research Laboratory of The University of Tennessee,
Oak Ridge, Tennessee 4

ABSTRACT Data from yearling cattle and growing swine having similar molyb-
denum, copper and sulfate intakes demonstrated marked species differences in absorp-
tion and excretion of Mo™. Mo%® from oral doses reached a peak in blood of swine at
2 to 4 hours, whereas the average time in cattle was 96 hours. Over 75% of both oral
and intravenously dosed Mo® was excreted in urine of swine in 120 hours. In con-
trast, fecal excretion was the main route of excretion in both oral and intravenous
doses in cattle with only 15% excreted in urine in 168 hours by intravenously dosed
cattle. Added stable molybdenum increased urinary Mo9 excretion in swine but had
little influence on Mo® excretion in cattle. These data demonstrate a definite species
difference and support the differences in toxicity of molybdenum in swine and cattle.

Molybdenum as a component of xan-
thine oxidase is widely distributed in ani-
mal and plant tissue (1). The normal
concentration of molybdenum in mam-
malian muscle is usually 0.05 to 0.10
ppm on a dry matter basis (2). It has
been suggested that molybdenum be con-
sidered an essential dietary trace element
as a part of xanthine oxidase and other
enzyme systems (3, 4). More recently,
Handler et al. (5) reported that 2 atoms
of molybdenum were required as an es-
sential molecular part of both xanthine
oxidase and aldehyde oxidase. However,
molybdenum has been considered pri-
marily as a toxic mineral for ruminants
and laboratory animals, with no toxicity
reported in swine fed 1000 ppm for 3
months (2). The convenience and reliabil-
ity of radioactive molybdenum as a tool
for research on this mineral element have
been demonstrated (6-9), but most of
these data were obtained with dosing solu-
tions of low specific activity which may
have influenced the data. Buescher5 sug-
gested that specific activity of the dosing
solution affected excretion of Mo" of swine
dosed orally.

The purpose of these investigations was
to compare absorption and excretion of
Mo" of the porcine and bovine species and
to investigate the effects of stable carrier
molybdenum.

J. Nutrition, 84: '64

EXPERIMENTAL PROCEDURE

Twenty barrows of mixed breeding,
whose body weights averaged 39 kg, were
fed ad libitum a practical growing ration
(10) which contained 1.2 ppm molyb-
denum and 9.3 ppm copper. During a 14-
day pre-experimental period the barrows
were kept in individual pens. This was
followed by a 4-day adjustment period in
a stall designed for complete separation
and collection of urine and feces (11).
Blood samples were collected at 1, 2, 4, 8
and 16 hours following the oral or intra-
venous administration of Mo". Blood,
urine and fecal samples were collected
thereafter at 24-hour intervals for 5 con-
secutive days.

Six Hereford steers averaging 418 kg in
body weight were used in a reversal-type
experiment involving 2 routes of adminis-
tration and 2 levels of stable carrier molyb-
denum so that each of the steers was used
in the 4 treatments. The steers were fed a
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ration (table 1) containing 0.9 ppm molyb-
denum and 7.5 ppm copper during the 21-
day adjustment periods and throughout the
experiment. An interval of at least 7 days
between the end of one collection period
and the succeeding dosing was maintained.
The steers were placed into individual
stalls for separation and collection of urine
and feces for a preliminary period of 7
days prior to dosing. Blood, urine and
fecal samples were collected for 7 or 12
days folowing the oral or intravenous ad-
ministration of Mo".

Mo" as ammonium molybdate in ap-
proximately 1 n ammonium hydroxide so-
lution was used. Specific activity averaged
0.2 mc/mg for the control dosing solution
and 0.025 mc/mg when stable molyb-
denum, as ammonium molybdate, was
added. Swine were orally dosed with 0.5
me through a stomach tube or intraven-
ously into the jugular vein with needle and
syringe. Cattle were orally dosed with
4 me adsorbed on cellulose in a gelatin
capsule or intravenously into the jugular
vein. Three-gram aliquots of feces and
3-ml aliquots of urine and blood were as-
sayed for Mo" using a well-type scintilla-

TABLE 1
Composition of cattle ration 1

Complete ration
%

Cottonseed hulls 40.0
Crushed corn 37.3
Alfalfa meal 10.0
Soybean meal 10.0
Urea 1.0
Dicalcium phosphate 1.0
Salt 0.5
Trace mineral mix 0.2
Total 100.0
Trace mineral mix
%
MgS04-7TH20 86.000
FeS04-7TH2 10.000
MnS04-HD 1.000
Na2B404 10H20 1.000
CuS04-5HD 0.300
ZnS04-7THzO 1.400
Kl 0.291
CoC12-6H20 0.003
NaSeC>3 0.003
MO0O3 0.003
Total 100.000

1500 IU vitamin A and 200 IU vitamin D added/
kg of ration.
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tion counter. Appropriately diluted stand-
ards of the dosing solution were also
counted for dose calculations. Blood vol-
ume was assumed as 7% of body weight
for swine and 7.7% of body weight for
cattle (12).

Stable molybdenum was determined by
neutron activation analysis at the Oak
Ridge National Laboratory and copper was
extracted by the procedure of Kalthoff and
Sandell (13) and was then determined on
a flame photometer at 325.1 and 324.7 mu.

RESULTS

Blood. Mo" in the whole blood of swine
dosed orally averaged 6% of the dose at 2
and 4 hours after an oral dose. This de-
clined rapidly to 0.07% at 48 hours (fig.
1). In contrast, the highest blood Mo"
from an oral dose to cattle was observed
as 2.6% of the dose at 96 hours. Blood
Mo" in these cattle declined slowly to
0.9% at 168 hours. Four hours after dos-
ing, blood Mo" from an intravenous dose
was almost identical with that from an oral

% of DOSE

Fig. 1 Comparison of blood Mo" in swine and
cattle. The vertical bars (1) represent se of
means.



MO® METABOLISM IN

dose in swine. At one hour after an intra-
venous dose, blood Mo" was 21.5% of the
dose in swine compared with 29.7% in

cattle. By 48 hours, blood Mo" averaged
0.07% in both orally and intravenously
dosed swine. Mo" in blood of cattle dosed

intravenously declined very slowly and
averaged 2.8% of dose in 168 hours.
Added carrier molbydenum did not con-
sistently influence blood Mo" in swine;
however, the blood levels of cattle were
consistently higher when stable molyb-
denum was added to the dosing solution.
Intravenous Mo" disappeared from blood
of steers at an uneven rate and data in
figure 1 indicate recycling of Mo" with
either some body pool or with the gastro-
intestinal contents. Blood Mo" content
averaged 6.7% at 48 hours then increased
to 8.1% at 72 hours. This was followed by
a slow but steady decline in blood Mo".

Urine. Both oral and intravenously ad-
ministered doses of Mo" were rapidly ex-

70 of DOSE
100
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creted in the urine of swine. These values,
for the first 24 hours, ranged from 53%
for the intravenously dosed control swine
to 86% for both the oral and intraven-
ously dosed swine given carrier molyb-
denum. Urinary excretion during the 5-
day collection period cleared 79% of the
dose in the intravenously dosed control
swine and 97% in the intravenously dosed
swine receiving added carrier molybdenum.

In contrast the cattle excreted less than
0.5% of the oral dose and less than 3%
of the intravenous dose during the first 24
hours. At the end of 7 days, urinary ex-
cretion averaged 4.5% of the orally admin-
istered dose and 9.5% of the intravenous
dose. Urinary excretion of intravenously
administered Mo" reached a plateau at 9
days and slowly increased to 15% of the
dose by the end of 12 days. Added stable
molybdenum did not affect urinary or fecal
Mo" excretion by cattle (fig. 2).

DAYS AFTER DOSING
Fig. 2 Accumulative Mo" excretion from oral and intravenous (l.V.) dose to swine and

cattle.

The vertical bars (I) represent se of means.
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Feces. The proportion of an oral dose
of Mo" excreted in the feces of swine was
reduced by addition of stable molybdenum
with the total 5-day excretion averaging
14.6% for the control swine and 8.6% for
the swine receiving added molybdenum
(fig. 2). Only 0.6% of intravenously ad-
ministered Mo" was excreted in the feces
by swine in 5 days. Fecal excretion of
Mo" in 7 days by steers averaged 92.4%
of the oral dose and 30.2% of the intra-
venous dose. The intravenously dosed cat-
tle showed a linear excretion pattern, with
a total of 51.4% excreted in the feces in
12 days.

Retention. Excretion data in table 2
show that Mo" is retained for a much
longer period by cattle than by swine.
Most of the Mo" was excreted during the
first 24 hours by swine. Intravenously
dosed cattle excreted only 66.4% in 12
days, whereas intravenously dosed swine
excreted 69.4% during the first 24 hours.

DISCUSSION

A nearly exponential rate of clearance of
Mo" from the blood of pigs occurred re-
gardless of route of administration or spe-
cific activity of dosing solution. Shirley et
al. (14) reported that 0.2% of an oral
dose remained in the blood of swine after
30 hours. Teekell and Lyke (9) reported
that a maximum of 1.3% of oral Mo"
could be recovered in the blood of chicks
5 hours after the administration of a tracer
dose. Disappearance of blood molybdenum
was much slower in the chick than in

S. LOWREY AND P.
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The clearance of Mo" from the blood of
human subjects (8, 15) was similar to
that of swine. In contrast, the concentra-
tion of Mo" in blood of cattle followed a
markedly different pattern. Mo" from an
oral dose was below measurable quantities
at 2 and 4 hours after dosing, coincident
to the highest blood levels (6.1% ) of or-
ally dosed swine. The highest average
blood level of 2.6% observed at 96 hours
suggests a slow absorption and slow ex-
cretion rate. Comar et al. (6) reported
that 2.9% of an oral dose of Mo" was pres-
ent in the blood of cattle 41 hours follow-
ing an oral dose. The slow excretion rate
was confirmed by the data obtained in the
present study following the intravenous
administration of Mo" to cattle and by
others using cattle and sheep (2). Data
in figure 1 are in agreement with studies
reviewed by Underwood (2) showing that
higher molybdenum intakes result in in-
creased blood molybdenum levels in rumi-
nants. Blood Mo" following an intraven-
ous dose decreased slowly for 48 hours,
then increased, being significantly higher
at 72 hours than at 48 hours regardless of
level of stable molybdenum administered.
This was probably due to 1) recycling of
the Mo" excreted into the upper portion of
the gastrointestinal tract; 2) uptake in tis-
sue for temporary storage followed by re-
lease; 3) biological synthesis into usable
compounds which were gradually released;
or 4) the complexing of excess molyb-
denum by detoxification processes with

swine, since 48-hour blood levels were subsequent release as excretory mecha-
0.20% in the chick and 0.07% in swine. nisms were brought into action.
TABLE 2
Total excretion of Mos9 by swine and cattle
Day
. Treatment
Animals group 1 5 7 12
% % % %
Swine Oral control 79.8+2.41 97.0+2.0
Oral+ Mo 89.3+3.4 99.1+2.9
Intravenous control 53.1+4.6 79.5+3.7
Intravenous + Mo 85.6+6.6 98.0+4.8
Cattle Oral control 154+ 1.7 81.4+4.1 93.3+4.2
Oral+ Mo 16.0x2.0 87.6+x 1.8 101.0x2.7
Intravenous control 4.6+ 13 255+2.0 37.7+3.0 67.7x4.2
Intravenous + Mo 2.8+0.3 282+ 1.8 419+ 2.2 65.0+6.1

1Mean * se.
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Added stable molybdenum increased uri-
nary excretion of Mo" more in intraven-
ously dosed swine than in orally dosed
swine suggesting the existence of renal
processes in swine which rapidly eliminate
excess molybdenum. Added stable molyb-
denum slightly increased Mo" urinary ex-
cretion in cattle; nevertheless very little
Mo" was excreted in urine by cattle in
comparison with swine. Data reviewed by
Underwood (2) show that dietary molyb-
denum and dietary sulfate influence both
blood and urine molybdenum concentra-
tions. Kirschgessner et al. (16) showed
that excess copper increased urinary and
decreased fecal molybdenum excretion.
The small differences in dietary molyb-
denum and copper could not account for
the large differences observed in urinary
excretion between swine and cattle.
Neither total sulfur nor sulfate was meas-
ured, but the calculated levels were similar
for the swine and cattle rations. Gross
kidney functions between cattle and swine
are assumed to be the same; however,
these data show a real difference in the
renal clearance of Mo". Perhaps there are
differences in the binding of Mo" in blood
of swine compared with the bovine. Un-
derwood (2) cited work of Scaife who has
shown that molybdenum is readily dialyz-
able from both plasma and red blood cells
from sheep.

In contrast with the data from 24 col-
lection periods of the present study, the
data of Comar et al. (6) showed that most
of the Mo" was excreted in urine from
both an orally dosed steer and an intra-
venously dosed steer. These animals, how-
ever, received 4.67 and 1.27 g of molyb-
denum as Mo03in the dosing solutions in
comparison with the tracer levels of 0.02
and 0.16 g of molybdenum as ammonium
molybdate in the doses given to the steers
in the present experiment. Data reported
by Shirley et al. (14) show an average of
55% of oral Mo" excreted in 30 hours in
urine from pregnant sows. However, stable
molybdenum as NasMoCh ranged from 0.7
to 1.5 g/animal.

Fecal excretion of Mo" by swine was a
minor pathway of elimination of both oral
and intravenous doses. Stable molybdenum
added to oral doses reduced Mo" in feces
from 15 to 9% showing that absorption
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was actually increased. This could not be
explained as less re-excretion because less
than 1% of an intravenous dose was ex-
creted in the feces by either the controls or
those given additional molybdenum. Net
retention of Mo" was reduced slightly when
stable molybdenum was added because uri-
nary Mo" excretion was increased. These
values are similar to data reported by Shir-
ley et al. (14) which showed that an average
of 8% of an oral dose of low specific activ-
ity Mo" was excreted in 30 hours in feces
of pregnant sows. Similar data have been
reported for man by Rosoff and Spencer
(15). In contrast with the swine and hu-
man data, apparent absorption of Mo" by
cattle was low and apparent re-excretion
into the gastrointestinal tract was high
(fig. 2). These data are also in contrast
with data presented by Comar et al. (6)
showing a 12-day fecal excretion of 34%
from oral Mo" and 11% from intravenous
Mo". Again these differences may in part
be due to differences in quantities and
chemical form of stable molybdenum ad-
ministered.

In a review, Underwood (2) stated that
all cattle are susceptible to molybdenum
toxicity from teart pastures. Sheep were
less susceptible and horses were not af-
fected. Davis (17) reported no toxicity
from feeding 1000 ppm molybdenum to
pigs for 3 months. Underwood (2) attri-
buted this to low absorption of molyb-
denum, but the present data demonstrate
rapid absorption and rapid excretion.
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Bone Density Measurements throughout
the Life Cycle of the Rat12

DOROTHY E. WILLIAMS,3 ROSSIE L. MASON
and ronnie b, McDonald4

Department of Nutrition, University of Tennessee, Knoxville, Tennessee

ABSTRACT The effect of calcium intake, growth, reproduction and senescence on
the bone density of rats was studied through 2 generations. A low bone density index
was accompanied by retarded growth and poor lactation. A high bone density is in-
dicative of an adequate calcium status, but if it is achieved at the expense of normal
growth and reproduction, then the intake producing this density cannot be considered
adequate. The mean range of bone densities of rats 74 days old to death fed 0.1%
dietary calcium was 0.39 to 0.66 x-ray equivalent grams of ivory/cm3of bone, whereas
that of rats fed 0.5% dietary calcium ad libitum was 0.73 to 0.91. With restricted
consumption, diets containing 0.3 and 0.5% calcium produced variable physiological
performance as a resultant of concomitant effects of growth, lactation and calcium

intake.

Uncertainty with respect to human cal-
cium requirements still exists (1) as well
as a concern for causes and early detec-
tion of bone rarefaction. Leitch and
Aitken (2) in a re-examination of calcium
requirements note the need for methods of
determining calcium status in addition to
balance techniques. Keane et al. (3) sug-
gest the desirability for a quantitative esti-
mate of the calcification of bones in patho-
logical studies. Walker (1) notes the pau-
city of knowledge concerning mineral mat-
ter per unit volume of bone, “... which
measurement reflects incidence and sever-
ity of osteoporosis.” Calcium status of the
rat as affected by calcium intake has been
determined by using balance experiments
and by measuring the processes of growth,
adult maintenance, and reproduction. The
present study uses bone density measure-
ments to determine calcium status during
these processes. It extends the work of
previous studies in this laboratory by re-
cording the effects of a continuous differ-
ence in calcium intake throughout the life
cycle of 2 generations of rats. The effects
of various biological phenomena on the
bone density of rats fed at different cal-
cium levels have implications for the cor-
responding processes in man. These ani-
mal studies are being used as guide lines
for concomitant studies on bone density
measurements as a criterion for calcium
status with human subjects.

J. Nutrition, 84: 64

literature review

Previous work by Williams et al. (4)
showed that in the growing rat the density

of the ninth caudal vertebra increased
with increased calcium intake. At all
levels of calcium intake, the animals

showed some increase of bone density with
age, but those receiving 0.1% dietary cal-
cium never achieved as high bone dens-
ities as those with higher calcium intakes.
In the case of adult rats, when stock diet
had been fed until maturity, there was no
regression of bone density on level of cal-
cium intake after being fed the experi-
mental diet for 9 months. However, a signif-
icant difference was found in the bone den-
sity of rats fed at the lowest calcium level
(0.1% ) and those fed at the higher levels.
With reduced requirements for adults, bone
densities were about the same for animals
fed at 0.3 and 0.5% calcium levels whether
the food was restricted or fed ad libitum.
However, differences in growth in favor
of those fed ad libitum were noted. This
study also noted that tall, heavy women
who had achieved a greater than usual
growth had lower than average bone den-
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sities suggesting an increased need for cal-
cium. In a study by Williams and Samson
(5), out of a total of 32 subjects, 4 unus-
ually tall, heavy ones similarly showed an
increased calcium need by lower than
average bone densities. Conversely, 5
short, light (e.g., 40-kg) subjects had
higher than average densities, suggesting
a reduced calcium requirement due to re-
tarded growth. For the remaining 22 sub-
jects of “normal” variation in size, bone
density increased with body weight. These
observations suggested the importance on
adult mineral status of the influence of
previous history, genetic or nutritional.

The validity and application of bone
density measurements for quantitative de-
termination of mineralization has been
studied by Schraer and associates (6, 7)
and by Melton.5 Vose (8) has enumer-
ated in vivo techniques other than x-ray
methods for the determination of mineral
status. Microradiography has been used
by Vose (9), Rowland et al. (10) and
Jowsey (11) toinvestigate bone changes in
aging and in osteoporosis. The hypothesis
advanced in 1948 by Albright and Reifen-
stein (12) that osteoporosis is caused by a
disturbance of the protein matrix of bone,
with calcium intake having little or no
importance, has discouraged research on
dietary causes. Their hypothesis has been
challenged by the recent radiocalcium
studies of Heaney (13), Heaney and
Whedon (14), Harrison and Fraser (15),
Harrison et al. (16) and by studies of hu-
man osteoporotics by Nordin (17, 18) who
reports improvement of 7 out of 9 patients
with increased calcium intake. Practical
difficulties of quantitative radiological as-
sessment of bone density on pathological
material have been pointed out by Mayo
(19) and by Doyle (20).

procedure

A preliminary experiment was con-
ducted. Rats of the Wistar strain were
fed diets of 0.1, 0.3 and 0.5% calcium
content when 29 to 31 days old. The diet
groups were designated as A(0.1%),
B(0.3%), C(0.5%) and D(0.5% ad lib-
itum). Four animals from the same litter
were distributed among the groups so that
average weights were equal. Group A was
fed ad libitum. The food intakes of groups

mason and bonnie b.

McDonald

B and C were restricted to the intake of
group A. Group D animals were fed ad
libitum.

The percentage composition of the diet
was: cornstarch, 60.5; casein, 18.0; vege-
table shortening, 8.0; brewer’s yeast, 7.5;
cod liver oil, 2.0; and salt mixture, 4.0.
The salt mixture was that of Oshorne and
Mendel (21) modified by the addition of
copper as CuSOi and by varying the CaC03
so that the diets would contain 0.1, 0.3 or
0.5% calcium when 4% of the mixture
was used. This mixture contributed 0.3%
phosphorus to the diet. All calcium anal-
yses were carried out by a modification of
the McCrudden method (22) and phos-
phorus by the AOAC (23) micro-method
modified for a photocolorimeter. A choice
had to be made between keeping the Ca-to-
P ratio the same and varying only the cal-
cium content with phosphorus at the mini-
mal adequate level. The latter was chosen.
The total phosphorus of the diet by analysis
was 0.39%. Distilled water was given ad
libitum.

Each dietary group contained 2 breed-
ing lots made up of 2 males and 3 females
each and one non-breeding lot made up of
4 males and 2 females each so that there
were 8 males and 8 females in each
group. Animals were housed individually.
At breeding time, the breeding lot was
housed in one cage. Females were re-
moved from the breeding cages when preg-
nancy was evident by increased body
weight. They were remated 2 weeks after
the death or weaning of young. Records
were kept of weight, food consumption,
age of mother at birth of first litter, num-
ber of young born, weight of young at
birth and at weaning, number of young
raised to weaning, reproductive span, and
pathological manifestations.  Autopsies
were performed at termination. The bod-
ies were analyzed for calcium.

Young of normal weight were bom
after 8 weeks on experiment but soon died.
The diet was not adequate for lactation.
In an attempt to improve lactation, fresh
pork liver was added to the diet at the
rate of 10 g/female/feeding, fed 3 times

5 Melton, A. W. M. 1957 A nutrition education
study with preschool children of low socio-economic
status families, involving medical nutrition observa-
tions and tests. Ph.D. Thesis, Texas Woman’s Uni-
versity, University Hill, Denton, Texas.
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weekly. This was shared with the males
when in the breeding cages. Young were
raised to weaning after the liver was added
to the diet. X-ray pictures of the ninth
caudal vertebra for bone density deter-
minations were made at the beginning, at
72, 114 and 213 days on experiment.
These determinations are referred to as
series 1, 2, 3 and 4. The theory and
method used for determining the bone
density index as x-ray equivalent grams of
ivory per cubic centimeter of bone is as
given by Williams and Mason (24), with
an ivory wedge6being used instead of the
alloy. Exposure conditions used were 50
kv, 10 to 12 ma, 0.75 seconds with a 91-cm
focal distance.

This experiment was terminated after
213 days with plans to redesign the basal
diet and to include pork liver from the
beginning. This preliminary study is
designated experiment 1.

When the experiment was redesigned,
each dietary group contained 2 breeding
lots and one non-breeding lot, as previ-
ously. The non-breeding lots were made
up of 6 females so that their bone density
might be compared with that of the
6 breeding females to study the effect of
lactation. An extra breeding lot was added
and designated group E. This group was
fed the 0.5% calcium diet ad libitum but
was not x-rayed in order to check the
effect on reproduction of the amount of
x-ray exposure used in the technique.
Breeding lots of the second generation
were made up from the first 2 litters,
from different mothers within the group,
which contained 2 males and 3 females
each. They continued to be fed the diets
of their parents.

The diet of experiment 1 was modified
by reducing the brewer’s yeast to 3.75%,
and by omitting the cod liver oil because
of possible destruction of vitamin E by
the unsaturated fish oil. Vitamins and
minerals were used in the amounts sug-
gested by Cuthbertson (25). Fifty per
cent of the vegetable shortening was re-
placed with cottonseed oil which carried
d-a-tocopheryl acetate and menadione.
Fresh pork liver was fed 3 times weekly
from the beginning at the rate of 6 g/male
and 10 g/female/feeding. Males and fe-
males had equal access to all the liver
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while in the breeding cages. The liver
increased the protein of the diet to ap-
proximately 25%. The calcium content
of the liver was negligible but it contrib-
uted phosphorus at approximately the
same level as the basal diet.

X-ray pictures were made at the begin-
ning, at 72, 114 and 213 days on experi-
ment and every 6 months thereafter until
death.

The redesigned experiment was desig-
nated 2P for parent animals and 2Y for
offspring.

In addition to the statistical analyses
for variability and significance of differ-
ences between means, the stepwise regres-
sion analysis program (STRAP) described
by Efroymson (26) was used so that the
order of importance and the degree of sig-
nificance of the independent variables on
the dependent variable in the regression
equation were printed out. In this way
the relative effects of such factors as the
level of dietary calcium and lactation on
bone density as well as on other parame-
ters were assessed during different stages
of the life cycle. STRAP also prints out
all possible correlations between the vari-
ables in the regression equations.

RESULTS AND DISCUSSION

The measurement of bone density as a
criterion of the effect of calcium intake
on various physiological functions was
studied throughout the life cycle of 2 gen-
erations of rats. The bone density index,
serving as an additional quantitative meas-
urement, was compared with the usual
ones for growth, reproduction including
lactation, longevity, and chemical analy-
sis. Data are presented in table 1 for bone
density measurements and body weights
at stated intervals for experiment 1 and
experiment 2 for parents and young.

Results obtained during the period of
growth confirmed those previously re-
ported from this laboratory. The exten-
sion of the study through a second gen-
eration indicates the usefulness of bone
density measurements in determining cal-
cium status in adult rats when other fac-
tors are duly considered.

Growth. By the time of x-ray series 5,
6, and 7 of the first generation in experi-

6A gift from P. B. Mack.
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Bone density 1and body weights of rats fed at various levels of calcium
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BONE DENSITY OF THE RAT DURING LIFE CYCLE

ment 2 some animals had died, approxi-
mately the same number in each group
but not corresponding to their distribution
from the same litters. Although the aver-
age values are, thus, not strictly compar-
able, they indicate clearly that there is a
calcium intake below which rats (group
A) consuming it continue to grow but not
as well as those fed the same amounts of
food containing more calcium (table 1
and fig. 1). Furthermore, their average
bone densities (table 1 and fig. 2) are
consistently lower throughout maturity
and at death than those receiving larger
amounts of dietary calcium. Fisher’s
t test indicates a highly significant differ-
ence (P<0.01) in bone density between
means for groups A and D animals
throughout life. The average bone den-
sities of group C animals are equal to or
greater than the corresponding ones for
group D with comparable standard devia-
tions, therefore it should follow that there
is a significant difference for average bone
densities between groups A and C.
Schraer et al. (27) report differences of
bone density at different levels of calcium
intake using the seventh caudal vertebra
and femur of the rat for measurement.
Breeding results. The second genera-
tion showed the most marked effects of
calcium deficiency by any test. Average
weights at weaning were lower for group
A young than for all other groups (table 2
and fig. 1). Group A rats were older than
those of the other groups when the first
litter was born, thus shortening their re-

productive span in contrast with the
others.
Group A offspring were stunted in

growth throughout life (table 1 and fig. 1).
They never reached their parents’ weight
at the same age as did the young of all
other groups. In fact, they weighed less
than one-half as much as their parents at
corresponding ages. Neither did they live
as long. Mortality was 50% by the time
of x-ray series 2. Only one rat in this
group lived to maturity (series 4 and 5).
This stunted mature rat achieved a high
bone density (fig. 2). This rat is a strik-
ing example of the adaptation of a young
animal to a deficiency of a nutrient (cal-
cium in this case) by failure to grow,
thereby reducing the requirement for the
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nutrient. Thus, for this mineral, a defi-
ciency for the function of skeletal growth
became a great sufficiency for the func-
tion of rigidity of support as evidenced by
a high bone density. Possible similar hu-
man examples have been referred to ear-
lier in this paper and also in a recent
publication by Williams et al. (28) on 9
underprivileged children.

Data in table 2 present the comparative
breeding performance of the different
groups in experiment 2P. The records
show that fertility could not be associated
with level of calcium intake of the animals
x-rayed. Group C rats produced very few
offspring. Group B rats produced the most.
In experiment 1 group C rats produced
about the same number as did groups B
and D. The number of young born to
each group was 21(A), 46(B), 41(C),
and 44(D) by time of termination of the
experiment. Termination of this experi-
ment was necessary because of failure of
lactation, not of fertility. The reason for
the poor breeding performance of the
group C females in experiment 2P is not
evident but the possible effects on bone
density may be noted.

The influence on bone density of sev-
eral concomitant physiological phenomena
is reflected when group C animals (0.5%
calcium diet restricted in intake) are com-
pared with those in group D (0.5% cal-
cium diet fed ad libitum). Group C ani-
mals exhibited retarded growth, produced
very few young, but maintained equal or
higher densities than rats in group D.
Thus, in using bone density as a criterion
for calcium status, other biological phe-
nomena must be considered if this meas-
urement is to be clinically useful.

Group E rats (based on results from
one breeding litter) produced a larger
number of young over a longer repro-
ductive span than group D animals. The
percentage raised and average weight at
weaning were less than for group D ani-
mals. Group B rats with the same
amount of x-radiation but fed a restricted
diet produced more young than group D
but less than group E. Group C rats of
experiment 2 were fed the same diet as
groups E and D but restricted, and pro-
duced very few young. The reason for
the differences in fertility of the various
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WEIGHT IN GRAMS

X-RAY SERIES

Fig. 1 Mean body weight versus age.

X-RAY SERIES

Fig. 2 Mean bone density versus age.
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TABLE 2
Breeding and longevity data for rats in experiment 2P

A
Grou %/t%t Litters Total young Aot i tlr\%
P diet ?ltter Born Raised by Weaning span span
% days no. no. no. % 9 9 days days
A 0.1 173 13 90 36 40 5.0 23.2 93 571
B 0.3 129 32 204 119 58 49 31.7 239 561
C 0.5 100 1 2 14 7 50 501 334 — 2 653
184 3 1 8 5 62 363 25.8 -2
D 0.5 107 21 153 7 57 5.0 323 162 661
ad lib.
E 0.5, 100 344 2384 1164 49 5.0 28.2 261 613
ad lib.,
non-x-ray
1Avera%e for 2 health I|tters
%'Qne il SIC
4Data for l breedlng lot multiplied by 2 for comparison.
TABLE 3

groups of rats, as previously stated, is not
clear, but the comparison of groups B and
E appears to indicate that the amount of
x-radiation given was not the predominat-
ing factor.

Longevity. The group A parents had
about the same average life span as ani-
mals in group B (table 2). Neither group
lived as long as those in groups C and D.
There was a marked difference in average
length of life between the offspring (exp.
2Y) of group A and those of groups B
and D (105, 645 and 585 days, respec-
tively) and between them and their par-
ents. Pathological findings at autopsy
could not be associated with calcium in-
take or with x-ray exposure. Respiratory,
kidney and liver involvement occurred
about equally in all groups.

Total body calcium at termination.
Table 3 shows results of calcium analyses
at death both as total calcium and as per-
centage of body weight. For animals in
experiments 1 and 2P, as calcium intake
increased the total amount of body cal-
cium increased. In terms of percentage
of body weight, the figures for all animals
in the A groups are lower than for those
in the same experiment at higher intake
levels. In groups B, C and D there is no
percentage difference in calcium content
at death since the marked loss of weight
which often occurs before death masks
the actual difference in total calcium
reserves.

Mean calcium content of body at death of rats

No. of Cai |
Group  “rais et TO b (?a
% p bc;]/&yovat
Experiment i
A 16 0.1 1.80 0.72
B 16 0.3 2.66 0.97
C 16 0.5 2.76 1.02
D 16 0.5 ad lib 3.07 1.04
Experiment 2P
A 16 0.1 2.35 1.08
B 16 0.3 3.05 1.36
C 16 0.5 3141 1.40
D 16 0.5 ad lib. 3.37 1.38
Experiment 2Y
A 10 0.1 0.39 0.55
B 10 0.3 3.39 1.22
D 10 0.5 ad lib. 3.35 1.44
or Ca is

aTgtaI Ca becomes 3.36, when bone tu
ercengaé;ee of Ca becomes 1.44 when bone
tumor a IS al

The results described regarding the ef-
fects of dietary calcium level on growth,
reproduction, calcium content of body and
longevity in rats are in agreement with
earlier works by Sherman (29) and co-
workers (30, 31). The data presented
indicate that the level of calcium intake
also has a significant effect on the density
of bone. A quantitative measurement of
bone density has been achieved in con-
trast with the qualitative visual compari-
son of relative depth of x-ray shadows
such as observed by Moore et al. (32).
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TABLE 4

Stepwise regression analysis with bone density the dependent variable

Experiment 1

Experiment 2P

X- ; No. of X-ray Independent No. of
Series Ineg able nt Fl cases RZ denich vaPlab(fe F cases R2
First entering variable 3
2 Ca intake 79.36 ** 64 0.56 2 Caintake 138.80 ** 64 0.69
3 Caintake 78.04 ** 64 0.56 3 Ca intake 105.30 ** 64 0.63
4 Ca intake 47.89 ** 64 0.44 4 Ca intake 56.99 ** 63 0.48
5 Ca intake 49.16 ** 47 0.52
6 Y raised 8.93 ** 32 0.23
7 sex 4 16.46 23 0.44
Second entering variable 3
2 Sex 1.29 64 0.57 2 mated vs.
unmated 1.10 64 0.72
3 Weight 7.67 ** 64 0.61 3 (Caintake) 2 5.96 * 64 0.66
4  (Caintake) 2 7.63 ** 63 0.54
5 Y raised 7.07 * 47 0.59
6 weight 5.50 * 32 0.35
7 Caintake 13.19 ** 23 0.66

1F |s the Flsher F statlstlc ag tabled in Snedecor.

2R |s the correlati r] sq

3Indicates order o

4 nce no youn
in t e regg ion equations.

Statistical interpretations. The step-
wise regression analysis program (table 4)
for experiments 1 and 2P, series 2 and 3,
shows calcium intake had the greatest
effect on bone density of any of the fac-
tors analyzed. Similarly, highly signifi-
cant (P<0.01) correlation coefficients
of bone density with calcium intake range
from 0.60 to 0.83 for the period through
the first 114 days of life. Although
throughout life, sex and body weight are
highly correlated (P<0.01) with each
other, sex and bone density show no cor-
relation. In other words, males with
larger skeletons normally have a larger
amount of calcium at their disposal than
females yet do not have more dense bones.
Moore et al. (32) reported in rats fed
adequate calcium throughout their rapid
growing period (125 days) no differences
in mean percentage ash between males
and females. When the diet was fed for
shorter periods, the percentage femur ash
content was higher in females than in
males, explained by the bone growth rate
of females. Thus, according to the au-
thors, in a competition between growth
and bone mineralization, in females
growth would exert a lesser force than in
males. The correlation values (r) for cal-

Were Palsed between series 6 and 7, the factor “sex” was entered in place of *Y raised”

cium intake on body weight (0.14 to 0.54
for exps. 1 and 2P, series 2 through 7)
are smaller and less frequently significant
than those for calcium intake on bone
density (0.36 to 0.83). Apparently bone
density is more drastically affected by the
level of calcium intake than is growth.
Thus in a competition for calcium during
development, the tendency for the skeleton
to grow is greater than the tendency to
acquire greater density or strength. The
bone density index becomes a more sensi-
tive criterion for calcium status than does
growth during this period.

During maturity (x-ray series 4 to 7)
the need for calcium was reduced mainly
to that required for maintenance and
reproduction. STRAP for parent rats,
experiment 2P, indicates that in early
maturity (series 4) the level of calcium
intake still exerted the most and highly
significant influence on bone density
which is also true for experiment 1. In
series 5, calcium intake still had the most
important influence on bone density but
the next entering variable, and a signifi-
cant one, is the effect of raising young
(or lactation). That young had been
raised appears as the most important fac-
tor in series 6. There was a significant
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(P<0.01) negative correlation between
the number of young raised and bone
density, and between the amount of cal-
cium in the body at death and young
raised (P < 0.05). Thus, the effect of lac-
tation on bone density was evident until

death, not just through the Ilactation
period. Statistical analysis thus gives an
objective indication that bone density

measuresment could serve effectively as
a criterion for the determination of cal-
cium status supplemental to the usual
methods.

These rat data indicate that a diet in-
adequate for all physiological functions
for calcium, including maintenance of
normal bone density, such as the 0.1%
calcium diet, is deficient. However, it re-
mains to demonstrate a similar quantita-
tive level for a deficient diet for man.
Bone density values for rats give evidence
that animals have remarkable powers to
adapt to adverse conditions. This is un-
doubtedly true for human beings as well.
Nordin (18) suggests that human adults
adapt to low calcium intake either by
increased absorption or by decreased elim-
ination of the mineral. Those who fail to
adapt eventually become osteoporotic.
Malm (33) has also produced evidence
that senile osteoporosis may be due to a
calcium deficiency. Detection of calcium
deficiency in rats by means of bone den-
sity measurement suggests its usefulness
for detection of a deficiency in humans
who fail to adapt to a low intake.

Bone density can be used to detect bone
rarefaction. Bone rarefaction is presumed
to be the result of disturbances in calcium
metabolism. These disturbances may be
a reflection of limited dietary intake, hor-
monal imbalance or immobilization. Us-
ing this tool, it is conceivable that experi-
ments could be designed to study the
effect of these different variables. As
improved methods of determining bone
density become available, selected seg-
ments of the human population can be
measured and the results might indicate
a revision of the recommended calcium
requirement. A low bone density means
bone rarefaction. A high bone density
would be positive evidence for lack of bone
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rarefaction representing an adequate in-
take for the individual. However, a high
bone density, achieved at the expense of
normal growth, lactation or other collat-
eral functions, cannot serve as a basis for
setting up calcium requirements for nor-
mal human beings. Bone density meas-
urements, properly interpreted in relation
to other manifestations, should be a use-
ful clinical and research tool for nutri-
tional and medical studies.
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The Magnitude and Significance of the
Protein Reserves in Rats Fed at

Various Levels of Nitrogen *
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ABSTRACT Rats were fed at various levels of casein or wheat gluten protein in a
semi-purified diet from the time of weaning, over a period of 28 days. Gain in body
weight and protein-to-DNA and RNA-to-DNA ratios in liver and muscle were deter-
mined at the end of the experimental period. Maximal body weight was obtained in
rats fed 15% of casein protein, whereas the highest intakes resulted in a slight de-
crease in growth rate. Liver size, protein-to-DNA and RNA-to-DNA ratios increased
with the quantity of casein consumed. The protein-to-DNA ratio in the muscles, how-
ever, increased to a maximum in animals fed 15% of casein protein in the diet and
decreased when greater amounts of protein were consumed. When animals were
pre-fed 9 or 70% of casein, the average survival time during starvation and protein
deprivation was S|gn|f|cantly less than that for animals fed 18% of casein. The ani-
mals pre-fed 40% of wheat gluten survived for a shorter time than the animals fed
9% of casein even though the 2 groups had gained an equal weight over the pre-
feeding time. The ability of the animal to resist the stress of food deprivation ap-
peared to be correlated with the magnitude of the protein-to-DNA ratio in the muscles.

Variations of the protein-to-DNA and
RNA-to-DNA ratios in several tissues as a
result of alteration of both the type and
quantity of dietary protein have been in-
vestigated by Allison et al. (1). These
ratios were raised in the liver and muscle
of young rats by either increased nitrogen
intake or nutritive value of the dietary
protein, or both. In the Kkidney, these
parameters increased with nitrogen intake,
but were essentially unaffected by the
quality of the dietary protein. In the brain,
however, both ratios were independent of
type and quantity of protein consumed
over the experimental period used. When
rats were fed sufficient casein or wheat
gluten to produce a gain of 50 g in body
weight over a 28-day experimental period,
the cellular proteins in both the liver and
muscle were greater in animals fed casein
than in those fed wheat gluten (3). The
magnitude of the cellular protein of liver
and muscle has been associated with the
“protein reserves” of the animal (2). The
reserves were defined as the body proteins
which can be reversibly depleted and re-
pleted by variation in nitrogen intake.

Banks et al. (3) observed that feeding
5 to 6 g of casein nitrogen (approximately

J. Nutrition, 84: ’64

15% protein in the diet) over a period of
28 days to young rats produced the max-
imal increase in the liver and muscle
protein-to-DNA ratios. When the casein
intake was increased to 12.0 g of nitrogen
(approximately 30% protein in the diet),
there was little change in the protein-to-
DNA ratio of either liver or muscle. It
was suggested that this plateau might be
related to maximal filling of the protein
reserves (7). Henry et al. (5), however,
reported that the liver-protein nitrogen
increased as rats were fed casein intakes
which varied from 2.0 to 8.0 g of nitro-
gen/kg of body weight/day (4 to 35 g of
nitrogen/28 days). These results suggest
that liver protein may continue to increase
when diets contain a large excess of nitro-
gen. There is a need to study the effect
of excess dietary nitrogen upon various
tissue proteins.

Samuels et al. (6) observed that rats
pre-fed 92% lactalbumin did not survive
starvation as well as animals fed 20% of
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this protein. Halac (7) reported that 20%
casein in the diet gave maximal growth
and survival to nitrogen deprivation and
that feeding a diet containing 45% did not
improve either measurement. In another
experiment, Halac (8) observed that rats
fed a diet containing 70% casein were not
able to withstand stress as well as those
fed 20% of this protein in the diet.

In the present study, the response of the
protein and RNA in liver and skeletal mus-
cle was investigated when rats were fed
within a wide range of levels of casein or
wheat gluten in the diet. The rats which
had been pre-fed the various protein diets
were fed a starvation or protein-free diet
and mean survival rates were estimated.

METHODS

Experiment A. Groups of 10 male
weanling Wistar rats were fed diets con-
taining various concentrations of casein or
wheat gluten protein. These diets were
prepared in an agar gel base (table 1) and
fed ad libitum. Water was also supplied
ad libitum. Daily food consumption and
weekly body weight changes were recorded.

After 28 days, the animals were killed
and samples were taken of the gastrocne-
mius muscle and liver. A 2.0-g sample of

ALLISON, WANNEMACHER, BANKS AND WUNNER

the liver was homogenized in 10.0 ml of a
0.35 m sucrose solution buffered with bi-
carbonate to a pH of 7.4. Weighed sam-
ples of the muscle were homogenized in
5.0 ml of the sucrose buffer. Ribonucleic
acid (RNA) and deoxyribonucleic acid
(DNA) were determined using a modifica-
tion of the ultra-violet absorption tech-
nigques suggested by Hutchison and Munro
(9). Total protein was estimated by the
buiret method of Layne (10) on the alka-
line hydrolysate of an acid-insoluble pre-
cipitate of the homogenate from which the
lipid had been extracted.

Experiment B. Groups of male wean-
ling Wistar rats were fed diets containing
40% of wheat gluten, 9, 18, or 70% of
casein. These diets were prepared in an
agar gel base (table 1) and fed ad libitum
for 28 days. Daily food consumption and
weekly body weight changes were recorded.

After 28 days, animals fed at various
protein levels were divided into 2 groups
of 10 rats each. For each protein dietary
level one group was deprived of food, and
the other group was fed a protein-free diet.
The time of death was recorded for each
animal, and the mean survival time was
calculated for each dietary group.

TABLE 1
Basal agar gel dietl

9

Protein 2 180
Sucrose 134
Dextrose 212
Dextrin 140
Lard 231
Salt mixture 3 40
Agar 33
Cod liver oail 20
a-Tocopherol4 10

1000
Water 1400

2400

1The water, lard and agar were heated until the solid material had melted.

added to dry |ngred|ents and mixed.
was still fluid.

m g/1000 g

dry diet
thiamine 10
riboflavin 20
pyridoxine 10
menadione 15
niacin 80
pantothenic acid 80
inositol 200
folic acid 0.5
biotin 0.5
p-aminobenzoic acid 80.0
choline 2000.0
ascorbic acid 20
units/1000 g
dry diet
vitamin A 40,000
vitamin D 4,000

This solution was

The vitamins were added when this mixture had cooled but

2The protein contené of the diet can be varied by isocaloric replacement of the protein with

sucrose and dextrose (3).
3Wesson, L. G. 1932

A modification
inorganic constituents. 339.

Science, 75:

*100 mg in 10 g hydrogenated cottonseed oil (Crisco,

of the

Osborne-Mendel salt mixture

containing only

Procter and Gamble, Cincinnati).
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RESULTS AND DISCUSSION

Feeding the diet containing 15% casein
protein (N X 6.25) to young rats produced
maximal gain in body weight (fig. 1).
There was an equal or slightly lower gain in
body weight in rats fed higher percentages
of casein. This optimal casein diet (15% )
supplied 13% of the calories in the form
of protein calories. As the dietary wheat
gluten protein (N x 5.7) was increased
from zero to 38% of the diet, there was a
linear increase in body weight gain over
28 days. At the high wheat gluten intake,
the rats did not reach the maximal growth
observed in animals fed casein. In these ex-
periments, the commercial source of wheat
gluten contained only 54.8% protein (N x
5.7). To keep the diet isocaloric and at a
4% salt level, it was technically impos-
sible to make a diet which contained more
than 38% wheat gluten protein. It might
have been possible to produce maximal

Fig. 1 Gain in body weight over 28 days, ni-
trogen intake in grams of nitrogen per kilogram
of body weight per day and caloric intake in kilo-
calories per kilogram of body weight per day
plotted against the percentage of protein in the
diet. Open circles indicate casein-fed rats and
solid circles, wheat gluten-fed animals. Each
point is the mean of 10 animals.
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growth by feeding a wheat gluten diet if
the intake had been increased.

As the percentage of dietary casein or
wheat gluten was increased (fig. 1), there
was a linear elevation in nitrogen intake
(g/kg/day). Although the animals on the
low protein intakes ate less food, the caloric
intake per kilogram of body weight per
day was slightly higher in these animals
than in those fed the diets which contained
high percentages of protein. In these ex-
periments, the over-all caloric intake of the
weanling rats was approximately 400 kcal/
kg/day.

The data in figure 2 demonstrate that
2.5 to 2.8 g of casein nitrogen/kg of body
weight/day were necessary to result in
maximal growth of these rats. As the ca-
sein intake was increased from 3.0to 7.5 g
of nitrogen/kg/day, there was a definite
decrease in body weight. When Holt et al.
(11) fed a diet containing 70% casein to

Fig. 2 Gain in body weight over 28 days and
liver weight in grams plotted against nitrogen in-
takes in grams of nitrogen per kilogram per day.
Open circles indicate casein-fed rats and solid
circles, wheat gluten-fed animals. Each point is
the mean of 10 animals. (+) Represents a gain
of 50 g in body weight. (x ) Represents the ni-
trogen intake which produced maximal gain in
body weight.
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rats, they observed a marked decrease in
growth rate when compared with rats fed
a diet containing 20% casein (approxi-
mately 3.0 g N/kg/day).

At a casein intake of 0.5 g of nitrogen/
kg/day, the weanling rats were just able
to maintain body weight. Thus, this
amount of nitrogen may be required for
maintenance, and an additional 0.7 g of
casein nitrogen/kg/day to gain 50 g in
body weight (( +), fig. 2) over the 28-day
experimental period. When wheat gluten
was utilized as a source of dietary protein,
1.1 g of nitrogen/kg/day was needed for
maintenance, and an additional 2.4 g of
nitrogen/kg/day had to be supplied to pro-
duce a 50-g gain in body weight over the
28-day period. Thus, approximately twice
as much wheat gluten nitrogen as casein
was needed to maintain the body weight in
weanling rats, whereas nearly 3 times as
much wheat gluten was utilized to produce
a 50-g gain in body weight.

With increased intakes of casein or
wheat gluten nitrogen, there was a curvi-
linear increase in liver weight (fig. 2).
This increase in liver weight was corre-
lated with elevated cellular RNA-to-DNA
and protein-to-DNA ratios (fig. 3). Simi-
larly, Halac (8) noted a larger liver in
rats fed 70% casein when compared with
those fed 20% casein in the diet. Henry
et al. (5) also reported that increasing ca-
sein nitrogen from 2.0 to 8.0 g/kg/day,
resulted in a corresponding increase in
liver nitrogen content. From these data, it
appears that the liver continues to store
protein even at high dietary intakes, and
which is in excess of that needed for maxi-
mal growth. It is possible that this storage
of nitrogen at high levels of protein intake
might be due in part to the higher levels
of enzymes required to metabolize large
amounts of amino acids.

The protein-to-DNA and RNA-to-DNA
ratios of the muscle (fig. 3) rose sharply
with increased casein intake and reached
a maximum at a protein intake of 2.5 to
3.0 g of nitrogen/kg/day, whereupon a
sharp decrease in this value was observed
when higher intakes of casein were con-
sumed. This optimal muscle cellular pro-
tein occurred at a casein intake which cor-
responded to maximal body weight gain.
In the rats fed wheat gluten, the protein-

ALLISON, WANNEMACHEH,
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Fig. 3 Liver and muscle RNA-to-DNA and
protein-to-DNA ratios plotted against nitrogen in-
take in grams of nitrogen per kilogram per day.
Open circles indicate casein-fed rats and solid
circles, wheat gluten-fed animals. Each point is
the mean of 10 animals. (+ ) Represents a gain
of 50 g in body weight. (X) Represents the
nitrogen intake which produced maximal gain in
body weight.

to-DNA and RNA-to-DNA ratios continued
to slowly increase at all nitrogen intakes
studied but never reached a maximal
level observed in the animals fed casein.
When rats maintained with the 2 protein
sources were compared on the basis of
equal body weight gain of 50 g/28 days
((+) fig. 3), the liver and muscle cellular
protein and RNA content were higher in
the animals fed casein when compared
with the groups fed wheat gluten. This
higher cellular protein in the liver and
muscles of the rats fed casin suggests a
larger protein reserve which could be
drawn upon during starvation by these
animals. To test this hypothesis, rats,
which had been pre-fed the diets for 28
days, were placed on a starvation or pro-
tein-deprivation regimen. Under these
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stresses, the animals fed wheat gluten had
a significantly lower (P > 0.01) mean sur-
vival time than did the equal weight rats
fed casein (table 2). Although both pro-
tein sources promoted equal gain in weight,
the animals fed wheat gluten, with lower
tissue proteins, had decreased ability to
withstand the nutritional stresses of star-
vation or protein deprivation.

If rats were fed 1.3 g of casein nitro-
gen/kg/day (50-g gain in body weight),
they had a lower muscle and liver cellular
protein and RNA content than those which
ingested 2.24 g casein nitrogen/kg/day
((x) fig. 3). In this latter group, the
higher tissue proteins could be correlated
with an increased ability to withstand
the stresses of starvation or protein depri-
vation (table 2). These results are in
argeement with those of Halac (7), who
observed that increasing casein from 5 to
20% of the diet, resulted in a correspond-
ing increase in resistance of the rats to the
stress of nitrogen deprivation.

When rats were fed very high intakes
of casein (7.90 g N/kg/day), there was a
decrease in growth rate, in muscle pro-
tein and an increase in liver size and cellu-
lar protein content when compared with
the animals fed 2.24 g nitrogen/kg/day.
Similarly, rats injected with adrenal cor-
ticoids demonstrated an increased liver
protein-to-DNA ratio and a decreased mus-
cle protein content and growth rate (12).
Thus, the high intakes of casein protein
may have stimulated an adrenal stress
response in these animals. Rats fed the
high intake of casein did not survive the
stresses of starvation or nitrogen depriva-
tion as well as the animals fed the lower
intake which was optimal for growth
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(table 2). Samuels et al. (6) and Halac
(8) also reported that rats fed high in-
takes of casein or lactalbumin did not sur-
vive stress as well as those fed a 20%
protein diet.

These data demonstrate a correlation
between the cellular protein content of
the muscle tissue and the ability of the
animal to survive the stresses of starvation
or protein deprivation. It is possible that
the muscle, because of its large mass, is
the major source of protein reserve in the
body. There is an optimal filling of the
muscle protein, and feeding a large excess
of nitrogen could result in a stress re-
sponse in the animals. Feeding excess ni-
trogen above the amount necessary to pro-
duce maximal formation of tissue pro-
teins could be wasteful. Some of these
tissue proteins, called reserves, can be
reversibly depleted and repleted, thereby
contributing to the amino acid pool of the
body during nutritional and other stresses.
These reserves may be represented by as
much as 20% of body nitrogen (2). They
are components of the tissues such as en-
zyme systems and need not be considered
excess or stored proteins for the sole pur-
pose of supplying amino acids. The data
presented in this paper, however, suggest
that filling the cellular proteins maximally
in the liver may not represent optimal nu-
trition for muscle tissues. More informa-
tion is needed concerning the relationship
between maximal cellular proteins and
optimal nutrition.
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TABLE 2

Mean survival rate of weanling rats fed either casein or wheat gluten protein for 28 days
and then starved or fed a protein-free diet (PFD)

Dieta Protein Gajn in
protel in diet body wt
% 9
Wheat gluten 40 49
Casein 9 51
Casein 18 137
Casein 70 105

lse of mean.

Mean survival rate

Nitrogen
intake Starved proteFﬁd-free
diet
g/kg/day
3.70 59+ 081 43+6
1.30 8.9+ 1.2 65+ 6
2.24 13.6*0.9 904
7.90 8.9+1.2 75+ 10
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Metabolic Patterns in Preadolescent Children

XI. RESPONSE OF VITAMIN A AND CAROTENE SERUM LEVELS
TO DIETARY PROTEIN AND VITAMIN A %
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ABSTRACT Thirty-six preadolescent girls were studied under controlled experi-
mental conditions in which amount and source of dietary protein varied. The protein
intake ranged from 0.6 to 3 g/kg and the protein from plant sources varied from
25 to 100% of the total protein intake. The effect of age, weight, and amount and
source of dietary protein and vitamin A on the vitamin A and carotene serum levels
was evaluated. All of the factors studied accounted for 61% of the variation in serum
vitamin A and 78% of the variation in serum carotene. Although there was no con-
clusive evidence that the vitamin A and carotene serum levels were influenced by the
levels of protein fed in these diets, each serum level was related to a particular source
of protein. Specifically, serum vitamin A was associated with plant protein, whereas
serum carotene was associated with animal protein. The single factor accounting for
the greatest amount of variation in serum vitamin A was serum carotene. There was
no significant difference in either serum level between groups receiving 22 and 40 g of

plant protein/day.

The primary dietary factors influencing
vitamin A and carotene serum concentra-
tions in humans are the amount and
source of vitamin A and protein. The 2
serum levels do not exhibit the same re-
sponse to dietary vitamin A intake. Caro-
tene serum levels reflect the daily intake
of carotene, whereas vitamin A serum
levels normally exhibit random variation
and remain relatively stable regardless of
daily dietary fluctuations (1-6). Serum
levels of both constituents have been ob-
served to rise as the quantity and quality
of dietary protein increased (7-9).

Information concerning vitamin A and
carotene serum levels of children have
been obtained primarily from dietary sur-
veys made under normal and deficient
conditions. The present study evaluates
vitamin A and carotene serum levels of
preadolescent girls under controlled experi-
mental conditions. Results of the influence
of certain physical and dietary factors on
the vitamin A and carotene serum levels
of the subjects will be reported.2

EXPERIMENTAL PROCEDURES

A total of 37 normal girls, ranging in age
from seven to ten, participated in metabolic
studies conducted in the summers of 1956,

J. Nutrition, 84: ’64

1958 and 1962 at Virginia Polytechnic In-
stitute. They received controlled diets in
which the principle variables were level
or source of dietary protein, or both.
Dietary vitamin A was supplied from the
normal food intake so that no supplementa-
tion was necessary. The intakes of pro-
tein and vitamin A from various sources
are shown in table 1. The other nutrients
were relatively constant within each year
and were based on the recommended
levels for this age group (10, 11). The
experimental designs and chemical and
statistical procedures are summarized be-
low; a detailed description of the experi-
ments is given elsewhere (12, 13).

1 Experimental designs and dietary de-

scriptions (table 1). 1956: The 12 sub-
jects were divided into 2 groups on the
basis of body weight; the mean weight of
the lighter group was 25.5 kg, and that of

Received for publication June 29, 1964.

1This study was a phase of the Southern Regional
Research Project, S-28, Requirements and Utilization
of Selected Nutrients by Preadolescent Children, sup-
ported in part by funds appropriated to the U.S.
Department of Agriculture under the Research and
M arketing Act of 1946 and the Hatch Act, as amended.
The Human Nutrition Division of the Agricultural
Research Service was a cooperator in this project.

2Some of the data presented herein are taken from
theses submitted by Hei Soo Rhee and Sarah T.
Ehrlich to the Graduate School of Louisiana State
University for the degree of Master of Science.
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the heavier group was 31.6 kg. Three of
the subjects in each weight group received
2 g of protein/kg of body weight (diets 2
and 4) and the other 3 subjects in each
group received 3 g of protein/kg of weight
(diets 3 and 5). Each subject received an
average of 76 kcal/kg of weight during the
sixteen 4-day experimental periods.

1958. For five 6-day periods the sub-
jects received 22 g of protein and 2178
kcal (diet 8). During the last periods the
subjects received 18 g of protein and 2235
kcal (diet 8')-

1962. Two levels of plant protein were
fed to the subjects for six 6-day periods;
one group of six received 22 g of plant
protein (diet 9) and the other group of
six received approximately 40 g of plant
protein (diet 11). The levels of riboflavin
and niacin for the 2 groups were not con-
stant and evaluation of the vitamin A and
carotene serum levels was made consider-
ing these differences.

2. Chemical. Blood samples were ob-
tained primarily by finger puncture from
the subjects at the beginning of every
period (except periods 4 and 6 in 1962).
The serum samples were frozen and later
analyzed by the micromethod of Bessey
et al. (14), to determine their vitamin A
and carotene content.

3. Statistical. Data from all the ex-
perimental periods in 1956 and 1962 were
evaluated statistically using analysis of
variance to test for significant differences
between experimental treatments (15).
Data from the final periods of 1956, 1958
and 1962 were compiled and analyzed

FARTHING AND DOROTHY S. MOSCHETTE

using multiple regression to evaluate the
influence of certain physical and dietary
factors on the vitamin A and carotene
serum levels. Means, standard deviations
and correlation coefficients for vitamin A
and carotene serum levels from all experi-
mental periods are shown in table 2.

RESULTS AND DISCUSSION

1956 Analysis of variance. Vitamin A.
The serum vitamin A levels of the girls
consuming the high and low protein diets
did not differ significantly. This indicates
that either: 1) the vitamin A serum levels
were not influenced by the protein intake,
or that 2) both diets supplied adequate
amounts of protein for vitamin A metab-
olism. Differences in serum vitamin A
between periods were significant (P <
0.01) due to lower vitamin A serum levels
in several periods followed by increasing
levels. Since the vitamin A serum levels
between groups receiving different levels
of protein were not significantly different,
the period effect may have been due to a
general improvement in dietary or physi-
cal conditions, or both, of all of the sub-
jects due to the experimental regimen.

Although neither weight group exhib-
ited any definite trend in serum vitamin
A levels, the interaction between body
weight and period was significant (P <
0.01). This was due to inconsistent differ-
ences in serum vitamin A levels between
periods for the 2 weight groups.

Carotene. The group receiving 3 g of
protein/kg of weight had increasingly
higher serum carotene levels throughout

TABLE 1

Descriptions and mean protein and vitamin A

intakes for the various experimental groups

Protein intake Vitamin Aintake

Year Description Dietl No. of = Mean
P no. subjects WU Tqga| plant Animal Total Plant Animal
kg gN  gN gN 1u 1U U
1956 Light wt, 2 g protein/kg 2 3 24 77 23 54 3594 2039 1555
Light wt, 3 g protein/kg 3 3 27 116 26 9.0 3441 1603 1838
Heavy wt, 2 g protein/kg 4 3 31 94 26 6.7 3557 1538 2019
Heavy wt, 3 g protein/kg 5 3 33 141 27 114 3613 1451 2150
1958 Periods 1-5, 0.8 g protein/kg 8 13 28 35 17 18 3687 2795 892
Periods 6-8, 0.6 g protein/kg 8' 132 29 29 18 12 3505 2795 710
1962 0.8 g Protein/kg 9 6 27 35 35 0 3926 3926 0
1.4 g Protein/kg 1 6 29 63 63 0 3220 3220 0
Chllfairg% numbers which are omitted were concerned with other aspects of Metabolic Studies in Preadolescent

2These same subjects consumed diet 8.
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the experiment than the subjects receiving
2 g of protein/kg of weight (fig. 1). How-
ever, the difference between these 2 groups
was not statistically significant because of
the large amount of variation between
subjects. On the basis of weight group-
ings, the light subjects had significantly
higher serum carotene levels (P < 0.05)
than did the heavy subjects (fig. 2). The
large amount of individual variation be-
tween subjects probably masked the treat-
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ment effects even though definite trends
for weight and protein groups were ap-
parent.

1962 Analysis of variance. The vitamin
A serum levels of the subjects in the 2
protein groups were not significantly dif-
ferent. The vitamin A serum levels of
each subject tended to remain the same
throughout the experiment. These results
are not unexpected since vitamin A serum
levels fluctuate only slightly under normal

TABLE 2

Means, standard deviations, and correlation coefficients (r) for serum vitamin A
and serum carotene for all experimental groups

Year Experimental description I%E)e.t
1956
Light wt, 2 g protein/kg 2
Light wt, 3 g protein/kg 3
Heavy wt, 2 g protein/kg 4
Heavy wt, 3 g protein/kg 5
1958
Periods 1-5, 0.8 g protein/kg 8
Periods 6-8, 0.6 g protein/kg 8'
1962
0.8 g Plant protein/kg 9
1.4 g Plant protein/kg 1
All years

* Significant at the 5% level of probability.
** Significant at the 1% level of probalility.

Serl Serum

vitamin A carotene r value
nfj/100 ml Lg/100 m1
505+ 9.9 180.0+£44.2 0.32**
458+ 7.7 181.9+ 54.9 0.42**
52.7+ 7.3 213.8+39.3 0.48**
53.9+14.4 146.8 £26.4 0.70**
499+ 6.2 179.3+21.7 0.37*
273+ 76 107.6+£22.5 0.71**
29.0+ 7.8 112.3+23.7 0.68**
240+ 6.6 100.2+ 184 0.71**
36.2+ 8.6 112.3+24.6 0.21
36.0+ 6.6 101.4+21.7 0.14
36.3+10.3 123.2+22.7 0.28
40.7+ 13.8 146.1 £50.3 0.69**

Fig. 1 Serum carotene concentrations of subjects receiving 2 levels of protein in 1956.
Each point represents the mean serum level of 6 subjects.
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conditions. Apparently preadolescent girls,
as well as adults, maintain stable vitamin
A serum levels except for random varia-
tion. There is no indication that the re-
spective levels of protein, riboflavin, and
niacin affected the vitamin A serum levels
of the 2 groups.

Carotene serum levels between the 2
groups of subjects were not significantly
different. However, there was a significant

2407r-
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0

R>200

>
180

2 160
140 ®
2 120

100
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interaction between protein level and
period. This was the result of the large
initial differences between the serum
levels of the 2 groups which decreased as
the experiment progressed. The results
indicate that the dietary conditions of each
group influenced carotene serum levels so
that the 2 groups became more similar as
the experiment progressed (fig. 3). The
carotene intake on the plant protein diets

-------- LIGHT WEIGHT SUBJECTS
-—--—-—- HEAVY WEIGHT SUBJECTS

8 10 12 14

PERIOD (4 DAYS)

Fig. 2 Serum carotene levels of light- and heavy-weight subjects in 1956. Each point
represents the mean serum level of 6 subjects.

PERIOD (6 DAYS)

Fig. 3

Mean carotene serum levels of 6 subj

ects recelvmg 22 g of plant protein/day

and of 6 subjects receiving 40 g of plant proteln/éay in
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was essentially the same; therefore, the
converging carotene serum levels reflect
the similar dietary intake of carotene by
the two groups.

REGRESSION ANALYSIS

Multiple regression was used to evaluate
the influence of certain physical and die-
tary factors on vitamin A and carotene
serum levels. These factors were age,
weight, source and amount of dietary pro-
tein, and source and amount of dietary
vitamin A. The analysis consisted of 2
phases: 1) investigation of all variables
with successive deletion of the independ-
ent variable having the least effect on the
dependent variable, and 2) regression of
the dependent variable on independent
variables of special nutritional interest.
The R2values for all combinations tested
were significant (P < 0.01). Table 3 sum-
marizes the factors having the greatest
influence on the 2 serum levels.

1) Effect of all variables.
factors considered accounted for 61% of
the variation in serum vitamin A and 78%
of the variation in serum carotene. These
factors accounted for a greater amount of
the variation in serum carotene than in
serum vitamin A, thus indicating that
serum carotene levels reflect immediate
dietary intake to a greater extent than do
serum vitamin A levels.

Results of this analysis indicate that the
2 factors which have the most influence
on serum vitamin A are serum carotene
and plant protein intake (R2= 0.56). Like-

TABLE 3

Factors accounting for the greatest amount of
variation in vitamin A and carotene
serum levels

IngeRenrent DeRsngr™ R

1 Serum carotene serum vitamin A 0.56
Plant protein intake

2 Serum vitamin A serum carotene 0.72
Animal protein intake

3 Protein intake serum vitamin A 0.45
Vitamin A intake

4 Weight serum vitamin A 0.43
Protein intake

5 Weight serum carotene 0.70
Protein intake

6 Weight serum carotene 0.63

Animal protein intake

**AIII_ R2 values are significant at the 1% level of
probability.
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wise, the 2 best predictors of serum car-
otene are serum vitamin A and animal
protein intake (R2= 0.72). These results
substantiate theories concerning the rela-
tionship between the 2 serum levels (1,6)
and between the serum levels and protein
intake (8, 9). They also indicate that a
specific source of protein is associated
with each serum level.

The single factor which affected serum
vitamin A levels most was serum carotene
concentration (r2= 0.47). This supports
the theory that an increase in serum car-
otene levels is accompanied by an in-
creased serum vitamin A level. The one
variable affecting serum carotene most
was animal protein intake (r2= 0.57).

2) Combinations of special nutritional
interest.  Since the results of the above
analysis did not provide a complete pic-
ture of some of the important nutritional
interrelationships, selected combinations
of dietary and physical factors were ana-

All of thelyzed. These relationships are believed to

be functional, especially those which in-
clude protein components. All combina-
tions of independent variables tested pro-
duced highly significant R2 values (P <
0.01) when either serum vitamin A or
serum carotene was used as the dependent
variable.

Serum vitamin A was found to be sig-
nificantly influenced by total protein and
total vitamin A intakes (R2= 0.45). This
reinforces previous observations that vita-
min A serum levels are proportionately
related to dietary intakes of protein and
vitamin A (1,4, 8,9). A second relation-
ship indicated that protein given on the
basis of body weight influenced vitamin A
serum levels (R2= 0.43). None of the
combinations tested accounted for more

than 50% of the variation in serum
vitamin A levels indicating that there
are other factors which affect serum
vitamin A.

Serum carotene levels reflected the in-
fluence of dietary protein intake more than
did serum vitamin A levels. This is illus-
trated by the fact that R2values between
the independent variables and serum car-
otene are much greater than the corre-
sponding values for serum vitamin A
levels (table 3). Previous observations
have shown that serum carotene levels
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were affected by protein intake (16) and
possibly by protein intake per kilogram of
body weight. Results from these experi-
ments indicated that this relationship be-
tween protein intake based on body weight
and serum carotene levels existed in these
experiments (R2= 0.70). In addition, se-
rum carotene levels were found to be spe-
cifically related to animal protein intake
per kilogram of body weight (R2= 0.63).

The above data obtained from healthy
children under controlled experimental
conditions indicated that 1) serum car-
otene is influenced more by dietary factors
than is serum vitamin A; 2) factors other
than age, weight, protein intake and vita-
min A intake affect serum vitamin A lev-
els; 3) there is a high positive relationship
between serum vitamin A and serum car-
otene; 4) serum vitamin A is more
influenced by protein intake from plant
sources, whereas serum carotene is in-
fluenced by protein intake from animal
sources; and 5) the various amounts of
protein fed did not influence serum vita-
min A or serum carotene.
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A Further Study of the Specificity of the Vitamin E

Requirement for Reproduction
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ABSTRACT

A study was carried out to determine whether the ability of certain

synthetic antioxidants to substitute for vitamin E in the diet of the female rat is due
to a conservation of tocopherols in the diet or tissues, or to a direct substitution for
the vitamin in its metabolic role. A highly purified basal diet was devised which was
demonstrably free of vitamin E. When this diet was fed to rats of proven sterility,
supplementation with the antioxidant DPPD (but not ethoxyquin) was observed to
restore reproductivity. Under the conditions used, 0.75 mg of DPPD daily was more
effective in this respect than 5 mg of di-a-tocopheryl acetate. The results support the
conclusion that DPPD is capable of direct metabolic substitution for tocopherols in
metabolism, and that the function of vitamin E is entirely associated with its anti-

oxidant properties.

Numerous experiments, both in vivo and
in vitro, have been conducted in recent
years in attempts to elucidate the biological
function of vitamin E. The observation of
Dam and co-workers (1, 2) that part of
the vitamin E required by the rat and chick
can be replaced by methylene blue has
stimulated many additional experiments
on the ability of various antioxidants to
substitute for tocopherols in the preven-
tion of specific deficiency diseases. As a
result, it is generally agreed that a prime
function of vitamin E in vivo is to serve as
a lipid antioxidant, the presence of which
is necessary for stabilization of various
easily oxidizable components of the cells,
notably the lipoprotein moieties of the cell
wall and particulate membranes. This
role also can be assumed by certain struc-
turally unrelated synthetic antioxidants, of
which N,N'-diphenyl-p-phenylenediamine
(DPPD) and I,2-dihydro-6-ethoxy-2,2,4-
trimethyl-quinoline (ethoxyquin) * appear
to be the most effective.

Whether the biological role of vitamin E
resides entirely in its antioxidant prop-
erties, or whether it also has some addi-
tional (presumably coenzymatic) function
is a subject of current controversy. Nason
and associates (3) have recently revived
the proposal that vitamin E is a co-factor
in the DPNH-cytochrome ¢ reductase of
bovine heart muscle, and Martius and
Fiirer (4) have reported the isolation of a

J. Nutrition, 84: ’64

proposed “active form” of the vitamin from
rabbit liver. Conversely, by feeding vita-
min E-deficient diets to various species of
animals it has been shown that DPPD is
capable of preventing all of the classical
tocopherol deficiency diseases, including
resorption gestation (5), muscular dys-
trophy (6) and encephalomalacia (7). In
addition, the major biochemical lesions
associated with vitamin E deficiency can
be prevented or alleviated by administra-
tion of this antioxidant. It cannot be
proved by preventive experiments, how-
ever, whether the ability of an antioxidant
to substitute for vitamin E in the diet is
due to direct functional displacement in
metabolism or to conservation of the vita-
min in the tissues. In support of the
former concept, DPPD has been shown to
possess curative as well as preventive ac-
tivity with respect to sterility (5) and dys-
trophy (6). A further consideration is the
difficult technical problem of devising ex-
perimental diets composed of natural ma-
terials which are completely devoid of vita-
min E yet adequate in all other respects.
It has been contended (8, 9) that the
basal diets used in some of the aforemen-
tioned antioxidant experiments contained
small amounts of tocopherols which may
have been sufficient, in the presence of

Received for publication June 10, 1964.

1 Santoquin, Monsanto Chemical Company, St
Louis.
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DPPD, to satisfy the requirement for some
specific non-antioxidant function.

Two conditions are essential in an ex-
perimental approach to the question of the
nutritional indispensability of vitamin E.
First, it must be unequivocally established
that the basal diet used is completely free
of tocopherols. Second, a curative proce-
dure must be used, since a response to anti-
oxidant administration in grossly deficient
animals fed a vitamin E-free diet cannot
be attributed to a conservation of tocoph-
erol in the tissues. In the experiments
described here, when these conditions were
observed, DPPD was at least as effective as
a-tocopherol in reversing sterility in female
rats.

EXPERIMENTAL

Animals. The experimental animals
were 90 weanling female rats of the
Sprague-Dawley strain. In a preliminary
experiment they were depleted of tocoph-
erols by feeding a vitamin E-deficient
diet and shown to be sterile by mating with
normal males. They were subsequently
remated and maintained throughout a re-
generation cycle with a highly purified diet
which was shown to be devoid of tocoph-
erols. The curative effect of a-tocopherol,
DPPD or ethoxyquin was determined in
the second cycle.

Diet A (depletion cycle). The composi-
tion of this diet is shown in table 1. Wean-
ling rats were maintained on this regimen
for 44 days, at which age they weighed
200 g, and then were caged with normal
males for a 5-day period. In the course of
the ensuing reproductive cycle the females
were observed to be uniformly sterile. They

TABLE 1
Composition of diet A
%

Glucose monohydrate 1 65.4
Casein, vitamin-free 2 20.0
Com oil (molecular-distilled) 3 10.0
Salts 4164 4 4.0
Vitamin premix in glucose monohydrate 4 0.5
Choline chloride 0.1

100.0

1Cereiose, Corn Products Company, Argo, Illinois.

2“Vitamin-free” Casein, General
Corporation, Chagrin Falls, Ohio.

3Distillation Products Industries,
York.

4 See Experimental section for composition. Vita-
mins A and D were added at levels of 25 and 2 IU/g
of diet, respectively.
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TABLE 2

Composition of diet B 1

Sucrose, ether-extracted 71.8
Synthetic amino acids 18.6
Glycerol 5.0
Salts 4164 2 4.0
Vitamin premix (in extracted sucrose) 0.5
Choline chloride 0.1

100.0

1Each rat received 60 mg ethyl linoleate per os
daily containing 100 /ig crystalline vitamin A acetate.
Vitamin D was given orally in two 100 IU doses at
the beginning of the regeneration cycle. For compo-
sition of amino acid and vitamin mixtures see EX-
perimental section.

2See Experimental section for composition.

were subsequently remated and shifted to
diet B.

Diet B (curative cycle). The gross com-
position of this diet is outlined in table 2,
and the details of its formulation are de-
scribed below to illustrate the measures
used to assure a complete absence of vita-
min E. This diet was not used in the pre-
liminary depletion cycle because of eco-
nomic considerations.

Although the residue obtained by ether
extraction of a 200-g sample of com-
mercial sucrose gave a negative Emmerie-
Engel reaction for reducing substances,
this component was nevertheless subjected
to a 12-hour continuous extraction with
diethyl ether using a Soxhlet apparatus.
Casein, which has been reported to con-
tain significant amounts of vitamin E
(8, 9) was replaced in the curative diet by
a synthetic amino acid mixture. This mix-
ture, which was similar to that devised by
Rao et al. (10) for the growing rat, was
composed of the following amino acids:
(% of diet) L-arginine-HCI, 0.38; L-histi-
dineHCIFFO, 0.50; L-lysine-HCI, 1.69;
L-tryptophan, 0.23; DL-isoleucine (50%
D-allo), 1.66; DL-valine, 1.66; L-leucine,
1.05; DL-threonine (allo-free), 1.50; -
methionine, 0.24; L-cystine, 0.51; ad1-
phenylalanine, 1.26; L-tyrosine, 0.45; -
aspartic acid, 1.50; L-glutamic acid, 1.50;
and glycine, 4.45.

Salt mixture 4164 was composed of the
following ingredients:  (g/kg) NaCl,
108.09; KXBD7HD, 236.53; KHPO4
77.33; CaHPO04-2HD, 355.56; CaC03
163.56; MgC03 40.89; FeCHI 7-3HD,
16.00; CuS045HD, 0.18; MnS04HD,
1.38; KI, 0.04; and ZnC03 0.44.
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Crystalline vitamins were added as a
premix in ether-extracted sucrose so as to
provide the following concentrations in the
diet: (lig/g) thiamine, 10; riboflavin, 5;
nicotinic acid, 25; pyridoxine-HCI, 5; Ca
pantothenate, 10; menadione, 1; folic acid,
1; biotin, 0.1; and vitamin Bi2 0.1. Crys-
talline vitamin A acetate was administered
in the methyl linoleate supplement (see
below) at a rate of 100 ag/day. Two oral
doses of 100 IU of vitamin D each were
given on consecutive days at the beginning
of the regeneration cycle.

The most difficult component of a diet
to obtain free from vitamin E is the source
of essential fatty acids. To insure an un-
contaminated product, linoleic acid was
isolated from maize oil as the ethyl ester
by a modification of the bromination-
debromination method of Rollett (11) as
revised by Frankel and Brown (12). In
this procedure, 1 kg of maize oil was
saponified for 1 hour with KOH and the
resulting mixture, after acidification with
concentrated HC1, was extracted with
petroleum ether. The fatty acids which
crystallized in the cold were removed by
vacuum filtration and a small excess of
bromine was added to the filtrate at —20°.
The tetrabromostearic acid which precipi-
tated in the cold was recrystallized from
petroleum ether, the final product exhibit-
ing a melting point of 114°. This material
was dissolved in ethanol and reduced by
refluxing for 2 hours after the addition of
granular zinc and HC1 gas. The resulting
ethyl linoleate was recovered into petro-
leum ether solution which was washed
with weak alkali and water and then dried.
Final purification of the ester was achieved
by molecular distillation at 0.07-mm pres-
sure. The main fraction, which distilled
at 147°, was a clear product which gave
a negative Emmerie-Engel reaction when
duplicate 2-g samples were tested. This
material was administered orally to all rats
during the regeneration cycle at the rate
of 60 mg/rat/day.

Regeneration procedure. The 90 sterile
females were remated by caging with nor-
mal males for 5 days, during which time
the males were rotated among the cages.
Subsequently all females were housed indi-
vidually and fed basal diet B plus a daily

397

oral supplement of ethyl linoleate contain-
ing vitamin A. One group of 10 rats was
maintained as a negative control; the re-
mainder were divided into 4 groups of 20
each and given daily oral supplements of
vitamin E or antioxidant, as indicated:
group 1, no supplement; group 2, 0.75 mg
DPPD; group 3, 3.75 mg ethoxyquin; group
4, 5 mg dZ-a-tocopheryl acetate; and group
5, 10 mg dZ-a-tocopheryl acetate. In each
case the supplement was incorporated into
the ethyl linoleate-vitamin A mixture prior
to administration. Group 5 represented a
second positive control which was intro-
duced into the experiment at a later date
when a poor response to vitamin E was ob-
tained in group 4. Twenty-one days from
the beginning of the mating period all the
females were killed, the uteri were exam-
ined for live pups or evidence of resorbed
fetuses, and the hearts and livers were
collected for vitamin E analysis.
a-Tocopherol determination. The livers
of 6 animals from each group, along with
3 pooled samples of 3 hearts each, were
analyzed for their vitamin E content. The
organs were minced and refluxed for 1
hour with 1 volume of 0.25% pyrogallol
in methanol and 0.5 volume of 60% KOH.
After cooling and adding 3 volumes of
water, the mixture was extracted 4 times
with peroxide-free diethyl ether. The ether
phase was washed 5 times with HD and
dried with NaZz04 the solvent was evapo-
rated, and the residue was applied in petro-
leum ether (40° to 60°) to a 0.75-cm X
8-cm column of silicic acid-Celite (2:1).
The chromatogram was developed with
5% diethyl ether in petroleum ether until
the yellow ubiquinone band approached
the bottom of the column. By use of ap-
propriate standards it was predetermined
that at this point a-tocopherol and vitamin
A were present in the eluate, whereas the
sterols, in addition to ubiquinone remained
on the column. A further purification was
carried out by means of thin-layer chro-
matography on silica gel using 1% me-
thanol in benzene as the mobile phase. In
this system pure a-tocopherol exhibited an
Rf value of 0.63, vitamin A, 0.22, and
ubichromenol (which was not detected in
any of the tissue extracts), 0.78. Dupli-
cate eluates from the column, together
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with a pure a-tocopherol standard, were
chromatographed on the same plate. One
of the duplicates, plus the standard, was
sprayed with Emmerie-Engel reagent to
locate vitamin E and a band in the anal-
agous position representing the second
duplicate was eluted with diethyl ether.
Vitamin E present in this eluate was deter-
mined quantitatively by the Emmerie-
Engel reaction in a Coleman spectropho-
tometer. The recovery of a-tocopherol from
the silicic acid column, determined by use
of d-a-tocopherol-5-methyl-14C, averaged
77% and that for the thin-layer procedure
was 86%, giving an over-all recovery of
66 %.

RESULTS AND DISCUSSION

The results of the regeneration cycle are
summarized in table 3. Although the gen-
eral level of reproductivity was below that
observed using stock diets, there was a
clear response to DPPD administration
which was, in fact, superior to that ob-
tained to a-tocopherol. The conditions of
the experiment dictate, moreover, that this
response must have been the result of a
functional replacement of vitamin E in
metabolism.

The failure of vitamin E to bring about
more complete regeneration, even at the
higher level (10 mg/day) administered to

CSALLANY AND BOARO

group 5, was unexpected in view of the
substantial levels of the vitamin observed
in the liver and heart. Ten litters were ob-
served to be in resorption in this group,
including five which also contained live
fetuses. Consumption of the amino acid
diet, which was introduced immediately
after the second mating period, was ini-
tially poor, and all groups lost weight dur-
ing the ensuing 2 days (average loss, 6 g).
Subsequently food intake improved and,
except in the negative control and ethoxy-
quin groups which yielded no live young,
the weight loss was more than recovered.
It appears likely that the general level of
fecundity was depressed by the necessary
rigor of the experimental regimen, and
that this consideration accounts, at least
in part, for the subnormal apparent con-
ception rate. Death and complete resorp-
tion of the embryo at an early stage of
pregnancy may explain the absence of evi-
dence of conception in some animals at
term. Notwithstanding, the response to
DPPD was clearly adequate to demonstrate
the efficacy of this compound in reversing
sterility in female rats under conditions in
which the effect cannot be attributed to a
“sparing” of vitamin E in the diet or tis-
sues. This observation is analagous to that
recorded earlier with respect to muscular
dystrophy in rabbits, which was shown to

TABLE 3
Effect of vitamin E and antioxidants on remission of sterility in female rats
Group no. 1 2 3 4 5
Treatment None DPPD Ethoxyquin Vitamin E Vitamin E
Dose, mg/day — 0.75 3.75 5.0 100
Reproductive performance
No. females 10 20 20 20 20
No. litters in utero 8 9 8 4 11
No. live litters 1 0 9 0 4 6
Total no. live pups 0 63 0 21 29
Avg. no. live pups 2 0 7.0 0 5.3 4.8
No. litters in resorption 3 8 3 8 4 10
Vitamin E content of tissues
No. liver samples analyzed 6 6 0 0 6
No. heart samples analyzed 4 3 4 0 0 3
Conein liver,yg/g nd 5 nd - - 30.2+5.86
Cone in heart, Mg/g nd nd — — 13.0+3.5
1Includes all litters ?cintainin live Pu ?
2Based on numiier of litters cantajn n% Ve pups.
il_znc Hdes solme 1tters c(%t'ﬂnmt% Ive pups.
acl %amp edcontame earts.
one detected.

ean -+ sd.
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yield readily to DPPD administration even
when the affected animals were main-
tained with a lipid-free amino acid diet
(6). These results provide strong support
for the view that the function of vitamin
E is entirely associated with its anti-
oxidant properties.

The failure of ethoxyquin to restore
fertility in this experiment illustrates the
fact that the specifications required of a
fully effective biological antioxidant are
extremely stringent. Many synthetic com-
pounds possessing a favorable redox po-
tential, lipid solubility, toxicity level and
antioxidant potency in vitro have low
efficacy as vitamin E substitutes. For ex-
ample, butylated hydroxytoluene (BHT),
an antioxidant which is highly effective in
the stabilization of unsaturated fats in
foods and feeds, does not support repro-
duction in rats (5) or poultry (13), a fact
which may be explained by its limited ab-
sorption from the lumen of the intestine
or inefficient transport across biological
membranes (14, 15). Apparently for the
same reason, butylated hydroxyanisole
(BHA), another compound having a strong
inhibitory effect on fatty acid perodixation,
has been found ineffective in the preven-
tion of several vitamin E deficiency dis-
eases. Although DPPD is the most active
tocopherol substitute which has been ex-
tensively tested, it too has been observed
to be unsatisfactory in certain biological
systems. Its failure to maintain fertility in
poultry is apparently attributable to a
limited deposition in the egg (13). Where-
as it has been found capable of preventing
muscular dystrophy in lambs in the pre-
ruminal stage (16), DPPD is ineffective in
animals in which this organ is functional
(17), indicating that the compound is de-
stroyed in vivo by bacterial action. DPPD
also possesses a high order of chronic tox-
icity for pregnant rats (5) which restricts
the range of effective concentrations in the
diet. These various considerations illus-
trate the complexity of the properties
necessary in a biological antioxidant and
suggest that, although there may be no
absolute requirement for vitamin E in the
functional sense, from an over-all physio-
logical standpoint the tocopherol molecule
may be uniquely suited to this purpose.
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The minimal concentration of tocopherol
in the liver which could be detected by the
method used was about 0.5 ug/g, and the
results indicate that less than this amount
was present in the liver of the animals that
did not receive a vitamin E supplement.
Green and co-workers (8) have reported
values as low as 0.4 |ig/g in the liver of
vitamin E-deficient rats and Gloor et al.
(18) reported a similar amount. Bieri et
al. (19) were unable to detect as much as
0.25 My of vitamin E/g in the liver of
deficient chicks, and Csallany and Draper
(6) concluded that less than 0.1 ag/g was
present in the liver of dystrophic rabbits.

Even the higher estimates of the vitamin
E present in the liver of deficient animals
represent only about one-tenth of the con-
centration required for stoichiometry with
cytochrome ¢, a consideration which
strongly militates against a suggested role
for the vitamin in electron transport (3).
Further, Pollard and Bieri (20) noted no
difference in DPNH-cytochrome c¢ reduc-
tase activity in heart muscle preparations
from vitamin E-deficient and control chicks,
even though no tocopherol could be de-
tected in the tissue taken from the depleted
birds. Similarly, Corwin and Schwarz (21)
observed that vitamin E deficiency had no
influence on the DPNH-cytochrome creduc-
tase of rat liver mitochondria, and Allen
et al. (22) reported elevated cytochrome
¢ reductase activity in the muscle of dys-
trophic rabbits. On the other hand, taken
together with the fact that the vitamin E
requirement can be predicted from the
amounts and proportions of polyunsatu-
rated fatty acids in the diet (23) and that
chicks can be raised to maturity in the
absence of the vitamin if the intake of
these acids is minimized (19), the results
of the present experiment constitute per-
suasive evidence for the conclusion that
the antioxidant role of vitamin E repre-
sents its exclusive function in metabolism.
In further support of this concept, it has
been observed 2 that the incipient symp-
toms of muscular dystrophy (creatinuria,
red blood cell hemolysis) can be induced
within hours by intravenous infusion of
milligram quantities of methyl linoleate
hydroperoxide.

2  Kokatnur, M. G.,
unpublished results.

J. G. Bergan and H. H. Draper,
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Effect of Essential Fatty Acid Deficiency and Dietary
Cholesterol on Liver Ubiquinone Levels in the Rat*
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ABSTRACT

cholesterol, on the metabolism of ubiquinone in rat liver was investigated.

Urbana, Illinois

The influence of feeding a fat-free diet, and of the administration of

It was

observed that in advanced essential fatty acid (EFA) deficiency the concentration of

ubiquinone was increased about twofold.

Mevalonate-2-C#4 incorporation experiments

showed that the specific activity of liver ubiquinone was significantly reduced in
EFA deficiency, but that, because of the increased amounts present, the total incor-
poration was similar to that in normal control animals. The biological half-life of
ubiquinone in the liver of the deficient animals was approximately doubled. Admin-
istration of cholesterol in the diet resulted in a marked depression in ubiquinone con-

centration.

The concentration of ubiquinone in the
tissues has been shown to be increased by
a number of factors, including vitamin A
deficiency (1), dinitrophenol (2, 3) and
thyroxine (2-4). These increases occur
even though the normal concentration of
this substance in mitochondria is in
marked molar excess of the concentrations
of other components of the electron trans-
port chain (5). Other dietary factors,
such as the type of carbohydrate (6), also
exert an influence on ubiquinone levels, as
do additional nutritional factors of unde-
termined identity.

In connection with a study of dietary
factors that affect tissue levels of ubiqui-
none, it was observed that a sharp increase
in the concentration of the quinone occurs
in the liver of rats acutely deficient in es-
sential fatty acids (EFA) and that a de-
pression ensues following the oral admin-
istration of cholesterol. The results of
these experiments are reported here.

EXPERIMENTAL

Four experiments were conducted using
weanling rats of the Sprague-Dawley
strain. Except where otherwise indicated,
they were fed a fat-free diet of the follow-
ing composition: (in per cent) glucose,
71.4; casein,220.0; mineral mix (7), 4.0;
glycerol, 4.0; vitamin mix in glucose (8),
0.5; and choline chloride, 0.1. Glycerol
was included to improve the texture of the
fat-free diet. In the control diets one-half

J. Nutrition, 84: 64

of the glycerol was replaced with an EFA
supplement consisting of 75% methyl lino-
leate (the remainder of which was pri-
marily methyl oleate).3 The diets were also
supplemented with 100 IU of vitamin A, 5
IU of vitamin D and 0.5 mg of di-a-t0-
copheryl succinate/g. The body weights of
the rats were recorded weekly, and in one
experiment feed consumption and effi-
ciency of utilization were calculated.

In experiment 1, two groups of wean-
ling female rats were maintained with
either the fat-free diet or the basal formula
supplemented with 2% methyl linoleate.
After an 8-week experimental period the
deficient rats averaged 20 g less in body
weight than the controls and showed the
characteristic dermatitis associated with an
EFA deficiency. Experiment 2 was iden-
tical with experiment 1 except that the
animals continued to be fed the test diets
for an additional 12 weeks, during which
time a moderate progression of symptoms
occurred.

In experiment 3 a comparison was made
of the ubiquinone content of the liver of
weanling males fed the EFA-deficient or
control diets. In this experiment the basal
diet was modified slightly by replacing 2%
of the glucose with tristearin and reduc-

Received for publication July 6, 1964.

1This study was carried out with the aid of a
graduate training grant from the National Institutes
of Health, Bethesda, Maryland.

2Labco, The Borden Company, New York.

3Nutritional Biochemicals Corporation, Cleveland.
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ing the vitamin A content from 100 to 50
IU/g of diet. Tristearin was included so
that both the EFA-deficient and control
groups would receive comparable amounts
of fat. The experiment was terminated
after 16 weeks, at which time the rats ex-
hibited severe symptoms of EFA defi-
ciency.

As the results of the above experiments
indicated that an increase in ubiquinone
content of the liver occurred in acute EFA
deficiency, the influence of a mild defi-
ciency was investigated in experiment 4.
Two groups of weanling male rats were
maintained with the deficient or the EFA-
supplemented diet for 8 weeks, at which
time the deficient animals showed the early
symptoms of dermatitis on the feet and
tail, as well as a slight depression in body
weight.

To obtain additional information on the
influence of EFA deficiency on ubiquinone
metabolism, the incorporation of CH®la-
beled mevalonic acid into this compound,
as well as into cholesterol, was compared in
deficient and control animals. In the first
comparison (exp. 5) 2 severely deficient
male rats and 2 normal control ani-
mals were given an intraperitoneal injec-
tion of 5.76 X 10“ dpm of DL-mevalonate-
2-Cldg of body weight (specific activity
2.25 mc/mmole).4 The animals were Killed
one hour after injection, the livers were
removed, and ubiquinone and cholesterol
determinations were made immediately.
In the second comparison (exp. 6), a simi-
lar dose was administered to 2 mildly de-
ficient males, 2 normal controls and 2 ani-
mals which had received the basal diet
supplemented with 3% methyl linoleate
concentrate and 3% cholesterol.

An attempt was made to accentuate the
symptoms of EFA deficiency by adding
cholesterol to the diet (9). Four groups
of weanling male rats (exp. 7) were main-
tained for 8 weeks with the basal diet plus
3% cholesterol; 2 groups received, in
addition, 6% methyl linoleate concentrate
to replace the glycerol and 2% of glucose.
A further short-term test (exp. 8) was
made of the effect of cholesterol on the
ubiquinone content of liver of rats fed a
complete diet. In this instance both groups
were fed the basal diet supplemented with
6% methyl linoleate concentrate (to re-
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place glucose) for 7 days, and one was
also given 5% cholesterol. High levels of
cholesterol were used because of its ineffi-
cient absorption from a fat-free diet, and
in order to determine the effect of saturat-
ing the tissues with cholesterol on the level
of ubiquinone in the liver.

At the termination of each experiment
the animals were killed and, with the ex-
ception of the mevalonate incorporation
studies, the livers were stored at — 15° un-
til assayed for ubiquinone. The method for
ubiquinone determination has been de-
scribed in detail previously (10). It con-
sisted, in brief, of saponifying the liver in
methanolic KOH in the presence of pyro-
gallol, then extracting with ether and
chromatographing the ether residue on a
silicic acid-Celite (2:1) column. The col-
umn was developed with light petroleum
ether containing increasing amounts of
diethyl ether. The fraction containing
ubiquinone was dried under nitrogen,
taken up in ethanol, and assayed by deter-
mining the change in optical density at 275
ma upon reduction with NaBH4 Although
rat tissues contain predominantly ubiqui-
none-45, for comparative purposes a
AE ™ value of 142 for ubiquinone-50 was

used in the calculations. This figure gives
a value that is approximately 110% of that
obtained when the data are calculated on
the basis of ubiquinone-45 (AE ® = 156).

To obtain the specific activity of labeled
ubiquinone, carrier ubiquinone-50 was
added to the crude fraction from the silicic
acid-Celite column after determining the
amount of ubiquinone originally present.
The residue plus the carrier ubiquinone
then were chromatographed on a Bio-Rad5
neutral alumina column (deactivated with
6% water) to remove labeled sterol con-
taminants. The partially purified mixture
of ubiquinone-45 and ubiquinone-50 was
crystallized from ethanol-acetone-water
(50:50:1) three times and then from
ethanol until the specific activity was con-
stant. The ubiquinone was estimated by
the NaBHi reduction assay, and the radio-
activity was measured in a Packard Tri-
Carb liquid scintillation counter. Before
counting, the samples were taken up in

4New_England Nuglear _Corporatjon ston.
SBﬁ‘)—RatE1 q_agorator(ies, R(i:ch ond, Ca‘ﬁ ornia.
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toluene containing 0.3% 2,5-diphenyl oxa-
zole (PPO).

The crude sterol fraction from the silicic
acid-Celite column was quantitatively as-
sayed for cholesterol using the method of
Nieft and Deuel (11). Carrier cholesterol
was added and the sample was purified by
the bromination-debromination procedure
described by Schwenk and Werthessen
(12). The purified cholesterol then was
recrystallized from methanol at — 15° un-
til a constant specific activity was ob-
served.

The fact that a vitamin A deficiency is
known to produce large increases in rat
liver ubiquinone levels (1) prompted a
study of the vitamin A content of livers
from EFA-deficient rats. The determina-
tions were made on livers from the se-
verely deficient and control animals of ex-
periment 3 by a modification of the
method described by Hawk et al. (13).

The statistical significance of differ-
ences found between treatments was de-
termined by applying an analysis of vari-
ance.

RESULTS

As observed by other workers, the ef-
fect of feeding the EFA-deficient diet was
less pronounced in the female rats. After
they had received the test diets for 8
weeks the average body weight of the defi-

cient females was 94% of that of the con-
trols, whereas that of the males was only
80% . After 16 weeks the body weights of
the deficient groups were 82 and 76% of
those of the controls for the females and
males, respectively. Dermatitis of the feet
and tail appeared in both sexes at about
the eighth week, which in the males (but
not appreciably in the females) became
more severe as the experiment progressed.
The excretion of blood in the urine of three
of the deficient males during the fifteenth
and sixteenth weeks indicated severe kid-
ney damage.

Despite the differences in weight gain be-
tween deficient and control animals, total
food consumption was observed to be about
the same. The deficient rats of experiment
3 consumed an average of 2.07 kg/rat and
the controls, 1.98 kg/rat. The deficient ani-
mals required 4.6 g of diet /g gain during
the first 4-week period and 34.9 g during
the last 3 weeks for an over-all efficiency
of 8.2, whereas the controls required 3.9
and 16.5 g of diet/g gain for the first 4
weeks and last 3 weeks, respectively, for
an over-all feed efficiency of 6.4.

The results presented in table 1 show
significantly higher fiver ubiquinone levels
in the essential fatty acid-deficient females
and severely deficient males. Whereas the
increase was readily discernible in the fe-
males after 8 weeks, it was not evident in

TABLE 1
Liver ubiquinone levels of normal and essential fatty acid-deficient rats

Liver ubiquinone

Grou No. Bod Liver
ouP Treatment a0 Sex oy v Avg Rnge
9 9 Rg/9 A0/0
Experiment 1
i Without EFA 5 F 195 6.30 122* 85-149
2 With EFA 5 F 203 5.46 74 55-106
Experiment 2 -
1 Without EFA 5 F 235 7.63 141 108-177
2 With EFA 6 F 267 6.49 73 54-99
Experiment 3
1 Without EFA 7 M 315 10.76 89** 70-98
2 With EFA 6 M 420 12.16 45 29-68
Experiment 41
1 Without EFA 5 M 279 12.19 65 58-69
2 With EFA 4 M 351 13.31 60 57-68

* Significantly different from control values (P < 0.05).
** Significantly different from control values (P < 0.02).
1Rats exhibited only mild deficiency symptoms.
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the males until the deficiency had pro-
gressed to a more acute stage (exp. 3). e 0 0 'pq @ qoq@o
The apparent implication that the female Qn %
is more susceptible to a derangement in
ubiquinone metabolism contrasts with the
fact that the skin lesions are generally less o o
severe than in the male, and requires fur- 0 a f
ther investigation. 2
Table 2 shows that the concentration of 5
ubiquinone in the liver and the extent of
labeling from mevalonate-2-C4 were simi-
lar for mildly deficient males and control @p OO |80/ By
animals (exp. 6). The deficient animals 9a
used in this experiment had been main-
tained with the basal diet for 8 weeks and
exhibited only mild symptoms of derma- §
titis. The absence of elevated levels of
ubiquinone in these rats is in agreement
with similar results in experiment 4 (table
1). Nevertheless, there was a somewhat
lowered incorporation of CH4 into choles-
terol in the mildly deficient rats, an effect 0
which was clearly evident in the severely
deficient animals (exp. 5). In the latter
the incorporation of mevalonate-2-CH4 into 0
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the controls. Although the ubiquinone
concentration in the liver of the acutely
deficient animals was increased about two-
fold, the specific activity was about one-
half that of the control rats. Consequently
the values for the total incorporation of
mevalonate into ubiquinone were similar £ gﬂg MOE %

IS s

for the deficient and normal animals. O SERTe

The effect of cholesterol feeding on the
incorporation of mevalonate-2-C4 into
ubiquinone and cholesterol is also shown
in table 2. As might be expected, the rate
of labeling of cholesterol was greatly re- Cin o _ )
duced in the cholesterol-fed animals, B> U o BRI
whereas the data for ubiquinone show a
fourfold increase. The suggested depres-
sion of ubiquinone concentrations in the
liver of the cholesterol-fed rats was con-
firmed by the results of experiment 8
(table 3), in which the inclusion of cho-
lesterol in a complete diet for 7 days
brought about a significant decrease in
ubiquinone content.

No difference was noted in the liver vita- :9:&)
min A content of the EFA-deficient and << e+
control rats. The average concentration in HW< .
the livers of the deficient and control ani- g gww g g WMRIV
mals of experiment 3, respectively, was @ AR BonnEesh
645 and 606 ug/g of fresh tissue. The
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TABLE 3

Effect on ubiquinone levels in the liver of adding cholesterol to an essential fatty
acid-deficient or complete diet

Liver ubiquinone

Group Treatment Mo B e
9 9 vg/g M /g
Experiment 7 (8 weeks)
i Without EFA+ 3% cholesterol 248 10.56 51 38-72
2 WithEFA + 3% cholesterol 352 14.98 42 21-64
3 Without EFA+ 3% cholesterol 301 11.62 69** 65-84
4 WithEFA + 3% cholesterol 354 14.31 41 35-45
Experiment 8 (7 days)
1 With EFA+ 5% cholesterol 91 3.70 57* 31-85
2 With EFA, without cholesterol 97 3.97 98 73-121
*: gign[ficantly different from control value EP < 0.053.
ignificantly different from control value (P < 0.02).

increase in ubiquinone content of the liver

in EFA deficiency, therefore, is apparently

unrelated to the similar effect of vitamin

A deficiency.
During the chromatography of the non-

saponifiable fractions from rat liver, a yel-

low band was observed that moved off the

silicic acid-Celite column in the first light

petroleum ether fraction. An ultraviolet

absorption spectrum of this material re-

vealed a strong absorption band at ap-

proximately 370 mu with 2 smaller peaks

at 350 and 390 mu. Under certain condi-

tions vitamin A forms cyclization products

having a similar absorption spectrum.6 As

the test rats were receiving relatively high

levels of vitamin A in their diets, the pos- Fig. 1 Ultraviolet absorption spectra of a

sibility was explored that the yellow mate-
rial was an artifact of vitamin A formed
during the procedure used for ubiquinone
determination. Nine grams of pig liver
were saponified in the usual manner after
the addition of 7 mg of vitamin A acetate.
During chromatography a marked increase
was observed in a yellow material which
moved off the column in the same fraction
as the band from rat liver. The ultraviolet
absorption spectra of the cyclized product
and the yellow material from rat liver are
shown in figure 1. This material was de-
tected in rat, rabbit and pig liver, and, al-
though no quantitative evaluation was at-
tempted, the amount present appeared to
vary directly with the vitamin A intake of
the animal. The compound was not ob-
served when vitamin A alcohol or its ace-

compound from rat liver and of vitamin A ace-
tate following treatment with alkali.

tate ester was subjected to chromatography
without prior saponification. This obser-
vation indicates that during the saponifica-
tion step in the procedure used for ubiqui-
none determination vitamin A is partially
converted to a cyclic form. Thin-plate
chromatography indicated that more than
one compound was present in the yellow
material derived from both vitamin A ace-
tate and liver. This result with respect to
vitamin A is similar to the observation
that refluxing ubiquinone in ethanolic
KOH results in cyclization of its polyiso-
prenoid side chain to form ubichromenol
and other isomers (14).

6Rogers, W. E., personal communication.
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DISCUSSION

The decrease in efficiency of utilization
of dietary energy by the EFA-deficient rats,
which occurred in the absence of a depres-
sion in food intake, is in accord with the
observations of previous workers. Loeb
and Burr (15) reported an increased
metabolic rate and a decrease in efficiency
of food utilization in rats receiving a fat-
free diet. An indication of the changes
in cell function which bring about these
effects is given by the work of Klein and
Johnson (16) and Levin et al. (17), who
reported a decreased phosphorus uptake
and an increased oxygen consumption by
liver mitochondrial preparations from fatty
acid-deficient rats. Smith and DeLuca (18)
have reported an increased rate of oxida-
tion of Krebs cycle intermediates by liver
homogenates from deficient rats, and Haya-
shida and Portman (19) observed greater
succinic dehydrogenase activity. In view
of the apparent role of ubiquinone in elec-
tron transport, the increased levels of this
compound noted in the tissues of EFA-de-
ficient animals might be regarded as a re-
flection of the increased metabolic rate.
However, the results indicate that the in-
crease in liver ubiquinone levels does not
occur until the more advanced stages of
the deficiency, whereas the decreased effi-
ciency of feed utilization and increased
oxygen consumption are evident at a rela-
tively early stage (20). The enhance-
ment of oxygen consumption induced by
thyroxine is also accompanied by an in-
crease in ubiquinone levels (2-4).

The incorporation studies on mildly de-
ficient male rats support the observation
that ubiquinone metabolism is unaltered
in the early stages of an EFA deficiency.
However, a somewhat lowered incorpora-
tion of mevalonate-2-C#4 into cholesterol
was observed in these rats which was ac-
centuated in the severely deficient animals.
These observations agree with those of
Avigan and Steinberg (21), who observed
that the synthesis of cholesterol from ace-
tate-1-CH4 by rats was greatly increased
when linoleic acid was fed. Mukherjee
and Alfin-Slater (22) also reported that
liver slices from EFA-deficient rats exhib-
ited a depressed ability to synthesize cho-
lesterol from acetate-I-C4 It was postu-
lated by these authors that the linoleic acid

LEE, MEI CHIU AND H. H

DRAPER

ester of cholesterol is important in the
transportation and degradation of choles-
terol in the body.

The incorporation of mevalonate-2-C4
into ubiquinone in the severely deficient
rats indicates that there was no significant
change in the amount of ubiquinone syn-
thesized during the incorporation period.
Although the specific activity of the ubi-
quinone obtained from the deficient ani-
mals was only one-half that of the controls,
the total radioactivity incorporated was
essentially the same. If it is assumed that
all the ubiquinone present constituted one
homogeneous pool, its lower specific ac-
tivity in the deficient animals reflects a
twofold increase in biological half-life.
The accumulation of ubiquinone in EFA
deficiency suggests some role of unsatu-
rated fatty acids in the catabolism of this
compound.

As anticipated, the incorporation of mev-
alonate-2-CH4 into cholesterol was greatly
decreased in the cholesterol-fed animals.
The data shown in table 2 indicate that
cholesterol feeding in experiment 6 re-
sulted in a doubling of its concentration in
the liver. The fourfold increase in incor-
poration of mevalonic acid into ubiquinone
may be regarded as a reflection of the
enhanced specific activity of the mevalo-
nate pool in the cholesterol-fed animals.
However, this does not explain the lowered
ubiquinone levels. One feasible explana-
tion is that in the presence of high concen-
trations of cholesterol a feed-back control
mechanism is stimulated which results in
either a reduced synthesis of mevalonate
or in its decreased utilization for the syn-
thesis of both ubiquinone and cholesterol.
It is well known that the biosynthesis of
cholesterol is suppressed when an exogen-
ous source is supplied. A decreased rate of
biosynthesis of ubiquinone also may have
prevailed in the cholesterol-fed rats which
was obscured by the greater incorporation
of isotope that probably resulted from an
increased specific activity of the mevalo-
nate pool.

As in a previous study (10), a wide range
of ubiquinone levels was observed in the
livers of animals subjected to the same
treatment. The results of this study fur-
ther illustrate the multiplicity of factors
which influence the concentration of ubi-
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quinone in animal tissues, especially the
liver, and emphasize the difficulty of estab-
lishing normal ranges for individual or-
gans.

10.

11
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