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ABSTRACT Sodium metabolism was studied in 4 groups of Il lactating rats fed
a diet containing either 0.03, 0.05, 0.07 or 0.09% sodium. Less feed intake, a loss in
body weight and smaller pups at weaning were found with the group fed the 0.03%
sodium compared with the 3 higher sodium groups. Plasma and bone sodium were
lowest in the 0.03% sodium group following lactation, whereas no differences were
found among the 3 higher sodium groups. There were no differences in blood cell
volume or bone moisture among the groups. Milk samples taken on day 22 of lac-
tation showed a higher fat content for the 0.03%

concentration was significantly

0.05%

lower for the 0.03%
Adrenal zona glomerulosa areas were largest for the 0.03%
group and smallest for the 0.07 and 0.09%
granulation was greatest in the rats fed 0.03%

sodium group, whereas the sodium
than for the 0.09% group.
group, next largest for the
groups. Kidney juxtaglomerular
sodium. With this nonpurified diet,

0.05% sodium was adequate for rats nursing 9 pups.

The sodium requirements of rats during
gestation and lactation have been esti-
mated to be 0.5% and 0.3% of the diet,
respectively (1). These estimates were de-
rived from data obtained in the 1920’ and
appear to be unreasonably large, especially
in relation to the estimated sodium require-
ment for growth (0.05% ). A reinvestiga-
tion of the sodium requirement for gesta-
tion showed that the older estimate was
indeed excessive (2). Thus it seemed
worthwhile to continue the study to confirm
or refute the estimate of sodium required
for lactation and to obtain more informa-
tion about sodium metabolism in the lac-
tating rat.

PROCEDURE

The present study is a continuation of
the previous work (2) on sodium metabo-
lism during reproduction. Eleven rats were
continued through lactation at each of the
following dietary sodium levels: 0.03, 0.05,
0.07 and 0.09% . None of the pups bom to
the females fed 0.01% sodium survived
more than 24 hours; consequently, this diet
was not included in the lactation study.
The diets were identical with those of the
previous study (2) and the rats were
kept in the same wire mesh cages in which
they had littered with sawdust maintained
as bedding. The body weights of the fe-
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males as well as the litters were recorded
every third day during the 21-day lacta-
tion period. Litter sizes were adjusted to
9 pups on the third day after birth, when-
ever necessary. The females were milked
by hand on day 22 of lactation. The rat
bellies were shaved prior to milking to pre-
vent contamination of the milk. Pentobar-
bital sodium (6.5 mg) as well as oxytocin
(3 USP units) was administered to facili-
tate milking. Milk fat was determined b

a microcentrifugation method (3). Mil

sodium was determined spectrophotomet-
rically on duplicate 0.5 ml samples of milk
which were dry ashed, dissolved in dilute
hydrochloric acid and made to volume with
water.

Plasma sodium concentrations and hem-
atocrit readings were determined with du-
plicate blood samples of about 0.1 ml taken
from the cavernous sinus (4) on day 22
of lactation.

Following collection of blood samples,
the rats were killed and the femurs, kid-
neys and adrenals were removed immedi-
ately. The procedures employed for analy-
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ses of the bones and histological prepara-
tion of the kidneys and adrenals were
those used in the previous study (2). Dif-
ferences among the treatment means were
assessed in accordance with Duncan’s new
multiple range test (5).

RESULTS AND DISCUSSION

The maternal body weight changes and
feed intakes as well as the body weights
and numbers of pups at weaning are given
in table 1. Normal changes in body weight
during lactation are reported to be £ 10 g
(1). The rats fed the 0.03% sodium diet
lost body weight in excess of this amount,
ate less feed than the rats fed more sodium
and weaned pups which were distinctly
lighter than pups in the other groups. If
the weaning weights of the pups were in-
fluenced primarily by the milk production
of the dams, then the 0.03% sodium diet
presumably did not allow as much milk
production as the higher sodium diets.
Animals producing less milk would be
expected to require less nutrients and there-
fore eat less.

The excessive body weight loss of the
rats fed 0.03% sodium may indicate that
body sodium was depleted for milk produc-
tion. Mature rats have been shown to
exhibit a distinct loss of body weight in re-
sponse to acute sodium depletion (6). The
mobilization of nutrients when body tis-
sues are catabolized would be another fac-
for negatively influencing feed intake.
Lactating dairy cows fed diets without
supplemental salt also show symptoms
which include loss of body weight, reduc-
tion of appetite and decreased milk pro-
duction (7, 8).

The maternal weight changes, feed in-
takes and pup weaning weights for the rats
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fed the diet containing 0.05% sodium were
within the range of values obtained in this
colony with stock diets. Groups fed the
diets containing more sodium did not
show significant improvement.

The progression of feed intake and ma-
ternal body weight changes during lacta-
tion is illustrated by figure 1

Table 2 shows the mean hematocrit
values and plasma sodium concentrations
at the termination of lactation. The plasma
sodium concentration was reduced in rats
fed 0.03% sodium but the hematocrits
showed no differences among dietary
groups. Plasma sodium concentrations did
not increase above the values found with
0.05% sodium in those rats fed more
sodium.

Comparison of the plasma sodium and
hematocrit values with the corresponding
values determined immediately prior to
parturition (2) indicated that the blood cell
volume increased but plasma sodium de-
creased in all groups during lactation. To
ascertain the effects of the milking pro-
cedures on plasma sodium and hematocrit
values, a separate small trial was con-
ducted with 5 lactating rats fed a stock
diet. The milking procedures of the main
experiment were followed exactly but blood
samples were taken both before and after
milking. The mean hematocrit values were
54.0 and 60.0% while the corresponding
plasma sodium concentrations were 142.8
and 134.7 mkEqg/liter before and after
milking, respectively. The differences in
pre- and post-lactation values were there-
fore largely or entirely due to the milk-
ing procedures.

The bone sodium and moisture data are
presented in table 3. Bone sodium was less
in the femurs from rats fed the 0.03%

TABLE 1

Maternal body weight change and feed intake during lactation, number of pups zueaned and
body xveight of pups at weaning

Mean body

Dietar ; i
sodiurn vgg:’%mi?ifotﬁr bogmvne%r:? 12
% n a
0.03 250.3 —20.7+ 4.8 a
0.05 272.0 3.8x5.3 1
0.07 273.8 83+4.1b
0.09 278.1 38+ 43b

1Mean = sem, 11 rats per group.

No. of live Weaning

Total feed

intake wéaiting 12 of pups 2

a a
666.0+ 18.3 a 8.3+ 0.29 26.0+x1.1 a
784.1+23.6 b 8.4+0.33 353+ 1.3 b
830.9+26.2 b 8.3+ 0.39 38.7+x 140b
829.0+28.6 b 8.7+ 0.14 371+ 1.7b

2Values with unlike superscripts are significantly different, P < 0.01.
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Fig. 1 Maternal body weight changes and food

tation.

sodium diet but no other differences were
found. There was no detectable influence
of dietary sodium on bone moisture. In rats
and in man, the skeleton contains about
40% of the total body sodium (9, 10). This
bone sodium consists of a nonexchange-
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intakes measured at 3-day intervals during lac-

able as well as an exchangeable fraction
(11, 12) and in the rat the proportion of
the latter decreases with age (13). The
bone sodium concentrations, shown in ta-
ble 3, follow a pattern very similar to the
plasma sodium concentrations given in ta-
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TABLE 2

Hematocrit and plasma sodium concentrations of
maternal rats on day 22 of lactation

Dietar . Plasma
sodiurm Hematocrit 12 sodium
% % mEq/liter
0.03 63.9+0.91 121.0+ 1.19 “
0.05 63.3+0.68 130.6+ 0.97 b
0.07 63.8+0.94 129.2+ 1.00 b
0.09 63.6 +1.00 1314+ 0.76 b
1Mean + sem, 11 rats per treatment.

2Values with unlike superscripts are significantly
different, P < 0.01.

TABLE 3

Bone moisture and sodium concentrations of
maternal rats on day 22 of lactation

SDO'SES';%' Moisture 12 Sodium »2
% % mEq/kg dry bone
0.03 13.0+£0.22 256.5+2.2 a
0.05 13.2+ 0.12 265.6+ 1.8 b
0.07 13.1+ 0.18 264.1+ 1.4 b
0.09 13.2+0.17 265.0+ 1.2 b

1Mean = sem, 11 rats per treatment.
2Values with unlike superscripts are significantly
different, P < 0.01.
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ble 2. Extrapolation of the reduction in
bone sodium per reduction in plasma so-
dium leads to an estimate that roughly one-
half of the bone sodium is in equilibrium
with extracellular-fluid sodium.

The rats fed the least sodium produced
milk with nearly a third more fat than was
found in the milk of other groups. This
was the only difference found in milk fat
among the groups. The group means for
fat and sodium in the milk are given in
table 4. A mechanism whereby low dietary
sodium leads to an increased proportion
of fat in the milk is not known. It is pos-
sible, although not probable, that the
higher milk fat was associated with more
complete milking in this group. Some dif-
ficulty was experienced in obtaining milk
samples of adequate amount from this
group but all rats were milked out as far
as possible. Rat milk obtained in the latter
stages of lactation has been reported to
contain an average of 10.5% fat and
0.14% (61 mEq/liter) sodium (14).

The sodium content of milk is expressed
on the basis of fat-free as well as whole
milk in table 4 because the fat-free basis

TABLE 4

Fat and sodium content of rat milk on day 22 of lactation

Sodior Fat i

% %

0.03 13.3+0.88 »
0.05 10.0+ 0.35 b
0.07 104+ 0.38 b
0.09 10.5+£0.68 b

i Mean = sem, 11 rats per treatment.

Sodium 1

Whole Fat-free

milk milk
mEq/liter mEq/liter
57.6+2.0 ,, 66.4+2.2 .
61.7+2.3 ef 68.6+2.6 (f
62.7+2.5 er 69.9+ 2.6 ef
65.8+t2.8 r 73.6+3.0 t

Values with superscripts are significantly different, P <0.01,

and values with subscripts are significantly different, P < 0.05, only when the same letter does not

appear in the superscript or subscript.

TABLE 5

Measures of adrenal zona glomerulosa development and kidney juxtaglomerular cell granulation from
maternal rats on day 22 of lactation

Dietar No. of Total i Juxta-

sodiunz, rats area 1 Cael‘lé;T Pefgeea”l glci)ereerXullar
% mm2 u2

0.03 5 1.90+x0.09 » 11515 £497 ea 165.2+ 4.3 » 33.5+3.3 ¢
0.05 5 1.30+ 0.07 b 9590 £397 c¢*“'b 136.0x3.1 b 27.8+2.7 ef

0.07 6 1.01+0.05 ' 8475 +455 fb 1195+ 3.4 = 24.2+1.3 f
0.09 7 0.85+0.06 ¢ 7501 +486 fb 113.8+2.8 = 22.4+2.0 f

.1Mean * sem.

Values with superscripts differ significantly, P < 0.01, and values with subscripts differ sig-

nificantly, P < 0.05, only when the same letter does not appear in the superscript or subscript.
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seems more reasonable for the estimation
of treatment effects. Statistical analysis
showed that the sodium concentration was
less in milk from the 0.03% sodium group
than from the 0.09% sodium group when
calculated on either the whole or fat-free
basis. No other differences were signifi-
cant although there appears to be a trend
for milk sodium to increase with dietary
sodium.

The results of the histological studies of
the kidneys and adrenals are shown in
table 5. The area of the zona glomerulosa
decreased progressively with increasing di-
etary sodium to 0.07% but no further sig-
nificant decrease in area was observed at
0.09% sodium. The number of cells com-
prising the glomerulosa area also de-
creased with increasing dietary sodium,
similar to the area itself but significant
differences were not demonstrated between
the 0.03 and 0.05% groups. In addition,
the average individual cell area decreased
with increasing dietary sodium in the same
pattern as the glomerulosa area. The in-
crease in size of the zona glomerulosa
which occurred with decreased sodium in
the diet was, therefore, accomplished
through both hyperplasia and hypertrophy.

Comparison of glomerulosa areas meas-
ured after lactation with the similar values
obtained immediately following parturition
(2) shows that the area increased during
lactation in the rats fed 0.03 and 0.05%
sodium. No significant changes were seen
to result in cell number or individual cell
areas, although the tendency appears to
have been for both to increase.

The granulation of juxtaglomerular' cells
in the kidneys as assessed by the juxta-
glomerular indices was greatest in the rats
fed 0.03% sodium, and no significant dif-
ferences were detected among the other
groups. A comparison of the indices de-
termined at the end of the lactation with
those obtained just prior to lactation (2)
shows that an increase in granulation oc-
curred during lactation in rats from the
0.05% groups only. This result is attrib-
uted primarily to the deviant granulation
value found in this group after parturition.
The mean indices were very similar before
and after lactation for the 0.07 and 0.09%
sodium groups.
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Fig. 2 Representative sections of the adrenal
zona glomerulosa at the end of lactation. Mag-
nification 425 X, stained with hematoxylin and
eosin.
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When the relationship between the jux-
taglomerular indices and the zona glomeru-
losa areas was examined, a significant
linear correlation (r=0.68) was found.
This was similar to results which had been
obtained previously (2, 15).

The histological data show a trend to-
ward relaxation of the sodium conserva-
tion mechanism with each increase in di-
etary sodium, although significant differ-
ences between the two highest sodium diets
were not demonstrated. Comparison of
these measures with similar data obtained
just prior to lactation indicates that lac-
tation sodium requirements are greater
than gestational requirements.

The greater area of zona glomerulosa in
the 0.05% group was accompanied by a
small amount of cytoplasmic vacuolation in
the area and a slight amount of this vacu-
olation was also noted in the adrenal of
the 0.07% group. Representative adrenal
sections for the dietary groups are shown
in figure 2. There was no evidence in this
study to indicate that this vacuolation was
detrimental and it had been previously
shown by others to be reversed within 4
days of feeding a sodium load (16).

The sodium status of the 0.03% sodium
group was slightly suboptimal at the start
of lactation. This level of sodium, how-
ever, did not meet the requirement for
lactation as shown by excessive maternal
weight losses, subnormal growth of pups,
reduced plasma and bone sodium and low
sodium content of milk. These measures
were all satisfactory when the diet con-
tained 0.05% sodium, and this level was
considered adequate; however, to avoid
adrenal and kidney changes the 0.09%
sodium diet would be necessary. Slightly
greater levels would be required with puri-
fied diets.
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Effect of Maternal Protein Deprivation on Morpho-
logical and Enzymatic Development of

Neonatal Rat Tissue 12
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ABSTRACT Tissues of neonatal young of female rats maintained throughout preg-
nancy on diets containing either 6% or 30% casein as the sole source of protein were
studied to determine the effect of maternal protein deprivation on prenatal develop-
ment. Routine H and E-stained sections were studied for evaluation of morphology,
and recognized histochemical procedures were used for the detection of SDH, MDH,
LDH, G-6-PDH, DPN and TPN diaphorases, acid and alkaline phosphatases, ATPase,
cytochrome and monoamine oxidases, nonspecific esterase, leucine aminopeptidase
and 7-glutamyltranspeptidase. Although all young of females fed the low protein ration
were reduced in size, only those whose birth weights were less than 4.5 g showed
morphological or enzymatic abnormalities. In brain, spinal cord, pancreas, skin and
intestine, cellular and enzyme changes were observed. Abnormal enzyme patterns
were observed in thyroid, paravertebral ganglia and choroid plexus of low protein
young. Liver and brown fat cells of these animals contained reduced, enzymatic activ-
ity and increased amounts of intracellular fat. Alkaline phosphatase activity appeared
to be related to altered cellular maturation in several tissues of low protein neonatal

rats.

It has previously been demonstrated that
maternal protein deficiency in the rat re-
sults in the production of young that are
smaller than normal at birth (1). The de-
crease in size of the liver, kidney, heart,
thymus, brain and carcass which occurs in
these animals is the result of a decrease in
the total numbers of cells in these organs
and tissues (1).

Organ size in developing animals has
been shown to be related to the degree
of maturation (2, 3), suggesting that vari-
ous tissues and organs in the young of
animals fed a protein-deficient diet during
pregnancy may be immature. Studies have
revealed that morphological retardation
(4) and altered functional capacity (5)
can be demonstrated in the kidneys of neo-
natal and early postnatal rat pups. The
work reported here was undertaken to in-
vestigate the effect of maternal protein
intake on the morphological development
of the remaining organs and tissues of
neonatal animals. Evidence of the com-
parative biochemical maturity (6) of neo-
natal control and low protein rats was
obtained from histochemical studies of
their enzyme patterns.

J. Nutrition, 99: 401-421.

MATERIALS AND METHODS

Pregnant female rats of the Sprague-
Dawley strain were maintained throughout
pregnancy on diets containing either 30%
or 6% casein as the sole source of protein
as previously described (1). Fifty-seven
full-term young, obtained from 22 litters of
low protein-fed females, and 86 young from
31 control litters constituted the experi-
mental material for the present study. At
the commencement of parturition, the ma-
ternal animals were killed by decapitation
and the young were removed from the
uterus. Tissues to be processed for enzyme
studies were rapidly dissected and frozen
in isopentane which had been chilled in
liquid nitrogen. Tissues obtained from
littermates were fixed in Bourns solution
and were subsequently embedded in par-
affin, sectioned at 6 a, stained with hema-
toxylin and eosin, and studied microscop-
ically for details of cellular morphology.
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The tissues examined included adrenal,
bone, brain, brown fat, cartilage, esoph-
agus, heart, intestine, kidney, liver, lung,
pancreas, parathyroid, paravertebral gan-
glia, salivary glands, skeletal muscle, skin,
spinal cord, spleen, stomach, thymus, thy-
roid and trachea. All histochemical enzyme
procedures were done on unfixed, frozen
cryostat sections, mounted on clean cover-
slips and air dried.

The enzymes demonstrated histochem-
ically were: acid phosphatase (7),3 alka-
line phosphatase (7), ATPase (8), suc-
cinic dehydrogenase, malic dehydrogenase,
lactic dehydrogenase, and glucose-6-phos-
phate dehydrogenase (9), DPN and TPN
diaphorases, and cytochrome oxidase (10),
monoamine oxidase (11), nonspecific es-
terase (9), leucine aminopeptidase (12),
and y-glutamyltranspeptidase (13). Posi-
tive control tissues and negative control
procedures were included in every run.
Methyl green was used as a nuclear coun-
terstain for all procedures with the excep-
tion of those for the demonstration of non-
specific esterase where its presence was
found to mask the reaction product. Poly-
vinylpyrrolidone or glycerin was employed
as a coverslipping medium. All tissues
were processed, mounted, examined and
coded on the day they were obtained.
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Histochemical enzyme procedures were
also done on selected tissues of normal 18-
to 21-day fetal rats to provide information
on enzyme occurrence and distribution
during prenatal development.

RESULTS

Early in the course of this investigation
it was noted that there was a marked vari-
ation in the response of female rats to pro-
tein deprivation during gestation. Some
females showed a marked weight loss dur-
ing the last few days of pregnancy; their
coats became rough and matted, their eyes
and ears pale in color, and their activity
noticeably decreased. Young produced by
these females were smaller than control
young. Birth weights averaged 4.5 g as
compared with an average neonatal weight
of 5.9 g for control rats. Microscopic ex-
amination of the tissues of these young re-
vealed no morphological or enzymatic
abnormalities. Other female rats showed
only slight to moderate weight loss and a

3 Abbreviations used in this paper to indicate en-
zymes are as follows: acid phosphatase, Ac. P’ase;
alkaline phosphatase, Aik. P’ase; succinic dehydro-
genase, SDH; malic dehydrogenase, MDH; lactic de-
hydrogenase, LDH; glucose-6-phosphate dehydrogenase,
G-6-PDH; DPN diaphorase, DPN diaph.; TPN diapho-
rase, TPN diaph.; cvtochrome oxidase, Cytox; mono-
amine oxidase, MAO; nonspecific esterase, NS Est.;
leucine aminopeptidase, LAP; y-glutamyltranspepti-
dase, y-GTP.

All black-and-white illustrations were made of paraffin-embedded tissues sectioned at 7 /i and stained

with hematoxylin and eosin.

Fig. 1 The cells of the cerebral cortex of the normal neonatal rat. X 375.
Fig. 2 A comparable section through the cerebral cortex of the newborn young of a protein-deficient

rat. X 375.

Fig. 3 A villus with its crypt (arrow) in the duodenal mucosa of a normal newborn rat showing
the characteristic granular cytoplasm of the epithelial cells, the brush border present on the luminal
surface of the enterocytes, and the loosely arranged fibers and vascular structures of the lamina

propria, X 375.

Fig. 4 Villi in the duodenum of newborn young of a protein-deficient rat showing the reduced size

of the villi and the compact character of the core

of lamina propria. The enterocytes lack both cyto-

plasmic granules and brush borders and show a perinuclear clear area, X 375.

Fig.
Fig.

5 Jejunal villi of the normal newborn rat. X 375.
6 Jejunal villi of the intestine of the neonatal young of a protein-deficient rat.These struc-

tures are smaller, shorter, and fewer in number than in control tissues, and the enterocytes show
changes comparable to those observed in the duodenal epithelium, X 375.

Fig. 7 Vvilli from the ileum of the normal newborn rat. X 3/
Fig. 8 Primitive villi of the ileum in the intestine of offspring of a protein-deficientrat. X 375.
Fig. 9 Acinar tissue in the pancreas of the normal newborn rat. X 375.

Fig. 10 Pancreatic tissue of the newborn offspring of a protein-deficient rat. The branching in-
tralobular ducts are readily seen in this tissue. The small intensely acidophilic acinar cells are cu-
boidal rather than pyramidal in shape and are compactly arranged around distended lumina. X 375.

Fig. 11 Submaxillary gland tissue of normal newborn rat. X 375.

Fig. 12 Submaxillary gland tissue of newborn young of a protein-deficient rat. The ductile ele-

ments are less numerous, more intensely stained and many of the terminal tubules do not contain
distinguishable lumina. X 375.



PROTEIN RESTRICTION AND FETAL HISTOGENESIS 403

Figures 1 to 12



404

minimal dulling and roughness of the coat.
Their young were much smaller at term
(average weight 3.2 g), and histological
and histochemical studies of these organs
and tissues revealed the alterations to be
described in this paper.

Morphological observations. All organs
and tissues of the newborn low protein rat
were decreased in size. Where size reduc-
tion was present without concomitant al-
terations in cellular organization or mor-
phology, tissues were considered to be
histologically normal. Tissues in which
histological changes were found will be dis-
cussed in detail.

Brain and Spinal Cord: In both brain
and spinal cord of newborn low protein
rats, there appeared to be a reduction in
the number of large multipolar neurons.
The neurons which had differentiated in
these tissues did not differ in location,
size, or appearance from those in normal
full-term young. In the brain there also
appeared to be a reduction in the number
of cells in the subsurface layers of the cere-
bral cortex (figs. 1 and 2) and in the
granular and Purkinje cell layers of the
cerebellar cortex. Under identical condi-
tions of processing, the cell structure in
the brains of low protein young was much
less well preserved. The special techniques
necessary for a more precise study of
neurological histology were not applied in
the present investigation and further evalu-
ations of these tissues are being made. No
gross deformities of brain or spinal cord
were observed, and all portions of the
choroid, ventricular system, and ependyma
appeared normal.

Intestine: The small intestine of the
low protein rat pups appeared to be se-
verely affected by maternal protein depriva-
tion. All segments of the gut in these
newborn animals contained fewer and less
well differentiated villi than were present
in comparable segments of the normal new-
born intestine. In the duodenum, the
changes were not as marked as in suc-
ceeding portions of intestine, but even at
this level, villi were more widely spaced
and shorter, and their enterocytes lacked
brush borders in all except a few apically
located cells. No crypts of Lieberkihn or
Brunner's gland anlagen were present in
the duodenum of low protein rat pups,

RUTH E. SHRADER AND FRANCES J.
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whereas these structures are identifiable in
newborn control tissue (figs. 3 and 4).

In the succeeding segments of the in-
testine, villi were found to be progressively
more slender, shorter, and less numerous.
The surface epithelium of the jejunal villi
was a simple columnar layer which con-
tained far less than the normal number
of goblet cells. The enterocytes did not
have brush borders on their luminal sur-
faces, and crypt cells could not be distin-
guished from cells of the lateral wall of the
villus (figs. 5 and 6). Many of the villiform
projections were misshapen, paddle-like
structures with slender stalkdike bases. In
the ileum, villi were very rudimentary in
structure and much reduced in number.
In many instances, potential villi were
present only as epithelial buds without a
connective tissue core (figs. 7 and 8).

The colonic mucosa of low protein rat
pups showed the invaginated folds charac-
teristic of the normal newborn, but the
epithelium covering these folds consisted
of low stratified columnar cells and showed
a reduction in the customary number of
goblet cells. The muscle and connective
tissue layers of the intestinal wall were
much reduced in thickness in the low pro-
tein young but showed no other obvious
abnormalities.

Liver: No abnormalities of structure
were observed in the livers of low protein
rat pups. However, hepatocytes in these
tissues were found to contain excessive
amounts of fat when compared with those
of normal neonatal animals. Decreased
numbers of hematopoietic cells were pres-
ent in the livers of low protein young, but
the cells which were present appeared to
be normal in type and location. No abnor-
malities of Kupffer’s cells, mitotic activity
of hepatocytes, or of vascularity were ob-
served in low protein liver tissue.

Pancreatic Acinar Tissue: The acinar
tissue of the pancreas in newborn low pro-
tein rats appeared to be reduced in amount
as compared with that present in control
animals. Acinar units were less densely
packed within the lobules, and more intra-
lobular ductile elements were visible than
in normal neonatal pancreas (figs. 9 and
10). The small nongranular, intensely
acidophilic acinar cells of the low protein
tissue were oriented around lumina which
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could be seen to be in direct continuity
with the branched ducts. Islet tissue ap-
peared not to have been as severely affected
by the protein deficit since large and small
islets of seemingly normal structure were
found throughout the pancreatic tissue.

Submaxillary Gland: Limitation of de-
velopment was observed in the submaxil-
lary gland tissue of low protein young. The
primary and secondary branching ducts
and terminal tubules characteristic of this
tissue in normal newborn rats were present
in low protein young, but these various
glandular elements were reduced in both
number and size. The terminal tubules, in
particular, seemed to be affected, being
shorter and less branched than those of
control gland tissue. The solid apical cell
clusters of intensely stained cells which
represented the terminal ends of these
structures frequently lacked a central
lumen. The cytoplasm of the cells lining the
various segments of the ducts was more
intensely acidophilic and nuclei were more
compactly arranged than in the tissues of
control animals (figs. 11 and 12).

Skin: The major change observed in the
skin of the neonatal low protein rats was
the retardation of development of hair. In
the skin of control newborn, hair primordia
were densely arrayed in the skin of the
head and neck, and both pellage hairs and
vibrissae were well differentiated. Many
of the larger pellage hairs, and all of the
vibrissae had erupted and structurally re-
sembled adult hairs. Sebaceous gland pri-
mordia were present at the dermal-epider-
mal margin of these hairs. In low protein
young, vibrissae were smaller than normal,
but structurally similar. Pellage hairs, how-
ever, were reduced in number and much
delayed in development. The epidermis of
low protein young was occasionally seen to
lack a granulosum and corneum. Although
frequent, this alteration was not a con-
sistent finding. No other abnormalities
were noted in the cells or tissues of the
skin of low protein rat pups.

Histochemical enzyme reactivity. The
majority of the morphologically normal
cells and tissues of newborn low protein
rat pups showed normal histochemical
enzyme activity with all of the reactions
examined. Brown fat, paravertebral gan-
glia and thyroid, however, in which no mor-
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phological abnormalities had been ob-
served, did display altered enzyme reac-
tivity. Brain, spinal cord and submaxillary
gland tissues in which histological evidence
of developmental retardation was seen,
showed no detectable change in enzyme
distribution or reactivity. Other organs,
such as intestine, liver, acinar pancreas,
and skin, were both morphologically and
enzymatically abnormal.

A comparison of enzyme activity in the
cells of low protein and control rat pups
is presented in table 1 To simplify this
chart, only those organs in which morpho-
logical or enzyme abnormalities were found
have been listed. The alteration of activity
observed has been characterized as an in-
crease, a decrease or an absence of demon-
strable enzyme in the tissues of low pro-
tein pups as compared with controls. The
altered enzyme activity of each tissue will
be discussed in detail.

Brain and Spinal Cord: The neurons of
the macrocellular nuclei of the midbrain,
cerebellar Purkinje cells, and the ventral
horn cells of the spinal cord, although re-
duced in number, appeared to be normal
in enzymatic activity. They exhibited nor-
mally intense reactions for Ac. P’ase,
ATPase, SDH, MDH, LDH, G-6-PDH,
DPN and TPN diaphorases and NS Est.,
all of which are normally present in
these cells (figs. 13 and 14). The cells
of the paravertebral ganglia, which did
not appear to be morphologically abnor-
mal or to be reduced in number, were
nevertheless enzymatically less reactive in
low protein tissues than in their normal
counterparts (table 1). In ganglion cells
of low protein young, Cytox, MAO and NS
Est. which are present in normal ganglion
cells were not detectable, whereas Ac.
P’ase, ATPase, SDH, MDH, LDH, and DPN
and TPN diaphorases were present in re-
duced amounts (figs. 15 and 16). G-6-PDH
appeared to be virtually absent from some
of the ganglion cells and present in nearly
normal concentration in others. The nor-
mal-appearing tissues of the choroid plexus
of low protein animals were found to have
more intense reactivity of Aik. P’ase and
ATPase, reduced activity of Ac. P’ase, SDH,
MDH, LDH, and DPN and TPN diaph-
orases, and to contain no G-6-PDH.
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Brown Fat: The brown fat tissue of new-
born low protein rat pups did not appear
to be diminished in amount, nor to have
any cellular abnormalities; however, in en-
zyme preparations the cells were found to
contain demonstrably decreased amounts
of all of the oxidative enzymes normally
present in control brown fat tissue (figs. 17
and 18). MAO and indoxyl esterase were
not demonstrable in brown fat cells from
low protein pups, whereas cells containing
Aik. P’ase, normally not present in brown
fat cells after day 20 of gestation, were
numerous in brown fat tissue from low pro-
tein young.

Fig. 13

strated by the deep purple color.
X 400.

The neuropil
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Intestine: Intestinal epithelial enzyme
activity of protein-deficient rats at term, as
revealed by histochemical techniques, cor-
related well with the severity of the mor-
phological alterations present in the vari-
ous portions of the gut. In the duodenum,
where the more differentiated epithelia
were found, enzyme activity most closely
resembled the normal pattern; however,
both intensity of activity and cellular lo-
calization were altered even in this portion
of the intestine. Aik. P’ase, for example,
was present only in the cells on the apices
of the villi (figs. 19 and 20), whereas Ac.
P’ase was virtually absent from all duo-

DPN diaphorase reactivity of the neurons of a macronucleus in the brain of the normal
newborn rat. The localization of the enzyme in coarse granules within

the cytoplasm is demon-

is lightly and uniformly reactive for the enzyme.

Fig. 14 DPN diaphorase in the neurons of the corresponding nucleus in the brain of the young
in protein deficiency. Although fewer neurons were seen in each section through the nucleus, the neu-
ronal enzyme reactivity resembled that of normal brain. The reactivity of the neuropil was less uni-
form than that of the control, X 400.

Fig. 15 Paravertebral ganglion of a normal newborn rat. Acid phosphatase activity is present
in the perinuclear granules of the ganglion cells, and less intensely as a diffuse reaction in the cy-
toplasm. X 400.

Fig. 16 Paravertebral ganglion cells of the neonatal young in protein deficiency. No acid phos-
phatase reactive granules were present in the weakly reactive cytoplasm. X 400.

Fig. 17 The black reaction product indicating the presence of lactic dehydrogenase is localized in
intensely reactive coarse granules in the brown fat cells of the control newborn rat. X 1000.

Fig. 18 The lactic dehydrogenase reactive granules present in brown fat cells of the rat in pro-
tein deficiency are finer and less intensely reactive than those in the control tissue, X 1000.

Fig. 19 Duodenum of the newborn control rat showing the reactivity of alkaline phosphatase.
The strongly positive reaction of the surface epithelium of the villi is most intense at the apical
portions of the villi and is characteristically absent from the basal crypt cells. The villi are uniform
in size and show a compact arrangement. X 80.

Fig. 20 Duodenum of the newborn young of a protein-deficient rat. Alkaline phosphatase reactiv-
ity is limited to the surface epithelium on the apical surface of some of the villi which are irregularly
shaped and reduced in number. X 80.

Fig. 21 Leucineaminopeptidase reactivity of the jejunal epithelium in the control newborn rat. The
reaction product is localized in the surface epithelium of the villi and is not present in the cells lining
the crypts. X 100.

Fig. 22 Lack of leucineaminopeptidase reactivity in the jejunal epithelium of newborn protein-
deficient rat. The section shows villi of two neighboring loops of the jejunum whose muscle walls lie
back to back. The number of villi is reduced. X 100.

Fig. 23 Nonspecific esterase in jejunal epithelium of normal newborn rat. The blue reaction prod-
uct is most intense on the luminal surface of the enterocytes, but is present throughout the cytoplasm
of both crypt and villus epithelium. The clear cells within the epithelium are goblet cells. X 100.

Fig. 24 Jejunal epithelium of the newborn intestine in protein restriction. This tissue was incu-
bated four times as long as that shown in the preceding figure in order to obtain any visible reaction.
Since the response was extremely weak, this tissue was not counterstained. The difference in size of
the villi in control and low protein tissues is apparent. X 100.

Fig. 25 Villi of normal neonatal intestine showing reactivity indicative of succinic dehydroge-
nase. This enzyme activity is localized in the supra- and infranuclear mitochondria of the enterocytes.
X 100.

Fig. 26 Villi of the newborn intestine in protein deficiency showing reduced succinic dehydrog-
enase activity. X 100.

Fig. 27 Alkaline phosphatase reactivity in the thyroid of the control newborn rat. Only a few
peripherally located follicles normally retain demonstrable alkaline phosphatase activity at birth.
X 100

Fig..28 Thyroid tissue of the neonatal young of a protein-deficient rat showing the large number of
intensely reactive follicles still present in this gland at birth. X 100.
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denal epithelial cells. The more distal por-
tions of the intestinal tract of low protein
animals showed even greater reductions in
enzyme activity (table 1). The jejunal
epithelium contained no LAP (figs. 21 and
22), y»GTP, or NS Est. activity (figs. 23
and 24) and drastically diminished concen-
trations of dehydrogenase and diaphorase
reaction product (figs. 25 and 26). The
epithelium of the ileum and colon were
virtually devoid of their customary enzyme
components (table 1). In all portions of
the intestine, the characteristically occur-
ring enzymes in the cells of the myenteric
plexus reacted with normal intensity.
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Liver. In addition to the changes in
structure resulting from increased accumu-
lation of lipids, hepatocytes of low protein
newborn rats were found to contain re-
duced concentrations of Ac. P'ase, ATPase,
SDH, MDH, LDH, G-6-PDH, DPN and TPN
diaphorases, and Cytox. Of the enzymes
normally present in newborn control liver
tissue, MAO, NS Est. and LAP were absent.

Pancreas: The alkaline phosphatase ac-
tivity of the acinar pancreas in low protein
young was increased. This increase mimics
the condition observed in 18- and 19-day
fetal pancreatic tissue. All other enzymes
normally present in control neonatal pan-

Figures 13 to 28
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ereas were detectable in this tissue from
low protein animals, but the intensity of
reactivity was much reduced (table 1).

Submaxillary Gland: In this tissue,
where only limited numbers of ductile
structures were found to be present in low
protein tissue at birth, no alterations in
enzyme distribution or intensity of reactiv-
ity were observed in histochemical prepara-
tions.

Skin: In those animals in which the
granular and comified layers of the epi-
dermis were missing at birth, the enzy-
matic reactivity of the remaining layers of
epidermal cells was much reduced, al-
though the enzyme distribution remained
normal. The epithelial cells of the rudi-
mentary hair anlagen characteristic of the
skin of low protein newborn also showed
diminished activity of the enzymes char-
acteristic of these cells in normal animals.
The connective tissue components of the
forming papilla were found to have reduced
reactivity of G-6-PDH, and DPN and TPN
diaphorases, but no change in Aik. P’ase
activity (table 1).

Thyroid: Although morphological
changes were not detected in the thyroid
tissue of newborn low protein rat pups, his-
tochemically demonstrable enzyme activity
was found to be altered in the follicle cells
of these animals. In neonatal control
young, alkaline phosphatase activity was
confined to a few peripherally located
follicles and was of moderate intensity. In
the thyroid of low protein pups and of
normal 18-, 19-, and 20-day old fetal rats,
Aik. P’ase activity was extremely intense
and involved a majority of the follicles
present in the outer half of the gland (figs.
27 and 28). Ac. P’ase and ATPase activity
resembled the levels present in control tis-
sue. The oxidative enzymes, however, were
present in decreased concentration in the
follicle cells of the low protein neonatal
thyroid.

DISCUSSION

Despite the hypothetical uniformity of
genetic constitution of the female rats used
in these experiments, it was apparent that
among these animals were some whose
metabolic patterns resulted in conservation
of their own tissues at the expense of those
of the fetus. In others, the metabolic econ-

409

omy of the maternal animal was not pro-
tected to the same extent. The basis of this
biological variability has not been deter-
mined, but it seems possible that even in
highly inbred strains some degree of ge-
netic segregation has occurred, producing
a number of metabolic subtypes. The
heterogeneity of physiological response
shown by inbred animals has been exten-
sively discussed in the genetic literature
?nd)has recently been reviewed by Lerner
14).

The alterations produced in the organs
and tissues of young rats from the group
most affected by maternal protein restric-
tion were alike in degree and kind. The
organs and tissues affected appeared to be
those in which a considerable portion of
growth and differentiation occurs during
the last four days of gestation (15-18). As
demonstrated by studies of DNA, protein,
and weight relationships (1), cell produc-
tion has been reduced during fetal develop-
ment in some of the organs and tissues of
these protein-deprived young. These find-
ings have been corroborated and extended
by the morphological observations made in
the present portion of the investigation.

The hypoplasia resulting from decreased
cell production has not been found to occur
to the same extent in all affected organs.
To some degree, the extent of the defect
produced is apparently dependent on the
kind and amount of developmental change
which has yet to occur in the tissue. This
is illustrated by the comparative effect of
protein deprivation on brain, intestine and
submaxillary gland. In the brain, most of
the morphogenic activity thought to occur
during the last 4 days preceding birth in-
volves cell migration and reorientation
(19). The several cell nuclei which differ-
entiate during this time, appear to contain
reduced numbers of neurons. The thinning
of the cellular layers of the cerebral cortex
and the apparent decrease in Purkinje cells
in the cerebellum may, to some extent, re-
flect migrational changes. It would appear
that cell proliferation is also involved since
measurement of total DNA (1) has shown
that decreased numbers of cells are indeed
present in these brains. The gross architec-
ture of the brain is not, however, dra-
matically affected. Further studies, in

«o<nm rmW nfrw
1
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depth, of changes in the brain are cur-
rently underway.

The intestinal mucosa, on the other
hand, shows marked effects of the im-
posed protein deficit. In this tissue the at-
tainment of definitive structure involves
the transformation of a relatively short
tubular lining of stratified squamous epi-
thelium to a greatly expanded covering for
a complex system of crypts and villi con-
taining highly specialized cells (15). The
inhibition of both cell production and cell
specialization which has been shown to
occur in this tissue has resulted in the for-
mation of a seriously deranged organ. The
hypoplasia encountered in the submaxil-
lary gland was seen to involve the develop-
ment of the rudimentary duct structures
which characteristically form at this time.
Duct development occurs by extension and
branching of the primordial tubule; retar-
dation of this process has been shown to re-
sult in the formation of normally struc-
tured but fewer than normal ducts and
terminal branches (20). Lack of evidence
of cellular maturity of these tubules may
simply reflect the fact that normally these
cells do not contain highly specialized cell
organelles at birth (21).

The organs in which the response to
prenatal protein deprivation involved al-
terations in cell morphology all showed
changes in enzyme activity which could be
related to these abnormal cells. Tissues
which showed retention of fetal patterns
of enzyme activity, on the other hand, did
not appear to be morphologically abnormal.
In these tissues Aik. P’ase reactivity was
elevated, whereas activities of the oxidative
enzymes such as SDH, MDH, LDH, DPN
diaphorase and Cytox were decreased. The
existence of a possible relationship of high
levels of Aik. P’ase to cellular differentia-
tion has been previousy postulated (22, 23,
24). Histochemically demonstrable Aik.
P’ase has been found to be present in high
concentration in prenatal thyroid (22), In-
testinal enterocytes (18, 25), the epen-
dyma of the brain (26), bronchiolar epi-
thelium (27), and brown fat cells,4and to
decrease in these cells around the time of
birth. The morphological events which cor-
respond to the periods of high or low Aik.
P’ase activity have not, however, been spe-
cifically investigated. Since the Gomori
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method for the demonstration of Aik. P’ase
can be used in conjunction with electron
microscopy, it would be of considerable
interest to examine this presumed relation-
ship using these methods.

The occurrence of decreased concentra-
tions of the oxidative enzymes in cells of
low protein tissues presents a challenging
problem for further study. Dehydrogenases,
diaphorases and cytochrome oxidase have
been shown to increase progressively in
concentration during the normal course of
development of brown fat cells,5 cardiac
muscle (28), intestinal enterocytes (18),
epidermal epithelial cells (29), and the
cells of the proximal convoluted tubules of
the kidney (30). SDH, MDH, LDH, DPN
diaphorase and Cytox have been identified
histochemically and biochemically as hav-
ing mitochondrial localization (31-33).
Whether the reduced content of enzymes
associated with mitochondria in tissues of
low protein rats represents a reduction in
the number of mitochondria present in
these cells, or an abnormality of enzyme
content within the mitochondrion is not
known. Several observations and hypoth-
eses have been reported to explain the re-
duction of mitochondrial enzyme content
which has been found to occur in mutant
yeast (34). These include the detection
of isomeric forms of normally occurring
enzymes, the hypothesis that membrane
abnormalities may have given rise to ab-
normal binding sites for the intramitochon-
drial enzymes, thus blocking their activity,
and the demonstration that failure of syn-
thesis of a particular enzyme has occurred
(32). The complexity of mammalian tissue
makes it difficult to obtain mitochondria
for chemical studies of enzymes from only
one type of cell; the structure of the gland,
the particular constitution of the mitochon-
dria, and the magnitude of the variation
of enzyme content may make brown fat of
protein-deficient animals a uniquely useful
tissue for biochemical investigation of al-
terations resulting from prenatal protein
deprivation.
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Available Carbohydrate in Rapeseed Meal and
Soybean Meal as Determined by a Chemical
Method and a Chick Bioassay %
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ABSTRACT

Available carbohydrate was determined using a chemical method and

a chick bioassay. Results of the chemical assay showed that the total soluble sugars
and starch in two samples of rapeseed meal and one sample of soybean meal were
15.0% and 23.6%, respectively. Results of the bioassay showed that the available car-
bohydrate in the same samples of rapeseed meal and soybean meal was 6.9% and
14.1%, respectively. The values obtained by bioassay are lower than those obtained
by chemical analysis, which may be due to the fact that the bioassay reflects not only
the amount of available carbohydrate but also its absorbability. Calculations indicate
that the difference in amount of available carbohydrate in rapeseed meal and soybean
meal accounts for 19% of the difference in metabolizable energy of these two feed-

stuffs.

The ability of the chick to utilize the
energy in rapeseed meal is limited. Lodhi
and co-workers (1) found the metaboliz-
able energy content of rapeseed meal for
the chick to be 1200 kcal/kg. This is ap-
proximately half the metabolizable energy
content of soybean meal which according
to Hill and Renner (2) is 2770 kcal/kg.
In an attempt to explain why the energy
of rapeseed meal is so low, studies have
been conducted to determine the availabil-
ity of its carbohydrate. For comparative
purposes similar studies were conducted
on soybean meal.

Up to the present, three general methods
have been used for estimating the carbo-
hydrate in foodstuffs which is available for
metabolism. These include: 1) indirect
estimation by difference, using the Weende
chemical methods; 2) biological determi-
nation of digestibility coefficient in which
the Weende chemical methods are used
to analyze the feces and ingested food; 3)
direct chemical determination of carbohy-
drates either singly or by class. Of these,
digestibility coefficients should best indi-
cate the carbohydrate available for meta-
bolic purposes. Numerous investigators
have found, however, that although cellu-
lose and hemicellulose are not usually
classified as metabolizable by monogastrics,
20 to 80% of the crude fiber and pentosans
in the diet are not recovered in the feces.

J. Nutrition, 99: 413-418.

Thus, none of these methods estimate the
carbohydrate which has actually been ab-
sorbed and is available for metabolism.

Recently, Renner and Elcombe (3), and
Brambila and Hill (4) have shown that
the growth of chicks fed diets in which
soybean fatty acids served as the sole
source of nonprotein energy is markedly
increased by the addition of a dietary
source of carbohydrates. This finding sug-
gested that the available carbohydrate in
rapeseed meal and soybean meal might
be determined by comparing the growth
response obtained when these meals served
as the source of carbohydrate with the
growth response obtained when the “car-
bohydrate-free” diet was supplemented
with graded levels of glucose. Thus, the
following studies were undertaken to de-
velop a bioassay for determining the avail-
able carbohydrate in rapeseed and soybean
meals. For comparative purposes, available
carbohydrate was also determined using
the chemical method of Clegg (5).

EXPERIMENTAL

The composition of the “carbohydrate-
free” diet employed in the bioassay is
shown in table 1. The diet was formulated
to contain 15.4 kcal of metabolizable en-
ergy per gram protein, using the values

Received for publication June 2, 1969.

1 Supported in part by a research grant from the
National Research Council of Canada.
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TABLE 1
Composition of “carbohydrate-free” dietl

Ingredients Amount
%

Soybean protein 2 33.57
Glycine 0.93
DL-Methionine 1.19
Soybean oil 2.94
Vitamin mixture 3 0.83
Mineral mixture 4 8.07
Cellulose 6 10.58
Soybean fatty acids 6 41.41
Chromic oxide 0.44
Antioxidant 7 0.037

1Calculated metabolizable energy content of diet —
5.14 kcall/g. Supplies 15.4 kcal/g protein.

2Promine, Central Soya, Chemurgy Division, Chi-
cago 60639.

Vitamin mixture supplied: (in mg/100 g of diet)
thiamine, 1.47; riboflavin, 1.47; calcium pantothenate,
5.89; biotin, 0.06; pyridoxine, 2.94; niacin, 11.77,
folacin, 0.44; menadione, 0.44; vitamin B12, 0.007;
choline chloride, 442; aureomycin, 1.47; and vitamin
A, 1472 USP units; vitamin D3, 221 ICU; vitamin E,
4.9 1U.

4 Mineral mixture supplied: (in mg/100 g of diet)
CaHPO04, 3164; CaCO03, 2193; NaCl, 883; KH2P 04, 1369;
M gS04, 356; KI, 0.43; FeS04-7H20, 40.91; CuS04-5H20,
2.30; ZnCO03, 16.92; CoCR-6H20, 0.25; NaMo004-2H20,
1.22; Na2Se03, 0.032; and MnS04 H20, 48.6.

s Solka Floe, S.W.-40-A,
Limited, Montreal, Quebec.

6Prepared from soybean oil (Renner and Elcombe

Brown Forest Products,

7Ethoxyquin.

3.83 2and 8.65 kcal/g (6) for the meta-
bolizable energy of soybean protein and
soybean fatty acids, respectively. At this
ratio, protein is present in sufficient quan-
tities to promote rapid growth but is not
in excess (6,7). Diets containing glucose
in amounts to supply 0.018, 0.035, 0.070
and 0.105 g/g soybean fatty acids were
formulated from the “carbohydrate-free”
diet by replacing the energy in soybean
fatty acids by an equicaloric amount of
a mixture of glucose and soybean fatty
acids. Diets containing rapeseed meal or
soybean meal as sources of carbohydrate
were maintained isonitrogenous by reduc-
ing the amount of soybean protein (Pro-
mine) in the “carbohydrate-free” diet, and
isocaloric by adjusting the levels of soy-
bean fatty acids in the diets. The levels of
rapeseed meal and soybean meal used in
the assay were calculated to contain less
than the chick’s requirement for carbohy-
drate which is approximately 0.05 g glu-
cose/g soybean fatty acids. The metaboliz-
able energy values of glucose, rapeseed
meal and soybean meal used in formulat-
ing the diets were 3.64 (8), 1.20 (1), and
2.77 (2) kcall/g, respectively.

G. N. LODHI, RUTH RENNER AND D. R. CLANDININ

Male crossbred chicks (Dominant White
X White Plymouth Rock) were fed, during
a pre-experimental period of 1 week, a
“carbohydrate-free” diet in which nonpro-
tein energy was supplied by soybean oail.
This diet was formulated from the “car-
bohydrate-free” diet (table 1) by replacing
41.41 parts soybean fatty acids by 38.68
parts soybean oil. At the end of this period,
duplicate groups of 10 chicks were allo-
cated to each treatment on the basis of
body weight and rate of gain using McKit-
trick’s method (9). The chicks were housed
in electrically heated, thermostatically con-
trolled battery brooders with raised wire
screen floors in a temperature-controlled
laboratory. Feed and water were supplied
ad libitum. The chicks were weighed
\(/jve_(lekly and feed wastage was determined

aily.

Standard response curves for glucose
were obtained by plotting total weight
gained by chicks during the 2-week experi-
mental period against the logio (1 + ¢ glu-
cose/g soybean fatty acids). This response
curve was used to calculate the carbohy-
drate contents of rapeseed meal and soy-
bean meal from data on weight gain.

Chemical assays for available carbohy-
drate in rapeseed meal and soybean meal
were conducted using the method of Clegg
(5). In this method starch and soluble
sugars were extracted and measured colori-
metrically after the addition of anthrone.
For comparative purposes nitrogen-free ex-
tract was also determined. AOAC methods
were used for determining the proximate
composition.

The proximate composition of the rape-
seed meals used in this study has been
reported previously (1). The soybean
meal used contained 53.6% protein, 1.1%
fat, 3.6% crude fiber, 6.5% ash and
k:)’;5._2% nitrogen-free extract, moisture-free

asis.

RESULTS AND DISCUSSION

Standard growth response curves ob-
tained by plotting weight gains against
dietary glucose level expressed as logio
(1 + g glucose/g soybean fatty acids) are
shown in figure 1. The metabolic require-
ment for carbohydrate determined by in-

2F. W. Hill, unpublished data.
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LEVEL OF GLUCOSE
1 LOGio ( I+g GLUCOSE/g SFA)

2g GLUCOSE /g SFA

Fig. 1 Growth response of chicks fed graded levels of glucose expressed as logl (1

g glucose/g soybean fatty acids).

tersection of linear and plateau lines varied
from 0.042 to 0.054 g glucose/g soybean
fatty acids. Since the metabolic require-
ment for carbohydrate can be met from
a wide variety of precursors, the require-
ment stated in the present study is only
applicable under these conditions. These
results confirm the finding of Renner and
Elcombe (3) that the requirement for
maximum growth response is in the range
of 0.035 to 0.105 g glucose/g fatty acids.

Analysis of variance and application of
Duncan’s multiple range test (10) to the
data on growth showed that in all experi-
ments the addition of glucose up to a level
of 0.070 g glucose/g fatty acids resulted

in progressive and significant increases in
growth. Supplementation with higher lev-
els of glucose failed to cause additional
growth response. Highly significant posi-
tive correlation coefficients (0.88, 0.88,
0.85) were obtained between level of car-
bohydrate in the three experimental diets
and weight gain. Since growth was propor-
tional to the level of glucose in the diet
and since in previous studies3 it was
shown that fructose, galactose, xylose, sor-
bitol, dextrin and starch were as effective
as glucose in stimulating growth of chicks

sRenner, R. 1966 Studies on the effectiveness of
different carbohydrates in promoting the utilization of

“carbohydrate- and glycerol-free diets.” Federation
Proc., 25: 303 (abstract).
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fed “carbohydrate-free” diets, it was con-
cluded that growth response could be used
to determine the available carbohydrate in
rapeseed meal and soybean meal even
though carbohydrates other than glucose
are present in rapeseed and soybean meals.
Data showing the available carbohydrate
in rapeseed meal and soybean meal de-
termined by the chick bioassay are sum-
marized in table 2. Each meal was assayed
at two or three levels, and each level was
calculated to provide less than 0.05 g car-
bohydrate per gram soybean fatty acids.
The data show that the available carbo-
hydrate in rapeseed meal #5 was 4.5%
and 6.3% in experiments 2 and 3, respec-
tively, and for rapeseed meal #8 was 8.4%
(experiment 3). Values for soybean meal
obtained in experiments 1 and 2 were
14.0% and 14.2%, respectively. The vari-
ability in available carbohydrate observed
within a given experiment is within the
variation of biological experimentation.
Values for chemically available carbo-
hydrate in nine samples of rapeseed meal
and one sample of soybean meal deter-

G. N. LODHI, RUTH RENNER AND D. R. CLANDININ

mined by the method of Clegg (5) are
summarized in table 3. For comparative
purposes values for nitrogen-free extract
are also given. Calculations indicate that
in rapeseed meal soluble sugars and
starch make up about 40% of the nitro-
gen-free extract, whereas in soybean meal
soluble sugars and starch comprise 67%
of the nitrogen-free extract.

Comparison of the data summarized in
tables 2 and 3 shows that values for avail-
able carbohydrate obtained by Clegg’s
chemical method are higher than those
obtained by the chick bioassay. This may
be due to the presence in the extract of
reducing compounds other than carbohy-
drate which react with the anthrone rea-
gent. On the other hand, the difference
could be due to the fact that the bioassay
reflects not only the amount of these com-
ponents but also their digestibility. Further-
more, the bioassay would also underesti-
mate available carbohydrate if any of the
carbohydrates were converted to volatile
fatty acids through fermentation in either
the crop or cecum. The extent to which

TABLE 2

Available carbohydrate in rapeseed meal and soybean meal determined
using the chick bioassay

Level an(fi Exp. 1
Sodise Avg wt

ouin'1 CHO 2

g/g SFA 9 %
Soybean meal
0.143
0.175
0.214 —
0.286 -
0.350 189
Average —

13.0

Rapeseed meal #5 4
0.250 - —
0.350 — —
0.375 — —
0.437 — —
0.500 — —
Average — —

Rapeseed meal #8 5
0.375 — —
0.500 — —
Average — —

1From 7 to 21 days of age.
2 Available carbohydrate.

Exp. 2 Exp. 3

Avg wt Avg wt

ga?n 1 CHO2 ga?n I CHO2
9 % 9 %
177 16.1 — —
187 145 - —
189 11.9 - -
— 14.2 — —
161 48 —
— — 175 6.6
168 45 — —
— — 178 5.9
174 4.4 —
_ 45 — 6.3
— 183 8.3
— — 195 8.5
_ _ _ 8.4

3Values are averages of duplicate groups of 10 chicks.

4 Solvent processed.
5Prepress-solvent processed.
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TABLE 3

Carbohydrate content of soybean and rapeseed meals determined using
Clegg’s chemical method (5) 1

Nitrogen-
ree
extract
%
Soybean meal 35.3
Rapeseed meal #1 34.3
Rapeseed meal #2 36.6
Rapeseed meal #3 33.9
Rapeseed meal #4 36.1
Rapeseed meal #5 34.2
Rapeseed meal #6 35.2
Rapeseed meal #7 34.2
Rapeseed meal #8 35.3
Rapeseed meal #9 36.1
Average 4 35.1

1Values are expressed on a dry-matter basis.
2Expressed as soluble sugars.

3Soluble sugars plus starch.

4 Average of nine samples of rapeseed meal.

carbohydrates are fermented in the chick
is unknown but may be insignificant be-
cause of the relatively rapid rate of pas-
sage of food through its gastrointestinal
tract.

Bolton (11), from results of digestibil-
ity trials conducted with adult chicks, con-
cluded that the sugars and starch in soy-
bean meal determined chemically were
100% digestible. He reported the level of
sugars and starch in soybean meal con-
taining 49% protein on a dry-matter basis
to be 17.6%. Subsequently, using an in
vitro enzymatic method, Bolton (12) found
the available carbohydrate in soybean meal
(44% protein) to be 12.6% on a dry-mat-
ter basis. These results are in general
agreement with results obtained in the pre-
sent study using the chick bioassay.

The finding that the level of available
carbohydrate in rapeseed meal is lower
than in soybean meal helps to explain why
the metabolizable energy value of rapeseed
meal is low. Calculations, using results of
the chick bioassay and assuming an en-
ergy value of 3.75 kcal/g for the carbo-
hydrates in the two meals, indicate that
the difference in amount of available car-
bohydrate in rapeseed meal and soybean
meal accounts for 290 kcal/kg of the total
difference in metabolizable energy value
(1570 kcal/kg) of these two feedstuffs.
Thus, 19% of the difference in metaboliz-
able energy of the rapeseed meal and soy-

T swenz Al
% % %
18.6 5.0 23.6
115 2.3 13.8
10.8 3.3 14.1
11.0 2.2 13.2
12.4 2.2 14.6
12.0 2.4 14.4
11.2 2.2 13.4
115 2.1 13.6
12.4 3.2 15.6
11.8 2.7 14.5
11.6 2.5 14.1

bean meal may be accounted for by the
difference in amount of available carbo-
hydrates.
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Retention of Radiocesium by Rats

Before and After Weaning %

F. W. LENGEMANN

Department of Physical Biology, New York State Veterinary College,
Cornell University, Ithaca, New York 14850

ABSTRACT

Rat pups were given intraperitoneal injections of mCs at 4 days of

age, and the retention of the radiocesium was followed by whole-body counting. Up
to the time of weaning, the pups lost half of the radiocesium every 10.9 days. After
weaning, the rate of loss increased markedly and the body retention function became
multiexponential rather than the single exponential observed during nursing. Experi-
mental procedures ruled out recycling of radiocesium through the dams and the physi-
cal nature of the diet after weaning as being contributory factors to the changes

observed in cesium retention.

The experiments suggest that the higher potassium

intake after weaning may be responsible for the sharp change in retention.

In a preliminary study in this laboratory
of the effect of age upon the retention of
radiocesium by rats it was observed that
suckling rats exhibited a greater retention
of radiocesium than weaned rats weighing
50 or 100 g. It was also noted that at wean-
ing the retention of cesium by these rat
pups decreased sharply and was in accord
with data obtained using weaned 50-g rats;
moreover, the dam at the time of weaning
contained as much or more radioactivity
than did the average suckling young. Since
it is characteristic of the rat to induce the
nursing pup to urinate by licking its anal
region, the results of the experiment sug-
gested that the long retention time of
radiocesium in the suckling could be due
to recycling of radiocesium from dam to
the pup. To investigate this possibility it
was decided to repeat the experiments
while attempting to keep the dam from
having oral contact with the pups.

The experiments reported in this paper
show that the rate of cesium excretion by
the young rat was greater postweaning
than preweaning and that recycling of
radiocesium through the mother was insig-
nificant. This suggested a dietary compon-
ent must be involved. Since potassium is
very likely to affect cesium metabolism
(1), weanling rats were fed diets contain-
ing various potassium levels and the re-
tention of a single dose of radiocesium was
followed. The results of this experiment
suggest that increased potassium intake

J. Nutrition, 99: 419-424.

after weaning may be responsible to a
large degree for the increased excretion
rate of radiocesium.

METHODS

Pregnant albino rats of the Sprague-
Dawley strain 2weighing between 250 and
300 g were used. For 3 days after the birth
of the pups the female was allowed to
nurse the young undisturbed. On day 4, in
all but two cases, each pup in the litter was
injected intraperitoneally with 0.05 ml of
a solution of radiocesium that contained
95 aCi of mCs in 50 ml of distilled water.
Radioactivity of individual pups was
counted within 1 hour of dosing and at
least twice weekly thereafter in a small
animal crystal scintillation counter3while
confined in a disposable thin plastic con-
tainer. The counts were corrected for in-
crease in body mass, radioactive decay,
and machine variation. The resulting re-
tention curves were normalized so that all
pups started with the same initial number
of counts of B3Cs at time zero.

After the rat pups were dosed with radio-
cesium the mother was separated from the
young each day during the period from
0800 to 1700 hours. At 1700 hours the
mother was fitted with a fine wire screen
head mask and returned to the cage con-

Received for publication July 15, 1969.

1Supported in part by the U.S. Atomic Energy Com-
mission under contract AT (30-1)-2147.

2Blue Spruce Farms, Altamount, N. Y.

3Tobor, Nuclear-Chicago Corporation, Chicago, 111
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taining her pups. The dam was provided
with food and water only when she was
caged separately from the pups. This pro-
cedure prevented oral contact and, more-
over, served to control the intake of foods
other than maternal milk by the pups.

To demonstrate the effect of weaning
upon the retention of radiocesium, rat pups
were weaned at 16 days, 3 weeks, or 4
weeks of age. In most cases the pups were
fed normal pelleted rat diet4 during the
absence of and after final separation from
the dam. Three litters of pups, however,
were provided with fresh cow’s milk in-
stead of the solid diet. The experimental
variables of this phase of the research are
presented in table 1

These experiments suggested that wean-
ing, per se, was not the causative factor
but that some component of the diet might
be altered at weaning, increasing the ex-
cretion of cesium. A comparison of the
diets suggested potassium as being the re-
sponsible agent.

To test the effect of dietary potassium,
male weanling rats were each given 0.2 ml
of the radiocesium dosing solution intra-
peritoneally and then placed on purified
diets containing various levels of potas-
sium. The basic diet was essentially a su-
crose, casein, com oil mix to which were
added minerals and vitamins to supply all
the known requirements of the rat.5Potas-
sium levels were 0.11, 0.22, 0.44 and
0.88%, respectively, for the four groups.

RESULTS

Figure 1 is a graphic presentation of
the results of the series of trials in which
time of weaning was varied in order to
determine the degree of association of
weaning to the abrupt change in radio-

F. W. LENGEMANN

cesium rentention. In drawing the curves,
averages of litter values at each sampling
point were used rather than averages
weighted for the number of animals in a
litter. During the period the pups were
nursing the retention of radiocesium was
greatly different than for the period after
weaning; moreover, the sharp break in
the retention curve came at or closely after
the time of weaning. The retention of
radiocesium in counts per minute by all
nursing pups could be described by the
single exponential function:
cpm = 2.75 X 10s e-°-064t

This represents a half-time for radiocesium
retention of 10.9 days.

After weaning, the falloff of the reten-
tion curve could be expressed only as the
sum of two or more exponential functions;
the values of the parameters in the func-
tions for the postweaning period for the
various experimental groups are shown in
table 2. Note that the time of weaning has
been used as day zero, and that the relative
sizes of the compartments (at, a2 a3 are
expressed as a percentage of the initial
number of counts. The first three groups in
table 2 are those depicted in figure 1. Of
importance is the observation that the
k values for any one compartment were al-
most identical for the various groups. The
half-times were about 3.0 and 8.7 days for
k, and k2, respectively, and when compared
to the half-time for the preweaning period

4 Big Red Laboratory Diet, Agway, Inc., Syracuse,
N. Y. This diet contained 0.76% potassium.
s Each kilogram of diet contained: (in grams)

sucrose, 680; vitamin-free casein, 180; com oil, 80;
brewer’s dried yeast, 20; vitamin mix (Nutritional
Biochemicals), 20; and salt mix, 24. The salt mixture
contained: (in grams) CaiH~CA~'HMO, 320.85;
CaHPO04, 173.4; FeCI3*6H20, 36.0; NaH2P04*H20,
115.65; and NaCl, 65.25. To achieve the various potas-
sium levels, either 2.76, 5.53, 11.05 or 22.05 g potas-
sium were added to each kilogram of diet.

TABLE 1

Protocol for management of rats during the series of experiments relating
weaning and diet to cesium retention

Supplemental

diet provided Age at
Sups weaning

Pelleted rat diet 16 days
Pelleted rat diet 3 weeks
Pelleted rat diet 3 weeks
Pelleted rat diet 4 weeks
Pelleted rat diet 4 weeks
Fresh cow’s milk 4 weeks

Nur(?fber %??ubssr Age of pups
litters in litter at dosing
2 6,6 4 days
1 10 7 days
1 3 4 days
2 7,5 5 days
1 6 4 days
3 5,56 4 days



CESIUM AND WEANING

DAYS AFTER DOSING

Fig. 1 Rétention of a single intraperitoneal dose of radiocesium for 3 values of the
time of weaning.

TABLE 2

Values of the parameters in the exponential functions describing the retention of
radiocesium by young rats 1

Groups ai hi p k2 3 k3
% % %
Weaned at 16 days 2 77.8 0.23 22.3 0.08
Weaned at 3 weeks 2 711 0.23 28.9 0.09
Weaned at 4 weeks 2 57.1 0.22 42.9 0.08
Weaned at 4 weeks
(milk diet) 47.4 0.27 52.6 0.08
W eanling
rats dosed at 23
50 g body weight 15.4 1.04 72.5 0.25 12.1 0.08

1The exponential takes the form:
Cesium retention = aie~k,t+ ...+ ane~kJ.
2Animals received normal pelleted rat diet after weaning.
3This experiment lasted 50 days in contrast to the approximately 30 days on the test diet for the
other groups.
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demonstrate that the excretion of radio-
cesium was accelerated after weaning. The
sizes of the compartments varied between
the groups and, at least for the first three
groups, can be explained to be an inter-
action between the rate of loss of radio-
cesium from the first compartment and the
age at which weaning occurred.

When the pups of the various experi-
mental groups were weaned the dams were
killed and the radiocesium content of the
whole animal and that of the pelt were de-
termined. On the average a dam contained
13.24 £ 4.8% (mean + sem) Of the radio-
cesium found in one pup of her Utter at
weaning. Of this count, 55 + 11% was as-
sociated with the pelt. In contrast, in an
experiment (three litters) where masks
were not used the mother contained 124 *
42% of the radiocesium found in an aver-

age pup.

Fig. 2

F. W. LENGEMANN

Figure 2 presents the results of a trial
in which the pups were given either the
normal pelleted rat diet (grain) or fresh
cow’s milk as the sole food after weaning.
Again the sharp break in cesium retention
was observed to occur at weaning with the
difference between groups, as judged by
body cesium content at the end of the ex-
periment, being not statistically significant.
The k values for these two groups were also
quite similar (table 2).

When weanling rats were fed purified
diets at four different potassium levels it
was found that the rate of cesium excretion
was increased (fig. 3). The decrease in
31 days was about 56, 74, 85 and 94%
for the 0.11, 0.22, 0.44, and 0.88% K diets,
respectively. It is to be noted that rats fed
the commercial rat diet (0.76% K) at
weaning time showed a decrease in body
radiocesium of about 94% in the 30 days
after weaning (fig. 2).

Retention of radiocesium by rat pups weaned at 4 weeks of age to a diet of

liquid cow’ milk or a normal pelleted rat diet.
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Fig. 3 Retention of a single intraperitoneal
dose of radiocesium by weanling rats fed diets
differing only in their potassium content.

DISCUSSION

The results of these experiments demon-
strate that for the rat there is a sharp
change in the retention of radiocesium
that occurs precisely at weaning. These
results are in accord with those obtained
by Matsusaka and Inaba (2) using mice;
however, the change in the cesium reten-
tion at weaning is far more abrupt in the
experiments reported here. The ability of
a single exponential equation to express
the body content of radiocesium for rats
during the suckling period is evidence that
radiocesium excretion did not accelerate
with age as was the case for the suckling
mice.

The radiocesium content of the mothers
shows that the use of masks was effective
in preventing the recycling of radiocesium
back to the pups through the milk and
eliminates recycling as an explanation of
the phenomenon.

The rate constants for radiocesium in a
particular mathematical compartment (ta-
ble 2) after weaning were greatly similar
regardless of the time of weaning and were
similar to the rate constants determined
for the second and third components of the
equation describing the cesium retention
of rats given radiocesium after weaning.
This suggests that the age of these animals
did not contribute to the results.

Elimination of recycling and age of pups
as explanations leaves only the difference
between pre- and postweaning diets as the
most probable factor. Stewart et al. (3)
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have presented evidence that the physical
character of the diet can markedly alter the
amount of ingested radiocesium secreted in
cow’s milk. A major change that usually
occurs at weaning is the transition from an
easily digested fluid diet to a diet high in
fiber and other components with relatively
limited digestibility. These substances with-
in the digestive tract can create a physio-
logical compartment that is much larger
than that found in the milk-fed animal and
can compete for cesium by chemical bind-
ing or chelation, and in so doing produce
a greater excretion of radiocesium. The re-
sults of the experiment testing the com-
mercial rat diet against fluid milk (fig. 2)
showed no difference between groups, and
one can only conclude that the fiber pres-
ent in the pelleted diet (4.4% ), in addi-
tion to the unknown amounts of natural
chelators, made no significant contribution
to the marked decrease in retention that
began at weaning.

The provision of liquid cow’s milk to the
weanlings was also intended to continue
the rat pups on a diet that was quite similar
in composition to maternal milk. When
rat’s milk (4) and cow’s milk (5) are com-
pared directly it is observed that they differ
greatly in composition. This is due mostly
to the rat’s milk having about 28% solids
compared to about 12% for cow’s milk. If,
however, the comparison is made on the
basis of amounts of the respective milks
that will provide equicaloric intakes, the
differences mostly disappear (table 3).
From table 3 it is evident that, outside of
the higher lactose and potassium of cow’s
milk, few differences existed in the nutri-
ents supplied by equicaloric amounts of
the milk of these two species.

The last column of table 3 shows the
amount of each of these nutrients that
would be available to the weanling rat
when consuming an amount of the pelleted
rat diet calorically equivalent to 100 g of
rat milk. Lactose is not involved in the
shortening of the radiocesium turnover
times since there was no significant differ-
ence in the retention of radiocesium for
weanling rats fed the pelleted diet or the
fluid cow’s milk (fig. 2). This leaves potas-
sium as the most probable cause for the
marked decrease in retention of cesium
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TABLE 3

Various nutrients of rat’s milk, cow’ milk, and
pelleted rat diet equated to a caloric intake
equivalent to that contained in 100 g

rat’s milk

Nutrient Rat’s milk 1 Cow’s milk 2 T’thlfjtiig
Calories 155 155 155

9 9 9
Protein 8.9 7.3 10.5
Lactose 3.5 10.6 -
Fat 11.7 8.1 2.2
Ash 1.3 1.6 2.9
Ca3 0.24 0.27 0.54
Mg3 0.06 0.03 0.01
P 0.23 0.21 0.35
K3 0.11 0.31 0.33
Na 0.14 0.13 0.21

1Based upon analyses made by Luckey et al. (4).
2 Adapted from values compiled by Macy and Kelly

3 Analysis of the milk of 7 rats in this laboratory
atomic absorption spectrophotometry indicated the
milk of the dams contained 0.18% Ca, 0.06% Mg and
0.16% K. These values are in substantial agreement
with Luckey et al. (4).

that occurs at weaning. This possibility
was tested by feeding weanling rats diets
containing different levels of potassium.
The level of potassium markedly influenced
cesium excretion, with the highest level
(0.88% K) producing a retention of radio-
cesium similar to that of weanling rats fed
the pelleted rat diet containing 0.76% K
(fig. 3). The data thus suggest that during
the suckling period the rat pup is receiving
a diet relatively low in potassium, to which
the pup responds by conserving potassium.
Because of the chemical similarity to po-
tassium the turnover time of cesium is also
increased. When weaning occurs and the
pup receives a diet relatively high in po-

by

LENGEMANN

tassium the turnover time for the alkali
metals is shortened, and the radiocesium is
seen to decrease at a much faster rate than
during the suckling period.

If extrapolation is made to the human,
the data suggest that the human infant
while nursing may attain higher body bur-
dens of radiocesium than would be the case
for somewhat older children. Human milk
has approximately the same caloric value
as cow’s milk (75 vs. 69 kcal/100 ml);
however, the potassium content is much
lower (0.05% vs. 0.14% ). Therefore, if
the number of calories ingested controls the
volume of milk ingested, infants fed only
human milk would ingest only about one-
third of the amount of potassium ingested
by infants fed cow’ milk.
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Zinc Deficiency and Incorporation of ,4C-labeled
Methionine into Tissue Proteins in Rats
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ABSTRACT Studies to determine the role of zinc on the rate of incorporation of
14C-labeled methionine into tissue proteins were undertaken. The results show that
rats fed a semipurified diet deficient in zinc incorporated significantly less
DL-methionine-2-14C into plasma, liver, kidney and muscle at 2 hours postinjection
than rats receiving a zinc-supplemented diet. Similar results at 4 and 8 hours were
noted in liver and kidney. The same trends were also observed when DL-methionine-
1-14C or L-methionine-methyl-14C was injected. When unlabeled methionine was in-
jected, all three groups of zinc-deficient rats showed a significant decrease in the spe-
cific activities of liver and kidney protein as compared with zinc-supplemented rats.
Conversely, the incorporation of all three 14C-labeled methionines into pancreatic pro-
tein at 2 hours was significantly greater in zinc-deficient rats than in zinc-supplemented
rats. This enhanced conversion disappeared when zinc-deficient animals were previ-
ously injected with nonradioactive methionine. Total radioactivity as well as radio-
activity in TCA-soluble fractions of liver and kidney were unaffected by zinc deficiency;
therefore, the reduction in protein synthesis was probably unrelated to methionine
uptake. It was further demonstrated that the effects on the incorporation of labeled
methionine into tissue proteins were due to zinc deficiency per se rather than to

reduced food intake.

The discovery that zinc is a component
in several enzymes (1) led to the specu-
lation of a close relationship between en-
zyme activity and the abnormalities seen in
zinc-deficient animals. Results from this
laboratory (2) demonstrated that zinc de-
ficiency in rats reduced the activity of
pancreatic carboxypeptidase A, but had no
significant effect on pancreatic carboxy-
peptidase B or liver alcohol dehydrogenase.
Later Mills et al. (3) found that a reduction
of pancreatic carboxypeptidase activity in
zinc-deficient rats can be restored to normal
on zinc therapy. Our further studies (4)
indicated that the activities of kidney and
tibia alkaline phosphatases and liver lactic
dehydrogenase were greatly decreased in
zinc-deficient rats. Similar decreases in en-
zyme activity were observed by Prasad et al.
(5) when the activities of dehydrogenase
and phosphatase were determined by histo-
chemical methods. Kfoury and associates
(6) , however, reported that alcohol dehy-
drogenase activity in liver was less in zinc-
deficient rats than in control animals. No
difference was observed in alkaline phos-
phatase from kidneys of zinc-deficient and
control animals. Swenerton and Hurley
(7) showed that rats with severe deficiency

J. Nutrition, 99: 425-432.

of zinc still maintained the normal activ-
ities of liver lactic dehydrogenase and
glutamic dehydrogenase. Although the rea-
sons for the apparently inconsistent find-
ings from various workers are not known,
one thing seems to be clear: alterations in
the activities of zinc metalloenzymes are
not the major cause for the changes as-
sociated with zinc deficiency.

Studies by Nielsen et al. (8, 9) indicated
that zinc deficiency symptoms in chicks
could be partially alleviated by giving histi-
dine or cysteine supplement. Zinc was also
shown to be essential in the regulation of
an important tripeptide, reduced glutathi-
one (10). Recently we reported oxidation
of L-methionine-methyl-wC in zinc-deficient
rats to be much faster than in zinc-supple-
mented animals (11). Increased oxidation
of other amino acids by zinc-deficient rats
has been reported by Theuer and Hoekstra
(12). It seemed reasonable to suppose that
observed defects in amino acid metabolism
in zinc-deficient animals might be asso-
ciated with alteration in the rate of protein
synthesis. Indeed, stimulus for further in-
vestigation appeared in the observation

Received for publication May 14, 1969.
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that zinc is required for protein synthesis in
Rhizopus nigricans (13) and Euglena
gracilis (14). It has also been shown that
carbonic anhydrase activity in zinc-defici-
ent tomato plants was restricted, not by a
lack of sufficient zinc to activate an apo-
enzyme but by the blocking of metabolic
reactions forming protein (15), and that
the levels of free amino acids were in-
creased (16).

The present investigation was conducted
to determine the effect of zinc deficiency on
the rate of incorporation in vivo of re-
labeled methionine into tissue proteins of
the rat. Radioactive methionine was chosen
for a number of reasons: 1)available evi-
dence indicates that in pancreas this amino
acid incorporated primarily into exocrine
enzymes with the exception of one mol-
ecule found in one type of rat insulin (17);
2) the conversion of methionine-methyl-
YC to expired MCO02 appears to be much
greater in zinc-deficient rats than in zinc-
supplemented rats (11); and 3) cystine, a
metabolic product of methionine, is one
of the important amino acids in the com-
position of hair and skin (of interest since
various lesions of the integument, includ-
ing alopecia, eczema, thickening and kera-
tinization of the epidermis, occurred during
zinc deficiency).

EXPERIMENTAL

Animals and diets. Male rats of the
Sprague-Dawley strain, 22 to 25 days old
and weighing 45 to 60 g, were obtained
commercially 1 and used exclusively. The
rats were individually housed in stainless
steel cages in a temperature-controlled lab-
oratory. Zinc-supplemented diet was pre-
pared by adding 80 to 90 mg of zinc as
zinc carbonate to each kilogram of basal
diet which contained less than 2 ppm of
zinc. The basal diet, referred to as the zinc-
deficient diet, contained: (in percent) su-
crose, 65.97; dried egg white, 15:00; salt-
free casein hydrolysate, 3:00; Mazola oil,
10:00; salt mixture, 5.74 2 and vitamin
supplement, 0.29.3

Animals were fed ad libitum in all ex-
periments except one in which pair-fed con-
trols were used. The rats were allowed
deionized, distilled water ad libitum. After
14 to 17 days the animals were studied as
described below.

M. HSU, W. L. ANTHONY AND P. J.
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Injection of uC-labeled methiones After
overnight fasting, each rat was weighed
and injected intramuscularly (1 uCi/100 g
of body weight) with either DL-methionine-
2-¥C, DL-methionine-I-1C, or L-methionine-
methyl-¥C. The actual quantity of solution
injected was obtained by difference in
syringe weight before and after injec-
tion. Rats were killed by decapitation at
stated intervals after isotope administra-
tion. Liver, pancreas, kidneys and a por-
tion of gastrocnemius muscle were excised.
All tissues were immediately homogenized
with ice-cold water to make a 5% homog-
enate. An equal volume of cold 10%
trichloroacetic acid (TCA) was added to
the homogenate. Plasma was separated
from heparinized blood by centrifugation
at 1500 rpm for 10 minutes. An aliquot of
plasma was mixed with two volumes of
10% TCA. The TCA suspensions from vari-
ous tissues and plasma were kept at 4° for
24 hours. )

Preparation of uC-labeled protein. For
the preparation of MC-labeled protein, the
procedure of Wool and Krahl (18) was
modified as follows: The 10% TCA suspen-
sion was centrifuged, and the sediment was
washed thrice successively with 5 ml of
5% TCA containing 3.73 mg of unlabeled
DL-methionine. The residue was then dis-
solved in 3 ml of 88% formic acid and 0.6
ml of 30% hydrogen peroxide, and the
mixture allowed to stand 30 minutes at 25-
28°. To the formic acid-treated solution,
5ml of 10% TCA was added, the resulting
precipitate collected by centrifugation,
washed twice with acetone and allowed to
dry for a few minutes at room temperature.
The protein precipitates were digested by
adding 1 ml of Hyamine 5and heating in

1Purchased from Zivic Miller Laboratories, Inc.,
3848 Hieber Road, Allison Park, Pa. 15101.

2Furnished per 100 g of diet: (in grams) CaHPO04,
2.716; CaCOs, 0.957; Na2HPO04, 0.670; NaCl, 0.383;
KC1, 0.670;, MgS04, 0.287; FeC6H507-5H20, 0.019;
MnS04, 0.021; K103, 0.001; and CuS04-5H20, 0.001.

3Furnished per 100 g of diet: (in milligrams)
thiamine-HC1, 0.24; riboflavin, 0.60; pyridoxineHCI,
0.30; Ca pantothenate, 2.00; niacin, 4.00; inositol,
10.00; biotin, 0.20; folic acid, 0.20; vitamin Bi2 0.002;
choline chloride, 100.00; 2-methyl-l1,4-naphthoquinone,
1.00; and a-tocopherol, 6.00; (in 1U) vitamin A, 2500;
and vitamin D3, 300.

4The following radiochemicals were obtained from
New England Nuclear Corporation, Boston, Mass.:
L-methionine-methyl-i4C (14.7 mCi/mmole), DL-methio-
nine-2-14C _52.33 mCi/mmole), and DL-methionine-1-14C
(4.15 mCi/mmole).

5Hyamine hydroxide, obtained from the Packard
Instrument Company, Inc., Downers Grove, 111
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a 45° water bath for 30 minutes or longer
until completely dissolved.

In some experiments, a duplicate of 0.5
ml of 5% tissue homogenate was added to
a counting vial containing 1 ml of Hyamine
and the mixture heated at 55 to 60° for 1
hour or less until the tissue homogenate
was completely digested. The TCA-soluble
fractions obtained from liver or kidney
homogenate were neutralized and the total
volumes measured.

Radioisotope determination. The radio-
activity in all samples was determined by
mixing with the scintillation solution,
diotol,6 and counting in a Packard liquid
scintillation spectrometer. Counting effici-
ency for radiocarbon was about 70%. An
internal standard was used to correct for
quenching. The results obtained from
means of duplicate samples were further
corrected for injected dose and the specific
activity was expressed as counts per minute
per milligram of protein as determined by
the method of Lowry et al. (19) with
bovine serum albumin as standard.

Statistical tests: The significance of the
difference between the means of two
groups of values was determined by Stu-
dent’s t test (20).

RESULTS

As reported elsewhere (10), growth was
se_verelty depressed by zinc deficiency (table
lin reference 10). In those studies rats fed
a low zinc diet for a 16-day experimental
period gained weight at rates approxi-
mately 50% of rats fed an adequate level
of zinc. In the present investigation the
effect of zinc deficiency on the incorpora-
tion of DL-methionine-2-4C into tissue pro-
teins was studied at time intervals from
0.5 to 8 hours postinjection. The results in
table 1lindicate that at 0.5 hour the specific
activity present in selected tissues of zinc-
deficient rats was approximately the same
as in those of zinc-supplemented rats. At
the end of 2 hours, significantly more a1-
methionine-2-4C was incorporated into
pancreatic protein of rats fed diets low in
zinc than in rats fed the diet containing an
adequate level of zinc. On the other hand,
zinc-deficient rats incorporated a smaller

A mixture of 4.6 g 2,5-diphenyloxazole (PPO),

6
0.091 g 1,4-bis (2-(5-phenyloxazolyl-benzene)) (POPOP),
73 g naphthalene, 210 ml methanol, 350 m| dioxane,
and 350 ml toluene.
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portion of injected DL-methionine-2-XC into
the plasma, liver, kidney and muscle pro-
teins. At 4 and 8 hours postinjection, no
significant differences were observed in the
YC activity of pancreatic protein. There was
again a significantly decreased incorpora-
tion of labeled methionine into liver and
kidney proteins of zinc-deficient rats.

Seven experiments compared the effect
of zinc deficiency on the incorporation of
methionine-4C labeled at carbon-1, car-
bon-2, and methyl-group positions. Results
are given in table 2. With reference to the
pancreatic protein fraction it was shown
that the intraperitoneal injection of non-
labeled DL-methionine 10 minutes before
the injection of methionine-4C completely
abolished the increased radioactivity in
zinc-deficient rats, regardless of position of
YC-labeling. When DL-methionine-2-4C was
injected, the amounts of radioactivity in
TCA-insoluble fractions of the livers and
kidneys of zinc-deficient rats were signifi-
cantly less than those of zinc-supplemented
animals. Similar trends were found be-
tween zinc-supplemented and zinc-defici-
ent groups injected with DL-methionine-1-
2T or methyl-4C although these amounts
did not reach a statistical significance for
liver in the case of the former, or for liver
or Kidney in the case of the latter. When
nonlabeled methionine was injected, all 5
groups of zinc-deficient rats had a signifi-
cant decrease in specific activities as com-
pared with zinc-supplemented rats. These
findings suggest an impairment of protein
synthesis in rat liver and kidney during
zinc deficiency.

To test whether the decreased MC-
methionine incorporation was due to a
general reduction in food consumption
rather than to a specific effect of zinc de-
ficiency, an experiment was performed
using pair-fed zinc-supplemented rats.
Data in table 3 show that rats receiving
pair-fed zinc-supplemented diet incorpo-
rated significantly more DL-methionine-2-
YC into the plasma, liver and kidney than
zinc-deficient rats. Conversely, in the pan-
creatic protein of the zinc-deficient rats,
significantly more radioactivity was again
observed.

_The effect of zinc repletion on methio-
nine incorporation into tissue proteins was
determined by daily intraperitoneal injec-

L. ANTHONY AND P. J.
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tions of 400 ag of zinc (as zinc chloride)
on the last 3 days of the experiment. Re-
sults summarized in table 4 indicated that
liver protein in zinc-repleted rats compared
with zinc-deficient rats had a significantly
greater incorporation of DL-methionine-2-
YC after injection of nonlabeled methio-
nine. In the kidney similar findings were
noted except that the specific activity of
zinc-repleted rats did not fully reach the
value of zinc-supplemented rats. Thus, the
defects in incorporation observed in zinc-
deficient rats appeared to be readily re-
versible.

Results for the effect of zinc deficiency
on the uptake of labeled methionine by the
liver and kidney are given in table 5. The
amount of the total radioactivity found in
the whole liver and kidney, expressed as
percentage of injected MC-labeled methio-
nine, was about the same in zinc-deficient
rats and zinc-supplemented rats. Similarly,
no significant differences were observed in
the radioactivity of TCA-soluble fractions.
Values for the percentage of injected radio-
activity incorporated into liver protein
were significantly lower for zinc-deficient
rats compared to zinc-supplemented rats,
whether or not nonlabeled methionine was
administered; in kidney protein the values
do not differ significantly.

DISCUSSION

The biotin supplement reported here is
less than that indicated hy other authors
(21) as effective for prevention of symp-
toms of biotin deficiency in an egg white
diet containing inadequate zinc. They did
not determine the minimum level needed
under their conditions, however, and the
reported effective level was probably in
excess of that required. Increased oxidation
of acetate-2-4C to 4C02 a symptom of bio-
tin deficiency (22), was not observed in
rats fed our diet (11), and injection of
biotin and other B-complex vitamins had
no effect on growth or appearance.

Increased oxidation of L-methionine-
methyl-4C in zinc-deficient rats suggests a
metabolic role of zinc in the regulation of
methyl groups (11). The observations pre-
sented here indicate that zinc deficiency is
associated with a reduction of MC-labeled
methionine incorporation into liver and
kidney proteins, but at present it is not
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TABLE 3

Incorporation of m,-methionine-2-14C into tissue proteins in pair-fed zinc-supplemented and
zinc-deficient rats 1

Final Specific activities
T{ﬁgtc’f body wt P . .
(14 days) Pancreas Plasma Liver Kidney
g cpm/mg protein
Zinc-supplemented 84+8 2 262*19» 122+9 a 118+ 11 1 243 +15»
Zinc-deficient 577 365 +£88 70+£21 85+8 176+ 18

1AIl rats were Killed 2 hours after isotope injection.
2Mean + sd.

aDifference between zinc-supplemented and zinc-deficient rats is statistically significant (P < 0.01).
b Difference between zinc-supplemented and zinc-deficient rats is statistically significant (P < 0.05).

TABLE 4
Effect of zinc repletion on incorporation of i>J,-methionine-2-14C into tissue proteins 1

Final

Type of body wt
et (14 gays)
Q
Zinc-supplemented 104+ 22
Zinc-deficient 55+ 5
Zinc-deficient and -repleted 3 60+5

Specific activities

Pancreas Liver Kidney
cpm/mg protein

118+23 66+ 7a 56 + 3 m»=

94 +38 51+ 3 39+5

10420 60+5 b 47+ 5b

1Six rats in each group were killed 2 hours after injection of DL-methionine-2-14C. Ten minutes before

isotope injection,
Mean * sd.

nonlabeled DL-methionine was injected in the amount of 60 /;moles/100 g body wt.

3Each rat received an intraperitoneal injection of 400 /;g zinc daily on last 3 days of experiment.
aDifference between zinc-supplemented and zinc-deficient rats is statistically significant (P < 0.01).
bDifference between zinc-repleted and zinc-deficient rats is statistically silt];nificant (P < 0.05).

cDifference between zinc-supplemented and zinc-repleted rats is statistica

clear whether these are interrelated or are
independent processes. If the decreased
specific activities in the liver and kidney
proteins of zinc-deficient rats are due to
a decrease in the availability of precursors,
a nonlabeled methionine supplement be-
fore the injection of radioactive methionine
would be expected to correct the adverse
effect. Experimental data (table 2) ob-
tained by using such a procedure do not
support this hypothesis. Also, in other
studies we have found that the specific
activities of liver and kidney were signifi-
cantly lower in zinc-deficient rats than in
zinc-supplemented animals, 2 hours after
DL-cystine-I-4C injection. The latter find-
ings suggested that zinc is involved in the
utilization of a sulfur-containing amino
acid other than that employed in the stud-
ies described here. The total radioactivity
in the tissues examined was unaffected by
zinc deficiency; therefore, the reduction in
protein synthesis is probably unrelated to
the uptake of methionine.

The pancreas, an organ having a very
high metabolic activity, is known to syn-
thesize more protein per gram of gland
than any other body tissue (23). The pres-

y significant (P < 0.05).

ent results confirm this in that the specific
activity of the trichloroacetic-acid-insoluble
fraction from the pancreas is much greater
than that from the liver and kidney of the
same rat.

The paradoxical effects of zinc deficiency
on KC-methionine incorporation into the
proteins of the pancreas, as opposed to
the proteins of the liver and kidney, are
of particular interest. The reasons for those
phenomena, however, are not at all clear.

The enhancement of methionine incor-
poration into pancreatic protein of zinc-
deficient rats does not appear to agree with
the earlier reports of Mills et al. (3) in-
dicating that protein synthesis in the
pancreas of zinc-deficient rats is impaired
as measured by the incorporation of in-
gested U-MC-labeled Chlorella protein. This
apparent disagreement might be partially
explained by the difference in the labeled
compounds used.

Our data show that the increased specific
activity of pancreatic protein in zinc-
deficient rats is abolished in animals previ-
ously treated with nonradioactive methio-

7Hsu, J. M., and W. L. Anthony, unpublished ob-
servations.
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Distribution of radioactivity in liver and kidney of zinc-supplemented and zinc-deficient rats 1
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nine. This fact suggests a depletion of
methionine. Whether this is also true for
other amino acids has not been investi-
gated. It seems apparent, however, that
under the experimental conditions we have
employed, the pancreatic cells (unlike the
hepatic and renal cells), are still capable
of synthesizing proteins whenever methio-
nine becomes available. Thus, it is not
surprising to find that the activities of sev-
eral pancreatic exocrine enzymes—includ-
ing lipase,8trypsin, and chymotrypsin (3),
and carboxypeptidase B (2)—were un-
affected by zinc deficiency. Nevertheless,
available information does not rule out the
possibility of an effect of zinc deficiency on
the synthesis of specific proteins in rat
pancreas.
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Effect of Diet on Protein Synthesis and
Nucleic Acid Levels in Rat Liver %

MASOOD HAIDER2 ana H. TARVER
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Medical Center, San Francisco, California 94122

ABSTRACT The effects of variation in dietary protein content on the rates of liver
protein and plasma albumin synthesis have been reinvestigated. Adult rats were pre-
conditioned to normal (27% ), high (64% ), low (8% ) and protein-free diets for 5 to 7
weeks. Following a 4-hour fast they were injected with DL-lysine-I-14C intravenously at
different time intervals up to 2 hours before killing. Determinations were made of
DNA, RNA, protein, and free lysine concentrations in the liver, and of the specific
activity of lysine in the protein-bound and TCA-soluble fractions. The rate of liver
protein synthesis remained relatively unchanged in low and high protein diet groups,
as compared with the normal protein diet group, and was either unchanged or slightly
increased in the animals on the protein-free diet. On the other hand, the rate of
plasma albumin synthesis was significantly reduced in protein deprivation, although
it did not show any appreciable differences among other groups. DNA, content was
found to be higher in the liver of rats fed the protein-free diet, as compared with those
on normal diet, whereas RNA concentration was reduced considerably, the differences

among other groups being small.
the protein content of the diet.
relatively unaffected by dietary treatment.

Although the effect of the protein con-
tent of the diet on protein levels and on
protein turnover in the liver of rats has
been investigated by many workers, the
results are conflicting. Most investigators
have utilized labeled amino acids in their
work, and unknown degrees of reincorpo-
ration of the label have been the major
source of difficulty in interpretation, as for
instance in the studies of Solomon and
Tarver (1). Attempts have been made to
circumvent this difficulty by investigating
the behavior of an amino acid labeled in
a group known to be vulnerable to meta-
bolic attack, namely, the guanidino group
of arginine (2, 3). The results showed that
the turnover in this group was not influ-
enced until the level of dietary protein was
reduced to a level barely compatible with
life. A refinement of this method was
adopted by Stephen and Waterlow (4) who
used arginine labeled in both the C-6 and
C-1 groups. Their protein-depleted animals
exhibited a decrease in protein catabolic
rate but, as pointed out by Lane (5), it is
possible that their results should be as-
cribed to alterations attributable to the
surgical manipulations involved. An in-
crease in the rates of protein synthesis in

J. Nutrition, 99: 433-445.

Protein content of the liver changed proportionate to
Free lysine concentration in the liver was found to be

livers of protein-deficient rats has also been
reported (6, 7).

There are also conflicting data with re-
gard to the effect of diet on the turnover
of the mixed plasma proteins as well as
that of plasma albumin. Yuile et al. (8)
observed that turnover rates of both plas-
ma albumin and globulins increased when
the level of dietary protein was raised
whereas Jeffay and Winzler (9), using en-
dogenously labeled plasma proteins, re-
ported that the turnover rate of albumin,
but not of globulins was dependent on the
diet. Kirsch et al. (10) recently made more
elaborate studies, measuring catabolism by
the excretion of Bl from the breakdown
of intravenously injected labeled albumin
and synthesis from the incorporation of
YC into the guanidino carbon of arginine
in albumin. A reduction in both anabolic
and catabolic rates was found although the
change in anabolic rate was detected first.

In view of the above mentioned con-
flicting results and others cited in the lit-
erature, we decided to reinvestigate this

Received for publication June 12, 1969.
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problem, giving particular attention to the
dietary state of our animals and to the
specific activity of the labeled amino acid
(lysine) during the period in which incor-
poration was studied. We also investigated
the protein and RNA levels in the livers
of our experimental animals. Because in
the adult organism the DNA of the nucleus
appears to be the least variable of all tis-
sue constituents, DNA concentrations were
also determined as a standard of reference
for all other cell components.

MATERIALS AND METHODS

Animals and treatment. Female rats of
the Sprague-Dawley strain weighing about
200 g were housed in individual cages and
fed diets 3for 5 to 7 weeks. Their daily food
consumption on high and low protein diets
was not significantly different from those
on normal protein diet (15to18g), where-
as rats on the protein-free diet consumed
more food than those on the normal diet
initially but less later on(12tol4g). Rats
on normal, low and high protein diets
gained at the average rates of 12.5, 6.5,
and 12.1 g per week, respectively, while
those on protein-free diet lost 13.5g per
week.

Determination of blood in liver. A por-
tion of the liver homogenate was diluted
and used for blood determination by a
modified benzidine method (11) in order
to make allowance for its radioactivity. A
sample of heparinized blood obtained at
the time of killing served, after dilution,
as the standard. Synthesis of liver pro-
tein was measured as follows: Rats fasted
for 4 hours in the morning were in-
jected through the tail vein with 20 uCi of
DL-lysine-1-aC 4in 0.5 ml saline. After each
of the six time intervals of 5 to 120 min-
utes, four to six rats were decapitated,
their livers were removed and homogenized
separately in ice-cold water. An aliquot was
removed and the rest precipitated with 0.5
volume of 20% trichloroacetic acid (TCA).

Treatment of the homogenate. The liver
homogenate precipitated with TCA was
centrifuged, and the centrifugate rehomog-
enized with 10% TCA. The combined su-
pernatant and wash was used for the de-
termination of free lysine, after removal
of TCA by repeated extractions with ether
and concentration to a small volume. RNA,

MASOOD HAIDER AND H. TARVER

DNA and protein were determined on the
precipitate by the procedure of Hutchinson
and Munro (12), but using the method of
Ceriotti (13) for DNA and biuret (14) or
Lowry et al. (15) for protein.

Determination of specific activity of ly-
sine in the TCA-soluble fraction and in
liver protein. Labeled liver protein pre-
cipitated with TCA was prepared for de-
termination of specific activity of lysine
as follows: Nucleic acids were removed
from the precipitate by extraction with
10% TCA at 90° for 15 minutes (Schneider
method (16)). Lipid and TCA were re-
moved by extraction, twice with 95% etha-
nol, twice with ethanol-ether (3:1) at 40°
for 10 minutes and finally twice with ethyl
ether. One hundred milligrams of the dry
residue was hydrolyzed in a sealed tube
with 3ml 6. HC1 for 22 hours at 105 to
110°. The acid was removed by repeated
evaporation and dilution with water in a
flash evaporator. The pH of the final con-
centrate was made to 6.0 with a solution
of sodium hydroxide.

For the determination of lysine, either
one of two methods was used, depending
upon the requirements. Electrophoresis in
a vertical system at 220 volts for 22 hours,
using 0.05 m sodium carbonate (pH 11.3)
in the buffer chambers, along with suitable
standards, or a manometric method using
I(ysir;e decarboxylase 5as described by Gale

17).

The measurement of radioactivity in the
form of lysine in both TCA-soluble frac-
tions and protein hydrolysates was also
done using the decarboxylase, by a mod-
ification of the method of Snyder and
Godfrey (18). An aliquot of the hydroly-
sate or diluted TCA-soluble extract was
placed in the reaction compartment of a
Warburg flask with two side arms, and the
volume was made to 2.0 ml by the addi-
tion of 0.5~ phosphate buffer at pH 6.0.
To one side arm was added 5mg lysine
decarboxylase in 0.5 ml phosphate buffer,

3Composition of diets in percent: Normal (N),
casein (vitamin free) 27, starch 59, vegetable oil 10,
salt mixture (USP XIV) 4, plus vitamin fortification
mixture; Low (L), casein 8, starch 78, vegetable oil
10, salt mixture 4, and vitamins; High (H), casein 64,
sucrose 22, vegetable oil 8, brewer’s yeast (USP) 2,
salt mixture (USP no. 2) 4, plus vitamins; Free (F),
cornstarch 70, cellulose 15, vegetable oil 10, salt mix-
ture 4, and vitamins. All diets were obtained from
Nutritional Biochemicals Corporation, Cleveland, Ohio.

4 Specific activity 15.5 mCi/mmole. Nuclear Chicago

Corporation, Des glames, Ilinois.
5B grade, CalBiochem, Los Angeles, California.
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and to the other 0.25 ml 8 » HZ04 A tube,
3 c¢m long, made of 7-mm glass tubing and
containing 0.3 ml hydroxide of hyamine 6
was placed in the central well. After all
outlets to the flask were closed, the enzyme
was tipped into the reaction compartment
and the mixture was incubated in a Dub-
noff’s shaker at 37° for 1 hour. The acid
was then tipped in and incubation contin-
ued for 2 hours, after which the hyamine-
containing tubes were placed in count-
ing vials with 10 ml of Bray’s solution.
The contents were mixed and counted
in a Packard TriCarb liquid scintillation
counter. Corrections for quenching were
dmage by using an automatic external stan-
ard.

The synthesis rate of plasma albumin
was measured 60 and 120 minutes after
injection of the labeled lysine. Albumin
labeled with 187 of known activity was
injected simultaneously in order to mea-
sure blood and plasma volumes by isotope
dilution. Albumin concentration in plasma
was determined by the method of Debro
et al. (19).

At the conclusion of the experimental
interval, blood was collected by heart punc-
ture and the albumin was prepared from
the plasma by the method used by Awwad
et al. (20). Purity of the albumin was
checked by acrylamide gel electrophoresis.8
The specific activity of lysine in albumin
was determined in the manner described
for liver protein. Aliquots of plasma sam-
ples from rats killed at 60 or 120 minutes
were counted for ml activity in order to
get an estimate of the fraction of labeled
albumin lost by passage into extravascular
space or catabolism.

RESULTS

Liver DNA, RNA, protein and free ly-
sine concentrations. DNA is expressed as
mg/10 g wet liver, mg/200 g initial body
weight and mg/200 g final body weight.
RNA and protein concentrations are in
addition, expressed as mg/10 mg DNA and
g/10 mg DNA, respectively. Student’s t test
was used to assess the significance of the
difference between the mean values of two
groups of data. Differences were accepted
as significant only when P < 0.01.

No significant differences were found in
the DNA content of the liver from low or
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high protein-fed rats, compared with the
controls, when expressed either as mg/
200 g initial body weight or mg/200 g final
body weight (fig. 1). On the other hand
the protein-free diet group showed a lower
DNA concentration by the first mode of ex-
pression, and a higher by the second. DNA
as mg/10 g wet liver was higher in both
the low and protein-free diet groups, in
comparison with results from rats on nor-
mal protein diet, and showed statistically
insignificant differences in the case of
the high-protein diet group. Several reports
have indicated that in the adult rat, DNA
content of the liver is relatively unaffected
by dietary manipulations (21-23). Other
workers (24-26), however, have reported
higher DNA content of the livers from rats
fed a protein-free diet for varying periods
of time. Our results are in agreement with
the findings of the latter group. Neverthe-
less, DNA has been used as the standard
of reference, with the knowledge that re-
sults may be somewhat underestimated for
the protein-free diet group when this mode
of expression is used.

Considerably lower concentrations of
RNA were found in livers of rats fed the
protein-free diet, when normal protein diet
was taken as standard of comparison. The
differences between the high and normal,
and normal and low protein diet groups
were not so marked and did not consis-
tently show the same pattern of change
with all four means of expression, although
a trend towards more RNA with increase
in dietary protein level was evident (fig. 2).
Protein concentration in the liver was
found to increase with increase in the pro-
tein content of the diet (fig. 3).

Figure 4 shows the free lysine concen-
tration in the livers of rats on the four
diets, expressed as mg/10 g wet liver, mg/
200 g final body weight, and mg/10 mg
DNA. No statistically significant differ-
ences were found for rats fed the high,
low or protein-free diet as compared to the
normals, when lysine content of the liver
was expressed as mg/10 g wet liver. The

6This and other materials for counting were ob-
tained from Packard Instrument Company, Inc., La
Grange, Illinois. i

7Free of carrier and reducing agent.
Chicago Corporation, Des Plaines, Illinois.

sPolyacrylamide gel materials: E-C Apparatus
Corp., Philadelphia, Pennsylvania.

Nuclear
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Fig. 1 Effect of dietary protein variation on DNA content of the liver. Rats were pre-

conditioned to normal (N), low (L), high (H) or no-protein (F) diets for 5 to 7 weeks before
the DNA contents of the livers were determined as described in Methods. Values represent

the mean of 23 to 31 rats = sem.

differences found with the other two modes
of expression are small, and we conclude
that free lysine concentration in the liver
remains constant despite wide variations
in protein intake.

Our average values for lysine content of
the liver (mg/10 g) agree reasonably well
with those reported by Schurr et al. (27)
and Gaetani et al. (6), but are consider-
ably lower than the reported values of
Solomon and co-workers (28).

The average lysine content of liver pro-
tein from rats maintained on the four diets
is shown in table 1. No significant differ-
ences were found for any group. Dietary
protein variation does not alter the lysine
content of liver protein. The average values

for lysine content of liver protein found by
us are in agreement with those reported by
Solomon et al. (28).

Specific activity of lysine in the TCA-
soluble fraction, liver protein and plasma
albumin. Specific activities have been ex-
pressed as percentage of injected dose per
milligram lysine, corrected for variation in
body weight by adjustment to a 200 g final
body weight.

The changes in specific activity of free
lysine in liver with time are shown in fig-
ure 5. In all four dietary groups, the peak
specific activity was attained 5 minutes
after injection and the curves leveled off
after 40 minutes. The maximum specific
activity of lysine in liver protein (fig. 6)
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Fig. 2 Effect of dietary protein variation on RNA content of the liver. These data were obtained

from the same rats as in figure 1.

was reached after 40 to 60 minutes, after
which the curves reached a plateau. The
specific activity of lysine in liver protein
and plasma albumin (fig. 7) varied in-
versely with the protein content of the diet,
the highest specific activity being for liver
proteins from rats fed a protein-free diet
and the lowest for those fed high protein
diet. This pattern of labeling has been ob-
served by several previous workers (1, 29).

Plasma volumes were not found to be
significantly different in rats from the four
dietary groups (table 2). Plasma albumin
concentration (mg/ml) in the normal,
low, and high protein diet groups was ap-
proximately the same and, therefore, the
total circulating albumin in these groups
was also substantially the same. In ani-
mals on a protein-free diet, albumin con-
centration in the plasma and hence the
total circulating albumin was considerably
reduced.

Rate of synthesis of liver protein and
plasma albumin. The rate of synthesis of
liver protein was calculated using a for-
mula similar to the one used by Richmond
et al. (30):

where:

SL =r the specific activity of lysine in the liver
protein at 2 hours;

SA = the specific activity of precursor-free ly-
sine in the liver over the 2-hour interval;

Sp, = the specific activity of lysine in liver pro-
tein over the 2-hour period;

V = the rate of protein synthesis in liver ex-

pressed in grams/2 hours per 200 g body
weight;

= concentration
pressed in
weight.

liver ex-
body

of protein in
grams/200 g final
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tained from the same rats as in figure 1.

The values of the integrals j Stdt and
6 Sprdt were obtained graphically from

the respective specific activity curves. The
rates of protein synthesis found are given
in table 3.

For calculation of rate of plasma albu-
min synthesis, the formula suggested by
Awwad et al. (20) was used: If the frac-
tion of injected lysine incorporated into
plasma albumin during the 2-hour period
Is represented by F, and

F=a [+ k (SStdt]p, where:

s- = specific activity of lysine in albumin at
2 hours;

milligrams of lysine per gram of albu-
min (the reported value of 128.3 (31)
was used);

k — the fraction of labeled albumin lost from
the blood circulation during 2 hours, de-
termined by the use of 1Xl-labeled albu-
min;

the specific activity of lysine in circulat-
ing albumin during the 2-hour interval

st

Effect of dietary protein variation on protein content of the liver.

These data were ob-

2
(The value for b Stdt was obtained by
graphic integration of the albumin ly-
2
sine specific activity curve, k 5f st dt is

a term added to the measured specific
activity of serum albumin at 2 hours to
correct for the loss of labeled albumin
from the circulation during the 2-hour
period);
p = total circulating albumin;
Then: the rate of albumin synthesis in
grams per hour = F/2aS, in which S=
mean specific activity of free lysine in the
liver, calculated from the curve by graphic
integration, over the 2-hour period.

DISCUSSION

The literature on the effects of variation
in dietary protein content on the turnover
rates of liver protein and plasma albumin
is rather discrepant and far from being
conclusive. In most such studies, in which
measurements of incorporation of amino
acids were made to assess the turnover of



DIET AND PROTEIN SYNTHESIS IN RAT LIVER

439

per 10 g
wet liver

1.0 —a

0.9
7 per 200 g
) 0.8 -final bodyweight
<
g 0.7
Z
UUJ 0.6h
7 .
@)
U o5
w per 10 mg DNA

a—.
co 04
>- Y
. a

LU B
X 03 ' rii
LL-

0.2h

0.1

NLHF NLHF NLHF

DIETARY TREATMENT

Fig. 4 Effect of dietary protein variation on free lysine concentration of the liver.

These

data were obtained from the same rats as in figure 1.

liver protein, information is lacking about
the specific activity of the precursor amino
acid, liver free amino acid and the size of
the protein pool. Isolated measurements of
protein specific activity are insufficient to
yield quantitative information about rates
of protein synthesis, and the need for
knowledge of the specific activity of the
precursor amino acid pool and how it

changes with time is particularly evident
in the case of turnover studies in dietary
protein deprivation, where reutilization of
the label assumes a dominant role. This
makes the interpretation of results difficult.
The aim of the present study was to re-
investigate the problem of effect of diet
on the rates of liver protein and albumin
synthesis, circumventing the criticisms re-
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TABLE 1
Effect of dietary protein variation on lysine
content of liver protein 1

: Lysine content
Diet 0%’

liver protein

mg/100 mg
Normal protein 7.14+ 0.249 2
Low protein 7.19+0.218
High protein 6.87+ 0.231
No protein 6.91+0.259

1Data were from the same animals used in figure 1.
2Mean of 23 to 31 rats + sem.

Fig. 5 Specific activity of free lysine in liver
at different time intervals. These data were ob-
tained from the same animals as in figure 1, and
specific activity of free lysine was determined as
described in Methods. Specific activity values
have been adjusted to a 200g body weight.
Points represent mean of 4 to 6 animals * sem.
------- > Normal protein diet. --—---—-¢ e
Low protein diet. ------- X =mmmmm- , High protein diet.
— H - , Protein-free diet.

ferred to above. By studying incorporation
over a short time-interval relative to the
half-life of liver Frotein, it has been pos-
sible not only to eliminate the complication
of reutilization of the label, but also to
observe changes in protein synthetic rates
separated from catabolic rates.

MASOOD HAIDER AND H. TARVER

Fig. 6 Specific activity of lysine in liver pro-
tein at different time intervals. These data were
obtained from the same animals as in figure 1.
Specific activity of lysine in liver protein was
determined as described under Methods, and
its value adjusted to a 200 g body weight.
Points represent mean of 4 to 6 animals + sem.
, Normal protein diet. ---——-9¢ - ,
Low protein diet. ------- Xemmemem , High protein diet.
------ m - Protein-free diet.

In our studies, RNA was estimated with
a view to observing how changes in its
concentration with dietary variation cor-
relate with changes in protein synthetic
rates, and DNA was estimated to serve as
standard of reference for other cell com-
ponents. DNA concentration in the liver
of rats fed the protein-free diet showed
an opposite effect, using mg/200 g initial
body weight and mg/200 g final body
weight as means of expression, being lower
than normal by the former and higher than
normal by the latter method. This is ex-
plainable by the fact that rats on normal,
low and high protein diets were constantly
increasing in their body weights, where-
as those on protein-free diet were losing
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Fig. 7 Specific activity of lysine in albumin
at two time-intervals. These data were obtained
from rats treated in the same way as in figure 1.
Specific activity of lysine in albumin was de-
termined as described in the text, and adjusted
to a 200 g body weight. Points represent mean
of 4 to 5 animals £ sem. -, Normal
protein diet. - 9 -—-—-, Low protein diet.
------- X'-------, High protein diet. ------—-® --——- Pro-
tein-free diet.

weight. Since DNA in the liver increases
with increase in body weight (21), the cal-
culation of DNA concentration per 200 g
initial body weight will yield a lower value
for the protein-free group, in which there
was a reduction in body weight, compared
with rats on the other three diets, which
gained in body weight. When this increase
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is taken into account (mg/200 g final body
weight) and when expressed as mg/10g
wet liver, the DNA content in the liver
showed significantly higher values for the
protein-free group, compared with the con-
trols fed normal protein diet. Seifter et al.
(25), who made similar observations, at-
tributed the higher DNA content to in-
creased cell density.

The decreased liver RNA content of rats
on protein-free diet, observed by us, is at-
tributable to decreased breakdown (32).
The absence of clear-cut and consistent
differences among other groups may per-
haps be an indication of the fact that rates
of protein synthesis were relatively un-
affected in these groups. Moreover, since
even after a short fast like the one used
in our experiments, there is considerable
breakdown of RNA, it is possible that dif-
ferences between RNA content in the liver
from normal, low and high protein groups
were somewhat masked.

The dietary manipulations apparently
did not cause any significant changes in
the free lysine content of the liver. The
reports in the literature on the effect of
diet on the free amino acid content of tis-
sues are discrepant. Thompson et al. (33)
reported no change in the free lysine con-
tent of liver and only a 20% reduction in
the muscle in the adult rats fed a protein-
free diet for 3 weeks. Roberts and Simon-
sen (34), studying the effects of starvation
for 9 days, arrived at the same conclusion.
Similar results were also reported by Wa-
terlow and Stephen (35) and Schimke
(36). On the other hand, Allison et al.
(23) observed a considerable fall in the
free lysine concentration of both liver and

TABLE 2

Effect of dietary protein variation on plasma volume, plasma albumin concentration
and total circulating albumin

Plasma

Diet volume

m1/200 g body w t1

Normal protein 6.26
Low protein 6.44
High protein 6.70
No protein 6.42

1Average of 8 to 10 rats.

2Average of 8 to 10 rats 4- sem

s Calculate
as an average of 35 rats.

Total
Plasma f i
b circulatin
albumin buaing
mg/ml 2 mg/200 g body wt 3
311+ 19 200
30.9+1.3 199
30.0% 1.2 193
19.0 1.7 122

d on the basis of a value of 6.45 ml for plasma volume per 200 g body weight found
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TABLE 3

Rate of synthesis of liver protein and
plasma albumin

; Liver Plasma
Diet protein albumin
mg/hr per 200 g body zueight
Normal protein (N) 17.1 7.52
Low protein (L) 23.2 9.55
High protein (H) 15.6 6.79
Protein free (F) 26.2 3.73

muscle, in rats fed a protein-free diet for
3 days.

The constancy of the intracellular pool
of lysine emphasizes the role of endoge-
nous protein metabolism in the body econ-
omy, pointed out by Nasset (37). This
concept has recently been supported by the
observation of Gan and Jeffay (38) that
protein catabolism in normal and starved
rats contributed approximately 50% and
90% of the liver amino acids, respectively.
They also noted that the liver, muscle and
plasma lysine concentrations remained un-
changed during a starvation period of 7
days.

It is difficult to decide with certainty
whether the values obtained for the rate
of liver protein synthesis (table 3) are in-
dicative of a real difference among the di-
etary groups. The high variability among
animals, as shown by rather large standard
deviations, and the possibility that rate of
protein synthesis varies from time to time
and individual to individual, are two con-
siderations pointing to the difficulties in
arriving at clear-cut conclusions. Another
is the mode of expression of protein con-
centration for use in calculations (g/200 g
final body weight), which had to be adopt-
ed since all specific activities were adjusted
to a 200 g final body weight. The final body
weight is at least partly conditioned by
changes in the lipid content of the body
during the feeding periods and is therefore
less uniform. We do not attach any sig-
nificance to the higher rate of protein syn-
thesis for the low protein diet group as
compared to normal, since the value of the

integral 62sa at for this group was found

to be lower than that for the normal, when
it should be higher or at least equal to it.
The anomaly may be due to experimental
error or variability among the individual
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animals. If this value is assumed to be
equal to that for the normal group, the dif-
ference in the rates of synthesis between
the two groups is considerably reduced.
The same reasoning applies to the higher
rate for plasma albumin synthesis for this
group (see below). Within the limitations
imposed by the considerations alluded to
above, we conclude that the rate of protein
synthesis in the liver is not substantially
different for the normal, low and high pro-
tein-fed animals, whereas in rats on pro-
tein-free diet, it is either unchanged or
somewhat increased.

It is of interest in this connection to con-
sider the results of Schimke (39) on the
effect of protein content of the diet on the
activity of certain liver enzymes. He noted
a reduction in the activity of most of the
urea cycle enzymes, in animals on a pro-
tein-free diet. On the other hand, Mariani
et al. (40) and Kean (41) found higher
activities of some amino acid-activating
enzymes in the livers of rats fed a protein-
free diet. As pointed out by Waterlow and
Stephen (35) these changes, taken to-
gether, might produce the condition where-
by an amino acid molecule in the liver
would have a lesser chance of being catab-
olized and a greater opportunity of being
reincorporated into protein. This provides
an explanation for the paradoxical situ-
ation that in protein depletion the rate of
incorporation of radioactivity in the liver
protein was normal or greater than nor-
mal, but the loss of label was considerably
slowed down (1, 29). Because of the latter
finding, it has been suggested in the past
that the turnover of liver proteins is de-
creased in such dietary conditions. It is of
interest, however, to note that in the few
studies in which the problem of reutiliza-
tion has been circumvented either by the
use of arginine-6-4C which is not reutilized
(3), or by indirect determination of pre-
cursor specific activity using continuous
feeding of MC-bicarbonate (2), or by the
continuous infusion method keeping the
specific activity of the amino acid constant
(42), no significant effects of dietary treat-
ment on turnover rate of liver protein have
been observed. Our studies, using direct
determination of the precursor amino acid
specific activity, support these findings and
lead us to state that protein synthesis in
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the liver operates at almost normal rate,
despite wide variations in the protein con-
tent of the diet. A somewhat similar sug-
gestion has been made by Waterlow and
Stephen (35). The effect on the catabolic
rate, and an increased and more efficient
reutilization of the label may he the chief
regulatory mechanisms in conditions of
protein deprivation. That protein synthetic
and degradative rates can be affected in-
dependently of each other has been noted
in the case of some enzymes such as tryp-
tophan pyrrolase (43), and both may be
important in the control of the level of a
specific enzyme or protein.

As regards the effect of diet on albumin
metabolism, there is reasonably good evi-
dence in the literature that both absolute
and fractional catabolic rates are reduced
in protein depletion (44-46) and this re-
duction appears to be related to decrease
in albumin pool. Whether or not abso-
lute rate of albumin synthesis is likewise
changed in protein depletion has remained
an open question, because of the lack of
studies in which determination of the pre-
cursor amino acid specific activity was
made for calculation of synthetic rate. Our
studies using this method show a definite
reduction in the rate of albumin synthesis
in rats given the protein-free diet. The ex-
planation for high rate of synthesis in the
case of the low protein diet group has al-
ready been given. Kirsch et al. (10) also
have recently reported an even greater de-
crease in albumin synthesis in rats on a
protein-free diet, using relative rates of in-
corporation of MC into urea and into the
guanidino carbon of arginine.

We believe that the response of the ani-
mals to a diet which differs from normal
in composition varies with the length of
time the diet is fed. The labile protein re-
serves of the liver are lost or gained rapidly
following alteration in the nutritional state
of the animal (32). After a period of time,
however, a fairly steady level of protein
in the liver is achieved, and changes in
its concentration are greatly slowed down.
Therefore, during short-term treatments
when the body tries to adjust to the new
nutritional state, wide variations in the
amino acid pools, and in the rates of pro-
tein synthesis probably take place. Pro-
longed treatment, however, brings into play
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many adjustment mechanisms which help
keep the intracellular amino acid level con-
stant and the rate of protein synthesis close
to normal. This can explain the differences
in liver protein concentrations in rats fed
diets of different protein composition, al-
though the effect on the rate of protein
synthesis in the liver is small.
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ABSTRACT Earlier studies led us to report that feeding rats a semipurified diet
containing 1% creatine for 20 hours brought about a marked decrease in liver glycogen
(from 4% to 1% wet weight). The Practical Grade creatine (Eastman No. P951,
Lot 12) was found to contain a readily separable impurity, 1,1-dimethylbiguanide
which was responsible for this action and highly active at a level of 0.02% of the diet.
Authentic samples of the biguanide as well as a number of other guanidine derivatives
were found to possess this physiological action when fed at a level of 0.01% of the
ration. The purified creatine (three recrystallizations) and other creatine samples had
no such effect when fed under the same conditions. Dimethylbiguanide injected intra-
peritoneally caused a precipitous drop in liver glycogen in the following 4 hours. From
these data and the reports of other workers it is concluded that the results are due

to drug inhibition of gluconeogenesis.

In a previous communication (1) it was
reported that liver glycogen levels were
markedly decreased in rats prefed for 20
hours on a semipurified diet containing 1%
added creatine. Sometime later this depres-
sion of liver glycogen could not be obtained
under the same conditions except that the
creatine employed in the later experiments
was from a different lot than that used
earlier.3

It is now clear than an impurity—easily
separated from the original “active” crea-
tine—accounted for the low glycogen lev-
els. The “purified” creatine lacks this activ-
ity and the crystallized impurity is highly
active. It has recentIY been established that
the active principle is 1,1-dimethylbi-
guanide.4 Prior to characterization of the
impurity, a guanidine derivative was impli-
cated through color reactions on thin-layer
chromatographs. Consequently, a number
of derivatives, including the dimethyl-
biguanide, had been tested and found to
have the glycogen-lowering activity before
the nature of the impurity in the Practical
Grade creatine was known.

PROCEDURES

Animals. Male rats of the Sprague-
Da\:jvley strain weighing 150 to 200 g were
used.

Diets and feeding.
an experiment, animals were

At the start of
removed
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from the stock ration5and fed the semi-
purified diet6for 1 day to accustom them
to such rations. Some of the rats were
maintained on this diet and others were
fed this diet supplemented with one of
the creatine samples, or a guanidine deriva-
tive, or both for an additional 20 hours.
At this time each animal that had con-
sumed the standard amount of food was
given the final meal in a water slurry by
stomach tube as described previously (2).

Received for publication August 11, 1969.
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tained that the original Practical Grade creatine em-
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samples lacking the glycogen-lowering activity, were
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E. R. Squibb and Sons,
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This was done to equalize food intake and
to control the time of food intake prior to
the final 4-hour period before the animals
were killed. Total food for the 20 hours, in-
cluding that given by gavage, amounted to
18 to 19 g per rat throughout.

Tissue handling. The animals were an-
esthetized with pentobarbital sodium?7
given intraperitoneally (8 mg per 200 g
body weight). The fiver was quickly re-
moved, blotted and minced by one pass
through a custom-built “garlic press.” An
aliquot was added to a tared centrifuge
tube containing 30% KOH. The procedure
was accomplished in less than 1 minute
after opening the abdomen.

Methods. Glycogen was isolated by the
method of Good et al. (3), except that the
isolated glycogen was dissolved in water
and reprecipitated with alcohol. Liberated
glucose was estimated by the enzymatic
procedure of Salomon and Johnson (4).

The active impurity was isolated from
the Practical Grade creatine as follows:
creatine was dissolved in a minimum quan-
tity of water at room temperature and pre-
cipitated by the addition of 3 volumes of
acetone. The filtered supernatant was evap-
orated to dryness at room temperature
aided by a stream of air. The remaining
yellowish precipitate (mainly the impurity)
was subjected to a similar recrystallization
and the solid taken up in water. This was
treated with activated carbon, filtered and
evaporated as before. The small amount of
white crystalline material was not pure but
is composed principally of 1,1-dimethyl-
biguanide 8and is referred to as crystalline
impurity in table 1

The precipitated creatine was recrystal-
lized two more times in a similar manner
and is referred to as “purified” creatine in
table 1

RESULTS AND DISCUSSION

It is now established that creatine inges-
tion does not lower fiver glycogen levels in
rats as reported earlier from this laboratory
(1). An impurity in the creatine originally
employed9 was responsible for this de-
crease. It was separated, crystallized and
characterized as 1,1-dimethylbiguanide.D
After 20 hours on the semipurified ration
containing 0.02% of the crystalline impu-
rity, rats had fiver glycogen levels of less
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TABLE 1

Liver glycogen levels in rats after 20 hours
on the basal semipurified diet with
supplements as noted

Dietary supplement Liver glycogen

% wet wt

None 4.1 0.13 '(14) 2
1% Practical creatine 3 11 0.09 (17)
1% “Purified” creatine 4 3.7 020 (7)
1% “Inactive” creatine 5 4.5 0.17 (6)
0.02% Crystalline

impurity 0.8 0.18 (10)
1% “Inactive” creatine +

0.02% crystalline

impurity 0.7 011 (9)
0.01% 1,1-Dimethyl-

biguanide hydrochloride 0.6 0.06 (6)
1% “Purified” creatine +

0.01% dimethyl-

biguanide 0.5 0.06 (6)
0.01% Dimethylbiguanide 0.6 0.06 (6)
0.01% Galegine 6 0.4  0.07 (6)
0.01% Synthalin 7 1.0 0.12 (9)
0.01% Agmatine 8 09 0.11 (s)
0.01% N-Butylbiguanide

sulfate 0.8 0.14 (9)
0.03% Guanidine

hydrochloride 2.3 Ho.17 (9)
0.05% Biguanide sulfate 2.2 0.16 (9
0.02% Phenethylbiguanide 2.3 0.21 élg)
0.05% Phenethylbiguanide 2.2 0.15 (9)

1Mean + sem.

2No. of animals.

3Lot 12-Eastman creatine.

4 Lot 12 creatine, purified by recrystallization from
agueous solution by acetone precipitation (three
times).

5Lot 13-Eastman creatine.

64-Methyl-3-butenylguanidine (as sulfate).

7Decamethylene diguanidine (as carbonate).
81-Amino-4-guanidobutane (as sulfate).

than 1% compared with about 4% for ani-
mals on the unsupplemented diet (table 1).
The findings were similar in animals in-
gesting authentic 1,1-methylbiguanide as
part of the diet. The original “active” crea-
tine ILlost most of this activity after three
reerystallizations, and samples of creatine
purchased at a later date P (inactive crea-
tine) were without response on fiver glyco-
gen levels when ingested by rats under the
conditions employed. Rats consuming the
biguanide-supplemented diet containing, in
addition, either “pure” (inactive) creatine
or the original creatine after it had been
recrystallized, showed fiver glycogen values

7Nembutal,
cago, lllinois.

8 See footnote 4.

9 See footnote 3.

10 See footnote 4.

11 See footnote 3.
12 See footnote 3.

Abbott Laboratories, Inc., North Chi-
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similar to those on the diet without added
creatine.

Other guanidine derivatives were found
to have a similar physiological action
under the conditions outlined. Galegine (4-
methyl-3-butenylguanidine), synthalin (de-
camethylene diguanidine), agmatine (1-
amino-4-guanidobutane) and N-butylbi-
guanide salts showed high activity when
consumed by rats at a level of 0.01% of
the diet. Phenethylbiguanide, guanidine
and biguanide salts were far less active
even with increased intake (table 1).

Interperitoneal injection of dimethylbi-
guanide was found to be highly effective in
lowering liver glycogen in rats. Animals
were injected with 1 ml of bicarbonate
buffer, pH 7.4, or this solution containing
2.5 mg of the drug per milliliter following
20 hours feeding and a final meal by ga-
vage as described under Procedures. After
4 hours or 8 hours, liver glycogen levels
averaged close to 1% for the drug-injected
animals and more than 4% for those given
the buffer only.

A number of biguanides are hypogly-
cemic agents and have been used in the
oral treatment of diabetes in adults. The
antigluconeogenic activity of several deriv-
atives has been well known for some time.
Jangaard and co-workers (5) reported that
the ability of dimethylbiguanide, phen-
ethylbiguanide and butylbiguanide to in-
hibit gluconeogenesis in minced ?uinea pig
liver correlated well with the ability of the
drugs to suppress pyruvate oxidation. Oxi-
dations were said to be inhibited at drug
levels near those reached in tissues of pa-
tients consuming these compounds. Meyer
and others (6) demonstrated marked in-
hibition of hydrocortisone-induced gluco-

LESTER LAASTUEN AND W. R. TODD

neogenesis in 24-hour fasted rats as a
result of pretreating the animals with di-
methylbiguanide (20 mg per 200 g body
weight). Guinea pigs responded similarly
to phenethylbiguanide administered before
the hydrocortisone injection. Glucose for-
mation from administered pyruvate or
alanine was inhibited by both drugs.

In animals consuming 19 g of ration
containing 0.01% dimethylbiguanide as in
the present experiments, the drug intake
amounts to about 2 mg per rat over the 20-
hour feeding period or about one-tenth the
amount administered to a 200 g rat in one
dose by Meyer et al. (6).

The results presented in the present
paper indicate a marked inhibitory effect
of ingested guanidine derivatives on gluco-
neogenesis in rats. This is in accord with
the findings of other workers. It is of inter-
est to note that guanidines, diguanidines
and biguanides are active but to varying
degrees.
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Differential Requirement for de novo RNA Synthesis
in the Starved-refed Rat; Inhibition of the Over-
shoot by 8-Azaguanine after Refeeding *

BELA SZEPESI ana RICHARD A. FREEDLAND
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University of California, Davis, California 95616

ABSTRACT The activities of phosphohexose isomerase, pyruvate kinase, L-a-glycero-
phosphate dehydrogenase, glucose 6-phosphate dehydrogenase, 6-phosphogluconate
dehydrogenase, malic enzyme, dihydroxyacetone kinase and hexose phosphorylating
capacity were measured in ad libitum-fed rats, starved rats, and starved rats refed
for 1, 2 and 3 days. The activities of all enzymes measured increased to about twice
the level measured in rats adapted to ad libitum feeding on days 2 and 3 of refeeding,
except the activity of n-a-glycerophosphate dehydrogenase and the hexose phosphorylat-
ing capacity, which after the overshoot at 2 days returned to normal levels 3 days
after refeeding. Treatment with 8-azaguanine resulted in high levels of liver glycogen
and prevented the overshoot in enzyme activities — but not the increase back to nor-
mal levels. Phosphorylase activity was the same in both treated and nontreated rats;
thus, increased liver glycogen levels in rats treated with azaguanine could not be
explained on the basis of phosphorylase activity. 8-Azaguanine did decrease food in-
take; however, the overshoot was also observed in pair-fed rats. Therefore, the ab-
sence of overshoot in azaguanine-treated rats was not due to a decrease in food intake.
The observed overshoot in enzyme activities on day 2 of refeeding was not observed
in rats which received the first injection of the antibiotic 12 hours after refeeding. A
possible explanation of the data is that the overshoot observed after refeeding is de-

pendent on de novo RNA synthesis which occurs at least 12 hours after refeeding.

The activities of a number of rat liver
enzymes can be altered by dietary manipu-
lations. These manipulations include
changing the amount of dietary protein
(1-10), the type of carbohydrates fed (11-
14), starvation (15-22) and starvation
followed by refeeding (17, 19, 20, 22, 23).
Some of the changes mediated by diets oc-
cur within a short period after the dietary
stimulus — such as the changes in the ac-
tivities of tryptophan pyrrolase (10), tyro-
sine-a-ketoglutarate transaminase (4, 9),
phosphoenolypyruvate carboxykinase (24),
glucokinase (23, 24) and pyruvate kinase
(25) — whereas the activities of a num-
ber of other enzymes require a period of 2
to 4 days to show maximum change. The
control of these changes and the require-
ment for de novo protein and RNA syn-
thesis have been studied in a number of
cases using puromycin (26-28), cyclohexi-
mide (29), actinomycin D (28) and ethio-
nine (30). These substances, however, are
very toxic even in small doses which limits
their use to instances where changes in
enzyme activity occur within hours after

J. Nutrition, 99: 449-458.

the administration of an inducing stimulus.
In addition, there is good evidence that
ethionine (30), cycloheximide and actino-
mycin D (31) greatly reduce food intake
which precludes the use of these anti-
biotics in dietary studies of longer dura-
tion. We have, therefore, decided to search
for an inhibitor of protein synthesis, either
direct or indirect, which would not greatly
affect food intake and thus be suitable in
dietary studies of longer duration. From
previous work by Kvam and Parks (32,
33), as well as from preliminary work in
our laboratory, it appeared that 8-azagua-
nine might be just such an inhibitor.
8-Azaguanine has been found to inhibit
protein synthesis in microorganisms (34,
35) and HelLa cells (36), but not in rabbit
reticulocytes (36). It appears that the
antibiotic is incorporated into messenger
RNA as well as ribosomal RNA (36, 37),
which would be expected to cause an alter-
ation in the amino acid sequence of pro-

Received for publication July 1, 1969.
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search Grant no. AM-04732 from the National Institute
of Arthritis and Metabolic Diseases.
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tein molecules formed (if such RNA can
be translated) or a decrease in the capac-
ity of ribosomes to synthesize protein.

We chose the Tepperman experiment
(30), refeeding of rats previously starved
for 48 hours, as a model system of enzyme
induction for two reasons: 1) the activ-
ities of a number of enzymes are increased
from subnormal to supernormal levels
after refeeding, and 2) this overshoot in
enzyme activity is essentially maximal 48
hours after refeeding, which is a longer
time-period than the short-term dietary
effects, but shorter than many other die-
tary effects.

The use of 8-azaguanine might allow
distinction among three possible controls
of the starve-refeed response. The first of
these possibilities is that the 48-hour star-
vation causes no major change in existing
RNA levels and that the decrease in en-
zyme activity during starvation and the
subsequent overshoot in enzyme activities
after refeeding are regulated at the trans-
lational level — hence not requiring de
novo RNA synthesis. If such is the case,
administration of the antibiotic should not
abolish the overshoot. In the second pos-
sibility, if the overshoot did require de novo
RNA synthesis, this response should be
inhibited by 8-azaguanine. The third pos-
sibility is that a 48-hour starvation does
cause a major decrease in RNA. In this
case the antibiotic should inhibit not only
the overshoot response, but also the re-
covery of normal enzyme activity. Concur-
rent with the latter two possibilities is
another possibility, namely, that 8-azagua-
nine might decrease or abolish the starve-
refeed response by decreasing food intake.
This possibility can be confirmed or elimi-
nated by comparing pair-fed untreated
animals to rats treated with the antibiotic.
To distinguish among these possibilities the
following experiments were undertaken.

EXPERIMENTAL

Treatment of animals. Male rats of the
Sprague-Dawley strain weighing 150 to
180 g were fed commercial rat pellets2 for
3 to 4 days to acclimate them. Rats which
were used to establish normal values of
enzyme activity under the conditions em-
ployed were fed, after having been accli-
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mated, a diet consisting of 65% glucose,
25% casein, 5% corn oil, 4% P.H. salt
(38) and 1% vitamins (39). These ani-
mals were fed for 5 days before they were
killed.

Following acclimatization, groups of rats
were starved for 48 hours and then refed
with the 65% glucose diet described above.
Measurements of body weight and food in-
take were carried out between 9 and 10
AM.

Unless otherwise indicated, 8-azagua-
nine was administered intraperitoneally,
in two equal doses daily, the first dose at
9 am and the second dose at 9 ym . The
antibiotic was dissolved in dilute sodium
hydroxide and the pH of the solution was
adjusted to 10. Each dose was adminis-
tered in 0.5 ml of the solution. Rats which
were starved for 48 hours before refeedmg
were injected with the first dose of the
antibiotic just before refeeding and every
12 hours thereafter until killed at 1, 2 and
3 days after refeeding began. The anti-
biotic was administered at three different
dose levels: 7.5 mg per day, 15 mg per
day and 30 mg per day. To test whether
the presumed increase in de novo RNA syn-
thesis occurs within a short time after re-
feeding or later, groups of rats were given
the first dose of the antibiotic 1 hour prior
to refeeding, simultaneously with refeeding
and 12 hours after refeeding. These rats
were injected with 15 mg 8-azaguanine per
day (in two separate doses as described
previously), except the group which re-
ceived its first dose of the antibiotic 12
hours after refeeding: this group received
only one dose, or 7.5 mg of the antibiotic
during day 1 of refeeding, but was treated
with two doses or 15 mg during day 2 of
refeeding. The rats were then killed 2
days after initiation of refeeding. The ef-
fect of the antibiotic was also tested in rats
adapted to ad libitium feeding. This was
done by injecting rats with two doses of the
antibiotic (one at 9 am and the second at
9 »m) at each dose level. These rats were
killed 24 hours after the first injection. Two
sets of controls of the starve-refeed experi-
ments were carried out: one group which
received no injections, and another group

2 Purina Laboratory Chow, Ralston Purina Company,
St. Louis, Mo.
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which was injected twice daily with 0.5 ml
per dose of 0.9% NacCl, pH 10.

Food intake and changes in body size
were expressed as percentages of body
weight at the beginning of the time period
under consideration. Pair-fed rats were fed
an amount of food consumed by azagua-
nine-treated animals as calculated on the
basis of body weight.

Assay procedures. Rats were killed be-
tween 9 and 10 am by a sharp blow to the
head and decapitation, except two groups
of rats which were anesthetized with 6 mg
of sodium pentobarbital per 100 g body
weight and decapitated 20 minutes later.
The carcasses were exsanguinated and
livers were quickly removed, blotted,
weighed and chilled over ice. Liver glyco-
gen was determined by a nephelometric
method (40).

A 10% liver homogenate was prepared
with ice-cold 0.14 » KCL, pH 7.4, using a
Potter-Elvehjem homogenizer. The liver ho-
mogenate was centrifuged in the cold at
20,000 X g for 30 minutes and the result-
ant clear supernatant solution was used for
the determination of soluble liver protein
(41), phosphohexose isomerase (21), py-
ruvate kinase 3 (42), L-a-glycerophosphate
dehydrogenase (21), glucose 6-phosphate
dehydrogenase (21), 6-phosphogluconate
dehydrogenase (21), malic enzyme (21),
dihydroxyacetone kinase 4and hexose phos-
phorylating capacity (including both hex-
okinase and glucokinase).5The activities of
these enzymes were estimated by determin-
ing the amount of NADPH formed or
NADH consumed at 25°. Phosphorylase
activity was determined by measuring the
amount of inorganic phosphate liberated at
37° using a 5% whole liver homogenate
prepared with cold, 0.1 m potassium ci-
trate buffer, pH 6.5 (21).

Enzyme activity is reported as units per
100 g body weight. One unit of enzyme
activity was defined as that amount of en-
zyme which produced 1 amolé of measured
product under the conditions of the en-
Zyme assay.

RESULTS

Changes in body size and food intake.
Rats lost an average of 22% of their body
weight during 48 hours of starvation. After
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refeeding, the weight gains on days 1, 2
and 3 were 13, 6 and 5%, respectively, of
body weight. In azaguanine-treated rats
the corresponding figures were 10 to 12,
2 to 4, and 4%. Food intakes during the
same periods were 12, 13 and 10% of
body weight in nontreated rats and 10, 11
and 9% of body weight in azaguanine-
treated rats. Food intake and gain in body
weight were slightly reduced by the anti-
biotic. Small reductions were also noted
in the animals injected with the saline so-
lution (pH 10). In the groups adapted to
ad libitum feeding the daily food intake
averaged about 10% of the body weight
and the average daily weight gain 3 to
4%. Neither of these values was appre-
ciably reduced by two doses of the anti-
biotic. It should be noted, therefore, that
although the antibiotic did cause a reduc-
tion in food intake in the starved-refed
animals, food intake in these animals was
still at or near the level consumed by rats
adapted to ad libitum feeding, which in
the case of a 150-g rat, consuming an
amount of food equal to 10% of its body
weight, amounts to 15 g of food per day.

Effect of refeeding and 8-azaguanine on
liver glycogen and soluble protein. In
starved animals, liver glycogen was de-
pleted below the level of detection (table
1). Following refeeding the amount of liver
glycogen rose to about twice the level
measured in rats adapted to ad libitum
feeding and fell to normal or nearly nor-
mal values on days 2 and 3 of refeeding.
In rats treated with 8-azaguanine, the level
of liver glycogen remained above normal
even on days 2 and 3 of refeeding. This is
in sharp contrast to the action of puromy-
cin (43),3actinomycin D and cycloheximide
(25), all of which tend to decrease liver
glycogen. Since it has been shown that
liver phosphorylase is decreased by starva-
tion (21), it appeared possible that the an-
tibiotic may prevent the recovery of phos-
phorylase activity after refeeding, which
would lead to high levels of liver glycogen.

s The method was modified by increasing the final
concentration of phosphoenolpyruvate in the assay
mixture from 7.8x 10-4m to 3 X 10-3 m.

4 Murad, S., Doctoral Dissertation.
California at Davis, 1968.

s See footnote 4.

3  Weber, G, and R. L. Singhal 1963 Puromycin
inhibition of cortisone-induced synthesis of hepatic

gluconeogenic enzymes. Federation Proc., 22: 636
Cabstract).

University of
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TABLE 1
Effect of feeding schedule and 8-azaguanine on soluble liver protein and liver glycogen
Soluble Liver
Injections liver
Treatment ] protein glycogen
mg/100 g body wt
Starved None 432 1+ 292 <10
Starved, refed 1day None 548 £27 405+68
7.5 mg 8AG 3 476 +23 552+ 61
15 mg 8AG 508 +19 435+36
30 mg 8AG 436 +37 570+46
None (pair-fed) 4 518 %19 391 £45
Starved, refed 2 days None 570 %23 130+ 13
7.5 mg 8AG 527 +13 446 + 56
15 mg 8AG 530 =16 421 +32
30 mg 8AG 574 +30 503 £47
PSP (pH 10) 431 21 191 £33
None (pair-fed) 4 613 =38 185+68
Starved, refed 3 days None 537 *12 76.5+£11
15 mg 8AG 548 +68 304+10
Adapted to ad libitum feeding None 546 +30 144 +21
7.5 mg 8AG 451 45 189+39
15 mg 8AG 494 %29 147+11
30 mg 8AG 523 *40 189+29
None (pair-fed) 5 616 +63 208 £80
1Numbers represent the average of 6 to 12 animals.
2 SEM.
s Abbreviations used: 8AG = 8-azaguanine, PSP = physiological saline (0.9% NaCl, pH 10).

8-Azaguanine was injected intraperitoneally in two equal doses, the first dose at 9 am and the second

dose at 9 pm. Injections were given in 0.5 ml.

4 These animals were pair-fe

to the group injected with 30 mg 8AG/day.

s These animals were pair-fed to the group adapted to ad libitum feeding and injected with

30 mg 8AG/day.

We decided to test this hypothesis. Ac-
cordingly, the activity of liver phosphory-
lase was measured in rats refed for 2 days
and anesthetized for 20 minutes before
killing, and also in rats refed for 3 days
and killed without anesthesia. It has been
shown that the method of killing influences
the measurable activity of phosphorylase
(44). In particular, normal methods of de-
capitation without anesthesia cause sud-
den shock and activation of phosphorylase
B so as to obscure the in vivo status of
phosphorylase (44). Since it was of inter-
est to show whether high levels of liver
glycogen were a consequence of low phos-
phorylase activity in vivo, the activity of
phosphorylase was determined in anesthe-
tized rats. It was also of interest to see if
the recovery of phosphorylase activity after
refeeding is inhibited by the antibiotic. In
rats refed for 2 days and anesthetized be-
fore Killing, the activity of liver phosphory-
lase was 11.8 units/100 g body weight in
nontreated and 14.8 units/100 g body

weight in azaguanine-treated rats. On day
3 of refeeding, the activity of phosphory-
lase was 27 units/100 g body weight in
both treated and nontreated rats. The re-
sults indicate that the high level of liver
glycogen in azaguanine-treated rats is not
due to a lower level of phosphorylase ac-
tivity and that the antibiotic did not pre-
vent the recovery of phosphorylase activity
after refeeding.

Soluble liver-protein values were 432
mg/100 g body weight in starved rats and
540 to 570 mg/100 g body weight in refed
rats. This figure was not increased after
days 2 and 3 of refeeding and was reduced
by azaguanine treatment only on day 1
after refeeding but not on subsequent days.
In rats adapted to ad libitum feeding the
level of soluble protein was found to be
530 mg/100 g body weight, and this level
was not appreciably altered by azaguanine
treatment.

Effect of starvation and refeeding on rat
liver enzyme activities. The response of
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rat liver enzyme activities to starvation and
refeeding is summarized in table 2. The
general tendency was a decrease in activi-
ties in starved rats, a return to normal or
near normal levels after 1 day of refeeding
and an overshoot of normal activity on
days 2 and 3 of refeeding. The activities of
L-a-glycerophosphate dehydrogenase and
glucokinase plus hexokinase returned to
normal levels on day 3 of refeeding, al-
though these enzymes were increased in
activity to levels above normal on day 2
of refeeding.

Rats which were injected with the 0.9%
NaCl solution (pH 10), or which were
pair-fed to the azaguanine-treated group
consuming the smallest amount of food
(i.e., those given 30 mg 8-azaguanine/
day), responded to refeeding in nearly the
same way as did the rats refed ad libitum
and not receiving any injections. The ef-
fect of azaguanine treatment, therefore,
cannot be attributed to a reduction in food
intake or the injection of an alkali solu-
tion. Although the extent of overshoot of
L-a-glycerophosphate dehydrogenase activ-
ity was reduced by pair-feeding on days 1
and 2 of refeeding, the overshoot was still
observable.

Effect of 8-azaguanine on the recovery
of enzyme activity after refeeding and in
rats adapted to ad libitum feeding. It
should be noted that, since azaguanine
treatment did not result in smaller values
of relative liver size or soluble liver pro-
tein, the effects of the antibiotic on protein
synthesis may have been specific and lim-
ited to those enzymes which required the
greatest amount of de novo RNA synthesis.
It is also possible that the antibiotic may
have caused the production of proteins in
which the amino acid sequence had been
altered causing a reduction in enzyme ac-
tivity. Although this possibility cannot be
ruled out, it is not likely that RNA contain-
ing 8-azaguanine could function normally
with respect to rate of amino acid incorpo-
ration or binding of ribosomes. In fact, pre-
vious work indicates that RNA containing
8-azaguanine may be nonfunctional (37).

The effects of 8-azaguanine on the ac-
tivities of several liver enzymes in ad
libitum-fed rats and in starved-refed rats
is summarized in table 3. It is apparent
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that the antibiotic inhibited the overshoot
in enzyme activity on days 2 and 3 of re-
feeding. It is also noteworthy that enzyme
activities returned to nearly normal after
refeeding for 2 days, even in the antibiotic-
treated rats, which indicates that it is the
overshoot response which may be depend-
ent on de novo RNA synthesis. However,
the recovery of pyruvate kinase, glucose 6-
phosphate dehydrogenase and 6-phospho-
gluconate dehydrogenase activities was less
than the recovery of other enzymes after
refeeding. From this it can be concluded
that a 48-hour starvation apparently does
not cause a major decrease in the RNA
component of the synthetic apparatus, al-
though it is possible that there was some
damage, especially in the case of the latter
three enzymes. The question arose, there-
fore, whether the de novo RNA synthesis
necessary for the overshoot is accom-
plished within the first few hours of re-
feeding or later. Accordingly, three groups
of rats starved for 48 hours and then re-
fed were treated with 8-azaguanine 1 hour
before refeeding, simultaneously with re-
feeding and 12 hours after refeeding; the
treatment was then repeated at 12-hour
intervals until the rats were Killed 48 hours
after refeeding. The results are summarized
in table 4. The overshoot in enzyme activ-
ity was not detectable even in the group
which was first injected 12 hours after re-
feeding. The data suggest, therefore, that
the bulk of the de novo RNA synthesis,
which appears to be required for the over-
shoot response, takes place at least 12
hours after refeeding is initiated.

DISCUSSION

We have set out to find an antibiotic
which would be useful in dietary studies
of longer duration. One major requirement
of such usefulness is that the antibiotic
would not decrease food intake to a level
which would no longer produce the meta-
bolic response associated with that particu-
lar diet. It appears that 8-azaguanine may
fill this requirement, since even at very
high doses of the antibiotic, food intake
was not greatly reduced; moreover, the
metabolic response could also be shown if
food intake was limited to that consumed
by the rats treated with the antibiotic.
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TABLE 4
Effect of time of injection of 8-azaguanine on the 2-day overshoot in starved-refed rats 1

Time injections began

Relative liver size 2

Phosphohexose isomerase

Pyruvate kinase

L-a-Glycerophosphate dehydrogenase

Glucose 6-phosphate dehydrogenase

6-Phosphogluconate dehydrogenase

Malic enzyme

Dihydroxyacetone kinase

Hexose phosphorylating capacity
(hexokinase + glucokinase)

i Enzyme activity is expressed as percentage of starved-refed ad libitum values.
Rats adapted to ad libitum feeding have enzyme activities which fall

therefore, is defined as 100%.
in the vicinity of 50% on this scale.

*(Liver wtx 100)/(body weight).

3Numbers represent the average of 4 animals.

As noted above, the liver glycogen val-
ues remained in excess of normal in the
antibiotic-treated rats and this could not
be accounted for on the basis of lowered
phosphorylase activity, since no difference
between treated and nontreated values
could be shown. In addition, the livers of
rats starved and refed for 3 days were yel-
lowish and the centrifuged homogenates of
such livers were covered by a thick layer
of solidified lipids, whereas the livers of
azaguanine-treated rats were normal in
color and their centrifuged homogenates
were covered only by a thin layer of lipid
precipitate. These qualitative observations
suggest that in azaguanine-treated rats the
low level of shunt activity may be accom-
panied by a low level of lipid deposition.
Since liver is primarly a gluconeogenc or-
gan, and since the activities of the hex-
ose monophosphate shunt dehydrogenases
were decreased in the livers of rats refed
for 3 days and treated with azaguanine, it
may be that the high level of liver glyco-
gen found in these rats was a consequence
of decreased shunt activity, a decrease in
lipid deposition and, hence, an increase in
glycogen deposition as an alternate way of
storing a potential source of energy. Clari-
fication of this point awaits further ex-
perimental evidence.

In the introduction we have outlined
three possible alternative mechanisms to
explain the starve-refeed response : 1) that
starvation does not bring about a major
decrease of RNA necessary for protein

1hour At time of 12 hours

re?eeefz%ri%g refeeding ref%fgggng

6.49 3 5.14 6.05
95.6 82.6 78.2
36.0 51.1 49.4
47.0 34.3 43.8
26.4 21.1 26.4
49.3 45.0 61.8
32.8 31.0 31.7
83.8 69.3 73.0
72.7 53.2 58.8

The full overshoot,

synthesis and that the observed overshoot
after refeeding is due solely to transla-
tional control of enzyme synthesis and
degradation in which case 8-azaguanine
should not abolish the overshoot; 2) that,
although starvation does not significantly
decrease existing levels of RNA, the over-
shoot does require de novo RNA synthesis;
and 3) that starvation does cause substan-
tial damage to RNA, in which case not
only the overshoot, but also the recovery
of normal enzyme activity in liver would
be dependent on de novo RNA synthesis
and hence, would be abolished by azagua-
nine treatment. The data are most con-
sistent with the second possibility and
nearly eliminate the third. A considerable
degree of ambiguity still remains, however.
It is possible that either messenger RNA
or ribosomal RNA has a moderately long
half-life, that azaguanine prevents the
maintenance of normal levels of RNA and
that the effects of possible translational
factors are masked by a progressive de-
crease in available, functional RNA. If
such is the case, azaguanine treatment
should facilitate the return of enzyme lev-
els to normal after a new steady state
of synthesis and degradation has been
achieved during the overshoot, provided
the overshoot is maintained for a sufficient
length of time in order that this hypothesis
can be tested. At present, however, the hy-
pothesis that in the starved-refed response
the overshoot requires de novo RNA syn-
thesis, whereas restoration of normal en-
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zyme activity does not, appears to be the
most plausible.
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Evaluation of Bone Calcium Accretion Rate as a
Function of Age in Beagle Dogs *
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ABSTRACT In an attempt to determine normal bone growth rate patterns in beagle
dogs, bone calcium accretion studies were performed on a group of six animals
periodically from age 6 weeks to age 13 months. Accretion rates (A values) were
determined by a whole-body counting technique using 47Ca as the tracer. On the basis
of the entire skeleton, A values rose from about 1.8 g/day at 6 weeks of age to a
maximum of about 3.3 g/day at age 2.5 months. From age 2.5 to 5.0 months, A values
remained at a level of 2.8 to 3.0 g/day after which they gradually fell to a low of 0.3
g/day at 13 months of age. Accretion rates for the whole skeleton appeared to follow
the growth rate data for beagle dogs. On the basis of unit bone mass, A values de-
creased from a maximum of 13.80 mg Ca/gram bone per day at 6 weeks to a low of

0.34 mg Cal/g bone per day at age 13 months.
changed roughly in proportion to the A values.

The exchangeable calcium-pool size
The 3-week retention of isotope was

greatest at the earliest ages, and decreased with age thereafter.

A few reports have been published show-
ing differing bone growth rates in dogs of
differing ages. For example, Jowsey et al.
(1), in a study using 3 mongrel dogs aged
9 months, 2.5 years, and 10 years, indi-
cated that the rate of deposition of calcium
into bone was greater in the young animal
and less in the aged. Lee et al. (2) meas-
ured calcium accretion in two dogs, one
3 months old and one about 1 year old and
found that the accretion rate was greater
in the younger dog. However, no complete
study has yet been published regarding the
effect of age on bone growth rates in the
dog.

There are a number of radiotracer ki-
netic techniques available for determining
the rate of calcium accretion in bone (3-
5). Perhaps the best known of these meth-
ods is that of Bauer, Carlsson and Lind-
quist (3). By using a whole-body counter
and the radioactive isotope 4fCa, Kinetic
data can be obtained nondestructively on a
whole-skeleton basis which can then be
used to determine bone calcium “accretion”
by means of the “BCL” formula. Since the
half-life of 4fCa is rather short (4.7 days)
the same animal can be used again about
1 month after a previous experiment.

The purpose of the studies reported here
was to determine the effect of age on cal-
cium accretion rate in a group of normal
beagle dogs. The data obtained could then

J. Nuthition, 99: 459-464.

be used as a basis for determining the ef-
fect of various abnormal situations, nutri-
tional and otherwise, on bone mineral ki-
netics in the dog.

MATERIALS AND METHODS

A group of six littermate beagle dogs
(four males and two females) was used
for these studies. They were maintained
from weaning on a standard pelleted dog
ration containing 2.1% calcium and 1.4%
phosphorus on a dry weight basis.2 Both
food and water were given ad libitum.
These puppies were then divided into two
groups of three each. Beginning at 6 weeks
of age one group of three puppies was used
for an accretion study approximately every
2 weeks. Thus each individual dog had
his bone calcium accretion rate determined
about once a month.

After determining the background count
of a puppy in the whole-body counter, the
dog was given an intravenous injection of
10 to 20 nCi of 4 CaCL in 1ml of isotonic
sodium chloride solution.3 A duplicate dose
was placed in a water-filled plastic phan-
tom that approximated as closely as pos-
sible the geometry of the dog. The radio-

Received for publication July 22, 1969.

1Supported by U.S. Atomic Energy Commission con-
tract AT(30-1>2147.

2Big Red Dog Pellets, Agway, Inc., Syracuse, N. Y.

3lso/Serv Division of Cambridge Nuclear Corpora-
tion, Boston, Mass.
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activity in the dog and in the duplicate dose
standard were then immediately counted
and the zero-time 100% dose was thus
established. The radioactivities in dogs
and standard were recounted at 1, 2, 6,
and 24 hours and then two or three times
weekly for a period of 3 weeks after in-
jection. During the first 24 to 48 hours
postinjection, periodic blood samples were
taken. The plasma was collected for total
and radiocalcium determination.

Radiocalcium was determined in a well-
type scintillation counter using pulse
height analysis to discriminate against the
47Sc daughter. Total plasma calcium was
assayed by atomic absorption spectropho-
tometry.

The data points for the plasma specific
activity curve were entered into an IBM
model 1800 computer and a least squares
estimate of the equation of the specific ac-
tivity curve was obtained. The computer
was then used to integrate the curve and
determine the accretion rate and exchange-
able calcium pool size according to the
r(ne)thod of Bauer, Carlsson and Lindquist

3).
Initially, accretion rates (A values) were
determined at various time intervals after
injection of the tracer. It was found that
A values remained constant between 24
and 72 hours after injection of tracer.
Hence, all values reported here are for the
period from 24 to 72 hours postinjection.

For the expression of data on the basis
of unit bone mass, an approximation was
made of the bone mass of the individual
by assuming that 5.35% of body weight
is bone (2, 6).

RESULTS AND DISCUSSION

In all cases a 2-term exponential equa-
tion gave the best fit to the specific activity
data. As shown in figure 1, it was found
that the specific activity curve fell more
rapidly in young dogs than in the same
dogs at older ages. Similar observations
have been made by others (1, 2).

The whole-body retention curves of the
tracer dose of 4Ca, on the other hand, fell
more slowly in young dogs when compared
with curves at an older age (fig. 2). That
is, the whole-body retention of isotope ap-
peared to be greater in younger dogs. Table

FRANCIS A. KALLFELZ AND RICHARD A. WENTWORTH

Fig. 1 Serum specific activity curve as a
function of time in the same dog at ages 1.5 and
13 months.

1 depicts the 3-week retention of 4Ca as
a function of age in all dogs from 6 weeks
to 13 months of age, showing that reten-
tion fell gradually from a maximum of
about 85% at 6 weeks to 41% at 13
months.

Since the specific activity curve fell more
rapidly in younger dogs whereas the whole-
body retention was greater, it appears that
tracer and, by inference, stable calcium
was being more rapidly removed from the
blood and stored at some site in the body
in the young dog compared to older ani-
mals. The most likely storage site, of
course, is bone.

Accretion rate values of this group of
dogs on a whole-skeleton basis are shown
in table 1 and figure 3. Regression analy-
sis of the data from 1.5 to 2.5 months of
age showed a significant increase in A
value from 1.75g/day at 6 weeks of age
to 3.34 g/day at 2.5 months of age (P <
0.05). From 2.5 to 5.0 months of age, A
values appeared to remain constant at an
average value of about 3.00 g/day. During
this period accretion rate was independent
of age with P> 0.05 for a test of inde-
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Fig. 2 Whole-body retention of an intravenous dose of 4/Ca as a function of time in the

same dog at ages 1.5 and 13 months.

TABLE 1

Effect of increasing age on 21-day retention of an intravenous dose of 47Ca, and on total
skeletal and unit skeletal accretion rate (A value) and exchangeable calcium
(E value) in beagle dogs

Age Retention Avalue E value

21 days Total skeletal Unit skeletal Total skeletal Unit skeletal

Months % g/day mgp%?/ asone 9 mg Calg bone
15 85.3 1.752 13.84 1.203 9.48
2.0 80.3 1.795 11.81 1.280 8.40
2.5 79.1 3.336 13.15 1.990 7.71
3.5 80.3 2.851 9.62 1.963 6.70
4.0 84.7 3.000 7.75 2.130 5.52
4.5 85.0 2.789 7.04 1.763 4.44
5.0 79.3 2.880 5.12 1.913 3.41
6.0 79.0 2.357 4.42 2.147 4.05
7.0 73.3 2.083 2.98 2.067 2.98
7.5 71.3 1.699 2.99 1.443 2.54
8.0 75.3 1.749 2.36 1.503 2.07
9.0 60.0 0.908 1.59 1.423 2.48
10.0 65.3 1.384 1.83 1.777 2.35
11.0 54.9 0.809 1.01 1.139 1.43
13.0 41.0 0.285 0.34 0.767 0.91

pendence. After 5 months of age a signi-
ficant decrease was found in the A values
from the high of 3.00 g/day at 5 months
of age to a low of 0.29 g/day at 13 months
(P < 0.001). Thus, on a whole-skeleton
basis, A values increased up to about the
age of puberty and decreased thereafter.
A similar trend has been found for the
accretion rate in the human being by

Bauer et al. (3). In the human, A values
increase from infancy to puberty and de-
crease thereafter. On a whole body basis
the exchangeable calcium pool size (table
1) appeared to follow roughly the same
trend as the accretion rate, increasing from
a value of 1.20 g at 6 weeks to a maximum
of 2.15 g at 6 months of age and then de-
creasing gradually to a low of 0.77 g at
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age 13 months. The changes in the ex-
changeable calcium with age, however,
were more irregular than in the A values.

When the data were expressed on the
basis of activity per unit bone mass, a dif-
ferent pattern appeared (table 1). In this
case regression analysis demonstrated that
the A value decreased significantly from a
maximum of about 13.84 mg Cal/g bone
per day at 1.5 months to a low of 0.34 mg
Cal/g bone per day at 13 months (P <
0.001). The exchangeable calcium pool
size again appeared to follow roughly the
same trend as the accretion rate, dropping
from a high of 9.48 mg Ca/g bone at 1.5
months to a low of 0.91 mg/g at 13 months
of age.

Considering the two methods of expres-
sing the data it appears that at early ages,
while the bone is very active in accumulat-
ing calcium, the total amount of bone
present is so small that the total skeletal
accretion rate is rather low. At puberty,
while the unit activity of bone has de-
creased somewhat, the amount of bone
present has increased substantially such
that the total accretion rate is relatively
high. After puberty, while the amount of
bone present stays roughly constant, the
unit accretion rate continues to fall and
thus the total skeletal accretion rate is re-
duced.

In other words, the variation in total
skeletal accretion rate seen is the result
of two processes. The first of these is the

Fig. 3
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increase in total bone mass as a function
of age; this plateaus at about 1 year of
age. The second process is the decreasing
rate of accretion that occurs from the ear-
liest age (table 1). As a result of these
two processes, the pattern seen in figure 3
obtains.

Using the data from table 1 it is possible
to compare the A values obtained in this
study with those of Lee et al. (2). In a
3-month old dog, they observed an accre-
tion rate of 9.0 mg Ca/g bone per day
which is in the same range as the 13.8
mg found in this study for beagles of simi-
lar age. At greater ages it is difficult to
compare our results with those of Lee et
al. (2). They report a value of 1.9 mg
Cal/g bone per day for a dog estimated at
1to 2 years of age. In the results reported
here the A value at 11 months was 1.0
mg Ca/g bone per day which is in the
same range while at 13 months it was only
0.34 mg/gram bone day (table 1). Whether
or not this precipitous drop between 11
and 13 months is real remains to be deter-
mined. Since the animals used by Lee et
al. (2) were reported to be mongrels,
breed differences may be responsible for
part of the discrepancy. The results re-
ported here, on the other hand, compare
quite favorably with those of Green et al.
(7) in normal dogs of roughly similar size
and age.

It has been argued that the accretion rate
includes a number of long-term exchange

Effect of age on accretion rate (A value) and weight gain rate in beagle dogs.
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components and hence may have little or
no physiological significance (8). Although
some exchange components may be in-
cluded, the fact that the A value varies di-
rectly with the rate of weight gain (fig. 3)
would seem to indicate that the accretion
rate does, indeed, have some physiological
significance. A similar dependence of the
A value on rate of weight gain has been
reported by Bauer et al. (3) for man and
by Bronner et al.4for the rat.

Radiocalcium kinetic studies in adult
dogs have been performed by Green et al.
(7) under various physiological and path-
ological conditions. Although there ap-
peared to be quite a bit of normal variabil-
ity in the sizes of the A value and the ex-
changeable calcium pool, the values
change appreciably under abnormal con-
ditions, e.g., after thyroparathyroidectomy,
again indicating the physiological signifi-
cance of these parameters.

In addition to determination of A values
by the isotopic method, the increase in
calcium mass of the skeleton was also
estimated from increase in body weight.
For this calculation it was assumed that
fresh bone contains 26% calcium by
weight and that 5.35% of body weight
is bone (2, 6, 9). Table 2 shows
the results of this calculation compared
with experimental values obtained from
radiocalcium kinetic data in two beagle
dogs about 8 weeks of age. In both cases
the experimental values are higher than
the calculated values by somewhat more
than 50%. This is as expected since the
experimental approach would provide total
accretion while the calculated value would
give net accretion, i.e., accretion minus re-
sorption. From the data the resorption rate
could be determined and this was found to
be from 33 to 43% of the A value. The ratio
of accretion rate and resorption rate found

TABLE 2
Experimental and theoretical estimations of
accretion rate (A value) in two dogs

Animal Theoretical A1Experimental A2 Resorption

rate 3

g/day g/day g/day

i 0.709 1.249 0.540
2 0.556 0.829 0.273

1Determined from increase in weight.
2Determined by method of Bauer et al. (3).
3Experimental A — Theoretical A.
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here compares favorably with that found
for the rat by Bauer et al. (3) and by
Wasserman (10).

From these studies it appears that, in
the normal beagle dog, the accretion rate
does change as a function of age as has
been previously reported for other species
(3, 7). On the basis of the whole skeleton,
calcium deposition rate appears to rise with
increasing age after birth to a maximum
at about the age of puberty after which it
gradually falls until, at maturity, it may
be below values obtained at birth. If, how-
ever, results are expressed on the basis of
unit bone mass, maximum accretion rate
values are obtained at the earliest ages

studied with deposition decreasing there-
after.
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ABSTRACT
gated.

The fate of tryptophan in the isolated perfused rat liver was investi-
It was shown that the liver removed the L-isomer more rapidly from the per-

fusate than the D-isomer. The 10 g liver was capable of a removal rate of 35 mg/hour
when 42 mg of DL-tryptophan was given initially, followed by infusion at the rate of

42 mg/hour.

Carbon-14 from DT.-tryptophan-2-14C appeared in C02 much more rapidly

and to a greater extent within 3 hours than did that from DL-tryptophan-7a-14C. In
contrast to whole-animal studies, it was shown that overloading doses of acetoacetate
were labeled by DL-tryptophan-5- or 7a-14C. The labeling pattern in acetoacetate was
similar to that observed when HC-fatty acids are the substrate. Acetoacetate overload-
ing suppressed the production of radioactive carbon dioxide from m.-tryptophan-7a-14C.

The central role of the liver in the me-
tabolism of amino acids and in the syn-
thesis and degradation of protein has been
demonstrated in part through the use of the
isolated perfused rat liver. Comparison of
hepatectomized rats and their perfused
livers has shown that several amino acids
are degraded largely by the liver (1). The
liver appears to regulate the level of amino
acids circulating in the blood (2-4) and
it is responsible not only for the synthesis
and degradation of hepatic protein, but
for the synthesis and degradation of much
of the plasma protein as well (5-8). The
isolated perfused liver has been particularly
useful in defining the liver’s role, since
hormonal and other factors controlling
amino acid and protein metabolism can
be more easily controlled experimentally
than in the whole animal and because the
activity of extrahepatic tissue is excluded.

Tryptophan is among the amino acids
which seem to be degraded largely by the
liver (1). This essential amino acid is of
particular interest because it is often limit-
ing in the diet of man and animals, and
because it is present in mammalian tissues
in very small amounts (9). Recently, in-
terest in the fate of tryptophan within ani-
mal tissues has been further stimulated by
the suggestion that it plays a unique role
in the control of protein biosynthesis (10,

11) and in control of gluconeogenesis (12).

Therefore, it would be useful to investigate
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further the metabolism of tryptophan in
the liver since this organ is the primary
site of gluconeogenesis and is also very
active in protein biosynthesis. The isolated
perfused rat liver is a particularly conven-
ient system for this study.

METHODS

The liver and blood donors were male
albino rats of the Sprague-Dawley strain,
fed a commercial laboratory ration 5 and
allowed food and water ad libitum. In cer-
tain experiments, as indicated, rats fasted
for 48 to 72 hours were used as liver
donors. The animals were maintained in
darkness from 6:00 pm to 6:00 am in a
room with constant temperature and hu-
midity.

Blood donors were retired male breeders
weighing approximately 600 g. The ani-
mal was placed under anesthesia with
diethyl ether, the abdominal cavity was
opened, and blood was drawn from the
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abdominal aorta into a syringe containing
heparin. The perfusate (40 to 50 ml)
consisted of either rat blood or rat plasma
which had been diluted one-third to one-
half with Ringer’s bicarbonate buffer. The
perfusate was circulated in the perfusion
apparatus for approximately 30 minutes
prior to the insertion of the liver, and
tryptophan was added 30 to 45 minutes
after perfusion began. In some experi-
ments, as indicated, glucose was added to
the perfusate in an amount to give an
initial concentration of 5mg/ml. Liver
donors ranged in weight from 225 to 325 g,
the majority weighing between 275 and
300 g. The livers were removed by a pro-
cedure similar to that described by Miller
et al. (5). The perfusion apparatus was
a slight modification of that described by
Green and Miller (7). A mixture of 95%
oxygen and 5% carbon dioxide was used
for aeration. Carbon dioxide coming from
the chamber was trapped in a 1:2 (v:v)
mixture of aminoethanol and methoxy-
ethanol. Livers were perfused for a period
of 2 to 4 hours and their condition was
evaluated on the basis of bile production,
rate of perfusate flow and the appearance
of the surface.

Carbon-14 was determined in a scintilla-
tion counter 6 using the scintillation fluid
described previously (13). Plasma and
whole blood were dissolved in a 1 n solu-
tion of hyamine hydroxide in methanol
before the scintillation fluid was added.
In some cases, hydrogen peroxide was
added with the hyamine hydroxide to de-
colorize the sample.

The DL-tryptophan-7a-4C and DL-trypto-
phan-5-4C have been described previously
(14, 15) (fig. 1). Other labeled com-
pounds were from commercial sources.?

In overloading experiments, plasma was
deproteinized with tungstic acid and ace-
toacetate was isolated by silicic acid chro-

Fig. 1

Numbering system of the tryptophan
molecule.
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matography using a modification of the
procedure described by Marvel and Rands
(16). Two methods were used for the de-
gradation of acetoacetate :1) decarboxyla-
tion in an acidic medium containing mer-
curic sulfate (17), giving acetone as the
mercury complex and carbon dioxide
whose specific activity was estimated using
a vibrating-reed electrometer; and 2) con-
trolled oxidation with potassium perman-
ganate (18) yielding carbon dioxide from
carbon-1, formate from carbon-2 and ace-
tate from carbons 3 and 4. Formate was
oxidized to carbon dioxide using mercuric
sulfate. Acetate was subjected to Schmidt
degradation (19).

Tryptophan was assayed chemically by
a modification of the procedures of Opien-
ska-Blauth et al. (20) and Fischl (21).

RESULTS

When the disappearance of tryptophan
from the perfusate was followed by chem-
ical assay, the pattern shown in figure 2
was obtained. Removal of L-tryptophan
was more rapid than that of D-tryptophan,
resulting in a lower plasma level of trypto-
phan after 1 hour. When L-tryptophan
was used within approximately 10 minutes

Fig. 2 Rate of uptake of the a- and L-isomers
of tryptophan by the isolated rat liver perfused
with diluted rat plasma. The liver was perfused
for 1 hour to remove endogenous tryptophan
from the perfusate. At 1 hour (# - #) and
2.5 hours (A - A), 0.9 mg of L-tryptophan
was added. At 4 hours (O ----—----- 0), 1.1 mg of
D-tryptophan was added.

6Nuclear-Chicago Model 725, Nuclear-Chicago Corpo-
ration, Des Plain€es, 111

7DL-Tryptophan-2-14C was purchased from Tracerlab
Inc., Richmond, Calif.; acetoacetate-3-14C was_obtaine
from Nuclear-Chlca%) Corporation, Des Plaines, 111,
and glutarate-1,5-1 was from Calbiochem, Los
Angeles, Calif.
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the plasma tryptophan level fell to about
one-half the 15 ug/ml found in the intact
animal. The curves in figure 2 were ob-
tained using diluted plasma. As shown in
table 1, however, when higher amounts of
tryptophan were infused at a constant rate,
the removal of DL-tryptophan was more
efficient when erythrocytes were present
in the perfusion medium. When diluted
blood was used, it was necessary to infuse
tryptophan at a rate four times higher in
order to support a plasma concentration
equivalent to that maintained when di-
luted plasma was used.

The liver removed large amounts of
tryptophan from the perfusate; table 1
illustrates the rate of removal when it was
infused at high concentrations. This amino
acid was not concentrated within the
erythrocytes under the conditions used in
these experiments. When low concentra-
tions of L-tryptophan (15 ag/ml) were in-
cubated at 37° with diluted whole blood,
there was equilibration of the tryptophan
between the plasma and red cells within 5
minutes. When larger amounts were used
(90 ug/ml), equilibration required a longer
time.

The total amount of radioactive carbon
dioxide which was produced in 2 to 3 hours
by the isolated perfused rat liver depended
upon the position of labeling of the trypto-
phan molecule and to a limited extent upon
the amount of tryptophan which was used.
As is shown in table 2, there was little or
no difference in the amount of radioactive
carbon dioxide which was produced when
DL-tryptophan-7a-4C was infused at a rate
of 21 mg/hour or a rate of 42 mg/hour,

TABLE 1

Effect of rate of infusion of m”-tryptophan on
plasma concentration and liver uptake

Initial Rate_of Avg Initial
dose infusion g!)anscrm urgttgkgfz
mg mg/hr zig/ml mg/hr

2.0 1.0 30 3 2.5
2.0 1.0 4 5
2.0 4.0 37 5
10.3 10.8 110 12
21.0 21.0 410 20
42.0 42.0 584 35

10ver the 2-hour period of infusion.

2Based on first 30 minutes of perfusion.

3Perfusate was diluted plasma; diluted blood was
used in other experiments.
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since the percentage of 1C in carbon diox-
ide decreased by a factor of two when the
dosage was doubled. More radioactive car-
bon dioxide was obtained when die XC
was in the carboxyl of the side chain or
the 2-position of the indole ring of the
tryptophan. Similar yields of 4C02 from
C-5 and C-7a were observed (table 3)
when tryptophan was given as a single
dose at the start of the experiment. Only
about 1% of the radioactivity from a1-
tryptophan-5-4C was in carbon dioxide
compared to 12 to 16% from DL-trypto-
phan-7a-4C. At very high dosages (150
mg) there was about twice as much radio-
activity in carbon dioxide from DL-trypto-
phan-2-1C as from DL-tryptophan-7a-XC.
The initial rate at which 4C02 was re-
leased was also a function of the position
of the XC in the tryptophan given (fig. 3).
When the concentration of DL-tryptophan-
2-1C in the blood was maintained at 30
ug/ml, production of radioactive carbon

TABLE 2

Percentage of 14C appearing in CO2 during 3 hours
as a function of infusion rate and position of
the 14C in tryptophan 1

it ; Percentage
Initial Infusion i
Substrate of i4C
dose rate in CO?
mg mg/hr %
DL-Trp-2-14C 2.0 1.0 33.6
DL-Trp-2-14C 2.0 4.2 44.7
Di.-Trp-7a-14C 10.3 10.8 6.6
DL-Trp-7a-14C 10.3 10.8 11.8
L-Trp-14COOH 10.3 10.8 21.7
DL-Trp-7a-14C 21.0 21.0 6.5
DL-Trp-7a-14C 21.0 21.0 4.5
DL-Trp-7a-14C 42.0 42.0 3.4
DL-Trp-7a-14C 42.0 42.0 3.4
1Perfusate was diluted blood.
TABLE 3

Percentage of 14C from tryptophan appearing in
expired CO2 during 3 hours of
liver perfusion

Position Single Percentage
of label dose of 14C in CO2
mg %
DL-Trp-7a-14C 1.21 12.6
m,-Trp-7a-14C 1.1 15.0
L-Trp-7a-14C 0.7 4 16.3
DL-Trp-5-14C 1.31 1.2
DL-Trp-7a-14C 150 4.3
DT-Trp-7a-14C 150 7.9
DL-Trp-2-14C 150 16.4

1Perfusate was diluted plasma; diluted whole blood
was used in other experiments.
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Fig. 3 Rate of release of radioactive carbon
dioxide from tryptophan-7a-14C and tryptophan-
(ring)2-14C by the isolated perfused rat liver. The
initial dose was 2 mg of tryptophan and infusion
was at the rate of 4 mg/hour.

dioxide was rapid with 16% of the activity
appearing in carbon dioxide after 20 min-
utes and 45% after 3 hours. Production
of radioactive carbon dioxide from DL-tryp-
tophan-7a-4C was slower, with 2% of the
activity appearing in carbon dioxide after
1 hour and 8% after 3 hours.

When DL-tryptophan-7a-4C was infused
at the rate of 21 mg/hour for 3 hours,

Fig. 4

DL-tryptophan-5-14C and overloaded with acetoacetate. The perfusate was diluted plasma.

NG, HAGINO, SWAN AND HENDERSON

about 65% of the carbon-14 was recovered
in the perfusate and about 20% in liver.
However, only about 20% of the carbon-14
in the perfusate was present as tryptophan.
Approximately 6% of the carbon-14 was
recovered in carbon dioxide and 2 to 3%
in bile. At the infusion rate of 10.8 mg/
hour, a larger percentage of the carbon-14
was recovered from carbon dioxide and
liver and a somewhat smaller percentage
from the perfusate.

Overloading techniques were used to
check the usefulness of this procedure in
the isolated liver system and to establish
the presence of certain intermediates of
tryptophan catabolism which have been
identified by whole animal studies. The
well-documented labeling of overloading
doses of glutarate by DL-tryptophan-7a-4C
was repeated in the isolated liver. In addi-
tion, overloading with 0.5 to 1.0 nmole
of sodium acetoacetate led to the iso-
lation of substantial quantities of radio-
active acetoacetate from DL-tryptophan-7a-
YC or DL-tryptophan-5-4C. When DL-trypto-
phan-5-4C served as substrate, two radio-
active peaks were obtained upon silica gel
chromatography of the plasma (fig. 4).
The first peak of radioactivity corresponded
to the acetoacetate with which the fiver

Silicic acid column elution profile of soluble portion of an isolated rat liver perfused with

The first

peak corresponds to acetoacetate and the second peak to /3-hydroxybutyrate.
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was overloaded. The slight displacement of
the curve for radioactivity as compared
with the titration curve may be an exam-
ple of an isotope fractionation phenom-
enon such as has been discussed by Klein
(22). The second peak of radioactivity ap-
peared in a region characteristic of ~-hy-
droxybutyrate, although the titration curve
showed the presence of other acids in this
region. Treatment with fi-hydroxybutyrate
dehydrogenase indicated that this peak was
composed of both the a- and L-isomers,
the D-isomer being the major component.
Livers from both fed and fasted rats
were overloaded with acetoacetate and the
radioactive acetoacetate obtained from a1-
tryptophan-7a-4C was degraded. Results of
these experiments are shown in table 4.

TABLE 4

Distribution of 14C acetoacetate obtained from
Di-tryptophan-7a-14C using liver perfused
with diluted plasma for 2.0 hours 1

Percentage .
Treatment ercentage of iaCin 14C Ratio
ofi4Cin C02 4cetoacetate CO/COOH
% %
Fed 2.4 0.4 0.68
Fed 5.6 0.5 0.74
Fed 29 0.4 0.82
Fasted 5.6 3.6 0.73
Fasted 3.0 1.6 0.93

10.82 to 2.95 mg (0.9 to 3.8 fiCi) DL-tryptophan-
7a-14C was added to perfusate together with 1.0 mmole
sodium acetoacetate.

A higher percentage of the carbon-14 was
isolated in acetoacetate when livers from
fasted rats were used; however, the ratio
of radioactivity in the carbonyl carbon to
that in the carboxyl carbon appeared not
to differ between fed and fasted livers and
ranged between 0.7 and 0.9.

When DL-tryptophan-5-#4C was perfused
and the liver was overloaded with acetoace-
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tate, about 3% of the radioactivity was
isolated in acetoacetate (table 5). The
ratio of carbon-14 in the methyl to the
methylene was approximately 6. The use
of glutarate-1,5-4C or acetate-1-4C in simi-
lar overloading experiments (table 6)
yielded a carbonyl-to-carboxyl carbon-14
ratio similar to that obtained with da1-
tryptophan-7a-#4C. Glutarate-3-4C yielded
a ratio of 10. Perfusion of the liver with
very small (1 mg) or very large (1 mmole)
amounts of sodium acetoacetate-3-4C re-
sulted in substantial production of radio-
active carbon dioxide, and with the high
dosage a higher carbonyl-to-carboxyl car-
bon-14 ratio was obtained than with trypto-
phan (table 7).

Acetoacetate overloading suppressed the
amount of carbon-14 appearing in carbon
dioxide from DL-tryptophan-7a-4C (table 4
vs. table 3). Since acetoacetate evidently
interfered with production of radioactive
carbon dioxide from DL-tryptophan-7a-1C,
several brief attempts were made to locate
the site of interference. No effect of ace-
toacetate overloading on tryptophan pyr-
rolase was noted when the enzyme was
measured by in vitro assay following the
perfusion (23) or by release of 4C02from
tryptophan-ring 2-4C during perfusion. The
combination of 3-hydroxyanthranilate oxy-
genase and picolinic carboxylase activity,
measured by the rate of release of 4C02
from carboxyl-labeled 3-hydroxyanthranil-
ate, was likewise not reduced by the pres-
ence of acetoacetate. No effect of aceto-
acetate on lysine degradation could be
detected, suggesting that acetoacetate did
not influence the oxidative decarboxylation
of a-keto-adipoyl-coenzyme A. The rate of
conversion of kynurenine to 3-hydroxyan-
thranilate was not measured, so it seems

TABLE 5

Distribution of 14C in acetoacetate obtained from Di-tryptophan-5-14C
using liver perfused with diluted plasma 1

: Percentage i
Duration of Percentage e *4C Ratio
Treatment experiment of i4Ciin €02 ac%ftc;glcc:eltgte CH3/CH2
hr %
Fed 2.0 < 1 3.1 5.6
Fed2 4.0 1.7 2.7 6.8

11.2 to 1.3 mg DL-tryptophan-5-14C was added to perfusate together with 1.0 mmole sodium

acetoacetate.
2500 mg glucose/ml perfusate.
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TABLE 6

Distribution of ,4C in acetoacetate obtained from glutarate-uC and acetate-uC
using liver perfused with diluted plasma for 2 hours

Percentage

14C Ratio
Treatment Substrate 1 ac%ft(;ggelt%te COICOOH
%
Fed Glutarate-1,5-14C 1.6 0.67
Fasted Glutarate-1,5-14C 2.1 0.45
Fed Glutarate-3-14C 4.2 10.3
Fed Acetate-1-14C 6.1 0.87
Fasted Acetate-1-14C 5.0 0.48

12 liCl of substrate was added to the perfusate together with 1.0 mmole sodium acetoacetate.

TABLE 7

Utilization of sodium acetoacetate-3-14C by liver
perfused for 2 hours with diluted blood

CO/COOH
Percentage g
Dosage of i4Cin CO2 e tareate
%
< 1mg 22-24 _
1 mmole 3.8-5.0 37.0

possible that the effect of acetoacetate was
on this portion of the pathway (24).

DISCUSSION

The uptake of L-tryptophan by the iso-
lated perfused rat liver appeared to be a
rapid process which was directly related
to the concentration of L-tryptophan in the
perfusate. It was somewhat stereospecific
since D-tryptophan was not taken up as
rapidly as the L-isomer. However, no evi-
dence was obtained in these experiments
for concentrative uptake of tryptophan
(compared with plasma levels) by rat ery-
throcytes or liver. Evidence as to whether
or not the isolated rat liver takes up amino
acids other than tryptophan against a con-
centration gradient is limited. Schimassek
and Gerok (4) have reported that, when
the isolated liver is perfused with an amino
acid-free medium, amino acids obtained
from protein degradation in the liver are
transported to the perfusate. In their stud-
ies, after 3 hours of perfusion during which
time no amino acids were added, plasma
concentrations of threonine, methionine,
lysine and histidine were lower than liver
concentrations. Valine, isoleucine and leu-
cine were present in higher concentrations
in the perfused liver than in whole animals
and the concentration of each was approxi-
mately the same in the liver and the per-

fusate. Miller et al. (2) have reported
studies in which a mixture of amino acids
was added to the perfusate and their re-
moval by the liver was followed. The es-
sential amino acids methionine, phenyla-
lanine, threonine, and lysine appeared to
be removed from the perfusate by the liver.
However, the levels of valine, isoleucine,
leucine and histidine in the perfusate were
increased during the 6 hours of perfusion.
These investigators did not report the free
amino acid levels of the livers, so no com-
parison of liver and plasma amino acid
concentrations can be made. The behavior
of valine, leucine and isoleucine in these
studies with the isolated liver is probably
related to the finding by Miller et al. (1)
that the branched-chain amino acids are
oxidized to a greater extent by extrahepatic
than hepatic tissue. Fisher and Kerly (3)
have reported that all amino acids mea-
sured were present at a higher concentra-
tion in liver than in plasma after 2.5 hours
of perfusion without adding amino acids
to the perfusate; tryptophan was not mea-
sured in their studies. It has been demon-
strated that insulin and hydrocortisone
(25) and insulin and growth hormone (1)
stimulate the uptake of amino acids by the
isolated liver. Thus perfusion of rat liver
without added hormones may not permit
the same type of transport that occurs in
the whole animal. With infusion rates of
10 to 42 mg of tryptophan per hour, how-
ever, and in the absence of added hor-
mones, liver concentrations of free trypto-
phan appeared to be nearly equal to plasma
concentrations in the present studies. Un-
der these conditions plasma concentrations
of tryptophan were much higher than those
seen in the whole animal and these high
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Ie\éels may have masked concentrative up-
take.

Kim and Miller (26) have recently re-
ported rates of tryptophan uptake by the
isolated rat liver comparable to the initial
rates of uptake reported here. When they
infused 150 mg of L-tryptophan over a 5-
hour period (30mg/hour) they observed
a disappearance rate of 2 mg/g liver per
hour in the first 30 minutes. As is shown
in table 1, infusion of tryptophan at the
rate of 21 mg/hour, after an initial dose
of 21 mg, resulted in a disappearance rate
of 20 mg/hour per liver in the first 30
minutes. The liver weights in these experi-
ments averaged 10 g; therefore, the dis-
appearance rate in the present studies was
2 mg/qg liver per hour, or the same as that
reported by Kim and Miller (26). This
rapid initial rate of disappearance was not
maintained in the present studies, how-
ever, as evidenced by increased plasma
concentrations of tryptophan, whereas Kim
and Miller (26) maintained this rapid up-
take throughout the 5 hours of infusion.

The apparent limited capacity of the
isolated rat liver to metabolize increasing
amounts of tryptophan to carbon dioxide
when DL-tryptophan-7a-4C was the tracer,
may be related to the lessened ability of
the isolated liver to adapt to high levels of
tryptophan compared with the whole ani-
mal where tryptophan stimulates hydrocor-
tisone secretion. However, some increase
in tryptophan pyrrolase activity in isolated
liver perfused with high levels of trypto-
phan has been reported (27), and prob-
ably reflects activation of the enzyme
(28). In the present studies twice as
much 4C02was obtained from 150 mg of
DL-tryptophan-(indole)2-4C as was ob-
tained from 150 mg of DL-tryptophan-7a-
¥C, which suggests a limited capacity for
complete oxidation of the benzene ring of
tryptophan. It may be that additional
tryptophan is converted to quinolinic acid
which is excreted into the perfusate as
such, or the benzene ring may be metabo-
lized in greater amounts to nicotinamide
mononucleotide and its metabolites, rather
than being degraded to carbon dioxide.
Kim and Miller (26) have reported 4C02
production in isolated rat liver with infu-
sion of increasing amounts of DL-trypto-
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phan-3-"C. When they infused either 30
mg or 70 mg of tryptophan, about the same
amount was coverted to ”C02in each case,
suggesting also a limited capacity for oxi-
dation of the side chain of tryptophan.

Miller et al. (1) obtained about 9% of
the radioactivity from DL-tryptophan-a-4C
in carbon dioxide during perfusion of rat
liver. This is similar to data obtained in
this laboratory with 10 mg of DL-trypto-
phan-a-4C infused during 2 hours of per-
fusion,8 although lack of information in
the former study (1) as to dosage and
length of experiment prohibits direct com-
parison. A more extensive investigation of
the degradation of tryptophan in the iso-
lated perfused rat liver was undertaken
by Altman and Gerber (29) who used -
tryptophan-AH and  DL-tryptophan-2-4C.
They reported only about 10% of the car-
bon-14 in carbon dioxide after 2 hours of
perfusion. This is in contrast to the higher
amounts (40% in 2 hours) obtained in
the present studies. Although the total
dosage was 10 mg in both studies, it was
administered differently in that Altman
and Gerber gave it at the start of the ex-
periment whereas in the present study
only 2mg was given initially and the re-
mainder was infused at the rate of 4 mg
per hour. It does not seem likely, how-
ever, that this experimental difference
could account for the difference in KCCL
production. The results of Altman and
Gerber are similar to those obtained by
Miller et al. (1) with DL-tryptophan-a-1C.
The suppliers of labeled tryptophan some-
times refer to a-labeled tryptophan as tryp-
tophan-2-4C, so this discrepancy might he
explained by a misunderstanding of the
position of the label. It was evident that
¥C02 production was highest from a1-
tryptophan-2-4C and lowest from DL-trypto-
phan-5-#C, with DL-tryptophan-7a-4C giv-
ing intermediate amounts. The data of
Kim and Miller (26) suggest that DL-trypto-
phan-/?-KC is intermediate between a1-
tryptophan-7a-4C and DL-tryptophan-5-4C
in the extent of oxidation to #C02in the
isolated rat liver.

Tryptophan degradation in the rat in-
volves the conversion of the carbons of
the benzene ring to a-ketoadipic acid, fol-

sT. Tao and P. Swan. Unpublished results.
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lowed by oxidative decarboxylation to glu-
taryl coenzyme A, further oxidative loss
of the free carboxyl carbon (30) to form
crotonyl coenzyme A, then L-hydroxybuty-
ryl coenzyme A, acetoacetyl coenzyme A
and, finally, acetyl coenzyme A. Thus, the
last steps of the degradative pathway for
tryptophan are analogous to those for the
oxidation of fatty acids. In this sequence
of reactions carbon-7a of tryptophan be-
comes carbon-1 of glutaryl coenzyme A
and, hence, the carboxyl carbon of aceto-
acetyl coenzyme A and acetyl coenzyme A
However, a small portion of glutaryl co-
enzyme A equilibrates with glutaric acid,
resulting in some randomization of the
label between carbons 1 and 5 of glutaryl
coenzyme A (31) and subsequent loss of
the label in carbon-5 as #4C02 Thus, it
would be predicted that acetyl coenzyme A
arising from tryptophan-7a-4C would be
labeled only in the carboxyl carbon, and
if the isolated acetoacetic acid were formed
entirely from direct condensation of acetyl
coenzyme A molecules, it should have a
carbonyl-4C/carboxyl-4C ratio of 1. Like-
wise, tryptophan-5-4C would label acetyl
coenzyme A in the methyl carbon and con-
densation would result in acetoacetic acid
with a methyl-¥C/methylene-XC ratio of 1.
However, the carbonyl-4C/carboxyl-KC ra-
tios for acetoacetic acid formed from tryp-
tophan-7a-4C, glutaric acid-1,5-4C and
acetate-1-4C were all lower than 1. Con-
versely, the methyl-UC/methylene-¥#C ra-
tios for acetoacetic acid formed from tryp-
tophan-5-4C and the carbonyl-4C/carboxyl-
YC ratios for acetoacetic acid formed from
glutaric acid-3-4C were both higher than 1.
These results are in agreement with those
obtained in studies of labeling patterns in
acetoacetic acid formed from oxidation of
fatty acids (32). It was suggested that
there is preferential retention of the methyl
terminal 2-carbon unit of fatty acids bound
to the thiolase. Hence, when the methyl
end is labeled, condensation of this acetyl
group with acetyl coenzyme A results in
retention of label in the carbons 3 and 4
of acetoacetyl coenzyme A. On the other
hand, label in all other carbons of fatty
acids is diluted to a greater extent be-
cause of free equilibration of these carbons
with the cold acetyl coenzyme A pool. Free
acetoacetic acid may result from direct
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cleavage of acetoacetyl coenzyme A (33)
or through formation and subsequent
cleavage of /?-hydroxy-/3-methylglutaryl co-
enzyme A (34). In the latter case, carbons
3 and 4 of acetoacetyl coenzyme A are re-
tained as carbons 3 and 4 of acetoacetic
acid, but carbons 1 and 2 of acetoacetyl
coenzyme A are exchanged with the acetyl
coenzyme A of the cell. This subject has
been reviewed by Wakil and Bressler (35).

The production of radioactive carbon di-
oxide from acetoacetate by the perfused
liver in the absence of extrahepatic tissue
was of interest. Much of the 1 mmole of
acetoacetate used in overloading was not
recovered, but it was uncertain whether
this represented decarboxylation to give
acetone, which was lost by evaporation, or
reduction to yield /3-hydroxybutyrate. How-
ever, when acetoacetate-3-4C was used in
small amounts (less than 1mg), 22 to
24% of the radioactive carbon appeared in
carbon dioxide and thus small amounts of
the acetoacetate were apparently being oxi-
dized. Perhaps, as has been suggested by
McCann (36), acetoacetate was first con-
verted to D-/3-hydroxybutyrate (37) which
can be converted to the coenzyme A deriva-
tive by fiver (38).
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Evaluation of Dietary Protein Quality
in Adult Rats

A. K. SAID and D. M. HEGSTED

Department of Nutrition, Harvard School of Public Health,
Boston, Massachusetts 02115

ABSTRACT The usefulness of the slope-ratio technique for the evaluation of the
nutritional quality of proteins for maintenance rather than growth has been examined
using adult rats. Of the four proteins examined, lactalbumin, casein, soy protein, and
gluten, the first three produce the responses expected. Gluten, low in lysine, is much
more efficiently utilized for maintenance than for growth. Apparently there are mecha-
nisms which permit a relative conservation of body protein when proteins low in
lysine (and perhaps other amino acids) are fed at or below maintenance levels. The
inadequacies of the slope-ratio method for the evaluation of such proteins are shared
by the measurement of biological value, net protein ratio, and net protein utilization.
The general applicability of amino acid scores is also questioned since the patterns
of amino acids required for growth and maintenance are apparently different. Esti-
mates of the amount of different proteins required for maintenance may be derived

from the dose-response regression lines.

It is generally assumed that the nutritive
value of proteins is de‘pendent upon the
amounts of the essential amino acids they
contain relative to the amounts of these
amino acids required by the animal con-
suming them. The classic paper of Block
and Mitchell (1) showed that there was
a fair correlation between the experimen-
tally determined biological values and the
most limiting amino acid when compared
to the composition of egg protein. The pos-
sibility exists that egg protein might con-
tain some essential amino acids in excess
of the requirement and not be an entirely
appropriate standard. Thus, the FAO Ex-
pert Committee (2) proposed a “provi-
sional pattern” of amino acids based
largely upon experimental estimates of the
amino acid requirements of man. The sec-
ond FAO/WHO Expert Group (3) had
doubts about this approach and, while sug-
gesting that data were insufficient to dis-
tinguish between the biological value of
whole milk, human milk or egg protein,
recommended that the essential amino
acid pattern of egg protein be used as the
reference standard.

Although it is recognized that the nu-
tritive value of proteins will vary for dif-
ferent species with different amino acid
requirements, rats and chicks, for example,
the assumption is made that the nutritive
value for monogastric animals is essenti-
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ally the same. Mitchell (4) has empha-
sized the similarity of the biological values
obtained with rats, dog, swine and man,
and attributes the failure to conform of
some data obtained with man to experi-
mental difficulties in obtaining accurate
estimates. On the other hand, in his mono-
graph Mitchell (5) proposed that amino
acid requirements may be broken down in-
to those required to replace endogenous
losses, those required for growth, and
those required for synthesis of tissues
which grow throughout life, such as skin
and hair. He then stated: “It seems obvious
that the amino acid requirements for these
three purposes are different, qualitatively
and quantitatively.”

If this thesis is correct, it follows that
the nutritive value of proteins would be
different for growing and adult animals.
This is contrary to the usual assumption
that the pattern of amino acids required
for infants and adults is essentially the
same. As Hegsted (6) pointed out, the
actual data available upon the amino acid
re(iuirements are such that one can easily
defend either proposition, i.e., that they
are similar or dissimilar. Some of the esti-
mates of amino acid requirements are so
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poor that they simply do not provide re-
liable quantitative values of amino acid
needs (7).

There is, in fact, substantial evidence
that the pattern of amino acid needs may
be quite different for young and adult rats.
The early work of Osborne and Mendel
(8-10) pointed to a difference in utiliza-
tion of certain proteins during growth and
adult life. Burroughs et al. (11) measured
nitrogen balance in adult rats deprived of
each essential amino acid for short periods
of time. They concluded: “For the replace-
ment of endogenous losses of nitrogen,
the adult rat does not need the following
dietary amino acids: lysine, leucine, histi-
dine, arginine and phenylalanine.” These
authors also called attention to the con-
clusion of Osborne and Mendel (8) that
“lysine is not needed to the same degree
as tryptophan for maintenance.” However,
Neuberger and Webster (12) reported the
apparently contradictory result that adult
rats lost weight rapidly and constantly
when deprived of lysine. These authors
did suggest that the relative proportions
of essential amino acids required for
growth and for maintenance might vary
considerably.

More recently, Bender (13) measured
net protein utilization (NPU) in young
animals when each essential amino acid
was removed from a complete amino acid
mixture. He concluded that proteins de-
void of lysine had an NPU of approxi-
mately 40%; that proteins completely
lacking tryptophan, threonine, histidine,
phenylalanine, leucine or isoleucine have
NPU values of about 20% ; and that only
proteins lacking valine or the sulfur amino
acids gave the expected value of zero.
These results recall the finding of Mitchell
and Block (1) that gelatin has a biological
value of about 25%. It should be appreci-
ated that these results are quite incongru-
ous since, in theory at least, a protein
with an NPU of 40% can meet the protein
needs of an animal when fed in an amount
2.5 times the minimal protein need. Simi-
larly, if 5 times the minimal protein need
is supplied by proteins with an NPU of
20%, the protein requirement should be
met. It is doubtful whether the protein
needs can ever be satisfied by feeding more
of a protein which is lacking in an essen-
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tial amino acid. There must be something
wrong with either the theory or the
method.

Hegsted and Worcester (14) and Heg-
sted et al. (15) have discussed the errors
involved in the bioassay of proteins ac-
cording to the slope-ratio technique de-
scribed by Hegsted and Chang (16, 17).
For some proteins it was quite clear that
the zero intercept of the regression lines
relating weight gain, body water or body
nitrogen to the amount of protein eaten
did not meet the Y-axis at the value ob-
tained with the group fed no protein. This
was indicated in the analysis of variance
by a significant departure from the blanks.

It should be noted that the measure-
ment of biological value (18), of net pro-
tein utilization (19), and of net protein
ratio (20) are all based upon measuring
the difference in nitrogen retention during
a nitrogen-free period and the test pro-
tein period. In essence, they constitute a
slope-ratio assay based upon two points
only, a blank and an experimental point.
In all of these tests, it is tacitly assumed
that nitrogen retention is linearly related
to the amount of test protein fed. If this is
not true, the tests are to the same degree
invalid. The same assumption is made in
the slope-ratio assay, but it offers a means
of estimating the degree to which the
test departs from the assumption made
rather than simply assuming it is true.
It also avoids the tendency to (nonevident)
variability in the determination of biologi-
cal value or NPU subsequent to a short
low-nitrogen feeding period (21).

The use of amino acid scores to evaluate
protein quality also rests on the assump-
tion that the nutritive value should de-
crease linearly as the level of the essential
amino acid falls below the ideal pattern.
As has been discussed above, there is much
evidence that this assumption is contrary to
the facts. The theoretical relationship ap-
pears to fail especially when certain essen-
tial amino acids are supplied at very low
levels or when certain proteins are fed at
levels below the maintenance requirement.
With young rats it is difficult to investi-
gate this area of the response curve since
young animals lose relatively little weight
before they become moribund. Thus, we
have turned our attention to the response
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of adult animals fed protein levels which
are near or below maintenance require-
ments.

This paper reports preliminary attempts
to develop a slope-ratio assay for proteins
using adult animals and evaluating weight
or tissue loss rather than the gain in tissue
observed when growing animals are used.
Some proteins demonstrate the theoreti-
cally expected responses; others do not.
Estimates of the requirements of different

roteins for maintenance can be made,
owever.

EXPERIMENTAL

The experimental details are similar to
those previously described (14-17) except
that adult female rats weighing approxi-
mately 200 g were used. These were di-
vided into approximately homogenous
groups of five animals each and caged
individually. One group of animals was
killed on day 1 for carcass analysis. One
group (the blanks) received the protein-
free diet previously described (14, 15).
Predetermined levels of several proteins
based on estimates of their probable nu-
tritive value were added to the diets of
the other groups as shown in table 1. The

TABLE 1
Kinds and levels of -proteins studied

Actual
Experi- Protein Level protein
ment source in diet supplied 1
(N'X 6.25)
% %
i Lactalbumin 3.0 2.40
(standard protein) 2.0 1.60
1.0 0.80
W heat gluten 12.0 9.70
8.0 6.50
4.0 3.20
2 Lactalbumin 3.0 2.40
(standard protein) 2.0 1.60
1.0 0.80
W heat gluten 15.0 12.10
10.0 8.10
5.0 4.00
Casein 3.0 2.50
2.0 1.70
1.0 0.85
Soy protein 5.0 2.50
(cooked) 3.5 1.77
1.5 0.76

1The amount of protein supplied by the conven-
tional proteins was determined by prior Kjeldahl
analysis as follows: (in %) lactalbumin, 80.22;
gluten, 81.00; casein, 84.94; soy protein, 50.62.

A. K. SAID AND D. M. HEGSTED

feeding period was 31 days. The diets
were fed ad libitum; food consumption
was measured, and the protein intake cal-
culated. At the end of the experiment the
animals were killed and the contents of
the stomach and cecums removed. The
carcasses were kept frozen in plastic bags
for later analysis.

The frozen carcasses were chopped or
sliced with a cleaver into relatively small
pieces, placed in 400 ml beakers, and
dried at 95° to constant weight to deter-
mine the total body water. For some large
animals, this required 5 to 6 days. The
dry carcasses were ground, mixed and a
5 g aliquot heated with 20 ml of 50%
sulfuric acid for 3 days at approximately
100°. The hydrolysate was quantitatively
transferred to a 500 ml volumetric flask
with water and made to volume. Total
nitrogen of this solution was determined
by the automated Kjeldahl procedure with
the AutoAnalyzer2 and total body nitro-
gen calculated.

From the body weights and the mean
body composition of the animals Kkilled
on the first day, the initial body water
and body nitrogen of each animal were
calculated. These values subtracted from
those determined at the end of the ex-
periment yielded the change in body
water and body nitrogen for each animal.

RESULTS

Figure 1 shows the changes in body
water for each animal in experiment 1
in which lactalboumin and wheat gluten
were compared. It is apparent that the
change in body water in the animals fed
lactalbumin is linearly related to the pro-
tein intake, including the animals which
received no protein. This is the expected
result. The data from the animals fed
the wheat gluten diets are also linearly
related to the protein intake but this re-
gression line, when extended to the zero
intercept, indicates an expected loss of
10 g rather than the determined value
of 26 g. Although the data do not define
the shape of the gluten curve, it must be
curvilinear and approximate the dotted
line shown.

2Technicon Corporation, Tarrytown, New York.
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Fig. 1 Regression lines relating the change in
body water with protein intake in experiment 1
Solid regression lines calculated with the blanks
(zero protein) included. Broken regression lines
calculated without the blanks.

Similarly, in experiment 2 (fig. 2) the
regression lines obtained with the data
from animals fed lactalbumin, casein and
soy protein cannot be shown to depart
significantly from the expected curves
which intercept the Y-axis at approxi-
mately the value obtained with the ani-
mals fed no protein. On the other hand,
the animals fed low levels of gluten do
better than expected and the regression
line intersects the Y-axis substantially
above the blanks.

The figures show only the data on body
water. As has long been known, the
correlation between body water and body
nitrogen is high, usually much above that
shown for experiment 2 (table 2). As
we have 1E)ointed out before (15), the
variance of the data for body nitrogen is,
in our hands, always greater than that
for body water. Body nitrogen is theo-
retically the best parameter of response
to protein utilization. However, we believe
that the difficulties in sampling total body
carcasses, especially when there is sub-
stantial body fat, and the numerous
manipulations involved in the nitrogen
determinations account for the greater

477

errors in these data. Thus, change in
body water is probably a better and cer-
tainly a simpler measure of response than
body nitrogen.

Table 3 shows the mean NPU values
calculated from the body nitrogen deter-
minations and the nitrogen intakes in
experiment 1. NPU falls markedly as the
level of gluten is increased whereas NPU
for albumin is relatively stable. The classi-
cal calculation of NPU, however, is re-
latively unsatisfactory, since there are
rather large differences in size of animals
in each group relative to the amount of
nitrogen retained.

Fig. 2 Regression lines relating the change in
body water with protein intake in experiment 2.
Solid regression lines calculated with the blanks
(zero protein) included. Broken regression line
calculated without the blanks. As in experiment
1, the regression lines calculated without the
blanks for lactalbumin, casein and soy protein
were very close to those calculated with the
blanks included. For the sake of simplicity, these
lines as well as the data for individual animals
receiving casein and soy protein are not shown.

TABLE 2

Correlation coefficients between body water
and body nitrogen

) Correlation
Experiment No. coefficients
i 35 0.904
2 65 0.786
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TABLE 3

Mean NPU values for experiment 1

Actual
protein
supplied

Protein

%
0.80
1.60
2.40

Lactalbumin

Gluten 3.20

6.50
9.70

DISCUSSION

The data shown in figure 1, for example,
indicate that at very low levels of intake,
approximately 5 g of protein eaten in
this particular experiment, the nutritional
value of wheat gluten and lactalbumin is
approximately the same, i.e., they are
about equally effective in preventing mod-
est weight loss. Thus, if one determines
the changes in body nitrogen, as in the
NPU determination or by nitrogen balance
techniques, as a measure of nutritional
quality, the nutritional value of gluten
will depend upon the levels which the ex-
perimenter happens to select. The assay
techniques are therefore invalid for this
protein.

Similarly, the slope-ratio technique is
invalid under these conditions. As has
been pointed out before (14), modest
departures from the ideal assay in this
way are not particularly important when
growing animals are used and the proteins
are fed at levels which promote substan-
tial rates of gain. The departures from the
blanks or intercepts have little effect upon
the slope of the dose-response curve. How-
ever, when one attempts to apply the same
technique to evaluate the nutritional qual-
ity of protein for maintenance, as we
have here, the technique clearly fails for
gluten.

This discrepancy from the expected re-
sponse is especially important in the eval-
uation of what Miller and Payne (22)
have defined as NPU standard. This is
NPU determined at levels near or below
maintenance intakes of protein, that range
of intake where we conclude that the
assay is invalid for certain proteins. Ob-
viously, this accounts for the fact that

Protein Protein

consumed retained NPU
9 9 %
3.19 3.02 94.7
7.57 8.99 118.8
12.68 11.30 89.1
12.13 6.05 46.1
32.05 9.21 28.7
41.27 8.75 21.2

although Miller and Payne record an NPU
of approximately 40 for gluten, Hegsted
and Chang (16, 17) found a value of
less than 20. Similarly, Hegsted (23)
records values for wheat flour and some
other cereal proteins considerably less
than the NPUs and biological values com-
monly reported.

The implications of these findings are
rather far reaching. Proteins low in lysine
appear to be much more efficient in main-
tenance than they are in the promotion
of growth. This has probably been ap-
parent since the work of Osborne and
Mendel (8-10). Mitchell and Beadles (24)
demonstrated that relatively little lysine
was needed for maintenance as compared
to the amount required for growth. If it
is true for man that the amino acid pat-
terns required for growth and maintenance
are quite different, then one cannot apply
a single score to proteins in the calcula-
tion of protein requirements for different
ages. The procedures which have been
generally applied (3, 25, 26) would net be
entirely defensible. Changes in the lysine
requirement with age would also explain
the ease with which nitrogen balance can
be maintained in adult humans fed cereal
diets (27).

Secondly, the ability to estimate pro-
tein quality from amino acid scores is
questioned. Quite clearly the data are
accumulating to show that protein quality
as measured by the usual techniques is
not lowered proportionately as the level
of each essential amino acid falls below
the amounts in a “standard protein.” Ap-
parently, there are mechanisms which
permit a relative conservation of lysine
(and perhaps other amino acids) as the
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TABLE 4
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Estimates of maintenance requirements of different proteins

Experiment Protein

i Lactalbumin
Gluten

2 Lactalbumin
Gluten
Casein

Soy protein (cooked)

Estimated maintenance requirement

g/day % dietl % calories
0.274 1.77 1.7
0.935 6.58 6.2
0.226 1.73 1.6
0.419 3.44 3.2
0.387 3.39 3.2
0.355 3.06 2.9

1The food intake of rats which a%)roximately maintained their original body water ranged

from 11.4 to 15.5 g/day, average 13 g/day.
intake becomes low, or there may be mech-
anisms which permit a conservation of
body protein at low intakes of a low-lysine
protein which do not occur when a lysine-
rich protein is fed.

The rate of depletion is, of course, no
measure of essentiality. It may require
months to deplete a person of vitamin A
compared to days or weeks to deplete the
body of thiamine. Nevertheless, if rates
of depletion of essential amino acids are
markedly different, it is clear that the
evaluation of protein quality becomes
enormously complicated in animals fed
submaintenance or maintenance levels of
protein.

Estimates of the maintenance require-
ments of different proteins are the protein
intakes where the regression line inter-
sects a line parallel to the X-axis through
the point representing zero change in
body water. The values thus estimated for
the different proteins tested are given in
table 4. Estimates for gluten protein are
obtained from the regression lines calcu-
lated without the blanks. The estimated
maintenance requirements for proteins of
high nutritive value are in agreement with
the estimate of Osborne and Mendel (28)
and approximate the estimated mainte-
nance requirement for man (29).
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Absorption of Vitamin E by the Rat

from a Low Fat Diet

D. C. HERTING, M. I. LUDWIG and E. E. DRURY
Health and Nutrition Research Division, Tennessee Eastman Company,
Rochester, New York 14603

ABSTRACT

To determine whether absorption and utilization of vitamin E are as

efficient on a low fat diet as on a diet containing abundant quantities of fat, groups
of rats were fed for 8 weeks with low or high fat diets supplemented with graded

levels of d-a-tocopheryl acetate (0 to 7.61 1U/IOOg diet).

Erythrocytes from animals

fed the low fat diets were less susceptible to hemolysis by dialuric acid than those

from animals fed the high fat diets.

Hepatic storage of the supplemented vitamin E

was not influenced by dietary fat except at the highest dose administered, at which

level the high fat diet enhanced storage.

Thus, by both criteria, vitamin E is effec-

tively absorbed and utilized whether the animal is fed a low or a high fat diet.

The definition and standard of identity
for nonfat dry milk fortified with vitamins
A and D (1) has omitted the inclusion of
vitamin E even though the recommenda-
tions of the National Research Council’s
Food and Nutrition Board (2) leave litde
doubt about the importance of this vita-
min. In addition to need, however, restora-
tion of essential nutrients requires dem-
onstration of satisfactory utilization from
the proposed vehicle.

Prior experimental work with mammals,
such as that of Christensen et al. (3, 4),
has not answered the question specifically
because dietary fat levels were much lower
than in nonfat dry milk or because supple-
ments of vitamin E were much higher than
the level found in milk. The available
clinical data concerning the absorption of
vitamin E from low fat diets are not de-
cisive either. Panos et al. (5) observed a
prompt response to daily doses of 25 to 50
mg of vitamin E in infants fed a fat-free
diet for 40 days, whereas Barness et al.
(6) suggested that erratic responses to
vitamin E included in low fat formulas for
up to 80 days may have resulted from the
low intake of total fat and of unsaturated
fatty acids.

This experiment was designed to deter-
mine whether absorption and utilization
of relatively low levels of vitamin E are as
efficient on a low fat diet as on a diet con-
taining abundant quantities of fat.

J. Nutrition, 99: 481-484.

MATERIALS AND METHODS

Diets. Six groups of rats were fed a
low fat diet and another six groups received
a high fat diet. Graded levels of vitamin
E as d-a-tocopheryl acetate were added to
five of each type of diet. The composition
of the diets is summarized in table 1

A description of the critical dietary in-
gredients follows.

Nonfat dry milk was made by a high
heat spray process.* Based on previous
work (7), this ingredient contained ap-
proximately 0.7% fat, with 4.9% polyun-
saturated fatty acids (PUFA) and 29 ug of
a-tocopherol per gram fat.

Safflower oil was molecularly distilled 2
to reduce the a-tocopherol content to zero
(assayed by thin-layer chromatography
(8)). The PUFA content was 76.6% by
gas-liquid chromatography (7), and the
peroxide value was 7.9 (9).

Coconut oil came from two sources (see
footnotes, table 1). The coconut oil used
for the first 3 weeks in diets 7 to 12 had a
peroxide value of 6.4, an a-tocopherol
content of 7.5ug/g, and 2.0% PUFA.
The mixture of coconut oils used in diets
13 to 18 had a peroxide value of 3.4, an
a-tocopherol content of 9.7 ug/g, and 2.2%
PUFA.

Received for publication August 4, 1969.

1Processed by the Dairymen’s League Cooperative
Association, Inc., Vernon, New York.

2Distilled through the courtesy of Mr. Eugene
Mularz, Production Department, Distillation Products
Industries, Rochester, New York.
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TABLE 1
Diet composition

Ingredients

1to6
%
Nonfat dry milk 54.0
B-vitaminized casein 1 2.0
Cornstarch2 38.44
Cellulose3 5
Stripped safflower oil 0.5
Coconut oil -
Iron and copper salts 6 0.06
Vitamin E 7 +
Vitamins A and D 8 +

Low fat diets

High fat diets

7 to 12 13 to 18
% %

54.0 54.0
2.0 2.0
5.24 -

23.2 25.94
0.5 —

15.04 18.05
0.06 0.06
+ +

+

1B-vitamins are premixed with vitamin-test casein to supply the following: (in /¢9/10 g diet) thiamine
HC1, 100; riboflavin, 100; pyridoxinesHC1, 100; vitamin B12 (crystalline USP), 0.2; d-biotin, 2; folic

acid, 20; d-calcium pantothenate, 300; nicotinic acid, 500; menadione, 50; and:

(in mg/10 g diet)

choline chloride, 10; i-inositol, 5; p-aminobenzoic acid, 1.

2Clinton Corn Processing Company, Clinton, lowa.

3Alphacel, Nutritional Biochemicals Corporation, Cleveland, Ohio.

4 Coconut oil was Cochin (Pacific Vegetable).
s Coconut oil was mixture of 40%

Cochin (Pacific Vegtable) and 60%

Cobee (Drew Chemical).

6Salt premix: ferric ammonium citrate, 174 g; cupric sulfate (USP) (x 5H20), 6 g.
7 d-a-Tocopheryl acetate was dissolved in the stripped safflower oil (diets 1 to 6 and diets 7 to 12)
or in the coconut oil (diets 13 to 18) to provide levels of 0, 0.36, 0.76, 1.64, 3.53 or 7.61 IU vitamin E,

sequentially in each series, per 100 g finished diet.

3Vitamin A palmitate and vitamin D (Viosterol) were added to appropriate oils when diets were
mixed to provide 40 and 4 1U, respectively, per gram diet.

The composition of these diets was pre-
dicated on several assumptions and esti-
mates. The level of 1.64 1U of vitamin E
per 100 g diet corresponds closely to the
level supplied by the 90.7 g nonfat solids
contained in 1 quart of milk fortified with
1.49 IU vitamin E. This level approxi-
mates the maximum seasonal levels of
vitamin E observed in homogenized milk
(7). The level of 0.5% stripped safflower
oil insures adequate nutrition with essen-
tial fatty acids (about 39 mg/10 g diet)
without elevating the total fat content per
100 g dry diet (0.89% ) greatly above that
observed per 100 g nonfat dry milk solids
(0.73% ).

Although the high fat diet should con-
tain approximately 30% fat to provide the
same proportion of fat to a-tocopherol as is
found in the best seasonal homogenized
milk, the more practical level of 15%
added fat was chosen initially. For the first
3 weeks of the experiment, the high fat
diets (7 to 12) provided 15.89% of total
fat and 67 mg PUFA/10 g diet. When
hemolysis assays after 2 weeks showed
higher hemolysis on the high fat diet than
on the low fat diet, the PUFA content of
the former was reduced further to 39 mg/
10 g diet by eliminating the safflower oil
and increasing the coconut oil to 18.0%

(diets 13 to 18) to give a total fat content
of 18.39%. These diets replaced diets 7
to 12 for the remaining 5 weeks of the
experiment.

A high caloric density of fat in the high
fat diet could result in a significantly de-
pressed consumption relative to the low
fat diet. To prevent this, the high fat diets
were diluted with sufficient cellulose to
make them essentially isocaloric with the
low fat diets, with caloric densities of 3.80
for the low fat diets and 3.81 for the high
fat diets.

Animals.  Weanling female rats de-
scended from the Sprague-Dawley strain 3
were fed a vitamin E-free diet for 4 days;
then 180 rats ranging in weight from 59
to 69 g were divided into 12 groups of 15
rats each and were fed the experimental
low and high fat diets for 8 weeks.

All rats were weighed and observed
weekly. The average amount of food con-
sumed in a 24-hour period was determined
weekly for each group after week 1 of the
experiment.

Analyses. The susceptibility of erythro-
cytes to hemolysis by dialuric acid was
determined by the method of Friedman
et al. (10). Hemolysis bioassays were

3Blue Spruce Farms, Altamount, New York.
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done at the end of weeks 2, 4, 6 and 8
on three rats per group. In groups that
showed any indication of hemolysis, addi-
tional rats were checked. At the end of the
experiment, livers were removed from all
rats. The livers were frozen and stored at
—20° until analyzed for a-tocopherol (8).

RESULTS

Growth and mortality. Growth was
normal and comparable in all groups of
rats (table 2). Neither the level of dietary
fat nor the addition of graded levels of
vitamin E had a significant effect. Four
scattered deaths occurred during the first
3 weeks of the experiment, one on a low
fat diet (group 4) and three on high fat
diets (groups 14, 15, 17).

Food consumption. The average daily
food consumptions (13 g) were compar-
able for the groups of rats fed the low
and high fat diets during the first 3 weeks
of the experiment. After the high fat diet
was modified to lower its polyunsaturated
fatty acid content at the beginning of
week 4, the average daily food consump-
tion per rat was approximately 1 g less on
the high (14 g) than on the low fat (15 g)
diets.

Hemolysis. Results from the hemolysis
bioassay at 8 weeks are summarized in
table 2. Rats fed either the low or high
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fat diet with no added vitamin E showed
complete hemolysis (92 to 99% ) of red
blood cells throughout the experiment.
Addition of 0.36 IU vitamin E/100 g diet
reduced hemolysis, particularly on the low
fat diet; and addition of 0.76 1U/100 g
diet eliminated hemolysis on the low fat
diet and reduced it to borderline signifi-
cance on the high fat diet. All higher
levels of vitamin E protected the erythro-
cytes from hemolysis.

Liver analyses. Analyses of livers from
various groups (table 2) showed a-tocoph-
erol even in animals with completely
hemolyzing red cells. Liver levels increased
when the dietary supplement was 1.64
1U/100 g diet or greater. Compared with
the low fat diet, the addition of coconut
oil significantly increased liver stores of
a-tocopherol at all levels of dietary supple-
mentation. Only with the highest supple-
ment, however, was any part of this in-
crease due to the fat per se rather than
the additional a-tocopherol contained in
the coconut oil.

DISCUSSION

Results of the hemolysis tests after 2
weeks suggested that absorption of vitamin
E was less on the high than on the low
fat diet. An alternate explanation was
that the higher content of polyunsaturated

TABLE 2

Effect of dietary fat and vitamin E on growth, erythrocyte hemolysis and
liver tocopherol in female rats

Diets Group V;tda(gr;(ljnlE Weight gain 28
1U/100g g/rat

Low fat i 0 134+ 4.06
2 0.36 127+ 3.7
3 0.76 126 + 2.7
4 1.64 134+ 2.9
5 3.53 135+ 3.6
6 7.61 123 + 3.7

High fat 13 0 125+ 3.9
14 0.36 122+ 4.0
15 0.76 134+ 4.3
16 1.64 137+ 3.7
17 3.53 129+ 4.8
18 7.61 122+ 4.9

1Added as d-a-tocopheryl acetate.
2Average initial weight was 62 g.

3Fifteen rats per group except 14 rats in groups 4,
4 Numbers in parentheses indicate animals tested.

Liver tocopherol 3
Hemolysis 4

Total Net5

% Rg/liver
93 + 3 (6) 74+ 11 —
28+ 3 (15) — —
1+ 0 (9) 62+ 6 0
1(3) 118+ 6 44
0(3) 139+ 9 65
1(3) 231+ 19 157
99+ 1 (6) 121+21 —
68+ 6 (14) — —
12+ 2 (14) 107+16 0
0(6) 165+12 44
3(3) 176+14 55
0(3) 351 + 23 230

14, 15 and 17.

s Increase in liver tocopherol due to dietary supplement of d-a-tocopheryl acetate.

6Mean * sem.
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fatty acids in the high fat diet increased
the requirement for vitamin E, thus ob-
scuring any difference due to level of
dietary fat per se. The high fat diets were
then adjusted to balance the content of
PUFA.

Harris and Embree (11) have estimated
that a dietary vitamin E/PUFA ratio of
0.6 mg/gram should be indicative of ade-
quate vitamin E nutriture. With the low
fat diet, complete hemolysis was observed
in the absence of supplemental vitamin
E (group 1), as might be expected with
a vitamin E/PUFA ratio of 0.03. Hemoly-
sis diminished to 28% in group 2, with
a vitamin E/PUFA ratio of 0.65 and dis-
appeared in group 3 with a ratio of 1.34.

With the high fat diet, hemolysis de-
creased from 99% to 68% to 12% to
0% in groups 13, 14, 15 and 16, respec-
tively, as the vitamin E/PUFA ratio in-
creased from 0.47 to 1.09 to 1.78 to 3.28,
respectively. The apparent increase in
hemolysis due to additional dietary fat
(but not polyunsaturated fatty acid) and
in spite of higher vitamin E/PUFA ratios
recalls a previous report by Century and
Horwitt (12), who observed that addition
of aerated coconut oil to chicken diets
containing 2% stripped com oil aggra-
vated the incidence of encephalomalacia.
These workers suggested that provision of
additional fat calories as readily metab-
olizable lauric and myristic acids “freed”
more polyunsaturated fatty acids for re-
tention (and peroxidation) in the tissues.

The net hepatic storage of vitamin E
from the dietary supplement was not in-
fluenced by the level of fat except at the
highest supplement of 7.61 1U/100 g
diet. At this level, storage was significantly
higher with the high fat diet; but signifi-
cant storage occurred even with the low
fat diet.

Although our studies are not long-term,
they have spanned the maturation period
of the female rat. By both criteria ex-
amined (erythrocyte hemolysis and he-

LUDWIG AND E. E. DRURY

patic storage), vitamin E was effectively
absorbed and utilized whether the animai
was fed a low fat or a high fat diet.
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ABSTRACT Low density lipoproteins, isolated from yolks of eggs produced by hens
fed a normal diet and from those of hens fed 2.5% cottonseed oil in the diet, were
studied to determine the effect of crude cottonseed oil on properties of the yolk
lipoproteins. Low density lipoproteins isolated from eggs produced by hens fed crude
cottonseed oil contained more saturated fatty acids and less monoenoic fatty acids than
did those isolated from normal eggs. Differences in amino acid content of the vitel-
lenins from normal and “cottonseed” eggs were small. When low density lipoproteins
were separated into six fractions by ultracentrifugation, most of those from normal
eggs were in the top four fractions, but most from the cottonseed oil eggs were in the
bottom three fractions. Cottonseed oil low density lipoproteins were on the average
larger in size than the normal ones as determined by gel filtration through a Bio-gel
A-15m column. The floating fraction of normal low density lipoproteins isolated by
ultracentrifugation contained more lipid and the molecules were larger than the
soluble low density lipoproteins in the bottom fraction, and the lipoproteins in inter-
mediate fractions were intermediate in lipid content and size of molecule. Cottonseed
oil low density lipoproteins were also separated according to molecular size, but the

different fractions were similar in lipid content.

Lipids extracted from eggs produced by
hens fed crude cottonseed oil contained
more stearic acid and less oleic acid than
lipids from eggs produced by hens fed a
normal ration (1). Evans et al. (2) ob-
served that the low density lipoproteins
(LDL) of 6-month old eggs from hens
fed crude cottonseed oil migrated almost
three times as far as those from fresh eggs
when subjected to paper electrophoresis,
and that part of the lipovitellin was con-
verted to a lipoprotein that behaved sim-
ilarly to LDL under the conditions used
for electrophoresis. Burley (3) recently re-
ported that LDL isolated from yolks of hens
fed methyl sterculate, one of the active
components of crude cottonseed oil, were
more viscous than those from normal egg
yolks.

The purpose of the present investigation
was to further study the properties of the
low density lipoproteins of eggs from hens
fed cottonseed oil to determine if any dif-
ferences exist between them and normal
low density lipoproteins which might ex-
plain the increased mobility of the low den-
sity lipoproteins of stored eggs from hens
fed cottonseed oil.

J. Nutrition, 99: 485—490.

EXPERIMENTAL

Eighteen Single Comb White Leghorn
hens were housed in laying cages; 9 were
fed a basal ration 4and 9 the basal ration
to which 2.5% of crude cottonseed oil was
added. The basal ration contained 4.1%
lipid, and the fatty acids were composed
of 17% palmitic, 3% oleic, and 45%
linoleic. The fatty acid composition of
crude cottonseed oil was 28% palmitic, 2%
stearic, 17% oleic, and 51% linoleic.

Low density lipoproteins (LDL) were
prepared from 6 freshly layed eggs as de-
scribed by Evans et al. (4) by a procedure
essentially that of Martin et al. (5). Two

Received for publication July 14, 1969.

1Michigan Agricultural Experiment Station Journal
Article no. 4790. Supported in part by Public Health
Service Research Grant AM 10214 from the National
Institute of Arthritis and Metabolic Diseases.

2Presented in part at the 53rd Annual Meeting of
the Federation of American Societies for Experimental
Biology, Atlantic City, New Jersey, April 13 to 18,
1969. Federation Proc., 28: 369 (abstract).

3Present address: 5 Heyat Avenue, Shiraz Gharbi,
Amirabad Bala, Tehran, Iran.

4The percentage composition of the basal ration
was: ground corn, 34.5; ground oats, 20.0; wheat bran,
15.0; flour middlings, 10.0; dehydrated alfalfa (15%
protein), 3.0; meat scraE1 (50% protein), 3.0; dried
milk, 2.0; menhaden fish meal (60% protein), 2.5;
soybean oil meal (44% protein), 2.5; ground oyster
shell flour, 5.0; steamed bone meal, 1.5; salt, 0.6;
and fish oil (3000 IU vitamin A and 400 IU vitamin
D), 0.4.
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preparations were made from eggs of hens
fed the normal ration and two from eggs of
hens fed the ration containing crude cot-
tonseed oil. Hens fed the crude cotton-
seed oil had been on experimental diet for
19 days when eggs for the first prepara-
tion were obtained and for 54 days when
those for the second were obtained.

The LDL solution in 1.0 M sodium chlo-
ride was dialyzed against distilled water
and the resulting solution was centrifuged 5
for 16 hours at 165,000 X g and 5°. The
contents of each tube were divided into
four fractions, the solid floating fraction,
the top half of the liquid, the bottom half
of the liquid, and the solid pellet of resi-
due (fig. 1). The floating solid fraction was
dispersed in distilled water, and the resi-
due was suspended in distilled water. Each
fraction was then centrifuged as above;
the contents of tube F (floating fraction)
were divided into the solid floating part
and the liquid portion; the contents of tube
R (residues) were divided into the super-

Fig. 1 Fractionation of egg yolk LDL solution
in water by centrifugation in the Beckman-Spinco
Model L ultracentrifuge using the No. 50 Ti rotor
at 50,000 rpm for 16 hours at 5°. The top layer
is solidified LDL and was designated fraction F.
The bottom fraction is a pellet of sedimented
precipitate. The solution was divided into two
equal portions.

EVANS, BAUER, VAGHEFI AND FLEGAL

natant and residue; and the contents of
the other tubes were divided into the top
and bottom halves. The liquid portion of
tube F and the top portion of tube A were
combined as were the bottom portion of
tube A and the top one of tube B, and the
bottom portion of tube B and the super-
natant of tube R (fig. 2). These fractions
were again centrifuged and further frac-
tionated as shown in figure 2 to give six
fractions.

Bio-gel A-15m and Bio-gel A-50m were
used to fractionate the LDL by gel-filtration
through agarose bead columns. Columns
were 2.5 cm in diameter and approximately
90 cm long, and they were jacketed and
operated at a temperature of 1 to 3° with
upward flow to minimize excessive pack-
ing of the columns. Columns were eluted
with 1.0 » sodium chloride solution at a
flow rate of 20 ml per hour. The eluate was
collected in 5.0 ml fractions by use of a
drop-counter attachment and a refrigerated
fraction collector. A constant flow rate
was maintained with an LKB peristaltic
pump. The proteins were located either by
measurement of the ultraviolet absorption
of each fraction at 280 mp in a spectropho-
tometer 6 or by monitoring the effluent as
it passed through a cell in a spectrophotom-
eter 7connected to a recorder.8

An aliquot of the dialyzed unfractionated
LDL and portions of each fraction obtained

LDL

Fig. 2 Scheme for the fractionating of LDL.
LDL in water solution was centrifuged and separ-
ated as described in the text.

5Beckman-Spinco Model L ultracentrifuge using the
50 Ti rotor, Beckman Instruments, Inc., Spinco Divi-
sion, Palo Alto, Calif.

6Beckman Model DU, Beckman Instruments, Inc.,
Fullerton, Calif.

7Beckman Model DB, Beckman Instruments, Inc.,
Fullerton, Calif.

8Sargent Model SRL, Sargent-Welch Scientific Com-
pany, Chicago, 111
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by ultracentrifugation were lyophilized and
weighed to determine the weight of LDL
in the fraction or aliquot of LDL. The dry
LDL was extracted with chloroform-
methanol (1:1, v/v) to remove lipid, and
the extracted lipid was weighed after re-
moval of the solvent. The lipids were
saponified, the fatty acids converted to the
methyl esters, and the fatty acid methyl
esters separated by gas-liquid chromatogra-
phy as described previously (1).

The protein residues were hydrolyzed
with constant boiling hydrochloric acid in
evacuated sealed tubes at 110° for 24 hours
(4). Amino acid contents of the hydroly-
sates were determined with an amino acid
analyzer 9using a procedure based on the
Piez and Morris (6) modification of the
Spackman, Stein and Moore (7) method.

Solutions of normal and “cottonseed-oil”
LDL were treated with one of the following
before extraction with ether (4) or ex-
tracted without treatment: 8 m urea, 6 m
guanidine hydrochloride, 0.0026 m sodium
dodecyl sulfate, 2% sodium deoxycholate,
0.13 m /3-mercaptoethano! and 8 m urea.

Solutions of normal and cottonseed-oil
LDL were digested with phospholipase C or
with phospholipase D as described previ-
ously (4).

RESULTS

LDL isolated from eggs of hens fed the
basal ration contained 87.0% lipid and
10.7% protein (determined on the residue
by micro-Kjeldahl procedure), values quite
similar to those of 85.8 and 11.7%, re-
spectively, for LDL isolated from eggs of
hens fed the ration containing crude cot-
tonseed oil.

The amino acid contents of the proteins
are given in table 1. Any differences ob-
served in amino acid contents of vitellemn
(LDL apoprotein) from normal eggs and
from eggs of hens fed cottonseed oil were
small and were probably caused by ex-
perimental error.

The fatty acids obtained from eggs of
hens fed cottonseed oil contained a much
higher percentage of the saturated fatty
acids (stearic and palmitic) and a lower
percentage of the monounsaturated fatty
acids (palmitoleic and oleic) than did those
from eggs of hens fed the basal ration
(table 2). The differences were largely in
stearic and oleic acids.
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TABLE 1

Amino acid content of vitellenin from eggs of hens
fed a basal diet and a diet containing
crude cottonseed oil

Amino acid Normal Cottonseed oil
9/16 g N
Aspartic acid 11.3 10.9
Threonine 6.6 6.7
Serine 6.6 7.0
Glutamic acid 15.7 16.3
Proline 3.3 4.0
Glycine 3.0 3.0
Alanine 5.6 5.4
Valine 6.5 6.6
Methionine 1.9 2.1
Isoleucine 6.9 6.7
Leucine 10.1 10.4
Tyrosine 5.6 5.3
Phenylalanine 5.5 5.5
Lysine 9.2 9.2
Histidine 1.6 1.8
Arginine 7.4 7.0
TABLE 2

Fatty acid content of low density lipoprotein lipids
from eggs of hens fed a basal diet and a diet
containing crude cottonseed oil

Fatty acid Normal Cottonseed oil
% of total
Myristic, Ch 0.6 0.7
Palmitic, Cig 24.8 27.9
Palmitoleic, Ci6= 3.2 1.8
Stearic, Cis 8.6 21.8
Oleic, CI8= 47.8 32.3
Linoleic, Cis= = 15.0 15.6

Distributions of LDL from normal eggs
produced by hens fed the basal ration and
from eggs of hens fed crude cottonseed oil
into the six fractions are presented in table
3. Most of the LDL from normal eggs was
in the top four fractions while most of
the LDL from “cottonseed” eggs was in the
bottom three fractions. About 54% of the
LDL from cottonseed eggs was in the
residue. The floating solid fraction F con-
tained the most lipid and the residue or
fraction D the least, with the lipid content
of the others in between, and each of the
fractions of cottonseed LDL contained
more lipid than the corresponding fraction
of normal LDL. The relative molecular
weights of the LDL in each fraction were
larger for the cottonseed than for the nor-
mal and this was particularly true in the
bottom fractions (fig. 3). Molecules of

9 Technicon Amino Acid Analyzer, Technicon Corpo-

ration, Ardsley, New York.
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TABLE 3

Weight, percentage lipid, and percentage protein of fractions obtained

by ultracentrifugation

of LDL from normal and “cottonseed™ eggs

Weight
Normal

Fraction
Cottonseed

9
0.14
0.83
1.83
2.80
5.05
12.55

VDOOW>P>T

ABSORBANCE AT 280 nu

Fig. 3 Gel-filtration through a Bio-gel A-15m
column or a Bio-gel A-50m column of normal LDL
(- ) and of “cottonseed-o0il” LDL
) or their fractions in 1.0 m sodium
chloride solutions.

Lipid Protein
Normal  Cottonseed Normal Cottonseed
% % % %
89.1 92.2 8.4 6.5
87.8 89.1 9.2 9.7
85.9 87.7 10.0 10.5
84.6 86.5 14.6 108
83.5 85.5 13.9 111
84.1 84.7 122 118

LDL fraction F of normal eggs were much
larger in size than LDL fraction D mole-
cules and the others were in between, but
there was not very much difference in size
of those from cottonseed eggs except that
molecules of the very small amount of frac-
tion F appeared to be much larger than
molecules of the other fractions when esti-
mated by gel-filtration through Bio-gel
A-50m.

The various fractions of LDL from nor-
mal eggs contained percentages of amino
acids (table 1) and fatty acids (table 2)
similar to those of the unfractionated LDL,
as did those from cottonseed eggs.

TABLE 4

Extraction of lipids by ether from LDL of normal
and “cottonseed-oil” eggs after
various treatments
“Cottonseed oil”

Treatment Normal

% of total lipid extracted

None 13 12
Urea 7 9
Guanidine -HC1 6 7
Sodium dodecyl sulfate 26 27
Sodium deoxycholate 4 5
/3-Mercaptoethanol 61 64
jS-Mercaptoethanol + urea 52 58
TABLE 5

Extraction of lipids by ether from LDL of normal
and “cottonseed-oil”eggs after digestion
with phospholipases

Enzyme Normal  “Cottonseed oil”
% of total lipid extracted
None 10 7
Phospholipase C 51 45
Phospholipase D 10 8



INFLUENCE OF COTTONSEED

Comparisons of amounts of lipid ex-
tracted from normal and cottonseed-oil
LDL by ether, either before any treatment
of the LDL or after treatment or enzymic
digestion, showed no differences in the
percentage of lipid extracted (table 4 and
5) and presumably in the lipoprotein struc-
ture (4).

Gel-filtration of either normal or cotton-
seed-oil LDL through a Bio-gel A-15m col-
umn separated the LDL essentially into
two fractions (fig. 3). Cottonseed-oil LDL
appeared to contain a larger proportion of
the higher molecular weight fraction than
did normal LDL. Gel-filtration through a
Bio-gel A-50m column showed a somewhat
different distribution of LDL than did gel-
filtration through the Bio-gel A-15m col-
umn, but the cottonseed-oil LDL here also
appeared to have a larger proportion of
higher molecular weight LDL than did the
normal.

The effluents from gel-filtration separa-
tions of normal and cottonseed-oil LDL on
a column of Bio-gel A-15m were each sep-
arated into five fractions as shown in figure
4. Four different separations of both lipo-
proteins were made, and the fractions for
each protein were pooled. Weight of the
fraction and the lipid content of the frac-
tion are given in table 6. Cottonseed-oil
LDL contained more of the larger molecu-
lar weight fraction, but normal LDL con-
tained more of the smaller fractions.

DISCUSSION

Most of the lipid of the chicken egg
yolk occurs as part of the low density lipo-
protein (8) and the lipid is composed of
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lipoprotein is a sphere of lipid, mostly
neutral lipids, surrounded by a layer of
protein and phospholipid. Most of the neu-
tral lipids of egg yolk occur in the low
density lipoproteins (8). Eggs layed by
hens fed crude cottonseed oil as part of
their ration contained a higher proportion
of saturated fatty acids and a lower propor-
tion of monoenoic fatty acids than did eggs
produced by normal hens (1). The increase
of saturated fatty acids occurred only in
the neutral lipids and not in the phospho-
lipids. For these reasons one would expect
that the low density lipoproteins would be
those most influenced by feeding cotton-
seed oil.

The similarity of amino acid contents of
vitellenin from normal eggs and of that
from eggs of hens fed cottonseed oil (table
1) indicates that differences in properties
of the low density lipoproteins are not
caused by differences in the protein con-
stituent. Because lipid from low density

Froction Number
12 3 4 5

72 to 76%_of sterols and glycerol esters ~_ Fio- 4 geé'f;(“gaé“’”cm;o“ggf a Bio-gel A-lom

(4, 5, 8) Evans _et al. (4) presented d?‘ta ------------------ ) and of “cottonseed-oil” LDL

supporting the view that the low density (- ) in 1.0 M sodium chloride solutions.
TABLE 6

Weight and lipid content of fractions of normal and “cottonseed-o0il” LDL obtained
by gel-filtration through Bio-gel A-15 m

i Weight Lipid
Fraction
Normal "“Cottonseed oil” Normal “Cottonseed oil”
mg mg % %
i 119.4 180.0 84.3 85.6
2 171.7 137.4 83.8 83.8
3 118.9 75.2 82.0 82.4
4 83.4 77.0 83.3 82.6
5 98.8 55.8 80.4 82.2
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lipoproteins isolated from eggs of hens fed
cottonseed oil contained more than twice
as much stearic acid as that from normal
egg low density lipoproteins (table 2), the
differences appear to be in the lipid con-
stituent.

Low density lipoproteins from hens fed
cottonseed oil were heavier than normal
low density lipoproteins because they
mostly sedimented in water whereas the
normal LDL mostly floated, as shown by
the ultracentrifugation studies (table 3).
The differences in density must have been
caused in some manner by the increased
amount of stearic acid and decreased
amount of oleic acid in the lipids.

It is not known why LDL molecules from
eggs of hens fed crude cottonseed oil were
on the average larger (fig. 3) than those
from normal eggs. Attempts have not yet
been made to break up any association of
molecules that might have occurred. It is
possible that the larger molecules are com-
posed of smaller subunits and that the sub-
units of the stearic acid-rich lipoprotein
from eggs of cottonseed oil-fed hens associ-
ate more readily than do the oleic acid-rich
lipoproteins from normal eggs.

Whether all of the differences between
normal LDL and cottonseed-oil LDL, such
as in molecular size, lipid content, density,
and electrophoretic mobility, are caused by
the increased saturation of the lipids in the
LDL resulting from increased stearic acid
and decreased oleic acid in cottonseed-oil
eggs is not known, but most of the differ-

EVANS, BAUER, VAGHEFI AND FLEGAL

ences are probably the immediate result of
the changed properties of the LDL lipids.
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Effect of a Copper-Molybdenum Compound Upon
Copper Metabolism in the Rat12

RICHARD P. DOWDY, GEORGIA A. KUNZ and
HOWERDE E. SAUBERLICH

Chemistry Division, U. S. Army Medical Research and Nutrition Laboratory,

Fitzsimons General Hospital, Denver, Colorado 80240

ABSTRACT X-ray diffraction powder analysis was used to identify a copper-molyb-
denum (Cu-Mo) compound prepared under ordinary laboratory conditions as a synthetic
form of the rare natural mineral, lindgrenite. Weanling rats were used in experiments
designed to study the metabolic availability of copper from the Cu-Mo compound. In
either normal or copper-depleted rats fed the Cu-Mo compound as their only copper
supplement, serum ceruloplasmin oxidase activity (CPA) was significantly lower than
in rats fed isocupric levels of copper sulfate. When fed with copper sulfate, a quantity
of molybdenum (as sodium molybdate) equal to that in synthetic lindgrenite had no
effect upon CPA. In normal but not in copper-depleted rats, liver and kidney copper
concentrations were reduced when the Cu-Mo compound was fed instead of copper sul-
fate, either without or with sodium molybdate. Hemoglobin concentrations were re-
pleted more slowly following copper depletion in the lindgrenite-supplemented rats than
in the copper sulfate-treated rats. These results suggest that copper in the form of the
Cu-Mo compound, synthetic lindgrenite, is metabolically less available than copper from

the sulfate salt.

The reciprocal antagonism between cop-
per and molybdenum, that copper can alle-
viate molybdenum toxicity and that molyb-
denum can precipitate copper deficiency, is
well known (1-6). Previous explanations
concerning the mechanism of this meta-
bolic interaction often have adequately ex-
plained the effect of one metal upon the
other but have not accounted for the re-
verse phenomenon. It has been reported
that a poorly defined copper-molybdenum
(Cu-Mo) compound is formed in vitro
(7, 8), and that this compound might rep-
resent a possible mechanism for the nu-
tritional interaction between copper and
molybdenum (9). The purposes of the in-
vestigations to be reported in this paper
were to characterize the Cu-Mo compound
and to study the metabolic availability to
the rat of copper from such a compound.

MATERIALS AND METHODS

Characterization of the Cu-Mo compound.
The Cu-Mo compound was prepared as a
precipitate by mixing aqueous solutions
of a cupric salt (chloride, nitrate, or sul-
fate) and sodium molybdate. Reagent grade
chemicals and distilled, deionized water
were used for all preparations. The sus-
pended precipitate was centrifuged for 5

J. Nutrition, 99: 491-496.

minutes at 1000 X g; the supernatant so-
lution was discarded; and the precipitate
was resuspended in water. This washing
procedure was repeated 4 times. The pre-
cipitate from the final wash was collected
on filter paper and dried in an oven at ap-
proximately 80°. The dried powder was
used for the various analyses.

The chemical homology of the Cu-Mo
compound was determined by preparing
the compound from solutions of copper and
molybdenum which varied in concentration
from 0.05 m to 1.00 m . These samples were
analyzed for copper and molybdenum con-
tent. Copper was determined colorimetri-
cally by the method of Parks et al. (10),
as modified by Matrone et al. (11) except
that wet ashing was not necessary. Molyb-
denum was determined by atomic absorp-
tion spectrophotometry.3

Complete elemental analyses were per-
formed by a commercial laboratory4 in2

Received for publication August 15, 1969.

1The principles of laboratory animal care as promul-
gated by the National Society for Medical Research
were observed.

2Some of these data were presented at the 53rd
Annual Meeting of the Federation of American Soci-
eties for Experimental Biology, Atlantic City, New
Jerse 1969 Federation Proc., 28: 300 (abstract).

odel 303, Perkin-Elmer Corporation, Norwalk,

Connecticut.

4 Coors Spectro-Chemical Laboratory, Division of
Coors Porcelain Company, Golden, Colorado.
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order to determine whether or not any ionic
species other than copper and molybdenum
had been incorporated into the Cu-Mo com-
pound. Subsequently, X-ray diffraction pow-
der analysis was performed on various Cu-
Mo samples.

Metabolic availability studies. Weanling
male rats 5were used in this phase of the
investigation. The rats were housed in in-
dividual stainless steel wire cages where
diet and distilled water were provided ad
libitum. In experiment 1, 48 rats were ran-
domly divided into four treatment groups
of 12 rats each. The basal diet (< 2 ppm
Cu) for this experiment is shown in table 1
The treatments added to the basal diet are
presented in table 2. Group 1, which re-
ceived no copper supplement, served as the
negative control; group 2, which received
copper sulfate, was the positive control;
group 3 received the Cu-Mo compound;
group 4, which received copper sulfate and
sodium molybdate, was a control for group
3. The supplements provided 6 ppm copper
(groups 2, 3, and 4) and 6 ppm molybde-
num (grouﬁs 3 and 4). The rats were con-
tinued on this regimen for 6 weeks, during
which time body weights were recorded
weekly and hemoglobin concentrations, de-
termined as cyanmethemoglobin, at weeks
2 and 5. At the end of the 6-week period,
the rats were killed and serum samples col-
lected. Livers, kidneys, and spleens were
also removed and kept frozen until ana-
lyzed. The serum was assayed for cerulo-

TABLE 1
Composition of basal diet (experiment 1)

Ingredients Amount

%
Vitamin-free casein 1 20.0
Glucose 2 62.2
Alphacell 5.0
Corn 0il3 5.0
L-Cystine 1 0.3
Mineral mix 4 5.0
Vitamin mix 5 2.5

thutritionaI Biochemicals Corporation, Cleveland,
Ohio.

2Cerelose, Com Products Refining Company, New
York, New York.

3Mazola Oil, Corn Products Company, Englewood
Cliffs, New Jersey.

4 Mineral mix contained: (g/kg diet) Ca(H2P04)2-
H20, 16.4; CaC03, 11.5; KH2P 04, 7.6; MgS04-7H20, 5.1;
Na2HPO04¢7H20, 1.2; NaCl, 1.0; MnS04 H20, 0.19;
FeC6H507-5H20, 0.18; ZnO, 0.014; KI, 0.00023.

5Vitamin Diet Fortification Mixture, Nutritional Bio-
chemicals Corporation, Cleveland, Ohio.
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TABLE 2
Treatments added to basal diets

Group Basal diet additive
1 none
2 15 mg CuSCL/kg
3 18 mg Cu-Mo/kg
4 15 mg CuS04/kg +

16 mg Na2Mo0S04-2H20 /kg

plasmin oxidase activity (CPA) by the
method of Houchin (12), as modified by
Rice (13). The tissues were analyzed for
copper concentrations by atomic absorption
spectrophotometry8 following wet ashing
in nitric and perchloric acids.

Since it has been reported (4) that the
copper status of the rat influences the cop-
per-molybdenum-sulfate interaction, exper-
iment 2 was designed to study this effect.
The 48 weanling rats 7 used in this study
were copper-depleted for 2 weeks by feed-
ing a diet containing the following: (in
percent) whole-milk powder,8 97.76; vita-
min-mix,9 2.20; MnSOuLUO, 0.02; and
FeCsHsCVSILO, 0.02. At the end of the
2-week depletion period, the same treat-
ments as used in experiment 1 were added
to the whole-milk powder diet, which con-
tained approximately 1.3 ppm Cu. Hemo-
globin concentrations were determined at
the end of the depletion phase, and at
weeks 3 and 6 of the 6-week treatment
phase. Weekly body weights were recorded.
At the end of experiment 2, the rats were
killed; serum samples were collected; and
livers, kidneys, and spleens were excised.
Copper and CPA determinations were made
as before.

The data were statistically treated using
the t test (14). Statements of significance
indicate P < 0.05.

RESULTS AND DISCUSSION

Characterization of the Cu-Mo compound.
It was determined that the Cu-Mo com-
pound was chemically homologous by vary-
ing the molar concentrations and the mo-
lar ratios of the solutions used to prepare
the compound. Copper analysis of 51 such

5Sprague-Dawley, Inc.,

6 See footnote 3
7 See footnote 5.

Madison, W isconsin.

o8_Nutritiona| Biochemicals Corporation, Cleveland,
io.
9Vitamin Diet Fortification Mixture, Nutritional

Biochemicals Corporation, Cleveland, Ohio.
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TABLE 3
Compositional analysis of the Cu-Mo compound 1

Composition 2

Cupric salt
Mo Cu Total H2O O
% % % %
CuSOi 36.37 34.76 0.97 27.90
Cu(NO03)2-2H2 34.72 3430 1.23 29.75
CuCl2-2H20 3453 34.01 0.99 3047
Average 35.21 3436 1.06 29.37

1AIl samples were prepared with Na2Mo04-2H20 and
the indicated cupric salt. . .

2Analyses for _sodium and the respective cupric
anions gave negligible results.

samples indicated a copper content of
33.4%. The molybdenum content of 29
samples was 32.3%. Results of the com-
plete analyses of Cu-Mo compounds pre-
pared from various salts are shown in table
3. The Cu-Mo compound was chemically
homologous regardless of the salt. In ad-
dition, none of the other ionic species in
solution were incorporated into the com-
pound.

Preliminary X-ray diffraction powder
analysis of 13 samples of the Cu-Mo com-
pound, again, indicated chemical homol-
ogy and gave a pattern closely resem-
bling the rare natural mineral, lindgrenite,
2CuMo004-Cu(OH)2 Subsequently, a sam-
ple of natural lindgrenite was obtained and
X-ray diffraction powder patterns from the
natural mineral were compared with pat-
terns from the synthetic Cu-Mo compound.
The calculated data from the major peaks
are presented in table 4. From the X-ray
diffraction powder data, the Cu-Mo com-
pound was positively identified as a syn-
thetic form of lindgrenite.

Metabolic availability studies. In exper-
iment 1 there were no significant differ-
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TABLE 4

X-ray diffraction -powder data for lindgrenite and
the Cu-Mo compound

ilr\]/ldlilé%rS Lindgrenite Cu-Mo

h K 1 Published 1 Observed 2 compound
d(A)  d(A) d(A)
0 2 0 7.01 6.98 7.09
1 2 0 434 434 4.35
1 0 1 4.15 4.16 4.17
0 4 0 3.50 3.51 3.51
1 4 0 2.96 2.96 2.96
2 0 0 2.76 2.77 2.77
0 0 2 2.67 2.67 2.68
1 4 1 2.50 2.51 2.51
2 2 1 2.46 2.46 2.46
1 5 2 2.40 2.40 241
1 5 1 2.21 2.21 213
2 0 2 2.08 2.08 2.08
1 7 0 1.88 1.89 1.88

1Values from Calvert and Barnes (15).»

2Values from comparative studies ‘with natural
lindgrenite.
ences among the treatment groups with
respect to growth rates and hemoglobin
concentrations. The effects of treatment
upon CPA and tissue copper levels in ex-
periment 1 are summarized in table 5. The
rats which received synthetic lindgrenite,
group 3, showed a significant depression
in CPA compared with the other groups
which received copper supplements (groups
2 and 4). The lack of a significant differ-
ence between group 2 and group 4 would
seem to suggest that the effect observed in
group 3 was a function of the lindgrenite
compound and not simply an influence of
molybdenum. The fact that the lindgrenite-
treated rats showed greater CPA than rats
which received no supplemental copper

TABLE 5

Effect of dietary additives upon serum ceruloplasmin oxidase
activity and tissue copper concentration 1

; Tissue
Ceruloplasmin
Group 2 activity Liver Kidney Spleen
1\ ppm on dry weight basis
1 1.6+0.91 a3 6.5+ 0.30 a 11.4+0.85 a 1.5+0.92 a
2 30.4+£262b 11.9rt0.48 b 31.2+ 360D 5.4+2.06b
3 25.7+ 1.08 ¢ 10.7+0.31 ¢ 244+ 154 ¢ 7.2+ 3.69b
4 294+ 137b 123+ 0.56 b 303+ 129b 6.1+ 1.76 b

1Each value represents the mean of 12 observations with the standard deviation.

ZGroui)

ppm molybdenum as the Cu-

molkllbdenum as sodium molybdate.
a

1, no copper; grouR/I 2, 6 ppm copper as copper sulfate; group 3, 6 ppm copper and 6
o compound; group 4,

ppm copper as copper Slﬁ)lfate and 6 ppm

alues in the same column not followed by the same letter are significantly different (P < 0.05).
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TABLE 6
Effect of a 2-week depletion and 6-week repletion of copper upon hemoglobin concentration 1

Weeks of repletion 3

Group 2
P 0
i 9.9+1.25 a4
2 9.9+0.75 a
3 98+1.23 a
4 9.6+£0.87 a

3 6
g/100ml
10.2+0.68 a 9.3+0.89 a
13.3+0.78 b 140+ 0.58 b
12.1+0.67 ¢ 13.0+£0.50 ¢
134+ 0.57b 141+0.74 b

1Each value represents the mean of 12 observations with the standard deviation.

2Group 1, no copper; group 2
ppm moFybdenum gsp thegCu-R/Io c
mol%bden_um as sodium molybdate

3Zero-time was at the end of

ompound; group

, 6 ppm copper as cog

per sulfate; group 3, 6 ppm copper and 6

4, 6 ppm copper as copper sulfate and 6 ppm

the depletion period (beginning of treatment).

4Values in the same column not followed by the same Tetter are significantly different (P < 0.05).

(group 1) suggests that a portion of the
lindgrenite copper was available for ceru-
loplasmin synthesis, although it was not as
available as copper from the sulfate salt. In
addition to having depressed CPA, group 3
rats had significantly reduced fiver and kid-
ney copper concentrations compared with
the other 2 groups which received copper
supplements. This latter observation might
suggest that a part of the normal tissue
stores of copper had been depleted for met-
abolic use. Again, the lack of significant
differences between group 2 and group 4
in fiver and Kidney copper concentrations
suggests that the group 3 effect was de-
pendent upon the lindgrenite molecule and
not merely a molybdenum effect. The cop-
per concentration in the spleens appeared
to be slightly higher in the lindgrenite-
treated rats but this difference was not sig-
nificant.

In experiment 2 in which the rats were
copper depleted prior to being placed up-
on treatment, there was, again, no effect
of treatment upon growth rate. However,

there was a treatment effect upon hemo-
globin concentration in experiment 2 as
shown in table 6. The zero-time (end of
the depletion period) hemoglobin concen-
trations were below normal which indicated
that the depletion phase had been effective
in reducing copper nutrition. Following the
addition of copper to the diet, hemoglobin
levels began to increase. However, the
group 3 rats which received lindgrenite did
not replete their hemoglobin as rapidly as
did the rats which received copper sulfate,
either without or with sodium molybdate
(i.e., groups 2 and 4, respectively).

The effects of the various treatments
upon CPA and tissue copper concentration
in the copper-depleted experiment are
summarized in table 7. As in experiment 1
the group 3 rats (those which received
synthetic lindgrenite as their copper sup-
plement) had significantly reduced CPA.
One question to be asked at this point is:
Why were the CPAs so much greater in
experiment 2 than in experiment 1? The
increased CPA amounted to approximately

TABLE 7

Effect of dietary additives following copper depletion upon serum ceruloplasmin oxidase
activity and tissue copper concentration 1

Ceruloplasmin Tissue
Group 2 actlpvity Liver Ki
idney Spleen
V] ppm on a dry weight basis
i 1.7+ 121 a3 4.4+0.65 a 8.8+1.08 a 2.3+0.74 a
2 47.2+4.78 b 9.1+ 164b 325+ 6.14 b 58+ 1.09b
3 35.1+5.22¢ 8.6+£0.82b 29.8+ 3.57b 59+ 1.28b
4 48.8+ 5.02b 9.2+ 1.32b 295+ 5.06b 45+ 0.77¢c

1Each value represents the mean of 12 observations with the standard deviation.

2Grou bld no coppetrr;] grougA g
RISTy SRR A Soitim Tmofybaage 0T POUNd: group
3Values in the same column not followed by the

2, 6 ppm copper as

cogper sulfate; group 3, 6 ppm copper and 6
4, 6 ppm copper as copper sulfate and 6 ppm

same letter are significantly different (P < 0.05).
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60% for the groups 2 and 4 rats, but
only about 37% for the group 3 rats. One
possible explanation for the increased
CPA in experiment 2 is that the rats con-
tracted a minor respiratory ailment at
about the midpoint of the study. This ail-
ment could account for the greater ac-
tivity since stress conditions are known to
increase CPA (16, 17). Even so, neither
the total CPA nor the amount of the CPA
increase was as great in the group 3 rats
as in the other two copper-treated groups.

Tissue copper concentrations resulting
from the copper-depleted experiment are
somewhat different from the results of
experiment 1 Contrary to the data ob-
tained in that experiment, the copper-
depleted study resulted in no significant
differences in liver and kidney copper
concentrations among rats which received
supplemental copper, regardless of the
form. The suggested explanation for the
reduced tissue copper levels in the lind-
grenite-treated rats in experiment 1, was
that the normal stores had been depleted
for metabolic function. A similar observa-
tion would not necessarily be expected in
experiment 2, in which copper depletion
occurred prior to treatment. In fact, the
lack of significant differences in liver
copper concentrations between the lind-
grenite-treated rats and the other copper-
supplemented rats in experiment 2 seems
to indicate that lindgrenite copper was
readily absorbed and taken up by the
tissues. The splenic copper concentration
in the group 4 rats, those which received
copper sulfate and sodium molybdate, was
significantly lower than in the other
copper-supplemented rats. An explanation
for this observation is not apparent.

To summarize the data concerning the
metabolic availability experiments, it ap-
pears that dietary copper in the form of
the Cu-Mo compound, synthetic lindgre-
nite, was not as readily available for met-
abolic use, particularly ceruloplasmin oxi-
dase activity, as was copper from the
sulfate salt. This is evidenced by the ob-
servations, in both experiments reported,
that serum CPA was reduced in rats fed
synthetic lindgrenite as their copper sup-
plement, compared with rats fed copper
sulfate. The presence of sodium molyb-
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date at a level of 6 ppm molybdenum in
a copper-adequate diet appeared to have
no effect upon copper metabolism in the
rat, regardless of whether or not the rats
had been depleted of their copper stores.
Thus, it appears that the effects reported
herein were a function of the complex
formed between copper and molybdenum
rather than simply dependent upon the
presence of molybdenum in the diet.

The formation of synthetic lindgrenite
in vivo is certainly an attractive hypothe-
sis to explain the metabolic interaction
between copper and molybdenum. The
basic assumption upon which this hypoth-
esis rests is that copper and molybdenum
bound in the form of lindgrenite are met-
abolically inactive. Although a portion of
the lindgrenite copper is metabolically
available, the data presented herein and
those reported earlier (8, 9) suggest that
lindgrenite copper is not as readily avail-
able for metabolic function as is copper
from the sulfate salt. This hypothesis
concerning the copper-molybdenum inter-
action is adequate to explain the recipro-
cal antagonistic nature of the 2 metals:
that molybdenum can initiate copper de-
ficiency, and that copper can alleviate
molybdenum toxicity. Such adequacy has
been the major deficiency of earlier ex-
planations.

Whether or not lindgrenite can be
formed in vivo cannot be ascertained from
the present data. The answer to this ques-
tion must await the development of a
suitable and sensitive assay for lindgrenite
in biological material.
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Effect of Protein and Riboflavin on Plasma Amino
Acids and Hepatic Riboflavin-coenzymes

in the Rat%
RAJ K. LAKHANPAL, INEZ HARRILL and FERNE BOWMAN
Department of Food Science and Nutrition, Agricultural
Experiment Station, Colorado State University,
Fort Collins, Colorado 80521
ABSTRACT To study the effect of protein quality and riboflavin on the concentra-

tions of free amino acids in plasma and riboflavin-coenzymes in liver, weanling rats
were fed diets containing casein, gluten or gluten plus lysine as sources of protein,
supplemented with two levels of riboflavin. When compared with data obtained for
animals fed 18% casein, the feeding of 18% gluten with an oral administration of
100 fig riboflavin resulted in a depression of plasma lysine, which was markedly
greater than that of other essential amino acids, and in a significant increase in
threonine. When the gluten diet was supplemented with 10 jig riboflavin, an inter-
action between riboflavin and protein resulted in a less pronounced change in the
concentration of plasma lysine with no apparent change in threonine. A reduction
in the essential to nonessential (EN) amino acid ratio in plasma of animals fed gluten
was attributed to a decrease of most essential amino acids and to an increase in
serine and glycine. Addition of lysine to the gluten diet did not significantly alter the
EN ratio. Values for flavin adenine dinucleotide and total riboflavin in liver were
significantly less in animals fed gluten than in animals fed casein. Comparison of
data obtained for animals fed 18% casein with those of animals fed 18% gluten
plus lysine showed that lysine supplementation had no significant effect on riboflavin
fractions or total riboflavin of liver. The value observed for free riboflavin plus flavin
mononucleotide in liver of animals fed gluten with 10 /ig riboflavin was greater than
that of animals fed casein or gluten plus lysine. The interaction between dietary
riboflavin and protein was significant at the 5% level. The data indicated that although
plasma amino acids may have value in evaluating protein status, other factors may

be involved.

Specific variations in the concentrations
of amino acids in plasma concomitant with
changes in amino acid composition of di-
etary protein are well established. Less pre-
cise information is available to show simul-
taneous effects of marginal levels of other
dietary nutrients on plasma amino acids.
Since ariboflavinosis is the deficiency dis-
ease most often observed among popula-
tions who subsist almost entirely on cereal
grain deficient in lysine (1), this study was
undertaken to provide more factual infor-
mation on variations in the concentrations
of plasma amino acids which result from
supplementation of cereal protein with ly-
sine and riboflavin. The relation of changes
in plasma amino acids to the concentra-
tions of riboflavin-containing coenzymes in
liver tissue was also investigated.

METHODS

Male rats of the Sprague-Dawley strain
weighing approximately 60 g were fed

J. Nutrition, 99: 497-501.

riboflavin-deficient diets which provided
18% casein, 18% gluten or 18% gluten
supplemented with 1.2% L-lysine hydro-
chloride. Except for protein the diets were
similar in every respect (table 1). The ly-
sine supplement replaced an equivalent
amount of sucrose. Six days per week,
one-half the animals assigned to each diet
received orally 10 or 100 ag riboflavin in
aqueous solution. The animals were caged
individually and fed ad libitum during the
8-week experimental period.

The method of Tallan et al. (2) was used
to measure amino acids in picric acid ex-
tracts of plasma from fasted rats. Equal
volumes of plasma from four rats assigned
to each dietary treatment were pooled, with
the exception of the group fed gluten for
which equal volumes of plasma from eight

Received for publication June 27, 1969.

i Scientific series paper no. 1451, published with the
approval of the Director of the Colorado Agricultural
Experiment Station.
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TABLE 1
Composition of rations

Ingredient Casein1 Gluten 2 flf’ytgigg
% % %

Protein 18.0 18.0 18.0
L-Lysine-HCI — — 1.2
Mineral mixture 3 4.0 4.0 4.0
Solka Floe 4 4.0 4.0 4.0
Cottonseed o0il5 10.0 10.0 10.0
Sucrose 64.0 64.0 62.8
Vitamins 6 + + +

1Vitamin free, General Biocbemicals, Inc., Chagrin
Falls, Ohio.
Oh2_Nutritiona| Biochemicals Corporation,

io.

3 United States Pharmacopoeia XIV, 1950.

4Brown Company, San Francisco, Calif.

sl\?lesson Oil, Wesson Sales Company, Fullerton,
Calif.

6Provided in mg per kg of ration: thiamine*HC1, 5.0;
pyridoxine-HCI, 2.5; niacin, 10.0; calcium pantothe-
nate, 20.0; biotin, 0.1; folic acid, 2.0; p-aminobenzoic
acid, 100.0; inositol, 100.0; vitamin B12, 0.02; mena-
dione, 0.50; choline chloride, 1300; and zinc as zinc
carbonate, 12. Each rat received weekly 1000 IU
vitamin A acetate, 100 IU calciferol and 0.8 mg
dl-a-tocopheryl acetate.

Cleveland,

rats per dietary treatment were pooled. An
amino acid analyzer2 was used to deter-
mine the concentration of amino acids. The
fluorometric method developed by Bessey
et al. (3) was used to measure the concen-
trations of flavin mononucleotide (FMN)
and flavin adenine dinucleotide (FAD) in
liver tissue. The concentrations of ribo-
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flavin-containing coenzymes in liver were
calculated as riboflavin. The data were
treated statistically by analysis of vari-
ance (4).

RESULTS

The mean weight gain of rats fed the diet
providing 18% casein supplemented with
10 or 100 ug riboflavin for 8 weeks was
147 £ 5 and 259 £5 g, respectively. Sup-
plementation of 18% gluten with 1.2%
L-lysine-HCI increased the weight gain of
rats fed 10 or 100 ug riboflavin from
42 £ 3to 129+4 g and from 49 £ 3 to
223 + 3 g, respectively. Although the level
of dietary riboflavin had no significant ef-
fect on the concentration of essential
amino acids in plasma within dietary treat-
ments, the effect of type of protein on
plasma amino acids was related to the level
of dietary riboflavin (table 2). When the
higher level of riboflavin was fed, the
amino acid in plasma most affected by
the feeding of gluten was lysine which de-
creased approximately 65% (P < 0.01). A
less significant reduction in the concentra-
tions of valine, methionine, leucine and iso-
leucine (P < 0.05) was accompanied by an
increase in the concentration of threonine

2Beckman Model 120B, Beckman Instruments, Inc.,
Spinco Division, Palo Alto, Calif.

TABLE 2
Effect of protein and riboflavin on free amino acids in plasma

10 /¢g riboflavin

100 /¢g riboflavin

Amino acid 18% 18% 18% gluten -f 18% 18% 18% gluten +
casein gluten 1.2% lysine casein gluten 1.2% lysine
fimoles/100 ml fimoles/IOO ml

Threonine 47.0£3.81 47.4%3.2 208 4.4 38.3+ 1.3 523+ 238 151+ 2.0
Valine 13.0+£3.9 9.0+3.1 123+ 2.7 16.9+ 1.7 9.8+ 0.9 12.6+x 1.0
Methionine 4.2+ 04 2.0£0.7 3.3+ 0.8 4.8+0.8 26+ 05 4.7+0.2
Isoleucine 9.0+£0.7 54+1.2 7.8+ 2.0 8.2+0.6 54+ 0.6 7.4+0.5
Leucine 12.8+1.2 8.1+1.9 104+ 2.4 11.9+1.1 81+ 0.8 114+ 1.0
Tyrosine 6.3+0.7 3.4+£12 6.8+ 0.9 9.0+1.3 43+ 1.0 10.2+ 0.3
Phenylalanine 53+0.5 3.9%x1.4 50+ 0.6 5.8+0.8 4.7+ 05 6.6+0.6
Lysine 29.9+2.0 22.0+4.8 343+ 4.3 37.4+2.4 13.2+ 23 40.1+3.0
Histidine 6.9+ 0.7 6.2+0.7 3.8+ 14 5.8+0.5 6.2+ 0.7 5.8+ 1.0
Arginine 10.0+ 0.5 118+ 1.4 6.9+ 2.7 12.8+ 1.1 11.7+ 1.6 13.4+2.5
Aspartic acid 2.4+0.2 2.4+0.8 28+ 0.9 1.2+0.2 34+ 0.2 2.6+0.3
Serine 36.7+2.9 64.8+6.8 439+ 55 36.7+ 14 76.0+ 6.8 42.6x1.3
Glutamine 58.9+5.3 48.1+5.9 61.5+ 11.9 58.1+6.4 45.0+ 15.7 65.5+2.9
Proline 32.9+4.7 28.8+3.6 456+ 6.6 27.8+2.7 16.0+ 5.6 26.5+2.2
Glutamic acid 17.6+ 1.8 18.8+3.9 172+ 3.8 17.0+ 1.0 215+ 1.3 20.6+0.7
Citrulline 48+1.7 9.0£3.5 46+ 21 8.6+ 0.4 104+ 0.9 9.6+ 0.1
Glycine 28.4+3.3 45.6+3.1 33.7+ 55 27.6+3.7 449+ 25 38.9+3.6
Alanine 49.1+£3.7 37.4+4.5 553+ 7.1 50.3+5.5 39.1+ 2.2 54.2+4.1
Ornithine 6.0+0.4 7.7+ 11 6.5+ 0.6 7.0+0.9 73+ 05 75+1.2

1Mean of four samples + sem.
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which was highly significant (P<0.01).
The addition of lysine to gluten signifi-
cantly increased the concentrations of iso-
leucine (P < 0.05), methionine and lysine
(P<0.01) in plasma of animals fed
100 ag riboflavin. The concentrations of
amino acids in plasma of animals fed glu-
ten plus lysine did not differ significantly
from those of animals fed casein, except
for threonine which was lower when the
riboflavin supplement was 10 (P < 0.05)
or 100 ag (P < 0.01). This lower level of
threonine observed in animals fed the sup-
plemental lysine was the only significant
change in essential amino acids in plasma
of animals fed 10 ag riboflavin. The higher
level of plasma lysine observed in animals
fed gluten with 10 ag riboflavin was caused
by a significant interaction between protein
and riboflavin.

Tyrosine in plasma of animals fed gluten
with the higher level of riboflavin was
lower than that of animals fed casein
(P < 0.05) or gluten plus lysine (P < 0.01).
Proline and citrulline were the only non-
essential plasma amino acids affected sig-
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nificantly by the higher level of riboflavin
intake which reduced proline (P<0.01)
and increased citrulline (P < 0.05). Plasma
from animals fed gluten contained higher
levels of serine and glycine (P < 0.01)
and lower levels of alanine and proline
(P < 0.01) than that of other animals.

The essential to nonessential (EN)
amino acid ratios are shown in table 3. The
EN ratio, which was affected by protein
only, was higher for animals fed casein
than for corresponding animals fed gluten
or gluten plus lysine. Analysis of variance
showed that changes in concentration of
serine and glycine had the greatest effect in
lowering the EN ratios of animals fed glu-
ten. Supplementation of the gluten diet
with lysine lowered serine and glycine and
increased proline and alanine. Expressed
in micromoles per 100 ml plasma, the to-
tal essential and nonessential amino acids
for all dietary treatments ranged from 381
to 395.

Mean values for the concentrations of to-
tal riboflavin, FAD and FMN plus free
riboflavin in fiver are given in table 4.

TABLE 3
Total amounts and molar ratios of essential and nonessential amino acids in plasma of rats

Diet Riboflavin
H9
18% Casein 10
100
18% Gluten 10
100
18% Gluten + lysine 10
100

Residual error variance

Total amino acids

Essential Nonessential EN Ratio 1
jimoles/100 ml fimoles/100 mil
144.4 236.8 0.61
150.9 234.3 0.64
119.2 262.6 0.45
118.3 263.6 0.45
111.4 271.1 0.41
127.3 268.0 0.47
622.2 1,451.0 0.0053

1Molar ratio of essental-to-nonessential amino acids.

TABLE 4
Effect of protein and riboflavin on riboflavin-containing coenzymes in liver of rats

Protein Riboflavin 1 \Ag%'?nht
H9 9
18% Casein 10 147+ 53
100 259+5
18% Gluten 10 42+2
100 49+3
18% Gluten +
1.2% L-lysine 10 129+4
100 223+3

1Riboflavin supplement was given 6 times per week.
2FMN includes FMN + free riboflavin.
3Mean £ sem.

Riboflavin fractions in liver (moist wt basis)

Total FMN 2 FAD
Mia Mia m !'b
12.96+0.56 3 1.53+0.21 11.43+ 0.71
25.83+1.17 4.54+0.43 21.29+1.08
12.45+0.55 241+0.23 10.04 £0.64
18.71+0.78 3.97+0.23 1474+ 0.74
11.67 +2.45 1.43%0.19 10.24+0.59
20.38 £2.53 3.10+0.47 17.28 + 1.16
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Increasing the dietary riboflavin from 10 to
100 ag significantly increased the concen-
trations of FAD and total riboflavin in liver
of animals fed casein, gluten or gluten sup-
plemented with lysine (P<0.01). The
values for combined fractions of free ribo-
flavin and FMN were more significantly
increased by the higher level of riboflavin
in animals fed casein (P < 0.01) than in
animals fed gluten or gluten plus lysine
(P < 0.05).

The protein source had no significant
effect on the concentration of FAD or on
total riboflavin in liver of animals fed 10
ug riboflavin. The value obtained for free
riboflavin plus FMN in liver of animals fed
gluten plus 10 ug of riboflavin was greater
than that of animals fed casein or gluten
plus lysine (P < 0.01). This increase in the
level of free riboflavin plus FMN in liver
of animals fed the gluten diet supplement-
ed with the lower level of riboflavin was
caused by a significant interaction between
dietary riboflavin and protein (P < 0.05).
When the higher level of riboflavin was
fed, the concentration of FAD and total
riboflavin in liver was significantly less in
animals fed the diet containing gluten than
in animals fed casein (P < 0.01). Supple-
mentation of the gluten diet with lysine had
no significant effect on any of the riboflavin
fractions.

DISCUSSION

Data recorded during this study for
animals fed the higher level of riboflavin
are consistent with the view that when an
unbalanced protein is fed, the amino acid
in plasma which is reduced the most cor-
responds to the most limiting dietary amino
acid, and an increase in the supply of the
most limiting amino acid may increase the
effect of the dietary deficiency of the sec-
ond most limiting amino acid (5-8).

The feeding of gluten with 100 ug ribo-
flavin resulted in a depression of plasma
lysine, the most limiting dietary amino
acid, which was markedly greater than that
of other essential amino acids, and in a
significant increase in threonine, the sec-
ond most limiting amino acid. Addition of
lysine to the gluten diet decreased the
concentration of threonine when adequate
riboflavin was fed. Conversely, when the
gluten diet was supplemented with mar-
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ginal levels of riboflavin, an interaction
between riboflavin and protein occurred
and resulted in a less pronounced change
in the concentration of plasma lysine with
no apparent change in threonine. These
changes were observed in animals for
which no apparent difference in growth
rate occurred. The data suggest that, al-
though the measurement of plasma amino
acids may provide a method which may be
used to determine limiting amino acids of
dietary proteins under controlled condi-
tions, these measurements may not serve as
authentic indices of protein nutrition in
areas where other dietary nutrients may be
marginal or unbalanced.

The ratio of essential to nonessential
amino acids for animals fed gluten or
gluten plus lysine was lower than that of
animals fed casein. The increase in non-
essential plasma amino acids in rats fed
the gluten diet resulted primarily from an
increase of glycine and serine. In rats fed
gluten plus lysine a reduction in the levels
of serine and glycine in plasma was ac-
companied by an increase in alanine and
proline but the EN ratio was essentially
the same as that of rats fed gluten. These
results are in agreement with observations
reported by Swendseid et al. (8) who re-
ported EN ratios of 1.01 and 0.91 for wean-
ling rats fed for 28 days diets which con-
tained 18% casein. The EN ratios for rats
fed 18% gluten was 0.43. These workers
also showed that the addition of lysine to
gluten did not significantly alter the EN
ratio.

In our study the concentration of lysine
in plasma of animals fed 18% gluten was
greater than the value reported for non-
fasted rats by Swendseid et al. (8). This
difference may be related to fasting. Mor-
rison et al. (9) reported that fasting in-
creased the concentration of plasma lysine
in rats. As determined by analysis, the ly-
sine content of the gluten and of the 18%
gluten diet used in this investigation was
1.8 and 0.32%, respectively.

Since studies (10-12) have shown that
riboflavin and protein are mutually limit-
ing, the concentration of riboflavin-coen-
zymes should provide an evaluation of pro-
tein synthesis. The effect of dietary protein
on riboflavin retention in liver was re-
viewed by Bro-Rasmussen (13) with the
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conclusion that flavoproteins are “in gen-
eral the most unstable proteins in the
body.” Inadequate dietary protein results
in catabolism of these proteins with in-
creased excretion of riboflavin. Analyses of
liver tissue for FAD showed that the addi-
tion of lysine to gluten did not significantly
affect the concentration of FAD. Except for
threonine, the values for essential amino
acids in plasma of rats fed gluten plus
lysine were comparable to those of animals
fed casein. Since supplementation of the
gluten diet with lysine did increase FAD
somewhat, the increase in isoleucine, me-
thionine and lysine observed in plasma of
lysine-supplemented rats may have contrib-
uted to FAD retention.

These data indicate that although
plasma amino acids may have value in de-
fining protein status, marginal levels of
other nutrients may be involved. Variations
in riboflavin-coenzymes in tissue suggested
that supplementation of wheat gluten with
lysine does not completely meet the de-
mands of the tissues for essential amino
acids.
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ABSTRACT Six mature rams averaging 63.3 kg were injected intrajugularly with
268 /iCi of 11,12-3H-vitamin A acetate in 4 ml of aqueous 20% Tween 80. The sheep
were fed alfalfa hay ad libitum plus 680 g of cracked shelled corn per head daily,
supplemented with vitamin A palmitate at a level necessary to maintain liver vitamin
A stores. The decline in serum radioactivity postinjection indicated rapid clearance
of the injected dose of vitamin A from the blood. The excretory pattern of radioactivity
in the feces and urine during 14 days postinjection suggested equilibration of body
vitamin A stores. Liver was sampled at 14-day intervals postinjection by aspiration
biopsy and analyzed for vitamin A and tritium activity. Vitamin A turnover in the
liver was calculated using changes in specific activity units (dpm//xg vitamin A). The
half-time of liver vitamin A was 163 + 48 days and the turnover time was 234 + 69
days. Using an average liver weight of 1 kg per ram, daily turnover rate of vitamin A

was 968 = 84 yg.

Knowledge of turnover rates of body
constituents under varying nutritional, en-
vironmental and physiological conditions
is pertinent to an evaluation of the nutrient
status of the animal. The stores of vitamin
A in the liver are frequently used as in-
dices of vitamin A status. Changes in me-
tabolism during aging can be reasonably
postulated to change both the need for
vitamin A and its metabolism. Little pre-
vious attention has been given to the pos-
sibility that aging might alter the use of
vitamin A stores. Mitchell et al. (1) re-
ported a half-time of 75 days and a turn-
over time of 108 days for liver vitamin A
stores in young ram lambs. The following
experiment was conducted to study the
turnover of vitamin A stores in the liver
of mature rams.

EXPERIMENTAL PROCEDURE

Six mature crossbred rams, 3 years of
age or older and averaging 63.3 kg, were
injected with 268 pCi of Il,12-3H-vitamin
A acetate 3(specific activity = 213 pCi/mg)
and 235,000 IU of unlabeled vitamin A
acetate in 4 ml of aqueous 20% polyoxye-
thylene sorbitan monooleate (Tween 80)
into the right jugular vein. The rams
were obtained commercially and had been
used for two or more breeding seasons.
Beginning 1 month before injection, the
sheep were fed alfalfa hay ad libitum plus
680 g of cracked shelled com per sheep
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daily. To maintain constant liver stores
of vitamin A, the corn was supplemented
with vitamin A palmitate at a level of
twice the NRC (2) recommendation for
the first 8 weeks of the experiment and
2.75 times the NRC recommendation for
the remainder of the experiment.

Feces and urine were collected daily in
metabolism crates for the first 14 days of
the experiment. Blood samples were taken
by catheter in the left jugular vein at 5,
15, 30 minutes and 1 and 3 hours; and
by jugular puncture at 6 hours and 1, 3,
5and 7 days postinjection. Blood was also
sampled at 14-day intervals postinjection.
Vitamin A was extracted from serum by
the method of Kimble (3) and estimated
by the method of Dugan et al. (4).

Fourteen days were allowed after in-
jection for equilibration of liver vitamin
A stores before liver biopsy sampling was
initiated. Liver samples were taken by the
aspiration biopsy technique of Dick (5) at
14-day intervals for 140 days. The liver
samples were refrigerated in physiological
saline and analyzed in duplicate for vi-
tamin A (4) the following day. All radio-
activity determinations were made with a2
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MOBILIZATION OF LIVER VITAMIN A IN MATURE SHEEP

liquid scintillation counter.4Radioactivity
of the ether extracts of serum, feces and
saponified liver samples was determined
using 20 ml of the scintillation system
described by Mitchell et al. (1). Radio-
activity determinations of urine and water
extracts of feces were made using the sys-
tem of Langham et al. (6). The half-time,
turnover time and turnover rate of liver
vitamin A were calculated as described by
Zilversmit (7).

RESULTS AND DISCUSSION

The radioactivity and vitamin A in the
ether extracts of serum samples taken at
intervals postinjection are presented in ta-
ble 1. The rapid removal of vitamin A
from the blood and concomitant decline
in radioactivity throughout the sampling
period is consistent with previous studies
(1, 8). The radioactivity observed in the
urine for the first 14 days after injection
is presented in table 2. The urine from
four sheep which had received no radio-
active material was composited and used
in determining background counts. The
urinary radioactivity was highest on the
first day after injection and tended to re-
main relatively stable from day 4 through-
out the remainder of the collection period.
This suggests clearance of the initial dose
and stabilization of the relationship be-
tween stores and urinary excretion with-
in 4 days. However, stabilization of blood
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TABLE 1

Vitamin A and radioactivity in serum of sheep at
intervals postinjection with 3H-vitamin A

Time

; f Tritium
Vitamin A
injaefct?iron activity
fig/ml1l dpm/mlil
5min 0.76 £0.06 10,270+ 1,400
15 min 0.56 £0.05 5,000+ 360
30 min 0.50+0.04 4,040+ 480
lhr 0.50+0.05 3,800+ 390
3hr 0.58+0.04 4,070+ 250
6 hr 0.56+0.06 3,870+ 390
1day 0.53+0.02 2,520+ 180
3 days 0.51+0.03 1,410+ 280
5 days 0.52+0.04 1,180+ 110
7 days 0.51+0.04 890+ 120
14 days 0.55+0.04 550+ 100
28 days 0.51+0.03 420 % 80
42 days 0.50+£0.03 330+ 50
56 days 0.50+ 0.04 250 + 20
70 days 0.59+0.08 270 % 50
84 days 0.55+0.05 200+ 40
98 days 0.48+0.07 190 + 30
112 days 0.42+0.05 140 + 20
126 days 0.33+0.04 127 + 20
140 days 0.34+0.10(4) 103+ 30(4)

1Means* sem for 6 rams, except on day 140 when
only 4 rams were observed.

radioactivity values
longer (table 1).
Total fecal radioactivity per day for the
14-day collection period is also presented
in table 2. A 10% aliquot of the daily
fecal excretion from each sheep was dried
in a forced-air oven at 95°, equilibrated

required somewhat

4Packard model 4322, Packard Instrument Com-
pany, Inc., Downers Grove, 111

TABLE 2

Tritium activity of urine and feces at daily intervals postinjection with 3H-vitamin A

Dfé%ys Urine

arter Tritium

injection -gcr{R/LJltT/ activity

10zdpm/mli1l 106 dpm/day

i 644+ 153(5) 29.9+6.7
2 175+ 17 115+ 1.3
3 62+ 14 56+2.3
4 48+ 7 57+ 11
5 46+ 6 3.4+0.8
6 57+ 6 51+1.0
7 54+ 4 35+0.7
8 50+ 8 4.0+0.6
9 49+ 2 4.2+0.5
10 6+ 7 3.9+0.8
11 48+ 4 4.6+ 10
12 47+ 4 4.1+0.5
13 34+ 6 4.3+0.9
14 45+ 4 3.8+0.7

Feces
W ater Ether
extracts extracts
200 dpm/day 104dpm/day
11.5£4.0 69.9+21.8
15.2+ 7.7 86.3+25.1
16.6+£5.1(5) 67.0+18.9
7.7+ 3.6 50.7 + 13.3
3.4+0.7 13.2+ 6.1
5.7+ 1.4(5) 36.2+28.8
4.1+ 1.7(5) 21.5%16.5
5.7+2.3 20.4+ 19.5
6.3+£2.0 1.3+ 13
4.3+2.1 29.2+ 275
5.0+ 1.8(5) 18.5+ 17.6
3.8+ 19 184+ 54
5.5+ 1.8 33.1+ 331
3.8+ 1.0 15.0+ 15.0(5)

1Means £+ sem for 6 rams, except where indicated in parentheses.
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in air, and ground with a hand grinder.
Upon simultaneous extraction of 0.5 g of
air-dry feces with 10 ml water and 10 ml
petroleum ether, the major portion of the
radioactivity was found to be associated
with the water-soluble extracts.

The regression of micrograms vitamin
A per gram of fresh liver on time showed
that the concentration of vitamin A in
the liver of each ram did not change signifi-
candy (P > 0.05). The mean initial value
was 229 + 57 ug/g, and the mean final
value was 236 £91 ug/g; of the six sub-
jects, only two changed as much as 10%
in liver vitamin A concentration (one in-
creasing and one decreasing). The mean
value of vitamin A per gram of liver for
each individual ram was, therefore, used
to calculate specific activity of liver vita-
min A (dpm/ug vitamin A). Equations for
regression (9) of specific activity on time
were developed for each ram (table 3).

TABLE 3

Regression equations used to calculate turnover
of liver vitamin A in mature rams

Sheep no. Regression equation 1

log Y=13.1882-0.004651 X
log Y= 2.7805—0.002555 X
log Y=2.8479-0.002686 X
log Y=2.6906—0.001804 X
log Y=2.5919-0.000785X
log Y=13.1436-0.002566 X

1Y = specific activity of liver vitamin A (dpm/yti
vitamin /R) and X = dgys on experiment. (dpmiytig

o, wpn -

These regression equations were used to
determine the half-time and turnover time
of liver vitamin A for each individual ram.
The half-time of liver vitamin A was 163 +
48 days (sem) and the turnover time was
234 £ 69 days (sem). These times com-
pare with a half-time and a turnover time
of 75 and 108 days, respectively, in young
ram lambs (1) fed in the same manner.
Because of its possible relationship to re-
quirements and both theoretical and actual
depletion rates as well as other parameters
determining the total dynamics of vitamin
A storage and use, the amount of vitamin
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A represented by this turnover is of signifi-
cance. An average liver weight of 1 kg per
ram was used to calculate turnover rate
of liver vitamin A. Turnover rate of liver
vitamin A for the mature rams was 968 +
83 ug/day.

Comparison of this daily turnover with
that for young rams (1) requires con-
sideration of differences in fiver size (1000
vs 725 g), concentration of vitamin A in
the fiver (215.4 + 49.9 vs 84.0 + 6.6 ug/g)
and size of animal (63.3 vs 32.0 kg). Using
actual fiver weights, linear adjustment of
the concentration of vitamin Ain the fivers
of the young rams to that in the mature
rams, and the experimentally determined
turnover times, the daily turnover of vita-
min A per unit of metabolic size (WkP®H
was 43.3 ug for the mature rams and
107.5 ug for the young rams. These data
suggest a slower mobilization of fiver vita-
min A in sheep as the age of the animal
increases.
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Undernutrition in Young Miniature Swine %
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ABSTRACT A 12-week study, using 9-week old Hormel miniature swine, was con-
ducted to evaluate changes in serum biochemical and hematological parameters, body
composition, radiologic determinations and organ weights resulting from protein
undernutrition. Each pig was weighed weekly and blood samples were collected
biweekly. There was no difference in dietary consumption, calculated on a feed/
kilogram body weight/day basis, as a result of feeding the 4% protein diet. At the
termination of the study, the protein deficient pigs had lower mean serum total
protein, albumin, /3-globulin, calcium and inorganic phosphorus concentrations. The
albumin/globulin ratio was decreased as a result of feeding the low protein diet.
Packed ceil volume, hemoglobin concentration, mean cell volume and mean corpuscu-
lar hemoglobin were all lower in pigs fed the 4% protein diet than in controls. Total
body water, extracellular water, intracellular water and mEq of total potassium, as a
function of body weight, were not affected by dietary treatment. The radii of the
protein deficient pigs were smaller and the cortex thinner than those of the control
pigs which indicated a relative reduction in cortical bone. The effect of protein
undernutrition on organ weights, ranking from those least affected to those most

affected, was as follows:
gastrocnemius muscle and kidneys.

During a 2-year study of causes of infant
deaths in Guatemala, Behar et al. (1) re-
ported that nearly 40% of children 1 to 4
years of age exhibited lesions characteristic
of kwashiorkor at the time of death. Cravi-
oto (2) reported that children under 6
months of age at the time of hospital ad-
mission for malnutrition (or diseases often
secondary to malnutrition) did not exhibit
a recovery of mental performance. Wert-
heimer and Bentor (3) have also impli-
cated malnutrition in cardiovascular prob-
lems.

Biochemical changes associated with
protein undemutrition must be more com-
pletely understood to achieve more defini-
tive treatments for children suffering from
this chronic disease. To aid in defining
changes associated with undernutrition
during prepuberty, an experiment was de-
signed to evaluate changes in serum bio-
chemical and hematological parameters,
body composition, radiological determina-
tions and organ weights resulting from
protein undemutrition in swine. Swine
were chosen as experimental subjects be-
cause they resemble humans in many re-
spects (4) and were adaptable for studying
the selected parameters.

J. Nutrition, 99: 505-518.

brain, thyroid, tibia, heart,

adrenals, lungs, liver, spleen,

MATERIALS AND METHODS

Thirteen Hormel miniature swine from
two litters were selected for this study
which was conducted from July through
October, 1968. Each pig was weighed at
9 weeks of age (1 week after weaning)
and randomly assigned to a dietary treat-
ment on the basis of weight, litter and sex.
Compositions of the diets, which were fed
ad libitum for the 12-week experimental
period, are presented in table 1. The group
of control pigs fed the 16% protein diet
was composed of 3 gilts and 3 barrows
weighing 6.13 + 1.60 kg, and the group
fed the 4% protein diet was composed of
3 gilts and 4 barrows weighing 6.00
1.42 kg (table 2).

The pigs were housed in two pens in a
wooden house with a dirt floor and 2 X
4 m outside runs. Each pig was weighed
weekly and the amount of diet given to

Received for publication July 1, 1969.

1Supported in part by U. S. Public Health Service
Grants FR-00390 and FR-00285.

2Department of Veterinary Physiology and Pharma-
cology, Department of Biochemistry, and Sinclair Re-
search Farm.

3 Sinclair Research Farm.

4 Department of Veterinary Medicine and Surgery.

s Sinclair Research Farm and Department of Veteri-
nary Pathology. .

6Department of Food and Nutrition.
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each group was recorded weekly. Correla-
tion coefficients, analyses of variance, lin-
ear regression equations and standard de-
viations were calculated according to Steel
and Torrie (5).

Blood. Thirteen-milliliter samples were
collected, biweekly, from the anterior vena
cava. Each animal was fasted 15 hours
prior to sample collection between 6 and
8 am. Two milliliters of the blood, with
EDTA-K as the anticoagulant, were used
for hematological determinations and the

TABLE 1
Composition of diets

Protein in diet

Ingredients 16% 2%

kg/100 kg diet

Cornstarch 26.2 63.1
Sugar 20.0 20.0
Soybean meal, 50% protein 28.0 7.0
Com, ground shelled 22.0 5.5
Dicalcium phosphate 2.0 3.0
Calcium carbonate 0.8 0.4
Saltl 0.5 0.5
Vitamin-antibiotic mix 2 0.5 0.5

Digestible energy, kcal/kg 3550 3750

Calcium, % 0.79 0.80
Phosphorus, % 0.60 0.60

1Provided 50 ppm Zn in the final mix. i

2Provided the following: (per kg diet) vitamin A
4500 _1U; vitamin D, 800 IU; riboflavin, 17.6 mg;
nicotinic acid, 79 mg; calcium pantothenate, 35.2 mg;
choline chloride, 88" mg; vitamin B12 44 gg[' and "a
:2:1 mixture of chlortetracycline-sulfamethiazine-
penicillin, 550 mg.

TUMBLESON, TINSLEY, CORWIN, JR.,
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remainder was allowed to clot at room tem-
perature for 2 hours prior to separation of
the serum at 0° and 12,000 X g for 10
minutes. The serum was frozen and stored
at —10°until analyzed.

Hematological determinations included
erythrocyte counts (RBC), red cell size dis-
tributions (SD), leukocyte counts (WBC),
packed cell volumes (PCV) and hemoglo-
bin concentrations (Hgb). Mean cell vol-
umes (MCV), mean corpuscular hemo-
globins (MCH) and mean corpuscular
hemoglobin concentrations (MCHC) were
calculated. Erythrocyte and leukocyte
counts were enumerated using an elec-
tronic cell counter and the red cell size
distributions were determined using a par-
ticle size distribution analyzer plotter.7
PCV were determined by the microhemato-
crit method and Hgb were determined
using a hemoglobinometer.8

Total protein (TP), blood urea nitrogen
(BUN), creatinine (Crt), alkaline phos-
phatase (AP), lactic dehydrogenase (LDH),
glutamic oxaloacetic transaminase (GOT),
calcium (Ca), inorganic phosphorus (IP),
chloride (CI), cholesterol (Choi), total bi-
lirubin (TB) and glucose (Glu) were de-
termined using a modified survey model
Sequential Multiple AutoAnalyzer 9 (SMA-

7Model B counter and model J plotter, Coulter Elec-
tronics, Hialeah, Florida.

s Model 231, Instrumentation Laboratory, Watertown,

Massachusetts. .
9Technicon Corporation, Tarrytown, New York.

TABLE 2
Birth, initial and final (12 weeks on test; 21 weeks of age) body weights of the pigs

i Litter Protein Birth Initial Final
Hig no. Sex in diet wt wt wt
% kg kg kg

477 66 F 16 0.40 3.46 20.2
479 66 F 16 0.82 5.96 30.6
481 66 F 16 0.74 6.88 31.1
483 66 B 16 0.58 5.54 31.3
489 67 B 16 0.78 6.72 39.9
490 67 B 16 0.91 8.24 42.9
Mean 0.70 6.13 32.7

SD 0.18 1.60 8.0

478 66 F 4 0.66 5.20 7.5
482 66 B 4 0.60 5.60 10.2
484 66 F 4 0.58 4.24 7.2
485 66 B 4 0.72 6.29 9.3
486 66 B 4 0.74 5.22 7.2
487 67 B 4 0.93 8.62 14.3
488 67 F 4 0.72 6.86 8.6
Mean 0.71 6.00 9.2

SD 0.12 1.42 2.5
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12/30) (6). Calcium/phosphorus ratios
were calculated. Sodium (Na) and potas-
sium (K) concentrations were determined
by flame photometry.D The protein frac-
tions were separated into albumin (Alb), al-
pha,-globulin (ai-Glob), alpflazglobulin (a2
Glab), beta-globulin (*3-Glob) and gamma-
globulin (y-Glob) fractions on cellulose poly-
acetate strips (using the microzone tech-
nigue), stained with Ponceau S and quan-
titated with a densitometer.1l From these
values the albumin/globulin (A/G) ratios
were calculated.

Body composition. Deuterium oxide,
which is nonradioactive and distributes
rapidly and uniformly throughout the
body, was used to assess indirectly the
amount of total body water (TBW). Ex-
tracellular water (ECW), measured by so-
dium thiocyanate dilution technique, in-
cluded transcellular water and water in red
blood cells. Total body water measured by
deuterium oxide also included transcellu-
lar water and red blood cell water. The
difference between TBW and ECW was
intracellular water (ICW). Because both
TBW and ECW methods measure transcel-
lular water, the estimate of ICW can be
expected to be reliable. Since ICW is in
the fat-free part of the cell, it was as-
sumed to represent a measure of body cell
mass.

An isotonic, injectable solution of deu-
terium oxide and sodium thiocyanate was
used for the indirect determination of
TBW and ECW. The sterilized solution,
which contained 1.5 mg thiocyanate and
0.995 g deuterium oxide per milliliter of
solution, was weighed in a sterilized sy-
ringe to the nearest 0.01 mg to provide a
dosage of 1.0 ml of solution per kilogram
body weight for each animal. After a 5-ml
blood sample was drawn from each pig,
the appropriate dosage of combined solu-
tion was infused intravenously. The empty
syringe, which had contained the deuteri-
um oxide-sodium thiocyanate solution, was
reweighed to determine the exact amount
injected. After 3 hours had elapsed to al-
low equilibrium of the solutes with the
respective water compartments, 5 ml of
blood were collected. The two blood sam-
ples were allowed to clot, the serum was
separated, sealed in ampules, frozen and
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stored at —10° until analyzed. Deuterium
oxide dilution was determined from part
of the serum by the falling-drop technique
(7) and thiocyanate dilution was deter-
mined by spectrophotometry (8). This
technique for the estimation of TBW has
been verified as accurate in an investiga-
tion with pigs when the in vivo measure-
ment of TBW from falling-drop technique
was compared with direct analysis of pig-
lets and the mean difference was found to
be 0.4% (9).

Another method used to estimate body
cell mass was measurement of total body
potassium. Total body potassium was calcu-
lated from whole body counting of gamma
emissions of naturally occurring 4K, using
a 2-pi liquid scintillation whole body count-
er (10). The animals weighing less than
10 kg were centered in a 2-tank small ani-
mal detector, which positioned their bodies
in an area 18 cm in diameter under the
detector. Larger animals were immobilized
in a special apparatus (11), wheeled under
the large 6-tank detector and the detector
was lowered to 2 cm from their bodies. The
mean of three 5-minute counts was taken
as the measurement of the gamma emis-
sions of 4K A 5-minute count of back-
ground was done, before and after each
animal was measured, to determine back-
ground count rate. To insure absence of
interfering materials, the animals were
scrubbed with detergent and thoroughly
rinsed and dried before their radioactivity
was counted.

Bone. The bones were prepared by
modifications of a described technique
(12). Sections, approximately 2 cm long,
were removed from the proximal portion
of the diaphysis of the left tibia of each
pig at necropsy, and frozen and stored at
—10°. The bones were scraped free of all
adhering tissue and immersed in acetone
for 4 days with changes to fresh acetone
daily. The bones were then dried to a con-
stant weight in a vacuum oven at 100°
for 48 hours. After the fat-free dry weights
were obtained, the bones were ashed in a
muffle furnace at 600° for 24 hours.

i° Model 105, Beckman Instruments, Inc., Fullerton,
California.

11 Gelscan, Gelman Instrument Company, Ann Arbor,
Michigan.
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At necropsy both forelimbs were re-
moved from the body and lateral radio-
graphs taken of each limb with an X-ray
machine with nonscreen film at 102 cm
distance. The machine was operated at
80 kv and 100 ma for 1/15 second. An
aluminum step wedge was placed parallel
to the limb near the center of each film. A
densitometer 2 was used to determine the
density of the central area of the distal
epiphysis of the radius on the film. The
density of the epiphysis was corrected to
g/cm2of aluminum from a plot construct-
ed for each film of the densitometry read-
ing versus the weight per unit area of the
aluminum wedge (13). The length of the
radius was measured with a dial caliper
on the same radiograph and the mean of
three readings used. The cortical width of
the anterior margin of the radius was
measured in the midshaft region at the
thickest portion of the compact bone.

Organ weights. At 21 weeks of age each
pig was killed by electrocution and exsan-
guinated. The following tissues and organs
were cleanly dissected and weighed: right
kidney, left kidney, right adrenal, left ad-
renal, right lung, left lung, liver, thyroid,
heart, brain, left tibia, left gastrocnemius
muscle and spleen.

RESULTS

The pigs fed the 16% protein diet gained
steadily throughout the duration of the 12-
week experimental period (fig. 1); how-
ever, the pigs fed the 4% protein diet
gained only 3.3 kg during the first 4
weeks and barely maintained their body
weight throughout the remainder of the
period. The growth rate of the control pigs,
from 9 to 21 weeks of age, was greater
than previously reported for Hormel mini-
ature swine fed a corn-soybean meal diet
(14). Pigs fed the 16% protein diet con-
sumed significantly (P < 0.01) more feed,
on the basis of daily intake, than did pigs
fed the 4% protein diet. When feed intake
was calculated on a feed/kilogram body
weight per day basis, there was no differ-
ence between the two groups.

Blood. The level of serum TP increased
for pigs fed the 16% protein diet (fig. 2),
whereas the level decreased slightly when
the pigs were fed the 4% protein diet.

TUMBLESON, TINSLEY, CORWIN, JR.,
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Fig. 1 Body weight and feed intake of pigs
fed 4 or 16% protein diets for 12 weeks.

There was a significant (P < 0.01) differ-
ence between the rates of change of serum
TP for the two groups (table 3), as well
as a significant (P<0.01) difference be-
tween serum TP, of the two groups, after
12 weeks on experiment (table 4). There
were no changes in concentrations of BUN
or Crt during the experimental period.
Changes in serum Alb concentrations
(fig. 3) reflected changes in TP concen-
trations. Pigs fed the 16% protein diet
for 12 weeks had significantly (P < 0.01)
greater serum Alb levels than did those fed
the 4% protein diet (table 4). During the
12-week period, the rate of change in se-
rum Alb concentration was significantly
(P<0.01) different for the two groups
(table 3). The mean level of serum Alb
increased from 1.93 to 2.68 g/100 ml for

12Model 501A, Photovolt Corporation, New York,
New York.
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Fig. 2 Total protein, blood urea nitrogen and
creatinine in serum of pigs fed 4 or 16% protein
diets for 12 weeks.

pigs fed the 16% protein diet, whereas
there was a decrease from 2.09 to 1.54 g/
100 ml for pigs fed the 4% protein diet.
There were no differences in either cu-Glob
or a2Glob levels as a result of treatment
effect.

The levels of serum /I-Glob increased sig-
nificantly (P<0.01) more rapidly (table
3) in pigs fed the 16% protein diet com-
pared with pigs fed the 4% protein diet.
The concentrations of serum 7-Glob, in pigs
fed the 4% protein diet, increased signifi-
cantly (P < 0.01) during the first 6 weeks
of the study, and then decreased; however,
the serum levels in pigs fed the 16% pro-
tein diet did not follow the same pattern
(fig. 4). The pigs fed the 4% protein diet
for 12 weeks exhibited significantly (P <
0.01) lower serum A/G ratios than did
those fed the 16% protein diet (table 4).
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There were no differences in serum AP,
LDH or GOT activities as a result of di-
etary treatment (fig. 5; table 4). Mean
serum AP, LDH and GOT activities ranged
from 12 to 20 K-AU, 260 to 480 WU and
15 to 28 KU, respectively, during the 12-
week experimental period (fig. 5).

During the 12-week period, levels of
serum [P decreased significantly (P <
0.01) for pigs fed the 4% protein diet;
however, there was no change for the con-
trol pigs (fig. 6). This resulted in a sig-
nificant (P < 0.01) difference in the rate
of change of serum IP concentrations as a
result of treatment effect (table 3). Serum
calcium levels were significanty (P < 0.01)
lower for pigs fed the 4% protein diet for
12 weeks (table 4). The Ca/P ratio was
significantly (P<0.01) greater for the
pigs fed the 4% protein diet than for those
fed the 16% protein diet. There were some
fluctuations in serum sodium, chloride and
potassium concentrations (fig. 7), but there
were no changes as a result of dietary ef-
fect. Likewise, there were no changes in
serum Choi, TB or Glu levels as a result
of treatment effect (fig. 8).

Dietary treatment did not affect the
RBC, but both PCV and Hgb were signifi-
cantly (P<0.01) lower (table 4) as a
result of feeding the lower protein diet
(fig. 9). For pigs fed the 4% protein diet,
Hgb did not change during the experimen-
tal period while PCV decreased. There was
a significant (P<0.01) difference in the
rate of change of both PCV and Hgb, dur-
ing the 12-week period, as a result of treat-
ment effect (table 3). Both PCV and Hgb
increased with a concomitant increase in
RBC for pigs fed the 16% protein diet dur-
ing the 12-week experimental period. MCV
and MCH (fig- 10; table 4) were decreased
as a result of the significant (P < 0.01)
differences in PCV due to treatment effect.
WBC was slightly, but not significandy, in-
creased as a result of feeding the low pro-
tein diet. The overall means for the con-
trol and protein-deficient pigs were 21.3
and 24.7 X 103cells/mm3 respectively.

Body composition. Body composition
studies indicated that the pigs fed the 4%
protein diet had a slightly greater mean
relative ECW (32.7% ) compared with con-
trol pigs (28.6% ) (table 5). Mean values
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TABLE 3

Differences between regression coefficients, for selected blood parameters
with time, during the 12-week experimental period

Protein
Parameter in diet

Body weight 16
4

Total protein 16
4

Albumin 16
4

/3-Globulin 16
4

Albumin/globulin 16
ratio 4
Calcium/phosphorus 16
ratio 4
Inorganic 16
phosphorus 4
Calcium 16
4

Packed cell 16
volume 4
Hemoglobin 16
4

Mean cell volume 16
4

Mean corpuscular 16
hemoglobin 4

*P < 0.05; ** P < 0.01.

for percentage ICW for the pigs fed the
4% protein diet were slightly lower
(24.8%) than for pigs fed the 16% pro-
tein diet (27.3% ). The ratio of total body
potassium values to body weight was about
the same in both groups of pigs.

Bone. The protein-deficient diet mark-
edly affected skeletal development, particu-
larly the formation of compact bone (table
6). The length of the radius was reduced
and the diaphysis width-to-length ratio was
less in the protein-deficient pigs. The
amount of compact bone was further re-
duced since the ratio of cortical width to
length of radius of the treated animals
was only 75% of that of the controls. The
densitométrie values also reflected the re-
duction in cortical bone. In the protein-
deficient animals there was a significant
(P < 0.01) correlation (0.90) between the
width of the cortex and the densitométrie
reading. The mineral composition of the
compact bone was not affected by feeding

F ratio

N Egg{. covfar?irgnce
test

33 20 e
e 10,0051 21,08 =
g SE aue
40 00058 6.97 **
2 e
i 00083 30,94 =
s RRTT 1256 =
i 00122 8.48 ™
EER asee
i 00171 28.91 *
A € 5
s 04398 736

the low protein diet because the amounts
of ash to dry weights of tibial bone did not
differ between groups.

Organ zveights. The protein-deficient
diet significantly (P<0.01) altered the
body weights, as well as the weights of all
organs and tissues examined in this study
(table 7). As expected, the body weight
and organ weights of the pigs fed the 4%
protein diet were lower. When the weights
of control organs were compared with the
weights of treated organs, an order of sen-
sitivity was recognized (table 7). The brain,
thyroid and wet bone were least affected
and the skeletal muscle and visceral organs
were most affected. Since most of the
weight differences between the two groups
can be accounted for in the skeletal muscle
and visceral organs, the remaining organs
and tissues from animals fed the 4% pro-
tein diet accounted for a greater percentage
of the body weight.
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TABLE 4
Serum, biochemical and hematological values Tfor pigs fed different levels of dietary protein for 12 weeks

Parameter

Total protein, g/100 ml
Albumin, g/100 ml
ai-Globulin, g/100 m1l
a2Globulm, g/100 ml
A-Globulin, g/100 ml
7-Globulin, g/100 ml
Albumin/globulin ratio
Lactic dehydrogenase, WU
Alkaline phosphatase, K-AU
Glutamic-oxaloacetic transaminase, KU
Blood urea nitrogen, m g/100 ml
Creatinine, mg/100 ml
Cholesterol, mg/100 ml
Glucose, mg/100 ml
Total bilirubin, mg/100 ml
Sodium, mEq/liter
Potassium, mEq/liter
Chloride, mEq/liter
Calcium, mg/100 ml
Inorganic phosphorus, mg/100 ml
Calcium/phosphorus ratio
Erythrocyte count X 106, cells/mm 3
Packed cell volume, %
Hemoglobin concentration, g/100 ml
Mean cell volume, y?
Mean corpuscular hemoglobin, pg
Mean corpuscular hemoglobin cone., %
Leukocyte count X 10s, cells/mm 3

1AIll values are means + sa.

Level of protein in diet

16% 4%
7.7+ 05 6.0d £ 04
2.68 '+ 0.19 1.54 d+x 0.15
053 + 0.12 0.30 0.16
1.90 + 0.40 1.85 0.18
138 »+ 0.25 1.07 b+ 0.17
1.21 + 0.25 1.28 0.22
0.55°+ 0.09 0.34 - 0.05

366 + 103 429 +66
18 + 2 17 + 3
27 + 6 22 + 5
15 + 2 15 3

28 *+ 0.2 30 £ 04
114 + 16 117 zt 8
134 + 12 119 + 19

0.2 * 01 0.2 0.1
151 + 5 148 6

48 + 0.6 5.9 0.5

108 + 4 109 3

118" + 0.6 11.0d 0.3
9.1' + 03 6.9d 0.9
1.30'+ 0.07 1.61 d+x 0.17
8.14 + 0.49 7.18 0.43
440" £ 24 348 d 1.7
15.4" =+ 0.8 11.9d 0.6
541" + 28 48.6 d 2.4
19.0"' = 1.0 16.6 d 0.7
351 + 05 34.1 0.9
26.7 £ 4.2 303 * 64

a#>Means in the same row bearing different superscript letters differ significantly CP < 0.05).
'mdMeans in the same row bearing different superscript letters differ significantly (P < 0.01).

DISCUSSION

This experiment was designed to study
the effect of feeding a low protein diet
upon selected biological parameters in
swine. The diets were formulated to simu-
late those conditions which produce pro-
tein deficiency symptoms in humans. Be-
cause human undernutrition is not the
result of a lack of dietary protein only, no
additional vitamins or minerals were added
to the low protein diet. As has been pre-
viously suggested (15), there is a need
to “equate the clinical and pathological
conditions in man and experimental ani-
mals.” Consequently, until there is suffi-
cient information to relate the conditions
from one species to another, experiments
which have numerous variables must be
conducted.

The decreased level of serum TP as a
result of protein undernutrition is consis-
tent with the findings of other investigators
studying humans (16—29), swine (20, 21),

rats (22, 23) and monkeys (24, 25). The
difference in serum TP was due primarily
to lower absolute amounts of Alb and 3
Glob. Pond et al. (21) reported a decrease
in relative Alb concentration, but an in-
crease in relative a2Glob concentration as
a result of feeding conventional swine a
3% casein diet for 9 weeks. Ordy (25)
observed a decrease in the absolute con-
centration of serum Alb as a result of
feeding a low protein diet to infant mon-
keys for 7 weeks. Chandrasakharam et al.
(26) reported a decrease in hepatic albu-
min biosynthesis, as a result of a decreased
number of active cells, in young rats fed
a protein-free diet. The depletion in serum
Alb concentration has been reported to be
due to a decreased rate of Alb synthesis
(27) ; the serum Alb half-life is longer in
marasmic infants than in normal children.
The pigs used in this study did not de-
velop the diffuse moderate subcutaneous
edema reported (20, 28) for pigs fed a low
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Fig. 3 Serum albumin, alpfcai-globulin and
alpha2globulin concentrations of pigs fed 4 or
16% protein diets for 12 weeks.

protein, wheat gluten-high fat diet. Also,
the lack of any difference in TBW, ECW,
ICW and mEq total K/kg BW indicated
the lack of subcutaneous edema.

In this study, the levels of serum AP
activity were not different between the con-
trol and protein-deficient pigs. The activi-
ties of serum enzymes have been reported
to be lowered in some cases of children
and animals suffering from undernutrition,
but the magnitude of change was not con-
sistent. Perhaps the reason for this is the
differences in stage and severity of under-
nutrition of the experimental subjects. The
levels of serum LDH and GOT activities
were not affected by the dietary treatment,
but were similar to those previously re-
ported for miniature swine (29, 30). The
lack of change of the transaminase en-
zyme activity, as a function of dietary
treatment, was indicative of a homeostatic

TUMBLESON, TINSLEY, CORWIN, JR.,

FLATT AND FLYNN

state of overall protein metabolism; how-
ever, the relative level of anabolic or cata-
bolic activity may have been markedly af-
fected.

An increase in serum BUN concentra-
tion, as a result of treating children with
uncomplicated kwashiorkor, was reported
by Dean and Schwartz (16). An increase
in BUN level may be indicative of an al-
tered protein metabolism due to the greater
availability of amino acids present as a
consequence of treating the malnourished
children with a high protein diet. We did
not observe any differences, as a function
of dietary treatment, in serum BUN or Crt
concentrations or GOT activities; however,
this study was conducted during protein
undernutrition and not during rehabilita-
tion. Also, the 4% protein diet, in conjunc-
tion with the low fat level, may have been
sufficient to prevent the changes in pro-

-= 16 % Protein Diet
0 - o0 4 % Protein Diet

Time in Weeks

Fig. 4 Serum beta-globulin, gamma-globulin
and albumin/globulin ratio of pigs fed 4 or 16%
protein diet for 12 weeks.
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Fig. 5 Alkaline phosphatase (King-Armstrong
Units), lactic dehydrogenase (Wacker Units) and
glutamic oxaloacetic transaminase (Karmen
Units) in serum of pigs fed 4 or 16% protein
diets for 12 weeks.

tein metabolism often observed in protein-
undernourished children. Lipogenesis, as
affected by protein undernutrition, is a
process which appears to be a function of
diet, protein metabolism and hormonal
control; consequently, the elucidation of
the controlling mechanism requires the
production of an uncomplicated protein-
undemutrition syndrome in experimental
animals.

The decreased serum IP level, as a re-
sult of feeding the low protein diet, was
consistent with the previously reported (31)
findings for Ethiopian children suffering
from advanced protein malnutrition. This
was probably not a function of dietary in-
take of phosphorus since both diets con-
tained 0.6% phosphorus and the consump-
tion of feed/kilogram body weight per day

513

was not different between the control and
protein-deficient pigs. The level of serum
IP for the control pigs was similar to that
previously reported for miniature swine
(29, 32).

The concentrations of serum sodium
and chloride were not affected by dietary
treatment. Many investigators have re-
ported changes in serum electrolyte con-
centrations of children suffering from pro-
tein undernutrition, with most of the sub-
jects exhibiting edema; however, edema
was not present in our pigs fed the low
protein diet. After 12 weeks, the pigs re-
ceiving the 4% protein diet had signifi-
cantly (P<0.01) less serum potassium.
The difference appeared to be an artifact
and demonstrated the importance of serial
sampling. Garrow (33) reported a loss of
brain potassium in severely malnourished

=— == 16% Protein Diet
0-0 4% Protein Diet

~0 2 4 6 8 i0 \Z~

Time in Weeks

Fig. 6 Calcium, inorganic phosphorus and
calcium/phosphorus ratio of pigs fed 4 or 16%
protein diets for 12 weeks.
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*--—--—-*16% Protein Diet
0- -0 4% Protein Diet

160 160
P
“ 150" 150
é
v:vL14O 140
Fig. 7 Sodium, chloride and potassium con-

centrations in serum from pigs fed 4 or 16%
protein diets for 12 weeks.

children. He suggested that the loss of po-
tassium from tissues was not a result of
deficiency in dietary potassium, but that
it was secondary to the metabolic altera-
tions associated with protein malnutrition.
A loss of muscle potassium, during infan-
tile malnutrition, was reported by Smith
and Waterlow (34). They measured both
exchangeable body potassium and serum
potassium concentrations, and concluded
that serum potassium level did not reflect
the extent of the body potassium loss.

The level of serum Choi, which was
comparable to that previously reported (29,
32), was not affected by dietary treatment.
There have been reports of protein-calorie
undernutrition affecting liver phospholipid
levels (35), liver lipogenesis (3), brain
lipid levels (36) and concentrations of se-
rum Choi (16, 31, 37). Heidenreich et al.
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(38) reported a positive correlation between
serum Choi concentration and average
daily gain of growing swine; they also
noted a negative correlation between se-
rum Choi concentration and muscle mass.
Hematologic values for the control pigs
were similar to those previously reported
for miniature swine (30, 32). The pigs fed
the 4% protein diet exhibited a reduction
in both PCV and Hgb concentrations; how-
ever, because MCHC was not affected by
dietary treatment, the pigs were probably
not suffering from iron-deficiency anemia.
Lowered Hgb has been reported for Ugan-
dese (39) and Ethiopian (31) children
with kwashiorkor. Lowrey et al. (20) noted
decreased PCV and Hgb concentrations as
a result of feeding low protein diets to
swine. The presence of iron-deficiency
anemia, in children suffering from kwashi-
orkor, has been an inconsistent finding.

P— « 16% Protein Diet
O - 0 4 % Protein Diet

0 2 4 6 8 10 12
Time in Weeks
Fig. 8 Cholesterol, total bilirubin and glucose
concentrations in serum from pigs fed 4 or 16%
protein diets for 12 weeks.
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Time in Weeks

Fig. 9 Erythrocyte count, packed cell volume
and hemoglobin concentration in blood from
pigs fed 4 or 16% protein diets for 12 weeks.

In the pigs studied here, compartment
values did show slight total body water
changes. The ECW was slightly increased
and ICW was slightly decreased as a re-
sult of dietary treatment; however, no
conclusions could be drawn from the lim-
ited number of pigs. Total body potassium
values appeared to be individually vari-
able. Judging from the fact that the intra-
cellular water was lower in the pigs fed
the 4% protein diet, one would expect
total body potassium to be lower also, but
mean potassium per kilogram body weight
was not lower. However, a 1-week period
of time elapsed between the body water
and the total potassium analyses. Compo-
sitional changes may have taken place in
that time, making a direct comparison dif-
ficult.

IN SWINE 515

Several investigators have published data
revealing changes in body water compart-
ments in malnourished children. Flynn et
al. (40, 41) observed that TBW and ECW

Fig. 10 Mean corpuscular volume, mean cor-
puscular hemoglobin and mean corpuscular he-
moglobin concentration in blood from pigs fed 4
or 16% protein diets for 12 weeks.

TABLE 5
Body water and potassium values 1of pigs fed
4% or 16% protein diets for 11 weeks

Protein in diet
Parameter 2

16% 4%
TBW/BW 56.0+ 7.0 57.8+ 6.6
ECW/BW 28.6+ 3.2 327+ 3.9
ICW/BW 273+ 25 248+ 3.9
mEq total K 1781 « £245 536 d + 88

mEq total K/BW 549+ 7.4 54.2+11.2

1AIl values are means = sa.

2BW = Body weight; TBW = Total body water;
ECW = Extracellular water; ICW = Intracellular
water.

cdMeans in the same row bearing different super-
script letters differ significantly (P < 0.01).
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TABLE 6

Means and standard deviation (% sd) for radiographic measurements of radii of 21-week-old
miniature swine fed 16% or 4% protein diets for 12 weeks

Protein in diet

Parameter
16% 4%
Cortical width, cm 0.261 '+0.025 0.119 d+0.025
Density, g/cm 2 2.14' +0.17 1.36d £0.17
Radius length, cm 8.716'+0.356 7.090 d+ 0.356
Diaphysis width, cm 0.981 '+0.059 0.748 d+ 0.055
Cortex width x 10/radius length 0.304'+0.022 0.237 d+ 0.014
Radius width/radius length 0.112'+0.005 0.105 d+ 0.005
»d Means in the same row bearing different superscript letters differ significantly (P < O.Ol).
TABLE 7
Effect of level of dietary protein upon organ weights 1of pigs fed for 12 weeks
Organ Level of protein in diet ??en;{g(ljv\\,lvtt/
16% 4%
9 9

Kidneys 125.0c + 29.0 35.6d £ 95 351

Gastrocnemius muscles 22.63't 3.59 6.78 d+ 1.26 3.34

Spleen 47.7" £ 125 146d £ 4.7 3.27

Liver 656' +200 215d + 69 3.05

Lungs 187.6' =+ 28.9 67.8d £ 9.9 2.77

Adrenals 2.20'+ 0.74 0.84 d+x 0.15 2.62

Heart 123.5" =+ 26.2 51.1d % 11.6 2.42

Tibia 61.2' =+ 94 27.9d £ 5.0 2.19

Thyroid 202" =+ 044 0.93d+ 0.16 2.17

Brain 76.0» £ 4.9 67.6» * 6.0 1.12

i All values are means * sa

Means in the same row bearing different superscript letters differ significantly
Means in the same row bearing different superscript letters differ significantly

were increased in undernourished children
compared with normal children of the
same age. Brinkman et al. (42) and Smith
(43) noted very high TBW values in chil-
dren with extreme undernutrition, and
Brinkman et al. (42) reported increased
ECW values. Kwashiorkor children have
been reported to be potassium poor (34).

The compact bone found in the protein-
deficient pigs appears to have the same de-
gree of mineralization as in the control
animals since the ash-to-dry-weight ratios
are similar. It has been suggested (44)
that compact bone in severely undernour-
ished growing pigs might be overcalcified,
because of the radiographic appearance of
“cement lines” in the bone of stunted pigs.
However, this characteristic appearance
was not demonstrated in this study, possi-
bly because of the shorter duration of the
experiment.

The reduced cortical width of the pro-
tein-deficient animals may partly reflect

(B <003

the reduced growth rate. However, the de-
creased cortical width-to-bone-length ra-
tios may indicate a limitation of matrix
formation with restricted protein intake.
The ratio of cortex to bone length for the
control animals when they were at the
weight of the treated group is not known.

The densitometer readings, although
made over an area of both trabecular and
lamellar bone, were proportional to the
width of the cortex. Both these parameters
indicate a probable reduction in mineral
content of the whole bone, because a di-
rect relationship has been shown by other
investigators (45) between the area of
the cortical layer and the mass of bone ash
per milliliter of whole bone. These findings
would satisfy the description of osteoporo-
sis by Albright (46) as a disturbance of
formation of the organic matrix. The re-
duced bone development in these animals
appeared to be essentially a lack of com-
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pact bone which has been reported to be
characteristic of kwashiorkor (47).

The weights of some organs, such as the
kidneys, were more severely affected by the
protein-deficient diet than the weights of
others, such as the brain. There was a
marked difference between the effect of
the altered diet on skeletal muscles and
bones. The skeletal muscles were severely
affected by the diet, whereas the bones
were less severely affected. The compari-
son of organ weights reported by Brown
and Guthrie (48) falls into the same order
of sensitivity as reported here.

The mechanisms associated with altered
metabolic processes in protein undernutri-
tion appear to be complex; therefore, the
experiments to study these phenomena
must be designed to utilize multivariate
analyses. The use of an animal, such as
the miniature pig, which enables investi-
gators to study numerous selected parame-
ters is paramount to meaningful experi-
mentation. As has been demonstrated in
this study, as well as in previous studies,
the pig can be utilized as an experimental
model to study metabolic changes which
have been observed in other species.
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A Histochemical Study of Enzyme Changes and
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ABSTRACT

Massachusetts 02139

Histochemical estimation of selected brushborder, mitochondrial, lyso-

somal and microsomal enzymes, and observations on the ultrastructure were made on
the jejunal mucosa of young rats fed a low protein diet for 10 weeks. The ultrastruc-
ture of the microvilli was not altered nor were there changes in the brushborder en-
zymes examined. Acid phosphatase and succinic dehydrogenase were significantly
reduced, although the mitochondria appeared normal in fine structure. Glucose-6 phos-
phatase actvity was unchanged, and this correlated with the maintenance of the rough
endoplasmic reticulum. The significance of these observations is discussed in relation
to malabsorption which has been observed in clinical protein-calorie malnutrition.

Intestinal atrophy and the malabsorp-
tion of nutrients occur in children suffer-
ing with kwashiorkor (1, 2) as well as in
adults with protein-calorie malnutrition
(3, 4). These observations have stimulated
research on the functional and structural
alterations of small intestine in protein-
depleted animals (5-8). Histological stu-
dies reveal a normal appearance of epithe-
lial cells but a shortening of the villi and
a decrease in the number of cells in the
crypts. The mechanism of these morpho-
logical changes of the villi has been in-
vestigated (9, 10), but few enzymatic and
ultrastructural studies of jejunal mucosa
in protein depletion have been made (11—
13). Histochemical studies have proved
useful in extending the significance of bio-
chemical observations. Therefore, the pres-
ent study was conducted to examine histo-
chemically the effect of protein depletion
in rats on some enzymatic changes in the
absorptive cells of jejunal mucosa and to
relate these changes to observations made
on the fine structure of the jejunal cells.

MATERIALS AND METHODS

Male rats of the Sprague-Dawley strain,3
weighing 154 g initially, were used in the
studies. Following their arrival in the an-
imal quarters, they were fed a commercial
laboratory diet for 2 days before random
allocation between the two experimental

J. Nutrition, 99: 519-530.

diets. The diets were fed ad libitum; their
composition is given in table 1

The purpose of the present investiga-
tion was to study the effect of feeding a
low protein diet for a 10-week period. A
preliminary report (14) has already shown
that, with rats of a slightly lower initial
body weight than used in the present ex-
periment, the low protein diet results in
the development of a number of clinical
and biochemical changes which parallel
those observed in children suffering with
kwashiorkor.

Three rats from each dietary group were
killed after 5 weeks on the experiment,
and six from each group after 10 weeks.
While the animals were anesthetized (so-
dium pentobarbital, 5 mg/100 g body wt,
given by intraperitoneal injection) blood
was drawn from the posterior vena cava
for serum total protein estimation (15).
Specimens were then quickly taken from
the jejunum for histological and histo-
chemical observation and for the electron
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TABLE 1

Composition of adequate and low protein diets
used for studying the effects of protein
depletion on rat jejunal mucosa

Ingredient Adequate Low
% of diet

Lactalbumin 1 18.0 0.5
Cornstarch %i 55.9
Sucrose . 27.9
Cottonseed 0il2 100 100
Vitamin mix 3 0.5 0.5
Mineral mix 3 5.0 5.0
Choline 4 0.2 0.2

1Purchased from General Biochemicals, Chagrin

Falls, Ohio. . i
2Wesson Oil, Wesson Oil Sales Company, Fullerton,

California.
3 Composition described by Rogers and Harper (32).
4 Added to the diet as an aqueous solution, contain-
ing 1 g choline-HCI/5 ml.

microscopic observations. Processing and
evaluation of the tissues were carried out
stimultaneously in well-nourished and pro-
tein-depleted rats.

The enzymes examined in this study
and histochemical methods were as fol-
lows: a) alkaline phosphatase (16) and
adenosine triphosphatase (17) were taken
to represent brushborder enzymes; b) acid
phosphatase (18) as a representative lyso-
somal enzyme; c) succinic dehydrogenase
(19) for evaluation of mitochondrial ac-
tivity; d) glucose-6 phosphatase as an ex-
ample of a microsomal enzyme (20, 21).

For the ultrastructural study the tissue
was fixed in glutaraldehyde and postfixed
in osmium tetroxide (22). An LKBI ultra-
tome was used for preparing thin sections,
which were then stained with uranyl ace-
tate and lead oxide (23) before examina-
tion with the aid of a Phillips EM 200
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RESULTS

Rats fed the low protein diet lost weight
progressively, and their serum total pro-
tein concentrations declined (table 2). Gen-
eral body wasting was a prominent feature
in the present study.

Figures 1 and 2 compare the typical his-
tological findings with jejunal mucosa of
control and protein-depleted rats after 10
weeks on the experimental diets. The villi
were stunted and there were fewer Lie-
berkiihn’s crypts in protein-depleted rats,
but there were no apparent changes in
the morphology of the absorptive epithelial
cells in the protein-depleted rats, and the
lamina propria did not show any signifi-
cant inflammatory cellular infiltration.

Fig. 1 Section of the jejunum from a control
rat showing normal morphology. Note height of
intestinal villi and numerous crypts of Lieber-
kiihn at base of villi. Hematoxylin and eosin.
X 100.

Fig. 2 Section of the jejunum comparable to
that shown in figure 1 obtained from a protein-
depleted rat at 10 weeks. Note shortened intes-
tinal villi and decreased number of crypts of
Lieberkiihn. Hematoxylin and eosin. X 100.

Fig. 3 Section of jejunum from control rat
stained for succinic dehydrogenase. The epithelial
cells stain intensely. Nitro BT method for suc-
cinic dehydrogenase. X 100.

Fig. 4 Section of jejunum from a protein-
depleted rat taken from an area comparable to
that shown in figure 3. Note absence of stainable
material denoting a sharp decrease in enzymatic
activity in the protein-depleted animal. Nitro BT
method for succinic dehydrogenase, X 100.

Fig. 5 Section of jejunum from a control rat
stained for presence of acid phosphatase. Note
large amount of enzyme localized at luminal
border of the epithelial cells of the villus. Acid
phosphatase stain. X 100.

Fig. 6 Section of jejunum from a protein-
depleted rat stained for presence of acid phos-
phatase. Note decrease in amount of enzyme as

electron microscope. gtarier.\]s’u)l(t 0 .protein depletion. Acid phosphatase
TABLE 2

Body weights and serum total protein of rats fed the adequate and
low protein diets for 10 weeks 1

Body weight i
Group ody weig Total protein
Adequate Low Adequate Low
9/100 ml
5 weeks 2 348 100 7.1 4.7
10 weeks 3 419427 84 +5 6.6+ 0.5 3.6+0.3

llnitial weight 154 + 3 g (sem).
2Mean values for three rats in each group.
3Mean + sq for six rats in each group.
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Figures 3 through s show the histochem-
ical results for the enzymes acid phos-
phatase and succinic dehydrogenase. The
activities of these enzymes in the absorp-
tive cells showed a significant decrease in
the jejunal tissue of protein-depleted rats
at both the 5 and 10-week periods of
study. Alkaline phosphatase, adenosine tri-
phosphatase, and glucose-s phosphatase
were not observed to change and therefore
these results are not shown.

Figures 7 through 10 show typical elec-
tron micrographs of the jejunum obtained
from control and protein-depleted rats. The
ultrastructure of the absorptive cell was
well preserved in the protein-depleted rats.
The microvilli and their membranous struc-
tures were found to be intact (figs. s, 9),
together with the presence of a dense ribo-
some population and associated endoplas-
mic reticulum (fig. 10). Generally, the
mitochondria appeared normal with intact
cristae and there was no evidence of mi-
tochondrial swelling. The lysosomal popu-
lation was sparse (fig. s) and a normal
Golgi apparatus was observed (fig. 10).
Comparable normal fine structure was evi-
dent for the villus and crypt cells in both
the protein-depleted and normal, well-
nourished rats.

DISCUSSION

The present histochemical study demon-
strates decreased acid phosphatase and
succinic dehydrogenase activities in the
absorptive cells of the jejunal villi of rats
after 10 weeks of protein depletion. Since
the substrates and incubation times were
uniform for both control and protein-de-
pleted rats, the differences in the enzy-
matic staining for these enzymes are as-
sumed to reflect an actual difference in
the concentration of these enzymes. Stu-
dies by Stenram (24) suggest that acid
phosphatase activity of the jejunal mucosa
is not altered by feeding rats isocaloric
high protein, fat, or carbohydrate diets for
a 3-month period. His studies did not in-
clude experiments with low protein diets
and, therefore, these observations cannot
strictly be compared with those obtained
in the present study. Alkaline phosphatase,
adenosine triphosphatase, and glucose-s
phosphatase activities were apparently un-
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affected in the present experiment, and
ultrastructure of the absorptive cells of
the villi was well preserved.

It would be difficult to correlate the
histochemical changes in acid phosphatase
with the present ultrastructural observa-
tions because a quantitative biochemical
estimation of lysosomal activity in the je-
junal villi was not carried out. The func-
tional significance of diminished acid phos-
phatase activity is not entirely clear, but
it has been reported that this enzyme is
related to the development and actual ac-
tivity of the pinocytic and reverse pinocytic
processes which may participate in an in-
tracellular digestive function. This implies
that the enzyme may be involved in a de-
fensive function rather than a nourishing
one (25). It is interesting to speculate that
a decrease in acid phosphatase activity
may impair the intracellular defensive
mechanism and increase the risk for villus
damage due to a variety of toxins passing
through the lumen of the small bowel.

The decrease in the mitochondrial en-
zyme, succinic dehydrogenase, was not par-
alleled by a change in the fine structure
of the mitochondrion. Hill et al. (12) also
report that the mitochondria were normal
in the absorptive cells of the rat jejunal
mucosa after 20 days of protein-free feed-
ing. An alteration in the succinic dehydro-
genase activity has been observed in
clinical malabsorption before obvious mor-
phological changes of the jejunal mucosa
were noted by light microscopy (26), and
this confirms earlier findings reported in
experimental animals (27, 28). The present
study suggests that the succinic-dehydro-
genase activity is reduced even before any
clear abnormality of the mitochondria is
noted by the electron microscopic studies.
The significance of the diminished suc-
cinic dehydrogenase requires further con-
sideration, but it presumably reflects a
depression in the intensity of oxidative me-
tabolism in the jejunal cell.

The lack of a change in glucose-s phos-
phatase activity correlated with the main-
tenance of the rough endoplasmic reticu-
lum as revealed by electron micrographie
study. This also correlates with earlier bio-
chemical studies which show that the pro-
tein and RNA content of the intestinal
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Fig. 7 Electron micrograph of the apical portion of the columnar absorptive cells from the je-
junum of a control rat. Mv, microvilli; TW, terminal web; Pt, pits formed by the plasma membrane
and penetrating into the terminal web; LM, lateral membrane with its interdigitating folds; ZO,
zonula occludens; ZA, zonula adhaerens; and D, desmasome, the components of junctional complex

at the lateral surfaces of cells; M, mitochondria with numerous cristae; L, lysosome; ER, endoplas-
mic reticulum. X 21,720.
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Fig. 8 Electron micrograph of the apical portion of the columnar absorptive cells from the je-
junum of a rat fed the low protein diet for 10 weeks. Mv, well preserved microvilli; TW, terminal
web; Pt, pit; Za, zonula adhaerens; D, desmasome; M, mitochondria with normal cristae; ER, intact
abundant endoplasmic reticulum; L, lysosome. Ultrastructure of the cell is well preserved. X 21,720.
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Fig. 9 Electron micrograph of microvilli of the columnar absorptive cell from the jejunum of a
protein-depleted rat at the end of the experiment. Mv, microvilli with well preserved fine filaments
which constitute the cores of these projections and extend into the terminal web (TW); Pt, pit. Sur-

face coat of polysaccharide material covering the microvilli and projecting into the lumen of the
bowel is intact. X 63,610.
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Fig. 10 Electron micrograph of the supranuclear portion of the columnar absorptive cell from
the jejunum of a protein-depleted rat at the end of the experiment. All the intracellular organelle and
membranous structures are well preserved. M, mitochondria with intact cristae; FI, filaments; Mt,
microtubules; LM, membrane with interdigitating folds at the lateral surfaces of cells; ER, endoplas-
mic reticulum; SER, smooth endoplasmic reticulum free of ribosomes; G, Golgi complex; N, nucleus.
X 21,720.
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epithelial cell is not altered in protein-de-
pleted rats (29).

The brushborder enzymes, alkaline phos-
phatase and adenosine triphosphatase,
were unaffected by protein depletion and
microvilli were well preserved. There do
not appear to be detailed studies on the
microvilli in protein depletion, but Hill et
al. (12) have reported that a 20-day pro-
tein-free period did not alter the microvilli
of the epithelial cells in the rat jejunum.
Comparable studies are not available on
the effects of protein depletion on brush-
border enzymes. Stenram (24) reports no
change in the alkaline phosphatase ac-
tivity of small bowel mucosa in rats fed
on isocaloric high carbohydrate, fat, or
protein diets for a 3-month period.

The significance of microvilli for the
absorption of nutrients is well established
(30), and the role of brushborder enzyme
alkaline phosphatase in the absorption of
fat has been suggested (31). The absence
of changes in the ultrastructure and en-
zyme histochemistry of microvilli after 10
weeks of protein depletion in rats may
suggest that a dietary protein deficiency
alone does not account for the severe mor-
phological changes of the intestinal villi
and associated malabsorption of nutrients
observed in clinical protein-calorie malnu-
trition. The decrease in total absorptive
area due to shortening of the villi would
lead to some degree of malabsorption syn-
drome, but it appears likely that protein
malnutrition acts as a predisposing factor
for infections which may, therefore, be
responsible for severe structural and func-
tional changes of the small bowel as noted
in children and adults with protein-calorie
malnutrition. On the basis of their findings
on disaccharidase activities in the jejunal
mucosa of rats fed a low protein or pro-
tein-free diet, Solimano et al. (11) have
offered a similar hypothesis for the patho-
genesis of disaccharide intolerance in mal-
nourished children.
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