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The role of dietary factors in regulating
plasma cholesterol has received consider-
able attention. Low-protein diets have
been shown to elevate plasma cholesterol
levels in the rat (Moyer et al.,, '56) and
chick (Kokatnur et ah, '58; Nishida et ah,
'58; Leveille and Fisher, '58; Leveille et
ah, '60, '61), whereas increased dietary
protein levels lowered plasma cholesterol.
The mechanism(s)
erts this effect remains obscure, although
several hypotheses have been proposed (for
review see Portman and Stare, '59).

Several reports support the hypothesis
that methionine exerts a specific hypocho-
lestérolémie effect, particularly in low-
protein diets, (Mann, '60; Nishida et ah,
'58; Seidel et al.,, '60; Johnson et al.,, '58)
which might account for the cholesterol
depression noted for high-protein diets.
However, the data of Nishida et ah ('58)
indicate that methionine cannot account
completely for the cholesterol lowering
effect of protein.

The present investigation was initiated
to study further the influence of methio-
nine, lysine, tryptophan and arginine on
the plasma cholesterol level of growing
chicks fed high- and low-protein diets.

EXPERIMENTAL

Male Hy-line chicks were fed a com-
mercial feed for one week. At the end of
this period, the chicks were distributed in-
to experimental groups in such a manner
as to have essentially identical mean ini-
tial weights for all groups. The chicks
were then fed the experimental diets for
a three-week period.

Chicks were housed in heated cages
with raised wire floors. Feed and water
were supplied ad libitum and body weight
and food consumption were determined at
weekly intervals.
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The composition of the basal diet used
was as follows in gm/100 gm of diet: salt
mix,14.00; vitamin mix,10.40; choline ClI,
0.20; corn oil, 5.00; glucose to 100. Soy-
bean oil meal (48% protein, N X 6.25)
or sesame oil meal (46.8% protein, N X
6.25) were added to the basal diet at the
expense of glucose to supply 10 or 25%
protein as indicated in the table of results.
Amino acids and cholesterol, as indicated
in the tables of results, were added at the
expense of glucose.

At the end of the three-week experi-
mental period, the chicks were bled by
cardiac puncture with a heparinized syr-
inge. The plasma was separated by cen-
trifugation and analyzed for total choles-
terol by a modification of the method of
Searcy and Bergquist ('60). Two-tenths
of a milliliter of plasma were added to a
graduated centrifuge tube containing 4 m|
of chloroform:methanol (2:1), blank and
standard tubes were included; to the blank
tube 0.2 ml of chloroform was added and
to the standard tube 0.2 m| of a standard
cholesterol solution (1 mg per ml). The
tubes were heated (50 to 55°C) for 15
minutes; methanol was added to the 5-ml
mark and the tubes were centrifuged after
mixing. One milliliter of the clear super-
natant was transferred to colorimeter
tubes and the remainder of the procedure
carried out as originally described (Searcy
and Bergquist, '60).2
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1Composition of salt mix, mix:
CaCOs, 5.6S; Ca3(P04)2, 52.77; K2HPO,, 16.96; M gS 04,
2.36; Fe gluconate, 4.23; ZnS04-7H20, 0.083; KI, 0.075;
Cuso04, 0.038; HB3BO3, 0.017; Co0S04-7H20, 0.002;

M nso04-H20, 1.225; NacCl, 16.58

gm /100 gm of

2 Composition of vitamin mgl/100
thiamine*H C1, 625; riboflavin, 400; Ca pantoth-
500; pyridoxinesHC1, 150; biotin, 15; folic acid,
100; p-aminobenzoic acid, 50; 2-methyl-1,4 naphtho-
quinone, 125; vitamin B;2, 0.50; and (in gm ) a
tocopheryl acetate, 2.50; inositol, 2.50; ascorbic acid,
6.25; niacin, 3.75; and (in I1U) vitamin A acetate,
250,000; vitamin D3, 23,000.

prem ix, gm
m ix
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The statistical significance of mean dif-
ferences between treatments was ascer-
tained by t test.

RESULTS

The influence of supplemental methio-
nine on plasma cholesterol and gain of
chicks fed two levels of soybean oil meal
is demonstrated by the results presented in
table 1. At all levels of methionine supple-
mentation, chicks fed the 25% protein
diets showed greater gains (P < 0.001)
and lower plasma cholesterol levels (P <
0.005) than those fed 10% of protein.
Supplementation of the low-protein diet
with methionine resulted in a highly sig-
nificant increase in weight gain (P <
0.001) and a decrease in plasma choles-
terol (P<0.01) except for the animals
fed the 1.5% level of methionine (P <
0.10). The group fed the 1.5% methio-
nine level still demonstrated a 14% de-
crease in plasma cholesterol when com-
pared with the unsupplemented control
group. Methionine supplementation of the
25% protein diet did not stimulate growth,
but did depress plasma cholesterol levels
significantly at the 1.0 and 3.0% levels of
supplementation (P < 0.001) (table 1).
At the 1.5 and 2.0% levels of supple-
mentation, the plasma cholesterol levels
were 10 and 9% lower than the unsupple-
mented control, respectively; however, be-
cause of the greater standard deviations

TABLE 1

Influence of methionine supplementation on
weight gain and plasma cholesterol of
chicks fed two levels of soybean
oil meal protein

BN oS BN i
level nine gain terol
% of diet pﬁ/gtgifn gm mg/100 ml
10 — 32+181 272 +36»
10 10 98+38 218+43
10 1.5 106+42 233+ 53
10 2.0 135+23 208+27
10 3.0 138+33 221 +36
10 5.0 127+34 208 + 28
25 — 248 + 28 184+15
25 10 262+27 159+10
25 15 261 +23 165+34
25 2.0 274+ 31 167+24
25 3.0 282 + 33 156+ 15
25 4.0 257 +13 177+23

1Mean of 10 animals = standard deviation.
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TABLE 2
Influence of methionine supplementation on
weight gain and plasma cholesterol of
chicks fed cholesterol and two levels

of soybean oil meal proteinl

Dietary Added BQdK Plasma

protein  DL-methio- weight choles-
level nine gain terol

% of diet pl;/?)tg{n gm mg/100 ml
10 - 36+202 1148+2742
10 2.0 130+33 489+172
10 3.0 129 + 33 570+183
25 - 227+ 25 529+101
25 2.0 278+21 455+98
25 3.0 245+29 430+130

12.0 and 0.3% of cholesterol added to the 10 and
25% protein containing diets, respectively
2Mean of 10 animals + standard deviation.

in these groups, a relatively low degree of
significance was observed (P <0.10). The
plasma cholesterol level of chicks fed 4%
of the protein as supplemental methionine
was not significantly different from the
unsupplemented control. The results pre-

sented in table 1 demonstrate a methio-
nine deficiency in the wunsupplemented
10% protein diet, since the addition of
this amino acid stimulated growth sig-
nificantly; further, the growth improve-
ment obtained by methionine supple-
mentation of the 25% protein diet, al-

though not significant, does indicate that
methionine was marginal in this diet.
The results presented in table 2 dem-
onstrate the influence of methionine sup-
plementation on the gain and plasma cho-

lesterol levels of chicks fed two levels of
protein and cholesterol. These data indi-
cate that supplemental methionine at
either level fed, significantly increased
gain (P < 0.001) and depressed plasma
cholesterol levels (P < 0.001) of chicks
fed 10% protein. At the 25% protein

level, the lower level of methionine stimu-
lated growth but not the higher level fed;
both levels of methionine depressed plasma
cholesterol; however, the difference was
not large enough to be statistically signifi-
cant (P < 0.10).

In table 3 are presented the results of
an experiment designed to study the in-
fluence of lysine supplementation on the
plasma cholesterol level of chicks fed a
lysine-deficient protein. The influence on
plasma cholesterol of tryptophan, arginine
and methionine added to diets containing
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TABLE 3
Influence of lysine, methionine, tryptophan and arginine supplementation on weight gain

and plasma cholesterol of chicks fed

Amino acid
supplement
Weight
gain
% of protein gm
None 3+4"
L-Lysine, 2.5 50+21
L-Lysine, 3.5 71+21
L-Lysine, 4.5 70+22
L-Lysine, 4.5 +
DL-methionine, 2.0 70+£23
L-Lysine, 4.5 +
DL-tryptophan, 1.0 70£21
L-Lysine, 4.5+
L-arginine, 2.0 67+30

1Mean of 10 chicks + standard deviation.

adequate amounts of these amino acids
for growth was also studied. These results
demonstrate that chicks receiving 25%
rather than 10% of protein and the same
amino acid supplements had significantly
higher weight gains and lower plasma
cholesterol levels (P < 0.001). At both
levels of protein fed, lysine supplementa-
tion significantly improved growth (P <
0.001); however, methionine, tryptophan
and arginine did not influence weight gain.
At the 10% level of protein, the groups
receiving the 3.5 or 4.5% levels of added
lysine had lower plasma cholesterol levels
than did the control animals or those fed
the 2.5% level of lysine. Arginine, trypto-
phan and methionine did not significantly
influence the plasma cholesterol level of
chicks fed 10% protein. However, there
is an indication that methionine caused
an elevation in plasma cholesterol at the
25% protein level, the addition of lysine
significantly depressed the plasma choles-
terol level (P < 0.005), but methionine,
tryptophan and arginine were without ef-
fect (table 3).

DISCUSSION

The results of the present study dem-
onstrate a cholesterol depressing effect in
the growing chick for methionine, in diets
supplying marginal amounts of this amino
acid, and for dietary protein. The plasma
cholesterol depressing effect of methio-
nine has been demonstrated to be inde-
pendent of growth (tables 1 and 2), since

10%

two levels of sesame oil meal protein

Dietary protein level
25%

Plasma Weight Plasma
cholesterol gain cholesterol
mg/100 ml gm mg/100 ml
271 £45! 39+8"' 225+40*
278+ 54 246 +24 171 +11
241 +30 260+28 161+14
232+32 25726 170+ 13
263+ 50 262+18 164 + 13
243 £37 244 +23 163+ 15
23625 255+28 181+14

methionine supplementation of 25% pro-
tein diets depressed cholesterol but did not
stimulate growth. These observations are
in accord with previous reports for both
the rat and chick (Seidel et al., '60; John-
son et al.,, '58; Nishida et al., '58). The
present report further demonstrates that
methionine depresses plasma cholesterol
in chicks only when the dietary level of
methionine is marginal, since the depres-
sion of plasma cholesterol noted was not
related to the level of supplementary meth-
ionine (tables 1 and 2). Furthermore, the
addition of methionine to an otherwise
complete diet did not significantly alter
the plasma cholesterol level of growing
chicks (table 3).

Chicks fed high-protein diets had lower
plasma cholesterol levels than chicks fed
low-protein diets with supplemental meth-
ionine to bring the methionine level up to
that of the high-protein diets (table 1).
This observation demonstrates rather con-
clusively that protein has an effect in
addition and unrelated to that of methio-
nine. This demonstration is in accord
with the conclusions of Nishida et al. ('58,
‘'60a).

Lysine, in the present studies, depressed
plasma cholesterol only when growth was
stimulated, indicating that its effect was
probably through the increased availability
of protein resulting from lysine supple-
mentation. No evidence of a specific
plasma cholesterol depressing effect was
noted for lysine, tryptophan or arginine.
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The work of Nishida et al. ('60a, b) in-
dicates that the cholesterol depression ob-
served in chicks fed a high-protein diet is
the result of (1) depressed hepatic cho-
lesterol synthesis, and (2) increased cata-
bolism of cholesterol to bile acids. Al-
though these mechanisms do not exclude
the possibility that others are also in ef-
fect, they present a plausible explanation
for the hypocholesterolemic action of pro-
tein and methionine.

SUMMARY

Data were presented which demonstrate
a hypocholesterolemic effect for methio-
nine, unrelated to growth, in growing
chicks fed diets containing marginal
levels of this amino acid. Furthermore,
the data show a specific plasma choles-
terol depressing effect for dietary protein,
unrelated to the methionine effect.

Lysine depressed cholesterol levels and
stimulated growth only when added to
diets deficient in this amino acid. No
specific hypocholesterolemic effect was
evident for lysine.

The addition of methionine to diets ade-
guate in this amino acid did not alter the
plasma cholesterol or gain of growing
chicks, demonstrating that the methionine
effect is only evident in chicks fed diets
containing marginal levels of this amino
acid.

Arginine and tryptophan had no effect
on the plasma cholesterol of growing
chicks.
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Effect of Vitamin A Intake on Some Biochemical and
Physiological Changes in Swine*2

ELDON C. NELSON, BURK A. DEHORITY, HOWARD S. TEAGUE,
VANCE L. SANGER3 ana WILLLAM D. POUNDENS3
Department of Animal Science, Ohio Agricultural Experiment Station,

Wooster, Ohio

Early investigations on the effect of
vitamin A deficiency in swine have re-
vealed that incoordination, emaciation,
loss of weight, paralysis and blindness
may result (Hart et al., '16). A change
in guttural tone, xerophthalmia and a ruf-
fling of the hair on the forehead was
observed by Frape et al. ('59) in 5-week-
old pigs that had been fed a vitamin A-
deficient diet for 4 weeks. Hentges et al.
('52a) suggested that appetite and growth
rate were not affected until paralysis and
weakness prevented the pigs from obtain-
ing feed or water. Although these visible
sighs may be significant they are highly
variable depending upon the degree of the
deficiency, and the possibility of compli-
cation with other nutritional deficiencies
cannot be ignored.

In 1940, Moore and Sykes confirmed
the theory that increased cerebrospinal
fluid pressure occurred in vitamin A-defi-
cient calves. Since that time increased
cerebrospinal fluid pressure has been ob-
served in vitamin A-deficient sheep (Eve-
leth et al., '49), pigs (Hentges et al., '52a,
b; Sorensen et al., '54; Frape et al., '59),
rabbits (Millen and Dickson, '57) and
chicks (Woollam and Millen, ’'55, '56).
These investigators also noted that after
plasma vitamin A decreased, an increase
in cerebrospinal fluid pressure was the
first measurable change to occur in vita-
min A deficiency.

The mechanism by which vitamin A
influences cerebrospinal fluid pressure has
not been elucidated. Woollam and Millen
('56) suggested that over-production of
the fluid might be the cause. Millen and
Dickson ('57) proposed that overactivity
of the choroid plexus was responsible.

J. Nutrition, 76: '62

Another possibility is that if an increase
in cerebrospinal fluid protein occurs,
the protein molecules could accumulate
against the semipermeable membrane of
the arachnoid villa, thus preventing reab-
sorption (Gardner et al., '54). These in-
vestigators demonstrated that increased
protein concentrations induced experimen-
tally in the cerebrospinal fluid of dogs,
resulted in elevated cerebrospinal fluid
pressure. During vitamin A deficiency in
cattle, changes in protein concentration
have been observed in blood plasma (Mad-
sen and Earle, '47) in serum (Erwin et al.,
'57, '59) and in serum, cerebrospinal fluid
and aqueous humor.4 Also, an unequal
ion concentration on opposite sides of the
semipermeable membrane may be respon-
sible. A slight decrease in blood serum
calcium and inorganic phosphorus in vita-
min A-deficient beef cattle was reported
by Madsen and Earle (’47). Although
Dehority et al.5 reported no change in
osmotic pressure of blood serum, cerebro-
spinal fluid and aqueous humor, in alater
study (Dehority et al., '60) some changes
were observed in the osmotic pressure of
aqueous humor and in some constituents
of cerebrospinal fluid and aqueous humor
of dairy calves as carotene intake was
reduced.

Received for publication October 30, 1961.

1Approved for publication as Journal Article no.
107—61 by the Associate Director of the Ohio Agricul-
tural Experiment Station. The data was taken from
a thesis submitted by the senior author in partial ful-
fillment of the requirement for the degree Master of
Science.

2Presented in part before the Annual Meeting of
the American Society of Animal Production, Chlca%o,
1960. See J. Animal Sci., 19: 1278 (abstract no. 163).

3Department of Veterinary Science.

4Dehority, B. A., H. D. Eaton, D. G. Hazzard, A. P.
Grifo, Jr. and J* E. Rousseau, Jr. 1959 Biochemical
andehysm!oglcal changes in bovine hypovitaminosis
A. Federation Proc., 18: 522 (abstract).

5See footnote 4.
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One of the objectives of the present
experiment was to determine whether any
changes occurred in the ion and protein
concentration of blood serum, cerebro-
spinal fluid and aqueous humor of pigs
maintained with different levels of vitamin
A, and if so, whether these changes were
related to the cerebrospinal fluid pressure
or to the vitamin A status of the animal,
or both. A second objective was to estab-
lish more nearly the vitamin A require-
ment of the pig on the basis of micrograms
of vitamin A per pound of live weight per
day.

EXPERIMENTAL

Thirteen purebred Yorkshire pigs (5 bar-
rows and 8 gilts) 17 to 24 days of age
were weaned and placed on concrete in
individual feeding stalls measuring ap-
proximately 30 by 60 inches. Stalls were
cleaned daily but no bedding was used.
Prior to the experiment the pigs had been
with their dams on pasture. The pigs re-
ceived a vitamin A depletion basal diet6
(table 1) and water ad libitum. Particular
care was taken to exceed the National
Research Council’'s (’59) minimum re-
quirements for minerals and all vitamins,
except vitamin A.

Vitamins were premixed in quantities
that would be fed within two weeks and
were stored in a refrigerator prior to be-
ing incorporated into the basal diet. The
basal diet was mixed in a horizontal ribbon
mixer in 200- to 500-pound quantities. All
dry ingredients were added and allowed
to mix completely before the corn oil was
added.

Each pig was fed the basal diet until
blood plasma vitamin A was determined
to be less than 7 ug/100 ml. Shortly there-
after, cerebrospinal fluid (CSF) pressure
was measured with a saline manometer.
The pigs were anesthetized and placed on
their sides; a puncture of the subarach-
noid space was then made by passing
through the dorsal opening of the atlanto-
occipital articulation with a 4-inch 18-
gauge spinal needle. For larger pigs a
lumbar puncture was made. After deple-
tion and the initial CSF pressure determi-
nation the pigs were randomly assigned
within sex to one of 4 levels of vitamin A
intake: 2, 4, 8 or 16 My per pound of live
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TABLE 1

Composition of basal diets
: 3-6 6-20
Age of pigs Weeks Weeks

% %

Dried skim milk 35.00 20.00
Soy proteinl 5.50 8.65
Starch 51.00 61.85
Cellulose2 2.00 2.00
Corn 0il3 2.00 2.00
Vitamin mixture4 2.00 2.00
Mineral mixture5 1.00 1.00
Dicalcium phosphate 1.25 2.20
Calcium carbonate 0.25 0.30
100.00 100.00

1ADM C-l Assay Protein, Archer-Daniels-Midland
Company, Minneapolis. i
2Solka-Floc, Brown Company, Berlin, New Hamp-

shire.
UI_3M_azola Com Oil, Com Products Company, Argo,
inois.

_4Vitamin additions per 100 pound of feed were:
vitamin D (as calciferol), 50,000 1U; thiamine<HC1,
200 mg; riboflavin, 150 mg; niacin, 1.5 gm; Ca pan-
tothenate, 500 mg; pyridoxine-HCI, 150 mgt; choline
chloride, 40 gm; cyanocobalamin, 2 mg; a-tocopheryl
acetate, 300 mg; menadione, 25 mg; folic acid, 25 mg;
ascorbic acid, 1 gm; p-aminobenzoic acid, 500 mg;
inositol, 1 gm; Aurofac D, 0.5 pound (containing 5
gm chlortetra%ycllne per pound); soy protein as car-
rier, 1.4 pound.

5Mineral additions per 100 pound of feed were:
trace-mineralized salt, 0.5 pound (contained 99%
NaCl, 0.2% Mn; 0.16% Fe; 0.033% Cu; 0.007% I;
0.01% Co; 0.005% Zn); FeS04 H2, 20.0 gm; MgCO03,
50 gm; ZnC03 0.5 gm; CuS04-5H20, 1.0 gm; MnSO04,
1.0 gdm; CoCl2, 0.3 gm; soy protein as carrier, 0.35
pound.

weight per day. The 2- and 4-pg levels
were chosen to supply what was considered
a subminimal level and the 8- and 16-ug
levels to supply an adequate amount of
vitamin A based on previous data reported
by Frape et al. ('59) and Myers et al.
(’59). Vitamin A palmitate? stabilized in
a gelatin beadlet was used. The product
was analyzed according to the spectro-
photometric method described in the U. S.
Pharmacopoeia ('55). The mean and
standard deviation of the mean for the
concentration of vitamin A was 104,777
+ 1,460 ag per gm. The basal diet was
fed at the rate of 4.0% of each pig's body
weight per day and was increased 0.3
pound per pig at the end of each 7-day
period (Myers et al.,, '59). As each pig
was being fed a different quantity of vita-
min A per day the vitamin A supplement
was mixed with a portion of the basal diet
at the rate of 500 or 2,000 M per pound

_ 6Aurofac D was provided by Mr. J. J. Drain, Amer-
ican Cyanamid Company, Princeton, New Jersey.
7Rovimix A-325 kindly supplied by Dr. H. H. Bun-
nell, Hoffman-LaRoche, "Inc., Nutley, New Jersey.
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of basal mix. These two concentrations
allowed the vitamin A supplement mix-
ture to vary from 0.1 to 1.0 pound per
pig per day. To insure consumption, the
vitamin A mixture was fed first each morn-
ing in an individual feeder. After the vita-
min A mixture was completely consumed,
the remaining basal allowance was fed.
Each pig was weighed to the nearest 0.5
pound every 14 days and the amount of
vitamin A mixture to be fed was adjusted
to meet the expected growth rate as pre-
dicted on the basis of the previous two
weeks’ growth.

At two-week intervals venous blood sam-
ples were drawn into oxalated vials, cooled
at 4°C for one hour, centrifuged, and the
plasma collected. Blood plasma vitamin A
was determined by the method of Kimble
(’'39). If the vitamin A concentrations
were not determined immediately, the
plasma samples were frozen and stored
at - 20°C.

After 78 + 1 days at one of the assigned
vitamin A levels, terminal CSF pressures
were measured and blood samples were
taken for terminal vitamin A analysis. Ap-
proximately 5 days after terminal CSF
pressure determinations the animals were
anesthetized with C02 CSF sampled, blood
collected and the animals killed. The eyes
were immediately removed and the aque-
ous humor collected. The livers were re-
moved, frozen at —20°C, weighed, ho-
mogenized and vitamin A and carotene
determined by a modification of the
method of Gallup and Hoefer (Bunnell
et al., '54). Moisture was determined by
drying a sample of the liver homogenate
at 100°C.

Blood serum and cerebrospinal fluid
were analyzed for total protein by the
biuret method according to Gornall et al.
(’49) and inorganic phosphorus by the
method of Fiske and Subbarow (’25).
Sodium, potassium and calcium analyses
were carried out with a Beckman DU
flame photometer. Sodium and potassium
concentrations were also determined in the
aqueous humor.

The eyes and parotid salivary glands
and ducts were collected from each ani-
mal. Eyes were examined for papillary
edema and the parotid salivary glands
and ducts for squamous cell metaplasia.
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Two sections were taken from each gland.
In addition, several sections showing inter-
lobular ducts and three areas from each
main parotid duct were taken, one from
the proximal end as it emerges from the
gland, one midway in the duct and one
at the distal end close to the external
papillae.

Additional tissues were collected from
several animals and examined for changes
associated with vitamin A deficiency.
These included the ileocecal valve, trachea,
aorta, intercostal lymph node at aortic
arch, esophagus, auricle, ventricle, kid-
neys, liver, hepatic lymph node, gall blad-
der, mesenteric lymph node, spleen, ad-
renal glands, skin, pancreas, pancreatic
lymph node, duodenum, urinary bladder,
cerebellum, medulla, cerebrum, pituitary
gland, ileum, tongue, spinal cord, thymus,
eyelid, thyroid, psoas muscle and uterus.

All tissues were fixed in 10% neutral
formalin, embedded in paraffin, sectioned
at 5 u and stained with hematoxylin-eosin.
Special stains were used where needed.

RESULTS

Animal performance. The average
weight of the 13 pigs was 12.0 pounds
(6.5 to 19.5) at the beginning and 44.6
pounds (18.5 to 63.0) at the end of the
depletion period. Average depletion time
was 40 days ranging from 34 to 47 days.
The average feed consumption was 1.75
pounds per pig per day and the pigs made
an average daily gain of 0.82 pound per
pig per day.

The pigs were fed at one of 4 levels of
vitamin A for 78 days (+1). Perform-
ance data are included in table 2. Pigs
fed the 2 ag intake level made the most
rapid gain and had the highest feed con-
version, whereas the 16 ag group required
the greatest amount of feed per unit of
gain. This may have been a result of re-
stricted feed intake and was probably not
related to the vitamin A levels fed.

Although blood plasma vitamin A values
in some instances decreased to less than
2 ag/100 ml, at no time during the de-
pletion or repletion periods could any vis-
ible changes be noticed in the appearance,
general condition, or behavior of the ani-
mals. There was a 15-day period of inter-
mittent diarrhea near the fourth and fifth
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TABLE 2
Effect of vitamin A intake on growth rate and feed conversion following depletion
Vitamin A intake
2i 4 8 16 x
fig/pound live weight! day

Av. initial weight 44.6 45.2 39.7 49.0 446 *11.8
Av. final weight 135.4 134.2 117.7 1355 131.0 £22.4
Av. daily gain 1.17 1.13 1.05 1.11 1.12+ 0.14
Av. daily feed3 3.48 3.52 3.38 3.74 3.53+ 0.54
Feed/pound gain 3.00 3.11 3.20 3.44 3.17+ 0.44

1Three pigs/treatment except at 2-jig level which contained 4 pigs.
2Mean and standard deviation of the mean of 13 pigs.
3Daily allowance of feed was predetermined by each pig’s initial weight as described in experi-

mental section in text.

TABLE 3

Effect of vitamin A intake on cerebrospinal fluid pressure,

plasma vitamin A and liver vitamin A

concentration after depletion

Vitamin Pig
A intake no. Initial Terminal
jig/pound
! ﬁvgwt/ fig/100 ml
day
2 1 2.05 8.27
2 2.29 11.80
3 4.24 8.43
4 3.88 6.32
Average 3.12 8.71
4 5 5.32 12.44
6 5.42 14.03
7 3.71 11.49
Average 4.82 12.65
8 8 3.39 11.31
9 3.55 15.71
10 5.90 15.27
Average 4.28 14.10
16 11 6.65 18.24
12 5.57 20.95
13 2.76 16.31
Average 4.99 18.50

1Initial value not obtained.

week of repletion. Antibiotics and a kaolin-
pectin mixture8 were used to treat the
condition. The cause of the scouring was
not determined but at no time could the
occurrence or severity be correlated to the
vitamin A status of the animals. After
alleviation of this condition all animals
appeared to be in good health until
slaughter.

Vitamin A concentration in blood
plasma and liver. The blood plasma and
liver vitamin A concentrations are shown
in table 3. Initial plasma vitamin A repre-
sents the end of depletion just prior to

Plasma vitamin A

Liver Cerebrospinal
vitamin A fluid pressure
Terminal Initial Terminal
Hd/gm dr R

GIm ary mm of saline

2.05 I 118

1.81 300 107

1.35 199 144

1.10 158 218

1.58 219 147

6.78 158 50

6.57 280 120

7.41 145 138

6.92 194 103

9.11 62 137

21.48 180 95
12.65 190 124
14.41 144 119
58.18 278 50
78.71 170 70
59.46 — 77
65.45 224 66

allotment to one of 4 levels of vitamin A.
Based on blood plasma vitamin A con-
centration, the pigs were depleted of vita-
min A at a fairly constant rate. Terminal
plasma vitamin A concentrations increased
in a linear manner (P<0.01) with an
increase in the logarithm of vitamin A
intake. Liver vitamin A concentrations
are reported as micrograms of vitamin A
per gram of dry tissue. There was very
little or no vitamin A storage at the 2 ug
level. The logarithm of liver vitamin A

8Kaopectate, The Upjohn Company, Kalamazoo,
igan.

Michigan
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concentration increased in a linear man-
ner (PC0.01) with an increase in the
logarithm of vitamin A intake. No carote-
noids were noted in the liver from any
animal.

Cerebrospinal fluid pressure. The ini-
tial and terminal cerebrospinal fluid (CSF)
pressures are shown in table 3. Initial
CSF pressures at the end of the depletion
period were much higher than the values
after 78 + 1 days when supplying any of
the 4 levels of vitamin A. The 16 ug group,
however, had decreased to an average of
66 mm of saline as compared with 147
mm of saline for the 2 pg group. The
relationship between CSF pressure and
plasma vitamin A concentration is illus-
trated in figure 1. As plasma vitamin A
concentration increased there was a de-
crease in CSF pressure and at the lower
plasma vitamin A values the CSF pressure
was much more variable. The effect of
vitamin A intake on CSF pressure is illus-
trated in figure 2 and shows that CSF
pressure decreased as vitamin A intake
increased.

Constituents of blood serum, cerebro-
spinal fluid and aqueous humor. Levels
of the 5 serum constituents measured are
shown in table 4. No consistent changes

Fig. 1 The relationship between cerebrospinal
fluid pressure and plasma vitamin A concentra-
tion in the pig.
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LOGARITHM G- ITAMINA INTAKE

|jg/POUND LIVE WEIGHT/DAY

Fig. 2 The effect of vitamin A intake on
cerebrospinal fluid pressure in the pjg.

or trends were noticeable when compared
to vitamin A intake except in the case of
serum potassium which increased in a
linear manner with an increase in vitamin
A intake (P < 0.05). But this linear change
was erratic and, thus cannot be considered
with any degree of certainty to be related
to the levels of vitamin A fed.

The mean values of the constituents
measured in cerebrospinal fluid and aque-
ous humor are also shown in table 4. Con-
centration differences in constituents
measured were not significant among the
levels of vitamin A intake fed.

Histopathology. Histological examina-
tion of the various tissues showed no con-
sistent changes relative to vitamin A
intake. In sections of the parotid salivary
gland, its main duct, many interlobular
and intralobular ducts and the accessory
parotid glands only one histological change
was observed, but this did not appear to
be related to vitamin A. In one pig on the
8 ug level, a focus of squamous meta-
plasia was seen similar to that described
in other papers on vitamin A deficiency
(Jungherr et al., '50; Madsen et al., '42;
Wolbach and Bessey, '42).

The ocular changes usually associated
with vitamin A deficiency were not seen
either grossly or microscopically in any of
the pigs in this study, nor were there any
changes in the other tissues examined.
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TABLE 4

Mean concentration of constituents in blood serum, cerebrospinal fluid and aqueous humor

Vitamin A intake (/cg/pound live wt/day)

2 4 8 16 Meanl
mg/100 ml mg/100 ml mg/100 ml
Serum
Total protein 8120 7330 7410 7560 7650 +229
Inorganic phosphorus 14.4 15.8 13.7 13.8 14.4+ 0.8
Calcium 13.8 13.7 13.7 135 13.7+ 0.1
Sodium 354 356 351 353 353 + 5
Potassium 29.5 24.0 35.9 24.1 2
Cerebrospinal fluid
Total protein 73.1 64.2 58.9 56.0 64.3+ 10.6
Inorganic phosphorus 1.7 1.6 2.0 1.7 1.7+ 01
Calcium 6.8 6.3 6.8 6.6 6.6 + 0.1
Sodium 330 328 348 329 336 + 4
Potassium 14.0 13.4 14.4 135 138+ 0.3
Aqueous humor
Sodium 380 383 379 380 380 1
Potassium 25.5 23.9 29.9 26.3 26.5+ 1.2

1Mean and standard deviation of the mean for 13 gigs.
2 Significantly affected by vitamin A intake (P < 0.05).

DISCUSSION

Based on the results obtained in this
study it appears that an uncomplicated
vitamin A deficiency of the pig was pro-
duced as evidenced by low plasma and
liver vitamin A concentration and in-
creased CSF pressure. The complete ab-
sence of the classical signs of night-
blindness, incoordination, emaciation and
death, so long associated with vitamin A
deficiency in the pig (Hart et al.,, T6),
suggests the possibility that previous
workers were dealing with complicated
vitamin A deficiencies. One cannot over-
look the possibility, however, that sub-
jecting the animal to a prolonged period
of deficiency might result in the eventual
appearance of these physical changes.

In the present study vitamin A was
stored in the livers of all pigs, with the
2 My group showing only a trace. Frape
et al. (’'59) reported that no liver storage
was evident when 7 IU (2.1 ug) of vita-
min A per pound of live weight per day
were fed and suggested that liver storage
was a very precise criterion in establish-
ing vitamin A adequacy. Hentges et al.
('52b) noted that 25 ug of purified caro-
tene per kg of body weight per day was
the minimal amount required for restora-
tion of plasma vitamin A levels and some
liver storage in pigs that had previously

been vitamin A-deficient. In studying the
relative values of vitamin A and carotene
in pigs, Myers et al. ('59) fed 8, 16, 24
and 32 ag of vitamin A per pound of live
weight per day. Even though the 8 ag
level was the lowest fed, there was suffi-
cient liver storage to indicate the level was
adequate (316 ag vitamin A per gm of
fresh liver).

The cerebrospinal fluid pressures of the
4- and 8-ag lots were in the range reported
for apparently normal pigs by Sorensen
et al. ('54) (80 to 145 mm), Hentges et al.
('52a) (88 to 121 mm) and Frape et al.
('59) (83 to 122 mm of saline). CSF
pressures recorded for the 16 ug group
were considerably below these reported
normal values. Repletion for 11 weeks
would seem to be sufficient time to return
previously high CSF pressures to normal
if the quantity of vitamin A fed was suffi-
cient to overcome the deficiency. It might,
therefore, be concluded that if the 16-ug
group had low but normal CSF pressures,
they were repleted to the extent that no
evidence of vitamin A deficiency was ap-
parent. It would then follow that the 2,-
4- and 8-ag groups were still showing signs
of vitamin A deficiency as evidenced by
their higher CSF pressures, although some
vitamin A was present in all livers ana-
lyzed. The critical amount of vitamin A
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required by the pigs in this study to result
in normal plasma vitamin A, some liver
storage, and low CSF pressure would there-
fore appear to be between 8 and 16 Jig
per pound of live weight per day.

Similar results with respect to CSF pres-
sure were reported by Dehority et al. ('60)
in which 16, 24, 32 and 40 ug of carotene
was fed per pound of live weight per day
to 16 male Holstein calves that had been
depleted of their vitamin A stores. Al-
though vitamin A and carotene were de-
posited in the livers of all 4 groups, the
terminal CSF pressures were 172, 175,
131 and 44 mm of saline, respectively,
thus indicating, that liver storage alone
may not be an adequate criterion in estab-
lishing the vitamin A adequacy of a diet.
These results and those of the present
study also indicate a need to further es-
tablish a range of minimal intakes of vita-
min A or precursors of vitamin A needed
to produce normal CSF pressures.

A lack of consistent trends was noted
in the concentration of the several con-
stituents measured in blood serum, cere-
brospinal fluid (CSF) and aqueous humor.
Serum potassium concentrations in the
pigs increased slightly in a linear manner
with increases in vitamin A intake. De-
hority et al. ('60) observed a slight de-
crease in CSF potassium and an increase
in agueous humor potassium in a linear
manner with increased carotene intake in
calves. These observations may not be
analogous, but in both species potassium
concentration seemed to be affected.

The general absence of consistent
changes in the constituents analyzed in
the three body fluids are not in agreement
with previous findings. Madsen et al. ('47)
observed a slight decrease in serum cal-
cium and phosphorus in a study of vita-
min A deficiency in cattle. Dehority et al.
(’60) reported that the changes in serum
protein concentrations observed in a vita-
min A experiment involving two pairs of
Guernsey and two pairs of Holstein calves
may have been due to inanition and breed
difference. The possibility was not ruled
out, however, that a balance between these
constituents might be altered in a more
severe deficiency.
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There were no consistent lesions in the
limited number of animals included in
this study which could be considered pa-
thognomonic for vitamin A deficiency such
as those reported by Helmboldt et al. ('53)
for cattle. This may have been owing to
a relatively short depletion period, to the
11-week repletion period, or to the possi-
bility that pigs do not develop the same
lesions as those seen in other species.

SUMMARY

Thirteen purebred Yorkshire pigs were
weaned at three weeks of age and fed a
purified vitamin A-deficient diet ad libitum
until blood plasma vitamin A concentra-
tions were less than 7 ug/100 ml. Cere-
brospinal fluid pressures were then meas-
ured and the pigs were assigned to either
2, 4, 8 or 16 ag of vitamin A per pound
of live weight per day. The basal diet was
then fed at the rate of 4.0% of each pigs
body weight and increased 0.3 pound per
pig at the end of each week. At the end
of 11 weeks, terminal cerebrospinal fluid
pressures and plasma vitamin A concen-
trations were measured, the animals were
killed and the concentrations of some con-
stituents of blood serum, cerebrospinal
fluid and aqueous humor determined. In
addition, a histological examination was
made of various tissues including the eye
and the parotid salivary gland and duct.

Growth rate was not affected adversely
by vitamin A intake. Cerebrospinal fluid
pressure increased with decreased blood
plasma vitamin A concentration and vita-
min A intake. Blood plasma vitamin A,
liver vitamin A and serum potassium in-
creased with vitamin A intake. Histological
examinations indicated there were no con-
sistent changes relative to vitamin A in-
take. The minimal vitamin A requirement
for the pigs under the experimental con-
ditions of this study necessary to produce
normal plasma vitamin A, some liver stor-
age and low CSF pressure appeared to be
between 8 and 16 jig of vitamin A per
pound of live weight per day.
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Nutrition of the Pale Western Cutworm, Agiotis
oithogonia Morr. (Lepidoptera:Noctuidae)

V. UTILIZATION OF PROTEIN LABELED WITH CARBON-14 12

a. j.

mcginnis and r.

hasting

Canada Agriculture Research Station, Lethbridge, Alberta

Proteolytic enzymes have been found in
the gut of most insects that have been
studied (Day and Waterhouse, '53; Gil-
mour, '61). Recently, however, Hocking
and Depner ('61) reported that neither
third-instar nor mature larvae of the
pale western cutworm, Agrotis orthogonia
Morr., possessed proteolytic enzymes in
the gut, and concluded that they utilized
nitrogen only in the free amino acid form.
When newly hatched larvae of the pale
western cutworm were fed different tissues
of the wheat plant, striking differences in
growth and development were observed
(Kasting and McGinnis, '61). In view of
the report by Hocking and Depner ('61)
it appeared that the inability of the larvae
to utilize dietary protein might account,
at least in part, for differences in nutri-
tional value of the tissues. No informa-
tion was available, however, concerning
the ability of the very small newly hatched
larvae to utilize dietary protein. Moreover,
as pointed out by Day and Waterhouse
(’53) “. . .conclusions drawn from enzyme
studies alone are open to question, since
the enzymes may be endoenzymes and play
no part in digestion.” It was desirable
therefore, to study proteolysis in the newly
hatched larvae with a sensitive in vivo
method. The digestive processes of mam-
mals have been investigated with carbon-
14 labeled substrates (Nasset and Ju, '61;
Conrad et al., ’'58). Protein utilization
would be demonstrated if C'Mabeled amino
acids were present in tissues from larvae
that were fed CM4labeled protein. Such a
technique offers a sensitive means to study
proteolysis, in vivo, in both very small and
large insects. The results of a study in
which CH4labeled algal protein was fed to
both first- and fifth-instar larvae of the
pale western cutworm are presented.

J. Nutrition, 76: *62

MATERIALS AND METHODS

Diet. Carbon-14-labeled algal protein3
was incorporated into a diet prepared from
10-day-old leaves of Thatcher wheat that
had been lyophilized, ground, and made
up to 66.7% moisture content (McGinnis
and Kasting, '60). Algal protein-U-CH4
(0.93 mg) containing 100 ac of CH4 was
suspended in a small volume of water and
ground thoroughly in a mortar. Appro-
priate quantities of leaf meal and water
were added gradually with continuous
grinding until 25 gm of diet were pre-
pared. The diet was divided into about 1-
gm portions and each was wrapped sepa-
rately in aluminum foil. The packets were
sterilized in an autoclave at 15 pounds
steam pressure for 17 minutes and were
then stored at —30°C until used.

Rearing procedure. The insects used
in this study were from a laboratory-
reared population. The first-instar larvae
were supplied with CH4labeled food imme-
diately upon hatching, whereas the fifth-
instar larvae were reared through the first
4 instars with fresh-frozen Thatcher wheat
sprouts. Newly hatched larvae were reared
in groups of 5 and the fifth-instar larvae
individually fed in 60-mm petri dishes.
Each day the larvae were transferred to
clean dishes and supplied with fresh por-
tions of the CHXlabeled food. The food
remnants and the excreta passed during
the previous 24 hours were collected sepa-
rately and stored in 80% ethanol. Moist
blotting paper was placed in the top of
each petri dish to decrease moisture loss
from the food but did not interfere with

Received for publication October 31, 1961.

_ 1Contribution from Entomology Section and Chem-
istry Section,

A preliminary report of some_of this work was
resented at the Fifth_International Congress on

utrition, Washington, D. C., September, 1960.
3Purchased from Atomic Energy of Canada Limited.
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the quantitative recovery of either food
remnants or excreta.

When the larvae were fed the radio-
active food the petri dishes were kept in
a closed container equipped to collect the
respired CO2 Every 24 hours, just before
the larvae were transferred to clean dishes,
the air in the container was drawn through
an absorption train, consisting of 1.0 m
BaCl2and 0.5 m KOH solutions. Each day
the solutions in the absorption train were
combined and made to volume; aliquots
were assayed for radioactivity.

In the first experiment 15 newly molted
fifth-instar larvae were fed the CX¥labeled
food throughout the instar. Each larva
was starved for 24 hours after it molted
into sixth instar and was then removed
from the test. Before the larvae in subse-
quent experiments were removed from test
they were provided with nonlabeled basal
medium for at least 48 hours. The larvae
were rinsed thoroughly with distilled water
and either stored at —30°C or processed
immediately.

Preparation of samples for C4 measure-
ments. The quantity of radioactivity in
the diet was determined after hydrolyzing
0.813 gm of the sterile medium with 12
ml 6 n HC1 under reflux for 24 hours. The
HC1 was removed in vacuo at about 50°C
and the soluble components were dissolved
in water and made to volume after removal
of the insoluble “humin.” The radioactiv-
ity was measured in aliquots of the hy-
drolysate. In addition, aliquots of the
hydrolysate were chromatographed in two
dimensions and autoradiograms were pre-
pared.

To determine whether free amino acids
in the sterile diet contained radioactivity
it was extracted with 80% ethanol. Two
samples were each extracted 4 times and
filtrates from each sample were combined.
Aliquots of each of the two final solutions
were assayed for radioactivity. An aliquot
of one of the ethanol extracts was treated
on a Dowex-50 column in the H+ form
as described by Plaisted ('58) and both
the effluent and eluate were assayed for
radioactivity. Subsequently aliquots of the
ethanol extract, column effluent, and col-
umn eluate were chromatographed in two

and r. kasting

dimensions and autoradiograms were pre-
pared.

The larvae from the first experiment
were extracted three times with boiling
80% ethanol in a glass homogenizer. The
extracts were combined, reduced in vol-
ume, and passed through a Dowex-50
column (Plaisted, '58). The eluate, which
contained the amino acids, was fraction-
ated on a second Dowex-50 column by
gradient elution with HCl1 (Kasting and
McGinnis, '60). Aliquots of the eluate
from the first column and from every
fifth fraction from the second column
were assayed for radioactivity; chroma-
tograms and autoradiograms were also
prepared.

The larval tissues, insoluble in 80%
ethanol, were hydrolyzed with 6 n HCL
The larvae from subsequent experiments
were hydrolyzed in 6 » HC1 without prior
ethanol extraction. All hydrolysates were
treated as described above and two dimen-
sional chromatograms and autoradiograms
were prepared.

The excreta produced by the 15 larvae
in the first experiment were combined
daily yielding 6 samples. The residual
food was similarly collected and combined.
Each sample of excreta and of residual
food was extracted 4 times with 80%
ethanol in a glass homogenizer. The ex-
tracts from each sample were combined
and aliquots were assayed for radioactiv-
ity. Chromatograms and autoradiograms
were also prepared.

Paper chromatography and autoradiog-
raphy. All extracts and hydrolysates were
chromatographed in two dimensions on
Whatman no. 1 filter paper first with n-
butanol:acetic acidjwater (4:1:5) and
then with water-saturated phenol, pH12
(Kasting and McGinnis, '62). Fractions
removed from the second Dowex-50 col-
umn were chromatographed in one di-
mension with ?z-butanol:acetic acid:water
(4:1:5). Autoradiograms were prepared
by exposing Kodak-No-Screen x-ray film
to the chromatograms.

Radioactivity counting procedures. Ra-
dioactivity in all extracts, hydrolysates, and
column fractions was measured in aliquots
dried on copper planchéis under an infra-
red lamp. Aliquots of solutions used to
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absorb CO02were similarly plated and cor-
rections for self absorption (Calvin et al.,
'49) were applied. All measurements of
radioactivity were made with a window-
less gas-flow counter (Tracerlab Incorpo-
rated) using a 99% helium-1% isobutane
gas mixture.

Preparation of gut homogenates. Guts
dissected from laboratory-reared fifth-in-
star larvae were opened and washed free
of their contents. The guts were ground
in a glass homogenizer with either 0.1 m
Sorenson's phosphate buffer, pH7.6, or
0.5% NaHCO.! depending upon the assay
method (Charney and Tomarelli, 47,
Kunitz, '47).

RESULTS AND DISCUSSION

It was essential that the CH# added to
the basal medium be in the protein form
because appreciable quantities of radio-
activity in free amino acids would invali-
date the method. Almost one-half of the
radioactivity in the diet was extracted with
ethanol (table 1) and nearly half of the
ethanol-soluble radioactivity was retained
on a Dowex-50 column, which suggested
that the free amino acids did contain radio-
activity (Plaisted, '58). However, the amino
acids which were eluted from the column
with NH-iOH luere not radioactive (com-
pare the chromatogram, figure 1A, with the
autoradiogram, figure 1B), whereas the
diet after acid hydrolysis, contained radio-
active amino acids (compare the chroma-
togram, figure 1C, with the autoradiogram,
figure ID). Thus the radioactivity in the
eluate was not associated with free amino
acids in the diet but was in other ethanol-
soluble compounds. Autoradiograms of
this eluate before and after hydrolysis

TABLE 1

of radioactivity in
algal protein-U-C14

Distribution diet containing

TS

Ethanol extractl 7.9 X 103 48
Column effluent 3.9 X 103 23
Column eluate 3.4 X 103 20
Left on column 0,6 X 103 5
Residue 8.7 X 103 52
Total 16.6 X 103 100

1Ethanol extract of second sample of diet con-
tained 8.0 X 103 count/min/mg of dry matter.
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demonstrated that most of the radioactiv-
ity was present in compounds that yielded
amino acids.

The remaining one-fourth of the radio-
activity in the diet was in the effluent from
the Dowex-50 column (table 1). Amino
acids were not evident in autoradiograms
of the effluent, but radioactivity appeared
in components at the front. When the
effluent was acid-hydrolyzed, autoradio-
grams showed a pattern of radioactive
amino acids. The results indicate that
most of the radioactivity added to the diet
was present in protein or at least in com-
pounds that upon acid hydrolysis yielded
CHlabeled amino acids.

The quantities of radioactivity present
in the ethanol extract and the acid-hydro-
lyzed residue from the 15 larvae in the first
experiment were 1.84 x 10“and 3.21 x 10“
count/min, respectively. It was possible
that food in the guts of the larvae may
have been a source of radioactivity. How-
ever, for all the radioactivity in the hydro-
lyzed residue to have come from food in
the gut, about 80 mg would have had to
be present in each gut. Since the larval
gut of the cutworm is evacuated before a
molt and because the test insects, aver-
aging 200 mg in weight, were not fed after
molting, this quantity of food would not
be present. Therefore, it is apparent that
radioactivity was incorporated into the
larval tissues.

Autoradiograms of ethanol extracts of
the diet and the larvae showed that the
free amino acids from the latter were
radioactive whereas those from the former
were not. Thus, whether the CH#labeled
amino acids in the ethanol extract of the
larvae were derived from the tissues or
from the lumen of the gut, they were the
result of enzymatic hydrolysis. Although
these data do not indicate quantitatively
the importance of protein for this insect,
they do show that protein is utilized.

Larvae of the pale western cutworm can
synthesize alanine, aspartic acid, glutamic
acid, proline, and serine from glucose-U-
CHbut not phenylalanine, arginine, lysine,
histidine, the leucines, and tyrosine (Kast-
ing and McGinnis, '62). In the present
study, therefore, the presence of CH4 in
amino acids of the former group might

4
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Fig. 2 Distribution of radioactivity in fractions from Dowex-50 columns after gradient elution.
A, hydrolysate of pale western cutworms injected with glucose-U-C14 B, ethanol extract of pale
western cutworms fed diet supplemented with algal protein-U-Cl4

merely indicate synthesis from CHlabeled
nonprotein material rather than protein
utilization. However, the presence of radio-
activity in amino acids that cannot be
synthesized would almost certainly indi-
cate ultization of the labeled protein. The
elution curves (figs. 2A and 2B) show that
amino acids not synthesized from glucose-
U-CH were labeled when larvae were fed
protein-U-CH which demonstrates utiliza-
tion of the labeled protein.

The larvae were fed sterile CH4labeled
diet and reared in sterile petri dishes. Since
the larvae were not reared aseptically it
was possible that some CHXlabeled amino
acids could have been released from the
algal protein by microorganisms. Com-
parison of the specific activity (quantity
of ethanol extractable radioactivity per
milligram of dry matter) of the sterile diet

Fig. 1 A, Chromatogram of amino acids ex-
tracted with 80% ethanol from CX4labeled diet;
B, autoradiogram of A; C, chromatogram of hy-
drolysate of CXlabeled diet; D, autoradiogram

of C.

(table 1) with that of the food after ex-
posure to the larvae for 24 hours (table 2)
indicates no increase in the ethanol extrac-
table CH¥labeled components. In contrast,
the specific activity of excreta was con-
sistently higher than that of the residual
food on a daily basis (table 2). Moreover,
the differences shown are minimal because
a certain amount of mixing of excreta and
residual food was unavoidable. These data

TABLE 2

Radioactivity in 80% ethanol extracts of residual
food and excreta

Day R(-_;%ga.lal Excreta
count/min/mg count/min/mg
dry matter dry matter
1 8.4 X 103 11.9 X 103
2 6.4 X 103 14.1 X 103
3 8.5 X 103 12.1 X 103
4 7.5 X 103 11.9 X 103
5 6.8 X 103 10.6 X 103
6 — 12.5 X 103
Mean 7.5 X 103 12.2 X 103
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indicate that the protein was not hydro-
lyzed by microorganisms prior to consump-
tion by the larvae, a circumstance that
might lead to misinterpretation of the re-
sults. The higher specific activity in ex-
creta than in residual food (table 2) pre-
sumably resulted from concentration of
ethanol-soluble labeled protein by removal
of nonprotein substances and enzymatic
release of ethanol-soluble radioactive com-
ponents from the diet. Metabolism of C14
labeled components in the diet is also in-
dicated by the fact that about 2,000 count
per min per insect per day were recovered
in expired C02

The evidence for protein utilization by
fifth-instar larvae of the pale western cut-
worm is qualitative. Weak proteolytic ac-
tivity would yield positive results by the
radioactivity method yet the enzymes
might have little importance in the overall
nitrogen economy of the larvae. Conse-
quently quantitative data were obtained
with 6 newly molted fifth-instar larvae
fed CH4labeled diet for three days. Because
one molted on the fourth day it was hydro-
lyzed separately. The remaining 5 were
fed nonlabeled medium until they molted
to sixth instar (two days) and were then
hydrolyzed. Measurements were made of
the amount of CHlabeled diet consumed
by the larvae and the quantities of ex-
creta passed before and after the non-
labeled medium was supplied.

Fifty per cent of the radioactivity re-
covered was in the larval bodies and the
remainder was in the excreta (table 3).
Only about two-thirds of the radioactivity
that was consumed was recovered. None-
theless, these data indicate that about one-
half of the protein carbon was retained in
the insect tissue, a proportion that agrees
well with the nitrogen retention recorded

TABLE 3
Distribution of radioactivity from algal protein-
U-CY4 consumed by fifth-instar larvae of
the pale western cutworm

countfmin %
Insect hydrolysate 2.00 X 106 50
Excreta | hydrolysatel 1.25 X 106 31
Excreta Il hydrolysate2 0.77 X 106 19
C02 0.02 X 106 —

1Excreted while larvae were fed Cl4labeled diet.
2 Excreted after larvae were returned to nonradio-
active diet.

and r. kasting

earlier (Kasting and McGinnis, '59). More
than one-third of the radioactivity recov-
ered in the excreta was eliminated from
the insect bodies after the larvae were re-
turned to the unlabeled medium. This
radioactivity originated as either residual
CHlabeled food from the digestive tracts
or CKlabeled tissues of the insects. When
the rapid growth of the fifth-instar cut-
worm is considered (McGinnis and Kast-
ing, '59), it is unlikely that the food left
in the gut was equivalent to one-third of
that consumed during the preceding three
days. Thus it is probable that at least some
of the radioactivity excreted during the
final two days on test was in products of
tissue metabolism. The recovery of radio-
activity in the larval tissues and in excreta
indicate that the utilization of dietary pro-
tein was quantitatively significant and in
excess of 50%.

The qualitative results obtained by the
in vivo radioactivity procedure were con-
firmed using gut homogenates by two
classical enzyme methods (Charney and
Tomarelli, '47; Kunitz, '47). Protein hy-
drolysis was clearly demonstrated despite
differences in method and insect popula-
tion. The proteolytic activity per larval
gut was in the order of 2 X 10~3 Kunitz
trypsin units.

Because the experiment with fifth-in-
star larvae established the validity of the
radioactivity method the procedure was
extended to newly hatched larvae. The
small size of the larvae made it desirable to
hydrolyze the insects without prior ethanol
extraction but it was necessary that the
larval guts be entirely free of CHlabeled
food. Ninety-nine larvae were reared
through two instars; during the first instar,
they were supplied with the radioactive
diet, and throughout the second instar
they were fed the unlabeled medium. Thus
an average of 4 days and two molts were
allowed to clear the radioactive food from
the gut. Crowell ('43) showed with fifth-
and sixth-instar larvae of the southern
army worm, Prodenia eridania Cramer,
that food was completely eliminated from
the alimentary tract within 8 hours of be-
ing consumed. At this laboratory,4 it was
shown that the period between consump-

4Jacobson, L. A., unpublished data.
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tion and excretion is shorter for the pale
western cutworm. In the present experi-
ment, therefore, it was assumed that there
was sufficient time to permit complete elim-
ination of radioactive food from the gut.
The chromatograms and autoradiograms
of the hydrolysate of these small insects
showed that both essential and nonessen-
tial amino acids were radioactive. Thus it
is concluded that the first-instar larvae
were able to utilize dietary protein. Quan-
titative utilization of CHKlabeled protein
was estimated from earlier consumption
data (Kasting and McGinnis, '59). More
than one-fifth of the radioactivity con-
sumed by the larvae (106 count per min)
was recovered in the hydrolysate (2 X 105
count per min) and the respired C02 (5 X
104 count per min). During the second
instar, no CHX4labeled diet was provided
and, based on results with fifth-instar
larvae, one might expect that radioactive
products of tissue metabolism were ex-
creted. It appears, therefore, that first-
instar larvae utilized more than 20% of
the protein consumed.

The studies reported herein show that
protein is utilized by both first- and fifth-
instar larvae of the pale western cutworm
and that it is quantitatively significant in
their nitrogen economy. Results from the
in vivo experiments cannot be considered
artifacts of enzyme extraction because the
radioactive protein was fed to and metab-
olized by living larvae. The radioactivity
method has not conclusively established
the presence of proteolytic enzymes in the
gut. This conclusion seems justified, how-
ever, because of the general occurrence of
proteolytic enzymes in the gut or gut con-
tents of the majority of insects that have
been studied (Day and Waterhouse, '53;
Gilmour, '61) and our results with classi-
cal methods. The larvae used in the pres-
ent studies were not reared aseptically and
it is possible that microorganisms in the
gut were responsible for proteolysis. It is
also possible that intact proteins were
transferred across the epithelial lining of
the gut as with young mammals (Roy, '59;
Walker, '59) and that proteolysis occurred
elsewhere. Despite these possibilities there
is no doubt that the larvae utilized protein.
This is in direct contrast with the conclu-
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sions of Hocking and Depner ('61) who
reported that proteolytic enzymes were ab-
sent in gut extracts of larvae of the pale
western cutworm. The conflicting results
are difficult to reconcile but it may be that
the methods used by them lacked sensi-
tivity.
SUMMARY

A diet containing algal protein-U-CH4pro-
vided a convenient means of studying in
vivo protein utilization by larvae of the
pale western cutworm Agrotis orthogonia
Morr. Utilization of dietary protein in both
first- and fifth-instar larvae was found to
be quantitatively significant. This tech-
nique avoids the difficulty of enzyme ex-
traction artifacts and has particular appli-
cation to organisms that are too small to
permit investigation by classical methods.
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Changes in Tissue Lipids in Response to Diet
I. FATTY ACIDS OF SUBCUTANEOUS, MESENTERIC AND

INTERSCAPULAR FAT1
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Recent emphasis on the role of the
unsaturated fatty acids in the prevention
of atherosclerotic lesions makes it desir-
able to find out more about the extent to
which a reserve supply of these acids may
be built up in adipose tissue, and the rates
at which they change in response to
changes in the dietary fat.

Hirsch et al. ('60) have developed a
technique for aspiration of biopsy samples
of fat from human subjects. Their data
indicate a rather constant percentage of
linoleate (about 11%) in this adipose
tissue which was not much altered by
high levels of corn oil fed for 10 weeks.
This was in sharp contrast with the in-
creases in serum linoleate in the same
subjects. Tove and Smith ('59, '60) stud-
ied the Kkinetics of depletion of linoleic
acid from carcass lipids of mice. They
believe that linoleic acid is depleted rap-
idly until a critical level is reached, after
which depletion proceeds more slowly.
Their data might be explained either by
Hirsch's postulation of an easily altered
and a stable fraction in adipose tissue or
by a homeostatic regulation of essential
fatty acid concentration. An equally pos-
sible explanation of the data from both
investigations might be that changes in
fatty acid composition occur at different
rates in different types of adipose tissue
and that the biopsy samples were not
adequately representative.

In a study of the effects of feeding saf-
flower oil on the plasma cholesterol ester
in man, it was found that the cholesterol
values remained low, and the esterified
linoleic acid high, for at least a month
after feeding of the linoleate-rich fat was

J. Nutrition, 76: '62

discontinued (Okey et al., '60). This
raised the question of possible selective
retention of linoleate in some fat depot
from which plasma linoleic acid moieties
might be replenished. The present paper
reports a study of the changes in the
fatty acids of three types of adipose tissue
in rats — subcutaneous, mesenteric and
interscapular fat — following changes in
composition of the dietary fat. Data for
liver and plasma composition in the same
animals are reported in another paper
(Okey et al., '62).

METHODS

Diets. The semisynthetic diet formula,
containing 10% of fat and 1% of choles-
terol, has been described previously (Lis
and Okey, '61). Safflower oil, furnishing
approximately 75% of linoleate and 12%
of oleate, and coconut oil furnishing about
50% of laurate, 18% of myristate and a
little less than 3% of linoleate, were
chosen as fats of widely different fatty
acid composition. Neither was fed at a
level excessively high for the rat, and the
coconut oil diet was not deficient in es-
sential fatty acid. The cholesterol was
added to secure a high enough concentra-
tion of liver cholesterol ester to permit
measurement of small changes in its fatty
acid components.

Experimental plan. Weanling rats of
the Long-Evans strain were caged individ-
ually and given the coconut oil diet (CN)
ad libitum. After three weeks, about two-
thirds were transferred to the safflower

Received for publication October 30, 1961.

1 Supported in part by U. S. Public Health Service
Grant H-2152.
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Fig. 1

oil diet (Saff). Part of the latter were
transferred back to the CN diet after an-
other three weeks. The experimental plan,
with the numbers of animals killed at
each interval, is shown in figure 1. For a
few of the animals fed the diet for the
longer periods (namely, the CN 9- and
12-week groups), times of autopsy varied
from the averages indicated by one to
4 days.

Food cups were removed 12 to 15 hours
before autopsy. Rats were anesthetized
with sodium pentothal and bled from the
heart. Plasma and liver samples were
prepared for analysis as previously de-
scribed (Lis and Okey, '61). Great care
was taken to secure adipose tissue sam-
ples that were uniform in amount and
position of origin. Subcutaneous fat was
taken from the insides of the thigh and
foreleg. Mesenteric fat was taken from
the region in which the large and small
intestines join. Interscapular fat was ex-
cised as quantitatively as possible. All
visible connective tissue was eliminated.2

Adipose tissue was extracted as fol-
lows: 300 to 400 mg of interscapular fat
or 600 to 800 mg of mesenteric or sub-
cutaneous fat were weighed into 75 ml
of 1:1 95% ethanol-acetone. After stand-
ing overnight at room temperature, the

Design of experiment.

hardened samples were disintegrated with
a glass rod. The solution was decanted
through glass wool, and the procedure
was repeated with another 75 ml of sol-
vent. The extracted tissue and the glass
wool were washed and stored for the nitro-
gen analysis performed later by a semi-
micro-Kjeldahl procedure (McKibben, '49).
The combined fat extracts were partially
evaporated, and the volume was adjusted
to 100 ml with ethanol-acetone. Aliquots
were used for analyses.

Total lipids were determined by oxida-
tion (Bloor, '28). Preliminary tests indi-
cated that the lipid of the adipose tissue
was very nearly all triglyceride. Samples
were therefore not fractionated on silicic
acid columns. Aliquots of the original ex-
tract were saponified with KOH in ethanol.
The nonsaponifiable material was ex-
tracted from alkaline solution, and the
free fatty acids after acidification, both
with petroleum ether. Methyl esters of the
fatty acids were prepared and analyzed by
gas-liquid phase chromatography as previ-
ously described (Lis and Okey, '61). The
content of total nitrogen and of fatty acid

2 We did not attempt to study epididymal fat pads
or. those adjacent to the Kkidney, partly because we
wished to compare fat retention in males and females,
and partly because, in the younger animals, pads in

the renal area were not Sufficiently developed for
good sampling.
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could be calculated for interscapular fat
only, because it was not feasible to deter-
mine total amounts of subcutaneous and
mesenteric fats.3 Moisture content of the
adipose tissue was estimated roughly on
the basis of the difference between the
total wet weight and the sum of the total
lipids and protein of the tissue.4 Deter-
mination by drying seemed inadvisable be-
cause of the differences in probable oxida-
tion of fats containing different propor-
tions of polyunsaturated fatty acids.

RESULTS

Effects of age and growth must be con-
sidered in interpretation of the data, since
the animals were growing during the pe-
riod of the experiment. Food intakes and
weight gains closely resembled those de-
scribed by Lis and Okey ('61) for rats fed
ad libitum similar diets containing cotton-
seed or coconut oils. Alterations in food
intake and rate of growth due to the
change from one diet to the other were
not statistically significant, although mean
growth rates were slightly higher for ani-
mals fed safflower oil than for those fed
coconut oil throughout the period of the
experiment.

Gross composition of the different types
of adipose tissue varied considerably. Ni-
trogen content of interscapular fat varied
from 0.25 to 0.40% wet weight (0.75 to
1.35 mg per rat), and that of mesenteric
and subcutaneous fats varied between 0.10
and 0.15% wet weight. Rough estimates
indicated that water content varied with
that of protein (as indicated by nitrogen
content). Total fatty acid content, on the
other hand, varied inversely with protein
(fig. 2). Total fatty acid content of mes-
enteric and subcutaneous adipose tissues
of the rats fed coconut oil and those fed
coconut-safflower-coconut oils tended to
decrease after the animals were about 12
weeks old (9 weeks on diet). The decrease
was much more pronounced in females
than in males. Unfortunately, it was im-
possible to tell whether the safflower-fed
animals had high values after being fed
the diet for 9 weeks, since none of them
were Killed at that time.

Changes in individual fatty acids of adi-
pose tissue. The linoleate content of all
three types of adipose tissue of the coco-
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nut-fed rats remained at a fairly constant
level, slightly higher than that of the coco-
nut oil itself. This occurred despite the
fact that the diets furnished only about
22% of their calories as fat, and some of
the adipose tissue fatty acid was probably
derived from carbohydrate. When saf-
flower oil was fed, the percentage of lino-
leate in the fat of the adipose tissue in-
creased rapidly during the first week, and
more slowly thereafter (fig. 3a). The zero-
week points were obtained by projection of
the curves for the coconut-fed controls.

Expressed as milligrams of fatty acid
per milligram of nitrogen (fig. 3b), values
for interscapular fat were much lower
than for mesenteric and subcutaneous fat.
This was due to the higher nitrogen con-
tent of interscapular fat.

The rats transferred back to coconut oil
after safflower oil showed some indication
that, in subcutaneous fat, the rate of de-
pletion of linoleate was slower than its
rate of entrance (fig. 3b). (The first meas-
urements on the safflower groups were
made one week after the change from CN
to Saff diet.) The subcutaneous fat of fe-
males even showed an increase in lino-
leate content during the first week after
withdrawal of safflower oil. This was asso-
ciated with an increase in total fatty acid
content (fig. 2), which is probably influ-
enced by age. Equilibration of the com-
position of adipose tissue in response to a
change of fat in the diet was reached most
rapidly in the interscapular fat, followed
by mesenteric and finally, by subcutane-
ous. This is in keeping with the concept
that interscapular fat is not strictly a de-
pot fat. Six weeks after the rats were re-
turned to the coconut oil diet, the linoleate
content of the subcutaneous fat of the rats
that had been fed safflower oil was still

3Areas under the curves were measured either with
a compensating planimeter or a mechanical integrator.
Since the thermal conductivity cell of the Aerograph
has different sensitivities for the methyl esters of
different fatty acids, appropriate mixtures of known
amounts of standard fatty acid methyl esters were
analyzed each day. From these relafive_ sensitivity
factors were computed for each fatty acid. Results
were calculated both as percentages of the total
fatty acid and as milligrams of fatty acid per milli-
gram of nitrogen in the tissues. For example:
mg total lipids % each fatty acid _ mg fatty acid <
mg \ X .- 00 - mg N
4Gl¥qcogen was not determined because previous
work has shown that its concentration in these adi-
pose tissues is very small, less than 0.1% (Lepkovsky
and Ostwald, unpublished results).
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Fig. 2 Total nitrogen and total fatty acid content of adipose tissues. The diet groups
are indicated throughout as follows: CN-: animals fed coconut oil as only source of fat;
CN-3, Saif-: animals fed safflower oil only, following three weeks of coconut oil; CN-3,
Saff-3, CN-: animals fed coconut oil for three weeks followed by safflower oil for three
weeks and then returned to coconut oil. Each point represents the mean value for the
group. Vertical bars through the points represent standard errors. Standard errors less
than 0.01 or smaller than the symbols used have been omitted throughout. The number of
animals in each group is indicated on figure 1.
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Fig. 3 Linoleic acid content of adipose tissues. The graphs for the three adipose tissues
are superimposed on this and the following figures. In the interest of clarity there is a
slight shift in respect to time for each tissue. The portions of the curves between three and
four weeks are extrapolations. The points represent amounts of the fatty acid in question
in the given adipose tissue. Values are expressed as per cent of total fatty acids present
or as milligrams of fatty acid per milligram of nitrogen (footnote 3 in text). For explana-
tion of symbols see legend to figure 2.
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5 to 7 times higher than that of the ani-
mals fed coconut oil for the entire period.
The linoleate content of their mesenteric
fat was also appreciably higher than that
of the CN controls, and even interscapular
fat retained some extra linoleate.
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Laurie acid content of adipose tissues.
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Data are arranged as in figure 2.

Percentages of monoenoic acids as well
as of palmitate were always higher than
those in either of the dietary fats. Palmi-
tate in interscapular fat reached 25% in
contrast with about 7% in either safflower
or coconut oil. Monoenoic acids reached
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concentrations of over 50% in interscapu-
lar fat, whereas safflower oil contained
13% and coconut oil 5%. In contrast,
there was no evidence of synthesis of lau-
rate in these adipose tissues (fig. 4). Even
after coconut oil containing 53% of lau-
rate was fed for 12 weeks, the laurate con-
centration in mesenteric fat reached only
25%. Conversely, its concentration in the
same fat dropped from 15 to 5% after
safflower oil, which contains no measur-
able amount of lauric acid, was fed for
three weeks.5

Age, sex and growth evidently have
some influence on the composition of adi-
pose tissues. The fatty acid concentration
in adipose tissues of females fed coconut
oil reached a peak for all fatty acids (ex-
cept linoleic) at 9 weeks on diet (fig. 5).
The corresponding curves for the subcu-
taneous fat of males show a similar,
though less pronounced decrease after the
diet was fed for 6 weeks. This phenome-
non is associated with parallel changes of
the total fatty acid content of these tissues
(fig. 2).

DISCUSSION

The rat does not store arachidonic acid
in any quantity in adipose tissue. Because
of the very high percentage of this acid in
circulating cholesterol ester and phospho-
lipid, the storage and turnover rates of its
known precursor, linoleic acid, become
especially important. Tove and Smith
(’59) calculated rates of depletion of lino-
leic acid in the total body fat of mice.
Their animals were returned to an “almost
fat-free basal diet” (which, however, con-
tained cornstarch known to furnish essen-
tial fatty acids) after three-week feeding
periods with diets containing 15%, re-
spectively, of safflower, corn and peanut
oils. They estimated dienoic and trienoic
acids by alkali isomerization. On the basis
of the assumption that depletion of linoleic
acid in body fat was a first-order reaction,
they estimated that it had a half-life of
about 11 days until a concentration of
about 12% of the body fat was reached.
After that, their data more nearly fitted
the slope characteristic of a half-life of
25 days. (Their animals were changed
from a diet that furnished about 28.4%
of its calories as fat to one essentially
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fat-free.) Wagner et al. ('58, '61) reported
determination of the rate of depletion of
linoleic and linolenic acids from a great
number of tissues of mature male rats.
They returned the animals to an “almost
fat-free diet” after a given period (55 days)
of feeding 10% of sunflower oil as a source
of linoleic acid and of linseed oil as a
source of linolenic acid, respectively. Their
data indicate depletion half-times of 77
and 65 days, respectively, for linoleic acid
in subcutaneous and mesenteric fat. These
half-times are considerably longer than our
data indicate, but they also show that the
rate of depletion is slower in subcutaneous
than in mesenteric fat. Our data, in con-
trast, represent not depletion of a given
fat when feeding a “fat-free” diet but,
rather, depletion of linoleic acid during
a period of change from a linoleate-rich
to a linoleate-poor diet with total fat fed
at the same level.

On the basis of Tove and Smith’s ('59)
assumption, our data for the first three
weeks after transfer from safflower to coco-
nut oil indicate the following half-time
values (days) for the depletion of linoleic
acid (fig. 6): interscapular fat — males
15, females 11; mesenteric fat — males
23, females 19; subcutaneous fat — males
51, females 43.

Our data indicate, as do Tove and
Smith’s, that the depletion slope tends to
be steep immediately after a diet transfer
and then to flatten. In neither case were
data obtained at sufficiently frequent inter-
vals to permit an exact calculation of the
kinetics of the process. It is important to
keep in mind that our experiment, as well
as those of Tove and Smith ('59) and of
Hirsch et al. ('60), furnishes data about
the rates at which linoleic acid in depot
fat is replaced by another fatty acid. Stet-
ten and Grail ('43) measured the rate of
disappearance of deuterium from the de-
pot fat of mice, and calculated its half-
life to be 5 to 6 days. Thompson and Bal-
lou ('56) measured the retention time of
organically bound tritium in rat tissue and
calculated the “biological half-life” of peri-
renal and genital fat to be 70 days for
70% and 17 days for 30% of these tissues.5

5 Detailed data on compositon of the adipose tissue
have been omitted. They are available on request.
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Pihl et al. ('50) measured the rise of the
CH4 content of eviscerated-carcass fatty
acids of rats, and calculated the half-lives
to be 16 to 20 days, based on the rate of
synthesis. The rate of replacement of one
fatty acid by others in a given tissue is

Saturated and monoenoic fatty acids of adipose tissues.
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Data are arranged as in figure 2.

comparable with the rate of turnover of
that tissue only if certain assumptions are
made, the most important of which is that
the average rate of replacement of all fatty
acids is the same as that of the fatty acid
under consideration. We have no direct
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Fig. 6 Depletion of linoleic acid from adipose tissues. This graph represents the decline
of the concentration of linoleic acid in the adipose tissues of animals which had been re-
turned to a coconut oil diet after an intermediate period of being fed safflower oil (CN-3,
Saff-3, CN-). Each point was calculated from the mean per cent content of linoleic acid
of a group of animals at a given time after the change of diet, divided by the mean per
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cent found at zero time, e.g., the time just before the change of diet:

lint
log-—=
lino

per cent of linoleic acid at time t
per cent of linoleic acid at time zero

X 100, plotted on semilog paper.

Numbers at the right of the curves are the “half-times of depletion” of linoleic acid in
the given tissues, e.g., the times at which the concentration of linoleic acid had fallen to

half of the value observed at zero time.

evidence that this assumption is valid.
Nevertheless, the data furnished by the
disparate experiments mentioned here are
of the same order of magnitude.
Interscapular fat does not constitute a
large proportion of body mass, and possi-
bly should be considered an active tissue
rather than a storage depot. It is therefore
not strange that the rate of depletion of
linoleic acid in subcutaneous and mesen-
teric fats should be slower than in inter-

scapular fat if a supply of linoleic acid is
selectively conserved in the fat depots.
Scrutiny of the variations in the propor-
tions of the fatty acids in terms of “relative
percentages” tempts the conclusion that
the animal does not tend to maintain con-
stant ratios of saturated to unsaturated
fatty acids. This is shown by the fact that
the percentage of oleic acid relative to
linoleic increased with an increasing per-
centage of linoleic acid, whereas the “rela-
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Fig. 7 Relative per cent of fatty acids in subcutaneous fat. “Relative per cent” of a fatty acid

in respect to linoleic acid is — Per cent fatty acid— The points represent values computed from
0 —per cent linoleic acid

the means of each group. The male and female groups are identified by the symbols c¢f and 2, re-
spectively. The shape of the symbols represents the diet groups as indicated on the figure (see
legend to figure 2). The slopes of the regression lines calculated according to Snedecor ('57)
had the following values: palmitoleic acid b = —0.0298; myristic acid b = —0.0730; oleic acid
b= +0.212; lauric acid b = —0.262. The corresponding data for interscapular and mesenteric fats
were similar to those shown here.

tive percentages” of the short-chain satu- from 0.74 in the mesenteric fat of males
rated fatty acids, lauric and myristic, were fed coconut oil to 4.17 in the same tissue
decreasing (fig. 7). The ratios of the sums of males fed safflower oil for 9 weeks. This
of unsaturated to those of saturated fatty is in contrast with the nearly constant
acids are shown in table 1. These ranged ratio observed in plasma lipids. Adipose

TABLE 1

Ratio of the sum of unsaturated to the sum of saturated fatty acids

Male rats Female rats
Dietl Fats Fats
Subcu- Mesen- Inter- Subcu- Mesen- Inter-
taneous teric scapular taneous teric scapular
CN-12 (i7y 0.89 0.76 1.24 1.21 0.99 1.19
CN-3, Saff-9 (16) 3.79 4.17 2.54 3.22 3.39 2.22
CN-3, Saff-3, CN-6 (16) 1.09 0.74 1.27 1.37 0.98 1.16

1CN-12; Groups of animals fed coconut oil for 12 weeks. CN-3, Saif-9: Groups of animals fed
coconut oil for three weeks followed by safflower oil for 9 weeks. CN-3, Saff-3, CN-6: Groups of
animals fed coconut oil for three weeks followed by safflower oil for three weeks and returned to
coconut oil for 6 weeks. o X X

2 Numbers in parentheses indicate number of animals in the group.
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tissue appears to maintain its physical
characteristics by other mechanisms.

The data in the present experiment in-
dicate that the rat has the capacity for
rather prompt adipose tissue storage of
linoleic acid. It is probable that after a
certain critical level of essential fatty acids
is reached preferential storage may cease.
Conversely, rate of depletion may decrease
after another, lower critical level is
reached. More probably, two regulatory
mechanisms function at first, and one is
displaced as the depletion progresses.

From previous observations, it was to be
expected that there might be sex differ-
ences in the metabolic activity of adipose
tissue. McKerns (°'61), for instance, noted
greater fatty acid synthesis in fat pads
from female rats than in those from male
rats. Tove and Smith ('59) reported a
faster depletion of linoleate from female
than from male adipose tissue, and larger
regression coefficients for some of the
other fatty acids in the female tissues than
for those in the corresponding male tis-
sues. Our data show shorter half-times
of replacement of linoleate for adipose
tissues from females than for those from
males. Generally, the data indicate a faster
equilibration of fatty acids in adipose tis-
sue of females than in that of males in
response to changes in the diet. The dis-
continuity of the curves for the concen-
tration of fatty acids of coconut oil-fed
females (fig. 4) is largely unexplained.
As mentioned previously, it cannot be de-
cided whether the animals fed safflower
oil showed a similar break. Due to in-
sufficient numbers of experimental points,
the exact location of this break is un-
known. The change occurred in females
that had been fed the diet between 7 and
11 weeks, that is those between 10 and
14 weeks old. A possible explanation of
the phenomenon might be a change of
hormonal balance associated with cessa-
tion of rapid growth.

SUMMARY

Changes in the fatty acid composition
of three selected adipose tissues (subcuta-
neous, mesenteric and interscapular fat)
of rats in response to changes of the die-
tary fat were determined. Safflower oil,
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containing about 75% of linoleic acid, and
coconut oil, furnishing some 68% of lau-
ric and myristic and less than 3% of lino-
leic acids, were fed as 10% of adequate
semisynthetic diets. Three groups of rats
were compared: those fed coconut oil
from weaning age, those fed safflower oil
after an initial three-week period of coco-
nut oil, and those changed back to coconut
oil after a period of safflower oil feeding.
Groups of animals were Killed, and the
tissues were analyzed at intervals of one,
three, 6 and 9 weeks after change of diet.

Changes in the dietary fat produced
changes in the composition of the adi-
pose tissue within one week or less. Most
changes observed were in the direction that
might have been predicted from the com-
position of the dietary fat. Some varia-
tions from this pattern were evidently due
to variations in age, sex and growth rate
of the experimental animals.

Generally, the changes were qualita-
tively similar in all three tissues observed.
The interscapular fat had higher levels of
nitrogen and lower levels of fatty acids
than did the other two tissues, and its fat
content varied less.

Equilibration of the composition of the
adipose tissue with that of the dietary fat
occurred earlier in female rats than in
males. Of the three tissue fats, the inter-
scapular reached an equilibrium level
earliest, followed by mesenteric and finally
by subcutaneous fat. The half-time of re-
placement for linoleic acid ranged from
11 to 53 days, depending on the sex of
the animals and the tissue in question.
Laurie and myristic acids had shorter half-
times of replacement and were accumu-
lated in lower proportions in relation to
their intake.

The most striking difference between
male and female rats was a decrease in
the total fatty acid content, which oc-
curred only in females at 10 to 14 weeks
of age. The decrease was accompanied
by an increase in water content.

Since the observed ratio of unsaturated
to saturated fatty acids was not constant,
it is possible that the animal tends instead
to maintain adipose tissue of constant
physical properties.
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The data support the hypothesis that the
rat can store dietary linoleic acid in its
adipose tissue during a period of high in-
take for slow release when the dietary
supply is low.
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Changes in Tissue Lipids in Response to Diet

Il. FATTY ACID COMPOSITION OF LIVER AND PLASMA LIPIDS
IN RELATION TO FED AND STORED FAT?

RUTH OKEY, ROSEMARIE OSTWALD, ANGELA SHANNON anad

JOAN TINOCO

Department of Nutritional Sciences, University of California,

Berkeley, California

The concept that adipose tissue con-
stituents serve as relatively inert stores
of nutrients, that those of the liver are
the ready supplies for immediate use, and
that blood serves only as a carrier, has
been greatly modified as a result of the
demonstration of rapid turnover of some
of those constituents (Jeanrenaud, '61).
Too little is known, however, of the effect
of diet on the equilibriums between stored
and circulating lipids. This is evident from
recent sweeping conclusions concerning
lipid metabolism drawn from serum lipid
data without regard to accompanying
changes in tissue lipids. It seemed desir-
able, therefore, to study the changes in
composition of the different lipid fractions
of liver and plasma in relation to changes
in fatty acid content of the adipose tis-
sue of animals at different intervals after
changes in the composition of dietary fat.

The adipose tissue data are reported in
the preceding paper (Ostwald et al., '62).
When young rats were shifted from a lino-
leate-poor to a linoleate-rich diet, and later
back to the linoleate-poor diet, there was
some evidence of preferential storage of
linoleic acid in mesenteric and subcutane-
ous fats. Laurie and myristic acids (from
dietary coconut oil) had shorter half-times
of replacement than did linoleic, and were
stored in smaller proportions in relation
to intake. Arachidonic acid was noted only
in trace amounts in adipose tissues.

METHODS

Details of the experimental plan are
given in the preceding paper (Ostwald et
al., ’62). All diets contained 10% of fat and
1% of cholesterol. Coconut oil (CN) was
fed to all animals for the first three weeks

J. Nutrition, 76: '62

after weaning, and the first groups were
killed one week after part of them had
been transferred to the safflower oil diet
(Saif), i.e., the 4-week groups were fed
coconut oil for three weeks then safflower
oil (CN-Saff 3-1, table 1) for one week,
as contrasted with those fed coconut oil
(CN-4) for 4 weeks.

All rats were killed 15 to 18 hours after
removal of food cups from the cages. Liver
and plasma lipid extracts were prepared,
fractionated on silicic acid columns, and
analyzed by methods described in previous
papers (Lis et al., '61; Lis and Okey, '61;
and Okey et al., '61).2

RESULTS

Changes in body and liver weights and
in liver and plasma lipids are summarized
in table 1. Comparisons should be made
between animals of the same ages. Choles-
terol ester levels of both liver and plasma
differed with sex. Males fed the CN diet
had plasma levels of cholesterol ester
which averaged approximately 10 mg per
100 ml higher than those of the males
fed the Saff diet. This was not true of
females. Indeed, a large proportion of the
females that continued to receive the Saff
diet for 9 weeks had very high (mean 129
+ 26 mg per 100 ml) plasma cholesterol
ester values. Both males and females of

Received for publication October 30, 1961.

1Supported in part by U.S.P.H.S. Grant H-2152.

2When the size of the fraction permitted, determi-
nations of cholesterol, of total fatty acid, and of lipid
phosphorus were made in addition to the gas liquid
chromatography of the methylated fatty acids, Data
were used to compute percentages of the_individual
fatty acids  to “absolute” values, i.e., milligrams per
ram of tissue. An internal standard (a saturated
17 fatty acid) was used for the same purpose for
some of the later analyses (Tinoco et al., unpublished
data). _See footnote "on chromatographic measure-
ments in previous paper (Ostwald et al., '62).
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the CN-Saff groups had higher liver cho-
lesterol ester values than those for the
groups continuing to receive coconut oil.
Females, however, tended to have lower
liver cholesterol ester values than males
of the same age and diet groups. Sex
differences in percentage of liver esters
were statistically significant for the follow-
ing groups only: CN 6 weeks and CN-Saff
3-3 weeks (P < 0.02); CN 12 weeks and
CN-Saff 3-9 weeks (P < 0.05). The livers
of females were not as large as those of
males; hence the total amounts of choles-
terol ester were much smaller.

In general, variations in total cholesterol
values for both liver and plasma were ac-
counted for by variations in the esterified
fraction. There was, however, a tendency
toward slightly higher values for “free”
cholesterol in the plasma of the CN-fed
than in the plasma of the Saff-fed rats.

Glyceride fatty acids of liver, in males
only, showed a transient increase following
return to the CN diet after safflower oil
feeding. Otherwise, liver glyceride fatty
acid values for the CN-Saff rats tended to
be higher than for the CN and CN-Saff-CN
groups. Samples were too small to permit
determination of total glyceride fatty acids
in most of the plasma extracts.

Phospholipid phosphorus values for liver
extracts varied within rather narrow
ranges (table 1). For reasons given later,
the total phospholipid values for plasma
are not reported.

Fatty acid moieties of the plasma and
liver lipids. Esterified cholesterol ac-
counted for about four-fifths of the total
plasma cholesterol in the rats that had
values within normal ranges, and for a
much higher percentage in the CN-Saff
3-9 week females with the very high
plasma cholesterol values. With choles-
terol in the diet, at least nine-tenths of the
liver cholesterol was esterified. Changes
in the ester fatty acids in relation to con-
centration of cholesterol in liver and
plasma are, therefore, interesting in rela-
tion to possible function in transport and
storage of cholesterol.

Arachidonic acid (fig. 1) made up a sub-
stantial percentage of the ester fatty acid
in plasma, a smaller one in liver in all
rats. In neither was the percentage as
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high as that observed in rats fed no cho-
lesterol (Okey et al., '61). Females tended
to have higher plasma arachidonic acid
values than males when fed the coconut
oil diet, and responded to the return to
coconut oil after safflower feeding with a
larger and longer sustained increase in
plasma arachidonic acid. Percentages of
plasma ester arachidonic acid were main-
tained and amounts increased in the ani-
mals that responded to continued feeding
of safflower oil with high plasma choles-
terol values. Percentages of ester arachi-
donic acid in the livers of both sexes were
so small as to make for considerable ana-
lytical error. Liver storage of arachidonic
acid was usually increased in males at the
time that females responded to the change
from safflower oil to coconut oil by an in-
crease in proportion and amount of plasma
ester arachidonic acid.

Linoleic acid (fig. 1) of plasma choles-
terol ester, expressed as weight percentage
of the ester fatty acid, was two to three
times as high one week after change to
safflower oil as it was in the controls con-
tinuing to be fed coconut oil. Percentages
and amounts of linoleic acid in plasma
cholesterol ester continued to increase in
females continuing to be fed safflower oil.
In males the increase (expressed as mg
per 100 ml) was less marked because of
the lower cholesterol ester values for the
animals fed safflower oil. The decrease
in ester linoleic acid following return to
coconut oil was less abrupt in males than
in females. Linoleic acid of liver choles-
terol ester reflected changes in diet even
more quickly than did that of plasma ester
(fig. 2). Percentages of ester linoleic acid
in livers of rats returned to the coconut oil
diet after safflower oil feeding did not quite
reach those of control levels in 6 weeks.
Amounts more nearly approached control
level because of the decrease in total
amount of cholesterol ester following re-
turn to the CN diet. In males only, there
were some indications that linoleic acid
was being selectively retained in the liver
during the first week after withdrawal of
the safflower oil diet.

Percentages of ester monoenoic acid
(figs. 1, 2) tended to increase in plasma
and liver as the percentages of more highly
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Weeks on diet Weeks on diet

Fig. 1 Fatty acids of plasma cholesterol esters. “Weight percentages” represent the corrected chro-
matographic data (footnote 3) for the specified fatty acids expressed as percentages of the total
fatty acid in the cholesterol ester fraction separated by the silicic acid column. The “mg per
100 ml” shown in the right hand columns were computed by applying these percentages to the
total cholesterol ester fatty acid figures obtained by chemical analysis. All animals were fed the
coconut oil diet for the first three weeks after weaning. First autopsies took place one week there-
after. The CN-Saff data represent the means for rats fed the coconut oil diet for three weeks, and
the safflower oil diet thereafter; the CN-Saff-CN data represent means for rats fed the coconut oil
diet for three weeks, then the safflower oil diet for three weeks, and the coconut oil diet there-

after.
symbols.

unsaturated acids decreased. Amounts of
monoenoic acid were high in the plasma
of female rats with high cholesterol values.
In the livers of males transferred from saf-
flower to coconut oil there was a transient,
but very large, increase in the amount of

Standard errors of means are shown by vertical lines when they exceed the size of the diet

ester monoenoic acid, which reflected an
increase in liver weight rather than an in-
crease in percentage of oleic and palmito-
leic acids.

Saturated acids of cholesterol ester
showed the same general trends of varia-
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tion with diet as did the monoenoic. Dif-
ferences were due primarily to changes in
palmitic and stearic acid. There was never
more than 1% of myristic or lauric acid
in plasma ester fatty acid, or about 5%
in the liver ester fatty acid.

Triglyceride fatty acids (figs. 3, 4).
Concentration of total triglyceride fatty
acids was higher in the livers of male rats
than in those of female rats of all groups.
Because of the small size of the plasma
samples obtainable from the 4- and 6-week
groups, the entire samples were used for
gas liquid chromatography, and accurate
data for total plasma triglyceride fatty
acids were not obtained. Variations in the
proportions of the different triglyceride
fatty acids were rapid during the early
period following a change in the compo-
sition of the dietary fat, and became in-
creasingly slower thereafter. Proportions
of arachidonic acid in liver and plasma
triglycerides were higher than the trace
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MALES FEMALES

Sum, Monoenoic Acids
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Fatty acids of liver cholesterol esters. Data are arranged as in figure 1.

amounts observed in adipose tissue. In
males, the highest values were observed
in animals fed safflower oil (7 to 15% in
plasma triglycerides and 2 to 4% in liver
triglyceride). In females the highest val-
ues were observed three weeks after return
to the coconut oil diet, following the feed-
ing of safflower oil (12% for plasma and
8% for liver). Although determination of
small proportions of the acid by gas liquid
chromatography is not accurate enough to
justify statistical analysis, the data at least
suggest differences in function between
adipose tissue and liver triglycerides.
Liver triglyceride linoleic acid variations
with diet closely resembled those observed
in linoleic acid of cholesterol ester. Pro-
portions of lauric and myristic acids
reached 5% of the plasma triglyceride
fatty acid and 9% of the liver triglyceride
fatty acid of the rats fed coconut oil.
These percentages were, however, never
more than a third as high as in the adipose
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Fig. 3 Fatty acids of plasma triglycerides.
of the total triglyceride fatty acids; therefore only

tissues of the same rats. The effect of
feeding coconut oil was still evident three
weeks after the change to the safflower
oil diet. The transient increases in the
total amounts of liver triglyceride fatty
acid (fig. 4) shown when male rats were
transferred back to coconut oil after saf-
flower oil were largely accounted for as
monoenoic and saturated acid.

Fatty acids of fraction Il (mono- and
diglycerides, free fatty acids). This frac-
tion was very small, proportionately, both
in plasma and in liver. Absolute amounts
were not determined in plasma. In liver,
the fatty acids of this fraction constituted
about 1 to 2 mg per gm wet weight of the
liver. Distribution of the fatty acids follow-

CN-Saff m]

------------- CN-Saff-CN

Samples were too small to permit chemical analyses

the chromatographic data are given.

ing changes in dietary fat showed much
the same pattern as in the triglyceride
fraction. Saturated acids, including my-
ristic and stearic, were present in some-
what greater proportion than in the tri-
glyceride fraction, and oleic and linoleic
acids were in smaller proportions. Arach-
idonic acid also was present in slightly
higher percentages than in the triglyc-
erides.

Phospholipid fatty acids (table 2).
Changes in the liver and plasma phos-
pholipids differed markedly from those of
the other lipid fractions. This might pos-
sibly have been expected from the differ-
ences in the proportions of certain fatty
acids in all phospholipids. Although the
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Fig. 4 Fatty acids of liver triglycerides.

alcohol-ether-soluble phosphorus of liver
was 95% soluble in petroleum ether, solu-
bility of the plasma extracts varied greatly.
The insoluble fraction was largest in the
plasma extracts of rats fed safflower oil.
Fatty acids of this insoluble fraction were
largely saturated and monoenoic. Evidence
indicated that the proportion of petroleum
ether-insoluble phospholipid might vary
with small changes in the opportunity for
oxidation of polyunsaturated fatty acids
which might occur inadvertently during
extraction and transfer of the lipid ex-
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MALES FEMALES
Liver Cholesterol os Ester

Arochidonic Acid

Weeks on diet
Data are arranged as in figure 1.

tracts, thus making these data of doubtful
significance. Plasma phospholipid fatty
acids are therefore reported for the petro-
leum ether-soluble fraction only. Data for
liver, in contrast, represent nearly all the
phospholipid originally extracted.
Phospholipid of liver was present in the
largest amounts in the animals Killed
9 weeks after weaning, namely, when
values for triglyceride and cholesterol ester
tended to decrease (Okey and Lyman,
'56). Proportions of arachidonic acid were
about 10% higher in the liver phospho-



oP

o =

o

o

RUTH OKEY,

W © o~ Cio Cl\_/l’\ @

.3 el R

0

: S
t t

® © +1 +1

£ 5 MCOOi~00INO

& CROLRHED

in

1

g/ n7—| > OMHo 100t

o ‘E‘D O%Cu&tloo hq%

o @
Ci ||

80

[H’\’\coTllocDa}

TRHERN LS

— o8B mer

~n
co o

Co oww

f-jJINCOIOOCICDCO

0] I(‘HrHEI (I)IOB

81

COOINOOINCOCO

SO IO %

® CiCONCIiCDtNAAN
OrHLOCOOCONft
H CHMHO

O CiH®

Ci ft ft Ci

H+H H H
rHcOCIiCDOQINC50
[o)e] rq)() 8I mmgg

Co oww

)
@m@%pmm
O QT DG 6
& Fhoononan
Q4 . PIRTRFRWRAT

ROSEMARIE OSTWALD,

8
9

TilOO505CiO0LOCi

docni_|Hé\iocA_|Ql_*

MCOLOrHCOCDCOCD

0 %IHE IN%%

Ci Ci
™ ™

+ +
H GGH H co Qci

OOCWCBiINtIr\‘J_,%

QOOGBMHO ING®

R HOWER

s IT

oo
=8
=9
I3
os
8 &
88
BT

CilOHCOHO5™H

© 0 ﬁj'rH&D(r?_'lNrH

HNCDHNIOLOO
ddc'ﬂﬁlft(t,itrli—'i\l C&)

rtCDHCOCDIONH

OOCiWC%{WOO&

™ Ci
r

" “
QO MHMHMDCi 6
Hft Ci O Hft f

(N«

OOOHOHCNI

[¢o]
™H
+1
A DIODOGBLO ®©
O HMH®Cci ©Q ™
Ci 14Ci Ci
IN O @OIND
cd Ci MHCi Ci
+1 +1 +1 + H
HJC DO N ®©
i i, D
g?u ga%m%f
@©

ci

+1

coooo @05 LO05
d ci @AOLod
g b

IN O
H ft

44
@DIOH B Ci 0 ®
d cici @Q®

6 RESD

INCi
HHH

41 4+
@ Qco OCi O

d ftci ING
ctlmrH %5)
Ci CiMH O
H HMH G

1 #44 #
DOODOIND®
ft g ci MO OO

1 HCi

™

+

PYpOLBDE

1H OO

Ci e

o ©

HH ™

4 H

@B MHLOC INo IN
00QIf IQ®

Ci hg &D(LZ?

ININCi IN

ft H@Ci 1O

4+ g H
HODOLODO O
HrH

3)"’3:9

1ft & MO
G m nd
®
'S IN G6
“ HH
B +1 4
g MHIOMCi 66 MIN
H rHOCI
g & ®iRg
(¢
a
@
J 000 o MHCi

ANGELA SHANNON AND JOAN TINOCO

@MH o
HH
A+ fl

b- LOH [DON
PG
0 DG HHE

© ™
H ci
+1 fl
ODOINDLO ~ o0

[e}ye] ;"_'Ci 8?%@

®©
ri

a

DOODO ©
ri

mEC e

0O m™HINO
ci HHMHHCi

4+ A flfl
© o © INHoe

d ftcici 00 ©
ri ci %4@

oz

©® 06

ft od @ ®co ©
(0] ©

©

o
80 0= 8 ©

Moo o0 Mo Fci~

RANTRCRENFAENG y freineDCDCRCOGOR @ immmH MG

ft

They were calculated for all except the C12 acids.

the number of double bonds.

1The first figure represents the number of carbon atoms and the second,
2 Standard errors of the means are included only when they exceeded 1%.



TISSUE LIPIDS AND DIET. II.

lipids than in the plasma phospholipids
of males; differences were smaller for fe-
males, other than the 12-week CN con-
trols. (Ranges: 21 to 31% for plasma,
and 34 to 38% for livers of males; 30 to
36 %for plasma and 35 to 41% for livers
of females.)

Thirty-five to 50% of the phospholipid
fatty acid was saturated, both in plasma
and in liver. The older animals showed
a sex difference in the chain length of the
saturated acids; stearic was present in the
larger proportion in the phospholipids of
females, and palmitic in males. For liver
phospholipids, some of the differences in
stearic were great enough to be signifi-
cant: CN diet, 9 weeks (PCO0.01); CN-
Saff-CN 3-3-1 weeks and CN-Saff-CN
3-3-6 weeks (P < 0.02). Differences in
proportions of plasma phospholipid fatty
acids were smaller, but variations were in
the same direction. It is possible that these
differences indicate different proportions
of individual phospholipids. Marcus et al.
('61) recently reported higher percentages
of stearic and arachidonic acids in the
phosphatidyl serine and ethanolamine
fractions of human platelets, together with
higher palmitic and oleic values for the
lecithin and sphingomyelin fractions. Getz
et al. ('61) showed similar observations
for rat livers.

Phospholipid linoleic acid percentages
were increased and those of oleic acid
decreased by feeding of safflower oil, but
both changes were smaller than those for
the other lipid fractions, in liver as well
as in plasma. Apart from these changes
in proportions of linoleic and oleic acids
with diet, it seems quite probable that the
other changes noted for phospholipid fatty
acids may be attributed to the effects of
age, sex, and rate of growth of the experi-
mental animals.

DISCUSSION

The outstanding difference between
plasma and adipose tissue lipids was that,
whereas the latter consisted chiefly of tri-
glyceride and free fatty acid, a high pro-
portion of the plasma lipid was made up
of cholesterol ester and phospholipid. Al-
though the high proportions of cholesterol
ester in the livers were to be attributed to
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cholesterol feeding (Okey et al., '61), the
extent to which the feeding of linoleate
increased liver cholesterol ester levels was
worthy of note. Liver phospholipid was
maintained within a range of 3.5 to 4.4%
regardless of diet, but there was some
indication that the higher percentages of
liver phospholipid were to be expected at
the times when liver cholesterol ester per-
centages were decreasing. This was true
whether the drop in cholesterol ester was
to be attributed to age of the animal or to
change in diet.

The proportions of unsaturated fatty
acid in the phospholipid and cholesterol
ester of liver and plasma were high, and
seemed to be altered somewhat less readily
by changes in the composition of the die-
tary fat than was the case with adipose
tissue triglycerides. Moreover, there was
less tendency for the “unusual” short-chain
fatty acids, such as lauric and myristic.
to accumulate in plasma and liver lipids
than in adipose tissue, even when the
amounts of these acids supplied by the
diet were as great as for the coconut oil-
fed rats. This observation may be taken
to indicate that liver lipid represents a
selected store of constituents, ready for
circulation in plasma. That the liver may
also serve to remove excess cholesterol
from the bloodstream is indicated by the
large increases in liver cholesterol ester
incidental to cholesterol feeding. This ef-
fect was found to be augmented by feeding
linoleate and was concomitant with in-
creases in the linoleic acid content of the
liver lipids as well as with the accumula-
tion of linoleate in adipose tissue.

The sex differences in accumulation of
cholesterol and other lipids in liver might
be linked with the greater capacity for
liver enlargement manifested by the cho-
lesterol-fed male. However, the possibility
that the high plasma cholesterol values of
the female Saff-fed rats was due to a
direct effect of ovarian hormones was sug-
gested by a previous experiment in which
estradiol dosage had resulted in increases
in the circulating cholesterol of male cas-
trate rats (Okey and Lyman, '56).

Sex differences in the distribution of
fatty acids in liver and plasma lipids were
observed in the present experiment. Mean
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percentages of stearic acid were greater in
the plasma cholesterol ester of the female
rats, whereas palmitic acid percentages
were greater in the ester of males. Phos-
pholipid fatty acids likewise varied with
sex of the rats as noted earlier.

A sex difference in the facility with
which arachidonic acid was synthesized
from linoleic acid was also suggested by
the data. Males maintained stationary or
only slightly increased proportions of
plasma ester arachidonic acid with pro-
longed feeding of safflower oil. At the
same time, their plasma cholesterol levels
were not elevated. But females responded
to prolonged feeding of safflower oil with
decreased proportions of plasma ester
arachidonic acid, although with such high
levels of plasma cholesterol ester that the
actual amount of ester arachidonic acid
was increased (fig. 2). The immediate
response of the female rats transferred
back from the safflower to the coconut oil
diet was a very sharp rise both in propor-
tion and amount of plasma ester arachid-
onic acid. This coincided in time with
sexual maturity, with a decrease in liver
cholesterol and triglyceride, and with a
decrease in the proportion of linoleic acid
in the adipose tissue stores which was
considerably steeper in females than in
males.

The data as a whole suggest that, when
the supply of dietary linoleic acid is lim-
ited, the female rat has a greater facility
for maintenance of plasma ester arachid-
onic acid supply than the male. But, under
the double stress imposed by a diet high
in cholesterol and rich in a fat that facili-
tated cholesterol absorption, dietary lin-
oleate failed to prevent an increase in
plasma cholesterol in females as it did
in males.

Numerous tests were tried for correla-
tion between times of change in the com-
position of the dietary fat and changes
in the fatty acid constituents of plasma,
liver, and adipose tissue. None of them
gave entirely satisfactory results, but the
following deserve mention.

Tove's postulation (Tove and Smith,
'59), that when linoleic acid intake is cut
off its content in tissue decreases rapidly
until a critical level is reached, after which
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it is conserved, was tested. It was found
to be more nearly in agreement with our
data for adipose tissue than with those
for liver and plasma lipids. One reason,
apparently, was the sharp rise in plasma
arachidonic acid of females during the
first week following the change from the
Saff to the CN diet. If, instead of sub-
tracting the percentages of linoleic acid
from the total cholesterol ester fatty acids,
we subtracted percentages of arachidonic
acid and then carried through Tove’'s plot-
ting of plasma cholesterol ester linoleic
acid against the total minus arachidonic,
the distribution of the resulting data in-
dicated some positive correlation between
percentage of linoleic acid and of the
total minus arachidonic acid for the males
of the CN-Saff-CN 3-3-6 and the CN-Saff
3-9 week groups. Data for females of
the same groups suggested negative cor-
relations between changes in arachidonic
acid and relative percentages of linoleic
acid. Scatter of the data for the remain-
ing groups made calculation of regression
slopes of doubtful significance. Means for
each of the groups were, however, treated
individually and slopes of regression lines
were calculated as noted above. Values
were +0.75 for males and —0.97 for
females. Although it is doubtful whether
such a test constitutes valid evidence of
differences in the kinetics of fatty acid
metabolism, results suggest that rats have
a characteristic sex difference in the use
of linoleic and arachidonic acids for the
esterification of plasma cholesterol.
Differences occurred in the time pattern
of change of composition and amounts of
the lipids other than cholesterol ester. The
large but transient increase in liver tri-
glycerides of males, after their removal
from the safflower oil diet, took place
when the total liver triglyceride concentra-
tion in the livers of females was decreas-
ing. The concomitant decrease in the lin-
oleic acid of liver triglyceride was steeper
in males than in females, as was the
decrease in adipose tissue linoleate. Even
in the triglyceride fraction, however, the
changes in fatty acid composition follow-
ing changes in dietary fat tended to be
slower in liver than in adipose tissue.
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If unesterified fatty acids of liver and
plasma can be taken to represent those
in transit or in the process of being sup-
plied to tissue, the lower proportions of
oleic and linoleic acids, and the higher
percentages of saturated and arachidonic
acids in fraction Ill, as compared with the
triglyceride fractions of the same tissue
samples, may be of metabolic importance.
The small size of the fraction containing
the free fatty acid unfortunately makes
accurate analysis difficult. The differences
described were observed consistently, and
are in agreement with the evidence that
the rat tissues use arachidonic acid in
preference to linoleic.

The maintenance of a relatively high
proportion of arachidonic acid in the phos-
pholipid fractions, as well as the fact that
this proportion was higher in liver than
in plasma, suggests that these compounds
represent important sources of essential
fatty acids, and that phospholipids may
even be the functional compounds of these
acids.

That the low percentages of lauric and
myristic acids in the liver and plasma
lipids may reflect a specific effect of short-
chain fatty acids is possible. Rats fed
coconut oil had comparatively low liver
cholesterol concentrations and rather high
adipose tissue reserves of lauric and myr-
istic acids. Fluck and Pritham ('61) re-
cently reported inhibition of cholesterol
synthesis by liver slices when saturated
fatty acids of chain lengths under 16 car-
bons were added to the reacting medium.
But rats fed cholesterol, such as those in
the present experiment, might be expected
to derive a large percentage of their liver
and plasma cholesterol from their diets.

Changes in the plasma and tissue lipids
in response to changes in the composition
of the dietary fat apparently follow dif-
ferent patterns in different species of ani-
mals. A recent report by Dhopeshwarkar
and Mead ('61) gives tissue data for
guinea pigs of one age group. Wissler
et al.3 made a preliminary report of an
extensive study with Cebus monkeys, and
Dam and Engle ('58) reported isomeriza-
tion data for liver and adipose tissue fatty
acids of female rats given fat-free rations
with supplements of varying amounts of
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peanut oil. Both guinea pigs and monkeys
incorporated lauric and myristic acids into
cholesterol ester to a greater extent than
did our rats. Neither species had the
high percentages of cholesterol ester arach-
idonic acid characteristic of the rat,
regardless of diet. The Ilatter may be
important, metabolically, because of the
postulation of Swell et al. ('60) to the
effect that the arachidonic acid content
of cholesterol ester may be taken as an
index of the resistance of a given animal
to the development of atherosclerosis. The
data in the present paper suggest that,
in the rat at least, the liver has a selective
function in the maintenance of a supply
of essential fatty acid. Although the male
rat evidently uses linoleic acid readily in
the esterification of liver and plasma cho-
lesterol, the female tends to retain higher
levels of ester arachidonic acid when the
supply of dietary linoleic acid is limited.
The female also is more likely to have
high plasma cholesterol values when ex-
cess linoleic acid is fed with cholesterol.

SUMMARY

Liver and plasma data were reported
for young rats at intervals following
change from a diet containing 10% of a
largely saturated fat (coconut oil) to one
containing the same amount of a linole-
ate-rich oil (safflower oil) and return to
the saturated fat. Diets were semisyn-
thetic, adequate to support normal growth,
and identical except for the kind of fat.
All contained 1% of cholesterol. The lipid
extracts from liver and plasma were frac-
tionated on silicic acid columns, and the
methylated fatty acids of each fraction
were analyzed by gas liquid chromatog-
raphy. Fatty acid composition of mesen-
teric, subcutaneous and interscapular fat
of the same animals are reported in the
preceding paper.

In contrast to adipose tissues, which
contained largely triglycerides, the liver
and plasma lipids of all groups contained
relatively large proportions of cholesterol
esters and phospholipids, and appreciable
amounts of the fraction containing mono-

3 W issler, R W ., R H Hughes, L E. Frazier and
R. A. Rasmussen 1961 Serum lipids and fatty
aortic intimal lesions in CEDUS monkeys. Federation
Proc., 20: 94 (abstract)
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and diglycerides and free fatty acids as
well as free cholesterol.

The lipids of liver and plasma contained
little lauric or myristic acid, regardless of
diet, whereas the adipose tissue of the
animals fed coconut oil sometimes con-
tained as much as 30% of lauric and
myristic acids. But there was always con-
siderable arachidonic acid in liver and
plasma lipids and little or none in adipose
tissue.

Although the linoleic acid content of
liver and plasma lipids was increased by
feeding safflower oil and decreased by feed-
ing coconut oil, there seemed to be some
tendency toward retention of linoleic acid
in liver lipids, following change of the
rats back to the coconut oil diet. If phos-
pholipid fatty acids were included, how-
ever, the variations of the liver lipid fatty
acids with diet stayed within narrower
ranges than those of the adipose tissue.

Characteristic sex differences were ob-
served both in the concentration of the
different liver and plasma lipids, and in
their fatty acid patterns. Plasma choles-
terol levels for males fed coconut oil aver-
aged about 10 mg per 100 ml higher than
those for males fed safflower oil. Females
did not show this difference. For the
females fed safflower oil for 9 weeks, the
plasma cholesterol values of most doubled
during the period of safflower oil feeding.
Females fed coconut oil had higher cho-
lesterol ester arachidonic acid values than
males. Also, when females were changed
back from the safflower oil diet to coconut
oil, they responded with greater increases
in percentages of plasma ester arachid-
onate than the males. But the males fed
safflower oil showed more liver enlarge-
ment and more liver storage of both cho-
lesterol ester and linoleic acid. In neither
sex did the proportion of linoleic acid in
the glyceride fraction of liver and plasma
return to its original level within 6 weeks
after return to the coconut oil diet follow-
ing three weeks of safflower feeding.
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Effects of Chronic Food Restriction in Swine’'2
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Quartermaster Research and Engineering Command, U. S. Army,

Chicago, Illinois

Actuarial studies have uniformly shown
that obesity is associated with shortened
life expectancy and increased incidence
of cardiovascular and renal disease, par-
ticularly when comparisons are made
between overweight and underweight popu-
lations (Gubner, '57). Controlled under-
feeding of nutritionally adequate diets to
rats has been shown to increase life span
and decrease the incidence of several
chronic diseases (McCay et al., '43; Berg
and Simms, '60, '61). But some investiga-
tors (Rodbard et al.,, '51; Goldner et al.,
'54) have reported an enhancement of
atherosclerosis when cholesterol feeding
and undernutrition were combined. In a
careful study of the role of undemutrition
upon cholesterol-induced atherosclerosis in
rabbits, McMillan et al. ('54) observed
that food restriction favored hypercholes-
terolemia but did not change the incidence
of aortic atherosclerosis.

The experiment reported here was per-
formed to determine the effects of under-
feeding a human diet on common param-
eters of lipid metabolism and vascular
pathology of swine. This species was
selected because obesity develops early in
life; vascular lesions occur spontaneously
(Gottlieb and Lalich, '54); and blood lipo-
protein components are said to closely re-
semble those of man (Havel et al., '55)
and to vary depending upon relative body
leanness (Lewis and Page, '56).

MATERIALS AND METHODS

Ten “miniature,” vasectomized, male
swine were purchased from the Hormel
Institute at 12 weeks of age. Upon receipt,
the animals were fed a normal pig-grow-
ing ration for a two-week standardization
period, during which initial blood samples
were obtained. Two groups were then
designated on the basis of body weight,
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serum lipid characteristics, and hemato-
logic findings.

One group was permitted to eat ad
libitum during the next 44 weeks of study.
The second group was restricted in food
intake to limit body weight gain to 50%
of that of paired ad libitum-fed pigs. The
basal diet for both groups was a blended
military combat ration. This C ration dif-
fers from a typical American diet in that
it is lower in dairy products and eggs and
that all foods are processed. Salt content is
rather high, 2.56% of dry solids (see table
1). The protein quality of the ration is ap-
proximately equal to casein. Methionine,
at 0.37% of dry solids (plus 0.11% of cys-
tine), constitutes the only limiting amino
acid. To this basal ration were added
sufficient calcium phosphate and vitamin
D (10 IU per 100 gm) to permit adequate
bone growth in young animals. The diet
of the restricted group was fortified with
the full complement of B vitamins in ex-
cess of requirement and with 2% of corn
oil, in order to double the linoleic acid
content of the diet. To maintain equiva-
lent caloric distribution, 2% of hydro-
genated vegetable fat6 was added to the
diet fed ad libitum. Thus, the diets pro-
vided 236 Cal. per 100 gm, 40% of which#&
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TABLE 1
Composition of ration, individual, combat
diet as fed
gm/100 gm
Moisture 52.30
Protein 8.37
Crude fat 10.641
Ash 1.99
Carbohydrate (by difference) 26.70
Sodium chloride 1.22
Calcium 0.382
Phosphorus 0.282
Potassium 0.36
Magnesium 0.039
mg/100 gm
Iron 2.2
Zinc 0.6

10f this fat, 8.64 gm was derived from the basal
diet of C ration; the remainder was added fat as noted
in the text.

2With added calcium phosphate.
mented diet contained 0.058%
of phosphorus.

The unsupple-
of calcium and 0.12%

were derived from fat, 14% from protein,
and 46% from carbohydrate.

For the first 24 weeks, the swine were
housed in dog metabolism cages in a con-
trolled environment (26°+2°C). At this
time the dimensions of the group fed ad
libitum approximately equaled those of
the cages. The animals were moved to an
unheated basement, individually penned,
and bedded on 2 to 3 inches of wood
shavings over concrete. Temperature
fluctuated between 10° and 20°C, and
strict control of rate of gain became dif-
ficult.

The animals were weighed weekly and
thickness of back fat was measured inter-
mittently by a lean meter (Andrews and
Whaley, '54).7 Fasting blood samples (30
ml) were taken from the anterior vena
cava at 2- or 4-week intervals throughout
the test. Serum lipid components and elec-
trophoretic patterns were determined on
all samples. Total serum cholesterol was
measured by the classical Liebermann-
Burchard reaction, as modified by Sperry
and Webb ('50). Serum lipid phospho-
rus was determined, with p-semidine hy-
drochloride as the color reagent (Dryer et
al., '57). For the determination of lipopro-
tein lipid, electrophoresis was performed
with a hanging strip paper electrophoretic
apparatus. After a 16-hour migration
period with pH 8.6 veronal buffer, of ionic
strength 0.05, the paper was dried and
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stained with oil red O. Density measur-
ments were made and lipid content was
estimated by comparison to a standard
lipid run simultaneously and treated in
an identical manner as serum. Serum
protein electrophoresis was performed in
the same way, with bromphenol blue as
the dye.

Other determinations designed to evalu-
ate nutritional status and functional in-
tegrity of important organ systems were
made from time to time. These included
hematocrit, hemoglobin, and blood-formed
elements (conventional clinical methods);
serum total protein (Cohn and Wolfson,
'48) and nonprotein nitrogen (Koch and
McMeekin, '24); activities of serum gluta-
mic-oxalacetic and glutamic-pyruvic trans-
aminases8 and of alkaline and acid phos-
phatases;3 serum bilirubin (Malloy and
Evelyn, '37); protein-bound iodine (Thomp-
son et al., '56); blood sugar (Nelson, '44)
and ketones (Greenberg and Lester, '44).

After terminal blood samples were
drawn, the swine were anaesthetized with
sodium pentobarbital and exsanguinated.
At necropsy, tissues were removed for
histopathologic examination by Drs. Paul
B. Szanto and Leo Williams of the Hektoen
Institute for Medical Research. Quick-
frozen samples of liver and adrenal tissues
were reserved for measurement of hepatic
glucose-6-phosphatase activity (Swanson,
'55) and activity of adenosine triphospha-
tase (DuBois and Potter, '43) and 5'-nu-
cleotidase (Cochran et al., '51).

RESULTS

As indicated in figure 1, very little gain
was achieved in the restricted group from
the thirtieth week to the end of the test but
the goal of half-gain was reasonably well
met. The back-fat layer of the group fed
ad libitum was 1.3 in. at 6 months and
rose to a terminal average of 1.9 in. The
final range was 1.10 to 2.82 in. The re-

7Andrews, F. N, and R. M. Whaley 1954 A
method for the measurement of subcutaneous fat and
muscular tissues in the live animal. Presented at the
Annual Meeting of the American Society of Animal
Production, Chicago.

8Sigma Chemical Company 1958 A simplified
method for the clinical determination of serum glu-
tamic-oxalacetic transaminase and serum glutamic-
pyruvic transaminase. Tech. bull. no. 505.

9Sigma Chemical Company 1958a Determination
of serum acid and alkaline phosphatase and “pro-
static” acid_phosphatase using Sigma 104 phosphatase
substrate. Tech. bull. no. 104.
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area) numbers indicate back-fat thickness.

stricted group varied from 0.25 to 0.42 in.
in back-fat, averaging 0.3 in. (see table 2).

Variations in body type were noticeable
among the group fed ad libitum. One ani-
mal (no. 14) was of placid disposition and
tended to gain weight more efficiently than
the others. A second pig (no. 16), al-
though weighing very nearly the same
amount (120 and 116 kg, respectively),
had only half the thickness of back-fat.
Pig no. 12 was the leanest of the group

16 18 20 22 24
WEEKS
Growth of swine fed C ration ad libitum or restricted to allow 50%

1 |
26 28 30 32 34 36 38 40 42 44

gain (shaded

fed ad libitum and was an apprehensive
type that reacted to routine blood sam-
pling by a marked drop in caloric efficiency
for a few days.

The caloric intake of the two groups is
shown in figure 2. Food consumption of
the group fed ad libitum increased steadily
from 2,400 to 8,000 Cal. daily during the
first 20 weeks of study and remained es-
sentially constant thereafter. The re-
stricted group was fed one-fourth to one-

TABLE 2

Body weight,

fat thickness,

and serum cholesterol

i i Serum
. . Body weight Back-fat thickness total
Pig Litter choles-
no. no. Initial 6 10 6 10 terol
months months months months 44-week
average
kg kg kg inches inches mg/100 ml
Ad libitum group
il 519 9.2 72.6 106.2 1.79 2.28 88
12 523 10.9 62.2 82.9 0.75 1.10 105
14 523 11.8 76.5 120.2 1.72 2.82 90
15 516 13.3 72.8 98.5 1.05 1.80 123
16 514 16.4 83.6 116.4 1.38 1.45 103
Restricted group
21 515 9.3 40.6 56.3 0.58 0.25 133
22 519 11.4 37.6 46.7 0.35 0.25 113
24 522 12.8 44.6 52.2 0.55 0.42 97
25 516 13.5 45.6 53.4 0.55 0.38 115
26 517 14.3 49.4 53.4 0.55 0.30 121



368

DORIS HOWES CALLOWAY, RUSSELL HILF AND A. H. MUNSON

12000-
WEEKS
Fig. 2 Mean daily caloric intake of swine fed C ration ad libitum or restricted to allow
50% weight gain. Upper solid line indicates ad libitum intake; shaded area 50%

caloric

intake; lower solid line, intake of restricted group.

third as much; their caloric intake was a
little less than half that of the ad libitum
animals, on a body weight basis. During
the first 36 weeks, the percentage weight
gain of the restricted group was about
65% of that of the ad libitum group and
was achieved with 45% of their caloric
intake.

The change in serum total cholesterol
during the experimental period is illus-
trated in figure 3. An immediate eleva-
tion from the pre-experiment level was
observed in both groups of animals, the
restricted animals showing a greater in-
crease. During the early phases of the ex-
perimental period, the level remained
elevated. At the eighth week, serum cho-
lesterol content of the ad libitum animals
had returned to initial values and re-
mained at this level for the remainder of
the experiment. But serum cholesterol in
the restricted animals remained slightly
elevated throughout most of the experi-
mental period, returning to initial values
by the end of the thirtieth week. From
the thirtieth week until the end of the
experiment, there was no indication of
any difference between the two groups.
No correlation between serum cholesterol

and body weight or fat thickness within
groups was found (see table 2).

A similar pattern was seen when the
serum phospholipid was examined (see
fig. 3). An immediate marked increase
was obtained in all animals, with a peak
reached by the fourth week. In the ad
libitum animals, phospholipid levels re-
turned to initial value 8 weeks after the
start of the experiment and remained be-
low that level from the twelfth week on-
ward. With the restricted animals, a more
gradual decrease from the peak value was
observed. By the twenty-fourth week,
phospholipid content had returned to the
initial values and remained in this range
for the rest of the experiment. The re-
stricted animals showed consistently
higher serum phospholipid content when
compared with their ad libitum-fed pair
mates.

Cholesterol/phospholipid (C/P) ratios
were calculated as another possible indi-
cation of lipid metabolic derangement. As
noted in figure 3, an initial decrease in
both groups was observed with values re-
turning to pre-experimental levels by the
twelfth week. The ratios of ad libitum ani-
mals showed an additional increase be-
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Serum total cholesterol and phospho-
lipid content and the ratios of these in swine fed
ad libitum or restricted to allow 50%

Alpha

100 ml
99
159
272
236
249
142
150
131
134
134

mg/ mg/
1oogm| 100 ml

Ad libitum
gsta ” rigin
100 ml
191 46
187 100
271 162
216 95
216 71
169 85
159 71
128 68
150 35
137 75

Total

336
446
705
547
536
396
380
327
319
346

weight

yond the twelfth week and remained
higher than the restricted animals for the
remainder of the experimental period.

In table 3 are shown the results of elec-
trophoretic separations of lipoprotein
components. Three distinct peaks were ob-
tained by electrophoresis under the condi-
tions employed. A nonmigrating staining
area was usually distinct from the a-lipo-
protein peak. These nonmigrating lipids
were termed “origin” as listed in the table.
Total lipoprotein lipid showed, as with
cholesterol and phospholipid, an increase
in both groups with a peak reached on the
fourth week. Thereafter, a general de-
crease was noted with a return to initial
values near termination of the experi-
ment. On both the thirty-ninth and forty-
fourth week of experimentation, the lipo-
protein lipid content of the sera of the
restricted animals was below the initial
values. The [3-lipoprotein levels remained
relatively constant, with the restricted
group showing a greater decrease after
the twenty-fourth week. The most marked
differences were in the a-(high density)
lipoproteins. Concerning this component,
the restricted animals showed a higher
content throughout most of the experi-
mental period than the animals fed ad
libitum. This also accounts for the higher
al/g lipoprotein ratios in the restricted ani-
mals. The nonmigrating lipids appeared
to be higher in the ad libitum-fed animals.

Serum protein electrophoresis and anal-
ysis of albumin and globulin components
showed no differences between experi-
mental groups (table 4). Both serum
total protein and nonprotein nitrogen levels

TABLE 3
Serum lipoproteins

Alpha/ Restricted

beta Lipoprotein AL%?,:/
ratio Alpha Beta Origin Total ratio
mg/ mg/ mg/ mg/
100ml 100 ml 100ml 100 ml
0.52 118 209 56 383 0.56
0.85 158 168 93 419 0.94
1.00 409 252 83 744 1.62
1.09 251 136 59 446 1.85
1.15 343 255 71 669 1.35
0.84 236 143 62 441 1.65
0.94 284 155 39 478 1.83
1.02 244 112 57 413 2.18
0.89 160 66 15 231 2.42
0.98 169 83 45 297 2.04
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TABLE 4

Enzyme activities and tissue components of metabolic interest

Serum

Glutamic-oxalacetic transaminase activityl
Glutamic-pyruvic transaminase activityl
Alkaline phosphatase activity3
Acid phosphatase activity3
Protein-bound iodine, pg/100 ml
Protein, gm/100 ml

Albumin, %

Alpha globulin, %

Beta globulin, %

Gamma globulin, %
Nonprotein nitrogen, m g/100 ml
Bilirubin, ¢ig/100 ml

Whole blood

Sugar, mg/100 ml
Ketones, mg/100 ml

Liver
Adenosine triphosphatase activity5
5'-Nucleotidase activity5
Glucose-6-phosphatase activity5

Adrenal
Cholesterol, mg/gm
Adenosine triphosphatase activity5
5'-Nucleotidase activity5

1Sigma units per milliliter.
2Mean and standard deviation.
3Sigma units per liter.

Ad libitum Restricted
44 132 34 4
23 4 24 2R3
2.28  0.70 1.9722 0.22
1.32+ 0.18 0.8522 0.164
23 2 03 2.3 0.3
74 2 06 7.3 0.4
495 Hh 15 515 1.9
200 ¥ 29 182 22 22
16.0 2 14 171 2 10
145 3.6 132 2 15
330 + 20 312 2 4.7
49 2223 62 13
58.1 8.7 68.0 2 65
0.96 0.07 1.1922 0.154
11.3 5.3 55 + 26
20 22 06 35 22 0.74
6.3 15 48 * 12
579 F 1.06 599 2.24
3.4 1.1 31 22 08
123 — 4.2 158 % g3

i Differs significantly from ad libitum group, P < 0.05.
3Micrograms of phosphorus released per milligram of tissue.

were also uniform, suggesting normal pro-
tein synthesis and renal clearance mech-
anisms.

Few of the other components listed in
table 4 differentiated the two groups. Se-
rum transaminase and alkaline phospha-
tase activities were comparable and acid
phosphatase activity only slightly reduced
in the restricted group. Equivalent pro-
tein-bound iodine levels indicate that ca-
loric insufficiency did not alter thyroid
function. Normal serum bilirubin levels
also attested to the adequacy of liver func-
tion. Fasting blood ketone content was
slightly higher in the restricted group.

Hematologic measurements, shown in
table 5, did not reveal any major differ-
ences between the two groups. Total
leukocyte counts wEre high initially and
showed a steady decline during the period
of study. This transition was noticeable
after 4 weeks in the group fed ad libitum
but only after 24 weeks in the restricted
group. Differential counts revealed the

same proportions of each of the cell forms
in both groups.

Although some differences in mean tis-
sue enzyme activities existed, the range
was large (table 4). Only one enzyme of
the high-energy phosphate system was
significantly affected, the S'-nucleotidase
activity of liver, which was increased in
the restricted animals. Each of the meas-
ures given in tables 3-5 was evaluated for
correlation with body fatness within
groups, and none was related significantly.

Measurements made at necropsy re-
vealed that skeletal growth was not sig-
nificantly retarded by caloric restriction
(table 6). Whereas the difference in body
weight between groups was 50%, the dif-
ference in femur length was only 2%.
Kidney and spleen weight were reduced
to the same extent as body mass, and thy-
roid weight depression was proportionate
to the calculated decrease in body surface
area. Heart and liver weights were 25%
lower in the restricted group than in those
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TABLE 5
Formed elements of the blood
Initial 4 weeks 12 weeks 24 weeks 44 weeks
Hemoglobin, gm/100 ml
Ad libitum 16.0 17.7 19.9 20.2
Restricted 15.8 17.9 19.8 17.9
Hematocrit, %
Ad libitum 50.8 47.8 53.3 54.2
Restricted 49.0 46.3 50.6 49.9
Red cells, million per mm3
Ad libitum 8.29 7.76 8.71 9.26 8.84
Restricted 8.22 7.54 8.90 9.12 7.70
White cells, per mm3
Ad libitum 21718 16710 16585 15512 13944
Restricted 21945 20030 21558 16400 15570
TABLE 6
Organ weights of swine
Ad libitum Restricted
Mean Range Mean Range
%
Body weight, kg 104.8 82.9 - 120.2 52.4 46.7 - 56.3 50
Surface area, m21 1.84 1.59- 2.01 1.19 1.11- 1.21 36
Femur length, cm 19.9 185 - 215 195 184 - 205 2
Heart, gm 246 209 - 271 190 170 - 222 23
Liver, gm 1540 1355 -1740 1159 1090 -1241 25
Kidneys, gm 327 291 - 363 188 164 - 225 42
Spleen, gm 137 102 - 158 76 49 - 85 46
Brain, gm 103.3 93.6 - 107.5 98.7 92.0 - 105.1 4
Testes, gm 264 198 - 290 241 206 - 267 9
Adrenals, gm 3.35 2.88- 3.84 2.98 2.42- 3.63 11
Pituitary, gm 0.32 0.22- 0.41 0.26 0.20- 0.29 16
Thyroid, gm 12.88 9.08- 17.03 8.11 5.64- 11.57 37

1Calculated from the formula: Surface area,

fed ad libitum. Brain, testes, pituitary,
and adrenal glands did not differ signifi-
cantly on a total wet weight basis. Ob-
viously, if organ weights are adjusted to
an equivalent body weight basis, the ratios
will be found to be much greater in the re-
stricted group.

Only one observation of major clinical
significance was made during the course
of the experiment. Soon after receipt of
pig no. 26, assigned to the restricted group,
it was found to have a small wart-like
growth on the right shoulder. After 5
months, this lesion had grown to 7 x 5 X
2 cm and became quite irritated. The
growth was removed under ether anes-
thesia and identified as a benign mel-
anoma. Careful examination of the herd
revealed a progressive increase in size

m2=0.097 XBW, kg0638 (Brody et al., '28).

and number of similar melanotic lesions
in this animal, in no. 25 and, later to a
limited extent, in no. 16.

Grossly, pathologic changes were ob-
served in the ascending portion of the arch
of the aorta in most of the animals. The
lesions were small (1X1 to 2X4 mm)
white or yellowish areas of nodular thick-
ening, with slight or no induration, of the
intimal surface. The number of lesions
grossly observable varied from zero to 20,
with most showing one to three lesions
(see table 7). Four animals (one in the
ad libitum group and three restricted) had
minimal longitudinal wrinkling of the in-
timal surface of the ascending aorta, and
7 animals (three fed ad libitum, 4 re-
stricted) had a pinkish-yellow discolora-
tion spread diffusely over the intima. Two
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pigs fed ad libitum had small nodules pres-
ent in the abdominal aorta while all others
were located about the orifices of the
brachiocephalic and bicarotid arteries.
None of the lesions significantly narrowed
the lumen of the vessel involved. Histo-
logically, these nodular lesions resembled
those described by Gottlieb and Lalich
(’54), consisting of proliferative changes
with hyalinization, fibrosis and calcifica-
tion. No stainable lipid was seen.

A moderate but progressive develop-
ment of arteriosclerosis was recorded and
the frequency of calcified lesions was
greater in the group fed ad libitum than
among restricted animals. Focal loss or
depletion of the elastic fibrils of the media
of the aorta was also noted. These

DORIS HOWES CALLOWAY, RUSSELL HILF AND A. H. MUNSON

changes were more marked in the ad
libitum group, but independent of any
arteriosclerotic lesions which might oc-
cur in the same animal.

Neither gross nor microscopic examina-
tion revealed pathologic changes in coro-
nary, cerebral, renal or retinal vessels.

In addition to the vascular alterations,
a number of general pathologic processes
were observed, most of which were judged
to be unrelated to the dietary manage-
ment. They are listed in table 7. The
lesions in the genital organs and contigu-
ous structures were concluded to be seque-
lae of the bilateral vasectomies performed
by the breeder. Three of the cases of
lymphadenopathy were melanin deposits
associated with the development of multi-

TABLE 7

Pathologic observations

Ad libitum

11 12

Gross, general

Melanotic tumors
Cutaneous abscess
Lymphadenopathy X
Subserosal petechia, lung
Submucosal petechia,

gallbladder X
Adhesions, inguinal ring
Hypertrophy, seminal vesicle X
Granulomatous lesions,

epididymitis X
Atrophy, olfactory lobe

of brain
Fibrosis, kidney X
Bursitis, carpus X

Microscopic, general
Melanomata
Melanin deposit lymph node
Chronic lymphadenitis X
Interstitial fibrosis of kidney X
Dilatation of tubules of
epididymis X X

Gross, vascular
Pinkish yellow streaking of
intima of aorta
Wrinkling of intimal surface
of aorta
No. of intimal nodules 1 1

Microscopic, vascular
Maximal stage of development
of arteriosclerotic lesionl 4 4

Restricted

14 15 16 21 22 24 25 26

x
R~ X
X
X

3 4 0 0 4 1 4 1

1The pathologic changes were graded as follows:

Stage 1
Stage 2
Stage 3 Proliferative chandges with h
Stage 4 Calcification in al

Proliferative changes in the intima, all of mild to moderate degree.
Proliferative changes with hyalinization.

alinization and fibrosis.

dition to the above changes.
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pie primary melanomas, and the remainder
were chronic lymphadenitis. The neo-
plasms will be discussed in detail else-
where.D Renal fibrosis and bursitis of the
carpus were observed in one member of
the ad libitum group. Histologic examina-
tion of all other major organs, including
both exocrine and endocrine glands, pro-
duced negative findings.

DISCUSSION

Our data agree with observations cited
earlier, in that controlled underfeeding
was accompanied by slightly elevated se-
rum cholesterol levels. The lack of posi-
tive correspondence within groups between
relative body fatness and cholesterol levels
is at variance with the observation of Lewis
and Page ('56) in this same strain of swine
and with some human studies (Walker,
'53; Keys et al.,, '55; Olson, '59). Other
workers have, however, failed to detect a
relationship between body fatness and se-
rum cholesterol levels in man (Keys, '55;
Hawthorne et al., '56).

The pathologic findings in the vascula-
ture support the concept of retarded aging
in the restricted group. The delayed fall
from high juvenile leukocyte counts to
typically lower adult levels also shows this
trend. In only one respect do our data con-
flict with observations of comparably re-
stricted rats: spontaneous tumorous proc-
esses occurred earlier, more frequently,
and more severely in the underfed group.
The tumors appearing spontaneously in
the present experiment were melanomas,
a type not found in the species used by
other investigators.

SUMMARY

Male swine were fed a mixed human
diet ad libitum for 44 weeks. Paired ani-
mals were given the diet in amounts that
allowed only 50% of the weight gain of
the fully fed group. The back-fat thick-
ness of the ad libitum group averaged 1.9
in. terminally and that of the restricted
animals was 0.3 in. The restricted group
showed slightly elevated levels of serum
cholesterol, phospholipid and ketones and
of hepatic S'-nucleotidase activity. Vas-
cular pathology was indicative of delayed
aging in the underfed group but tumori-
genesis was enhanced. There was no posi-
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tive correlation within groups between rel-
ative fatness and any other measured
characteristic.
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One of the most recurrent reports in
the older literature is that of the accumu-
lation of methylglyoxal in thiamine de-
ficiency. The latest experimental evidence
was reported by Salem (’54, '55). The
accumulation of methylglyoxal has been
attributed to a decrease in glyoxalase ac-
tivity, but the evidence is conflicting.
Most authors agree that there is some de-
crease in enzyme activity, but this is, at
least in some tissues, due to a decrease in
glutathione (Drummond, '61). Such a
decrease in glutathione is not uniform in
all tissues (Hsu and Chow, '61).

The biochemical lesion in thiamine de-
ficiency is less clear now than it was
thought to be after Peter's classical work
on pyruvic oxidase (Kinnersley and Peters,
'30). The work of Jones and d'Angeli
(’60) raises serious questions whether a
functional decrease in pyruvic acid oxi-
dase is present in the intact deficient ani-
mal. A derangement in a specific tissue
is not excluded, but the overall symptoms
of thiamine deficiency cannot be attributed
to a decrease in thiamine pyrophosphate.
Furthermore, erythrocyte transketolase is
nonfunctional at an early stage in the de-
ficiency (Brin et al.,, '58), long before
gross symptoms appear. This suggests
that the animal can survive for prolonged
periods without transketolase.

Recently it was observed that a-glycerol-
phosphate dehydrogenase is very sensi-
tive to thiamine deficiency (van Eys, '61a).
Lactic dehydrogenase was somewhat less
sensitive to a deficiency provoked by die-
tary means or by pyrithiamine, but very
sensitive to oxythiamine-induced defi-
ciency. These observations suggest the
possibility of deranged glycolysis. A de-
rangement of any type in this area of
metabolism might result in the accumu-

J. Nutrition, 76: '62

lation of methylglyoxal in thiamine de-
ficiency. Although the results are not con-
clusive, they do indicate that it may
accumulate in thiamine deficiency and
that methylglyoxal could be further meta-
bolized to pyruvate through D-lactic acid.

There is at present only one enzymatic
synthesis of methylglyoxal known in the
animal organism: the degradation of
threonine through aminoacetone to meth-
ylglyoxal (Elliot, '60), although this is
not the major pathway of threonine de-
gradation.

EXPERIMENTAL

Growth and maintenance of animals.
Wistar rats3 were fed a commercial thia-
mine-deficient diet and were treated with
oxythiamine and pyrithiamine as de-
scribed previously (van Eys, '61a). Some
tissues were obtained from the rats de-
scribed in the previous report; others were
taken from a new series of animals. In
studies on some 70 rats it was confirmed
that oxythiamine does not provoke neuro-
logical lesions in rats. Pyrithiamine at all
dose levels induces neurological signs in
all animals treated for a sufficient time.
All pyrithiamine-treated rats were main-
tained until neurological symptoms ap-
peared. Dietary-deficient rats or oxythia-
mine-treated rats were maintained until
the weight was at least 5 gm below the
starting weight. Urine collections were
made daily and the urine was frozen
until the analysis could be made.
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Enzyme preparations. Glyoxalase | and
Il were prepared as described by Racker
('55). Triose-phosphate isomerase was
prepared by the method of Meyerhof and
Beck (’44). A D-lactic acid specific lactic
dehydrogenase was prepared from Leuco-
nostoc mesenteroid.es.4

The organism was grown at 30°C in a
medium consisting of: KfLPO,, 2 gm;
Difco Bactopeptone, 5 gm; dextrose, 10
gm; Difco yeast extract, 2 gm; and the
supernatant, obtained by centrifugation
of tomato juice, 100 ml per liter of culture
medium. The inclusion of tomato juice
increased the yield of organisms by as
much as 100%.

After a 24-hour growth period the cells
were collected by centrifuging, and washed
with saline. Usually a two-liter batch was
worked up at a time. The cells were sus-
pended in a buffer 0.o1 m pyrophosphate,
containing 500 mg per liter of versene at
pH 6.7 and disrupted in a Mickle disinte-
grator for one-half hour, the debris and
glass beads separated by centrifuging and
the supernatant brought to 75% satura-
tion with a saturated ammonium sulfate
solution. This and subsequent precipitates
were collected after centrifugation for 1o
minutes at 10,000 rpm. All centrifuga-
tions and manipulations were carried out
at 4°C. The precipitate was subfraction-
ated and the fraction precipitating be-
tween 35 and 75% saturation was re-
tained, redissolved in water and an equal
volume of a 1% protamine sulfate solu-
tion added. The resultant precipitate was
discarded, the supernatant again sub-
fractionated with ammonium sulfate solu-
tion and the fraction between 55 and 65%
saturation retained. This fraction was
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poured over a 20 X 1 cm column of
Sephadex G-50 to desalt and remove pro-
tamine. The enzyme so obtained was
stable to freezing and thawing for several
weeks. The results of a typical purifica-
tion are shown in table 1.

The enzyme so obtained showed a pref-
erence for the DPN analogue: acetyl-
pyridine-*DPN. When assayed in a me-
dium containing 0.1 m pyrophosphate
buffer, pH 9.3, and 3.3 x 10“3m D-lactic
acid, the analogues of DPN had the fol-
lowing relative activity (in per cent of
DPN): DPNMOO, acetylpyridine-*DPN:
135; pyridinealdehyde-*DPN: 40; TPN:
inactive. The Michaelis constants were as
follows: for acetylpyridine-*DPN at 3.3 x
10-3 m lactic acid: 5.6 x 10-4. For lactic
acid at an acetylpyridine-*DPN concen-
tration of 4.4 x 10~4:2.4 x 10"2

The preparation showed no DPNH oxi-
dase activity and was inactive toward
L-lactic acid, oxalic acid, glycolic acid,
ethanol, glycerol, glycerol phosphate, glu-
tamic acid, glucuronic acid, glucose, 1,2-

propanediol, acetaldehyde, mercaptoeth-
anol, 3-phosphoglyceraldehyde, sorbitol,
and a-hydroxybutyric acid. It showed a

small activity with glyoxylic acid, appar-
ently due to the same enzyme. With DPN,
but not with acetylpyridine-*DPN, glu-
cose 6-phosphate was slowly oxidized due
to a contaminating protein.
Determinations. The methods used
were as follows: total lactic acid by the
method of Barker and Summerson ('41);
pyruvate as the 2,4-dinitrophenylhydra-

4  The strain used was an organism classified as Beta-
coccus arabinosaceus in the Orla Jensen collection.
It was kindly supplied by Dr. A. H. Harrison, Jr,
from the Department of Biology at Vanderbilt Uni-
versity.

TABLE 1
Purification of d-lactic dehydrogenase from L. mesenteroidesl

Fraction, Protein

% saturated Volume
Total
(NH4)2504 mg/ml mg

ml

Crude extract 19.0 3.2 60.0
0-75 10.0 4.5 44.6
35-75 10.0 1.6 15.6
55-65 5.0 0.62 3.1

Units Specific

/m1 Total activity
6.1 X 104 1.35 X 10s 22.5
1.8 X 105 1.8 X 106 41.3
1.3 X 105 1.3 X 106 82.7
1.1 X 105 0.5 X 106 171.0

10ne unit is that amount of enzyme which caused a change in optical density of 0.001/minute

when assayed in the following system: DPNH: 0.4 /;moles; phosphate buffer,
10 /¢moles; and enzyme, in a final volume of 3.0 ml.

pyruvate:
per milligram of protein.

pH 7.6: 50 /;moles;
Specific activity is defined as units
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Fig. 1 The color response of various carbohydrate derivatives in the Dische test. Methyl-
glyoxal was tested at 10 ;ig/ml, all other compounds at 400 ~g/ml.

zone (Friedemann, '57); D-a-hydroxy acids
microbiologically using the D-lactic acid-
requiring mutant of Lactobacillus casei
280-16 (Camien and Dunn, ’'53; Judge
and van Eys, '62); protein in tissues by
the biuret test (Weichselbaum, '46); and
methylglyoxal by the method of Dische
and Robbins ('34). Although the latter
method is not absolutely specific, the sen-
sitivity for methylglyoxal is such that a
reliable estimate can be obtained (fig. 1).
Furthermore, a barium-zinc filtrate elim-

inates interference of phosphorylated com-
pounds.

D-Lactic acid was estimated enzymati-
cally by allowing the enzyme to act on an
unknown sample in the presence of ace-
tylpyridine-*DPN. This estimation was
made on urine freed of pyruvate as fol-
lows: one milliliter of urine was treated
with Lloyd's reagent and centrifuged. To
the supernatant was added 0.02 ml of
30% hydrogen peroxide and the urine was
allowed to stand for one hour. Then 50 ug
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of crystalline catalase were added and
again the urine was allowed to stand one
hour. Recovery experiments indicated
that all pyruvate was destroyed and that
no lactate was lost during these manipu-
lations.

The treated urine was then diluted with
0.1 m pyrophosphate buffer, pH 9.3 to a
volume of 2.8 ml. Two-tenths of a milli-
liter of a solution containing 10 mg per
ml of acetylpyridine-*DPN and enzyme
were added, and the reaction was allowed
to proceed to completion as judged by the
optical density at 365 mu. From the molar
extinction coefficient of 9.1 x 103 (Siegel
et al., '59), the lactic acid concentration
could be calculated.

RESULTS AND DISCUSSION

Attempted, identification of methylgly-
oxal in wurine. Methylglyoxal is both
chemically unstable and volatile. Ordi-
nary collection of urine did not allow re-
covery of methylglyoxal added initially
unless the urine was quick-frozen with dry
ice during collection. Even then, how-
ever, the identification of methylglyoxal
posed serious problems. Deionization of
the urine over ion exchange columns ap-
parently destroyed methylglyoxal. Con-
centration of urine, even at room tempera-
ture, volatilized the compound. Untreated
urine had such a large amount of inter-
fering materials for both the chemical as-
say or the assay with glyoxalase | and Il
that a direct determination was excluded.
These results indicated that a quantitative
estimation of methylglyoxal is very diffi-
cult. Nevertheless, methyglyoxal was not
noted in the quantities indicated by Salem
(’54), in agreement with the recent ob-
servations by Drummond (’61).

“Enzymatic” formation of methylgly-
oxal. Because of the failure of the direct
demonstration of methylglyoxal in urine
(or blood) a different approach was taken.
For efficient pyruvate formation, if this
formation is not coupled to reduction to
lactic acid, some means of removal of
glycolytically reduced DPN must operate.
In brain the a-glycerophosphate cycle,
postulated by Estabrook and Sacktor ('58)
and by Zebe et al. ('59), probably is the
means by which such DPNH is removed. A
lowering of both lactic dehydrogenase and
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TABLE 2

Methylglyoxal formation in thiamine-
deficient brainsl

Group anli\lrgéls Methylglyoxal2
m/imoles/mg
brain
Controls (7) 16.3+6.78
Oxythiamine (8) 36.0+ 7.673
Pyrithiamine (6) 36.3+4.683

1Each Warburg flask contained 20 /;moles of fruc-
tose-diphosphate as substrate and 50 mg of brain
homogenate. The flasks were fortified with 15 units
of hexokinase, 30 /;moles of 2-deoxyglucose, 1.5 /;moles
of DPN, 3.0 /;moles of ATP, 50 /;moles of phosphate
buffer, pH 7.5, 20 /;moles of MgCl2, 120 /;moles of
nicotinamide and 0.03 /;moles of cytochrome c. KOH
was added to the centerwell. The gas phase was air,
incubation time 40 minutes. Methylglyoxal was as-
sayed by the method of Dische and Robbins (’34) on
a barium-zinc filtrate.

2All figures are given with their standard devia-

tion.
3Significantly higher than control group (P =0.01).

glycerolphosphate dehydrogenase would
result in a blocking of glycolysis and an
accumulation of triose-phosphates, which
could result in production of methylgly-
oxal. In liver other means, such as an
enzyme analogous to cytochrome c re-
ductase (van Eys, '61b), may exist to
remove glycolytically generated DPNH.
Thus the glycerophosphate cycle is rela-
tively less important.

Therefore, to find methylglyoxal forma-
tion, tissues were incubated in a Warburg
respirometer with a complete medium for
glycolysis patterned after one published
previously (van Eys and Warnock, '59).
The details are given in the legend of
table 2. When so examined, the homog-
enates of brains of thiamine-deficient
rats form more methylglyoxal than nor-
mal tissues do. Representative data are
shown in table 2. In liver, however, meth-
ylglyoxal accumulation was only evident
after blocking the glycolysis with fluoride
ion (table 3). Under those conditions a
glycerophosphate cycle must operate to
further oxidize trioses.

The question whether the formation of
methylglyoxal is an artifact or an enzy-
matic function is open. Chemically dihy-
droxyacetone-phosphate is more stable
than is glyceraldehyde 3-phosphate. The
enzymatic equilibrium, as achieved by
triose-phosphate isomerase between the
two trioses, is far in favor of dihydroxy-
acetone-phosphate (Meyerhof and Beck,
'44). Thus the methylglyoxal accumula-
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TABLE 3
Methylglyoxal accumulation in liver homogenatesl

Group No.
animals

Control 8

Restricted3 9

Deficient 9

Methylglyoxal2
-F +F

fimoles/mg protein/20 minutes

6.33+1.34 5.37+0.94
5.29+1.74 7.87+ 1.64
6.72+ 0.76 11.78 £2.24*"

1Rat liver homogenates, prepared in isotonic KC1, were incubated with 12 /;moles of fructose-

diphosphate for 20 minutes.

When fluoride was present, a level of 0.01 m was used. The samples

were degrotelmzed with barium/zinc and analyzed for methylglyoxal by the method of Dische

and Robbins

2AI11 flgures are given with their standard deviation.

3PairTed with the deficeint animals.

4 Statistically significantly higher than controls at P < 0.05.

tion should be low if it was nonenzymatic
(compare with table 4). But unknown
factors in a homogenate may play a non-
enzymatic catalytic role.

Formation of D-lactic acid. Assays for
glyoxalase indicated that the enzyme was
somewhat, but not drastically, decreased
in tissues from deficient rats, in agreement
with the observations of Drummond (’'61).
Thus, although in homogenates glyoxalase
would be inactive, since no glutathione
was added, in the whole animal one might
expect that D-lactic acid would be formed
when tissues, which are blocked in gly-
colysis, accumulate methylglyoxal. There-
fore an effort to detect D-lactic acid was
made. Initially only the lactic acid-re-
quiring mutant of L. casei was used. Con-
siderable quantities of “D-lactic acid” were
excreted by rats. However, other D-a-hy-
droxy acids may substitute as a growth
factor for this organism (Camien and
Dunn, '53), and it became evident that
more than lactic acid was being meas-

TABLE 4

Spontaneous formation of methylglyoxal
triosephosphatesl

from

Methylglyoxal

Additions formed
mfimoles
DL-Glyceraldehyde-3-P 290
DL-Glyceraldehyde-3-P 4-
triosephosphate isomerase 165
Dihydroxyacetone-P 0
Dihydroxyacetone-P +
triosephosphate isomerase 47

1Five micromoles of DL-glyceraldehyde 3-phosphate
or dihydroxyacetone phosphate were incubated at
37°C for 30 minutes in 3 ml 0.05 m glycylglycine, pH
6.5. When added, 1,200 units of triosephosphate
isomerase were used. After incubation the samples
were analyzed for methylglyoxal by the method of
Dische and Robbins ('34).

ured.5 That D-lactic acid was one compo-
nent of the urine was indicated by the fact
that lactic acids isolated through counter-
current distribution (Camien et al.,, '59)
had growth promoting activity (compare
with Judge and van Eys, '62). D-Alanine
also has a feeble growth promoting activ-
ity for the L. casei mutant (Camien and
Dunn, '53). Pyrithiamine-treated rats
have a generalized aminoaciduria, as in-
dicated by the analysis of their urine.
(An automatic amino acid analyzer was
used.) However, the increase in alanine,
or even total amino acids, could not ac-
count for more than a very small fraction
of the growth stimulation.

To get a more specific measure of a-
lactic acid an enzymatic assay was used.
This method is not quantitative since re-
coveries from urine of known amounts of
D-lactic acid were poor, largely because
of inhibition of the enzyme by the urine.
Thus the rate of acetylpyridine-*DPN re-
duction by urine was only one-third that
of an equivalent amount of D-lactic acid
in pure solution. An approximation was
gained, however, which was probably an
underestimate. The results indicated that
both deficient and normal animals ex-
creted D-lactic acid and that the deficient
animals did not excrete a great deal more.
But since the total lactic acid excretion
dropped markedly, the percentage of b-

5 The rats that received pyrithiamine treatment
showed a sudden increase in microbiological D-lactic
acid excretion not paralleled by the enzymatic assay;
this increase was not shared by the oxythiamine-
treated rats. This precipitous increase coincided with
the sudden onset of neurological symptoms about 24
hours before death. The conclusion is |nescapab|e
that some compound (or compounds) is excreted
pyrithiamine-treated rats, other than D-lactic 4aC|
The nature of this growth promoting factor will be
investigated.
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lactic acid out of the total increased to-
ward the end of the deficiency period,
especially in animals treated with pyri-
thiamine (table 5).

Pyruvate levels in thiamine deficiency.
If D-lactic acid resulted chemically or en-
zymatically from methylglyoxal, accumu-
lation of methylglyoxal would result in
accumulation of D-lactic acid unless this
compound could be further metabolized.

Recent reports (Tubbs and Greville,
'59) re-emphasized the occurrence of a
nonpyridine nucleotide dependent enzyme
that oxidizes D-lactic acid to pyruvic acid
(Kaplan et al.,, '51; Mahler et al.,, '53).
Thiamine-deficient animals do not appear
to be deficient in this enzyme (table 6),
although the data show wide scatter.

It has long been known that in thia-
mine deficiency the pyruvate/lactate ratio
increases (Stolz and Bessey, '42). Pyru-
vate excretion apparently increases and
lactate excretion decreases. But the in-
crease in pyruvate may be only a paired-
feeding artifact. Pair-fed animals lose
weight, but not as rapidly as their deficient
mates. Considerable quantities of body
material are metabolized during weight

Fig. 2 Average daily pyruvate excretion by thiamine-deficient rats.
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loss. This involves considerable amount
of cellular material. When, as a rough
measure of total metabolism, the grams
of food consumed are corrected for a
change in body weight, the pyruvate ex-
cretion remains about the same (fig. 2).
Thus the animal can handle the bulk of
the pyruvate produced and a small per-
centage spills over in the urine. Thia-
mine-deficient rats produce more pyru-
vate due to tissue catabolism and hence
excrete more than their pair-fed mates.

However, the ratio pyruvate/lactate in-
creases toward the end of the deficiency,
even when compared with pair-fed con-
trols (table 7). Starvation tends to lower
the L-lactic acid excretion, making the
difference less marked, but still significant
when the animals are pair-fed. The re-
sults obtained in a group of pyrithiamine-
treated rats are shown in figure 3.

Under our conditions of study the re-
ported accumulation of methylglyoxal is
apparently not of the order of magnitude
that has been claimed. The accumulation
in brain homogenates is, however, signifi-
cantly elevated in thiamine deficiency.
Under the latter circumstances methyl-

DAYS

The control ani-

mals were not pair-fed. The dose of antimetabolites administered was 50 pg/m| of drinking

water for oxythiamine and 5 /xg/ml of drinking water for pyrithiamine.

The rats were

weighed daily and their change in body weight subtracted from their food intake to gain
an approximate measure of their amount of metabolic load. The figures are the average of

5 controls and 10 rats in each deficient group.
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TABLE 7
Lactate and pyruvate excretion in thiamine-deficient ratsl

Weeks Lactate

fed

diet Control Deficient

fimoles/24 hours

3 55.5+ 14.8 99.3+ 6.192
4 33.0+ 9.91 163.5+ 60.102
5 28.3+ 5.23 89.2+39.52
6 19.5+ 7.62 47.9+ 19.843

1Controls were pair-fed with the deficient animals.

Pyruvate/lactate

Pyruvate ratio
Control Deficient Control Deficient
j.imoles/24 hours
2.71 + 0.35 20.23+4.472 0.05 0.20
2.74+£2.17 5.28+ 1.133 0.08 0.03
2.11+0.93 6.02+0.93 0.08 0.07
3.10+ 0.90 14.31+3.712 0.16 0.30

Six rats were used per group. The urines were pooled

per rat for each week. All figures are given with their standard deviation.
2Deficient group significantly higher than control group (P < 0.05).

3No statistically significant difference.

glyoxal is derived from fructose-diphos-
phate, and therefore probably from triose-
phosphates. The evidence cited favors the
view that this is an enzymatic conversion.
Even if this transformation is nonenzy-
matic, it is possible that such a transfor-
mation occurs in vivo. The excretion of
traces of D-lactic acid argues in favor of
such an in vivo formation of methylgly-
oxal.

The decrease in L-lactic acid in thia-
mine deficiency is probably partially the
result of inactivity of the rats. But if this

were the only explanation, a parallel de-
crease in pyruvate should occur (Stolz
and Bessey, '42). The data (fig. 2) show
that such a parallel decrease does not
occur.

Tissue pyruvate/lactate ratio is an in-
dication of the DPN/DPNH ratio in the
tissues (Bucher and Klingenberg, '58).6
Urinary levels of pyruvic and lactic acid
also would tend to reflect changes in such

6This is not a thermodynamic equilibrium since
most nucleotide is bound to dehydrogenase; thus, a

DPNH/DPN ratio of one corresponds to a lactate/
pyruvate ratio of approximately 20.

Fig. 3 The average daily excretion of total lactate, pyruvate and D-lactic acid measured

both microbiologically and enzymatically on
drinking water.

10 rats receiving 5 /tg of pyrithiamine/m1 of
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a ratio in the animal. If all pyruvate re-
sulted from glycolysis, then the increase
in this ratio could result only from a rapid
removal of DPNH other than by L-lactate
formation. However, the glycerophosphate
cycle is blocked, and the overall catabolism
of the animals would be expected to gen-
erate reduced nucleotides rather than oxi-
dized DPN and TPN. Thus a source of
pyruvate other than glycolysis must
operate. This could be the result of exten-
sive amino acid degradation,7 but is quite
likely that at least part is derived from
D-lactic acid. If that is the case, the
known enzymes would effect the transfor-
mation methylglyoxal —D-lactic acid —»
pyruvate. This sequence is not in con-
tradiction to the low oxidized pyridine
nucleotide levels since the latter enzyme is
nonpyridine nucleotide-dependent.

Whether the methylglyoxal and D-lactic
acid are derived in vivo from threonine or
from carbohydrate (as was the case in
homogenates) cannot be settled. Experi-
ments are in progress to elucidate this
point.

A bypass through methylglyoxal would
result in the loss of generation of glycolytic
ATP.8 This could be a serious metabolic
defect. In fact, in thiamine deficiency the
shunt is blocked at the transketolase
stage, pyruvic acid oxidation may become
impaired, glycolysis is indirectly blocked;
thus no avenue of carbohydrate metabo-
lism is open.

A corollary is that the high pyruvate/
lactate ratio would not allow gluconeo-
genesis through reversal of the glycolytic
pathway because of the very low DPNH
and TPNH levels. Thus the low glycogen
content of thiamine-deficient tissues is
again a natural consequence of the syn-
drome.

Of the three pathways mentioned the
Krebs cycle is probably the least im-
paired. This is especially indicated by the
fact that a thiamine-deficient animal may
survive for prolonged periods of time when
fed a pure lipid diet.

SUMMARY

Thiamine-deficient animals did not ex-
crete large quantities of methylglyoxal,
but their tissues accumulated the inter-

IN THIAMINE DEFICIENCY
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mediate when incubated with fructose-
diphosphate.

D-Lactic acid was excreted by both nor-
mal and thiamine-deficient rats, but the
ratio of D/L-lactic acid was significantly
greater in deficient animals. The pyru-
vate/lactate ratio increased in deficient
animals, especially the pyruvate/L-lactate
ratio.

Since glyoxalase and D-lactate oxidase
were present in normal and deficient rats
in significant amounts, it was proposed
that most formed methylglyoxal was fur-
ther metabolized to pyruvate and that this
pathway is at least partially responsible
for increased pyruvate/lactate ratios.
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Calcium, Phosphorus and Citrate Interactions in
Oxalate Urolithiasis Produced with a Low-

Phosphorus Diet in Rats12

S. P. COBURN AND L. V. PACKETT, JR.
Biochemistry Department, Purdue University,

Lafayette, Indiana

Despite the large number of studies on
urolithiasis, the etiology of calculi in man
and domestic animals has not been eluci-
dated. Since albino rats rarely produce
calculi under normal conditions, some
method of inducing calculogenesis is nec-
essary before urolithiasis can be studied.
Schneider and Steenbock ('40) and Morris
and Steenbock ('51), using a low-phos-
phorus diet containing egg whites, pro-
duced calcium citrate calculi in weanling
rats. Sager and Spargo ('55) produced
citrate stones in mature rats, using a low-
phosphorus diet having a high calcium:
phosphorus ratio. Sager and Spargo felt
that the low-phosphorus level allowed ex-
cessive calcium absorption from the gut
resulting in a high level of nonprotein
bound calcium in the blood (calcium cit-
rate complex). The amount of calcium
citrate complex in the blood was felt to be
further increased by hypoproteinemia.
They concluded that the resulting large
excretion of calcium and citrate in the
urine caused the formation of calcium
citrate calculi. Van Reen et al. ('59a,
'59b), however, using a diet containing
0.18% of phosphorus instead of the 0.03%
levels in the diets mentioned above, pub-
lished data indicating that a constant cal-
cium :phosphorus ratio that results in
calculi formation with a low-phosphorus
level will not necessarily produce calculi
with a higher phosphorus level.

In all of these studies, calcium citrate
stones were formed. Since calcium citrate
stones and extremely low dietary phospho-
rus levels are rare in both man and live-
stock, the existing means of inducing uro-
lithiasis do not appear to depict urolithiasis
as it commonly occurs in man and live-
stock. This paper describes a moderately

76; *62

J. Nutrition,

low phosphorus diet which will produce
a high incidence of calcium oxalate stones
in weanling rats. The effect of the die-
tary phosphorus level, calcium:phosphorus
ratio, vitamin D, age and mineral metabo-
lism on calculogenesis is also described.

EXPERIMENTAL

One-hundred-and-twenty weanling, male
Wistar rats were divided into 5 groups
which received either the basal diet A,
shown in table 1,3 or a modification of
diet A as to calcium, phosphorus and vita-
min D levels as shown in table 2. In
groups D and E the extra phosphorus was
added as NaZHP04. The ratio between cal-
cium carbonate and calcium lactate in-
dicated in table 1 was maintained in all
the diets. Twenty-eight mature rats aver-
aging 20 weeks of age and 380 gm in
weight were distributed equally into groups
receiving diet A (calculogenic) or diet D
(noncalculogenic) to determine whether
age had an effect on susceptibility to uro-
lithiasis. All animals were kept in an
air-conditioned room and received feed
and tap water ad libitum. Water con-
sumption was measured and the mineral
content was included in all metabolism
data. Preliminary experiments with 100
weanling rats showed no differences in
incidence of calculi between tap and dis-
tilled water.

To follow any histological and metabolic
changes that might occur during the de-
velopment of urolithiasis, one to three rats
were sacrificed from each group at
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TABLE 1
Basal diet A

gm/kg of diet

Casein 180
Glucosel 527
Com starch2 200
Cotton seed 0il3 50
Salt mix4 40
Vitamin mix5 3

1Cerelose, Com Products Company, Argo, lllinois.
2Argo Cornstarch, Com Products Company, Argo,

3Wesson Oil, The Wesson Oil
Orleans, Louisiana.

4 Salt mix (gm): NacCl, 105; KC1, 290; CaCos, 210;
MgS04, 90; a lactate, 236; ferric citrate, 16.15;
K2Al2(S04)4«12H20, 0.09; CuS04-5H20, 0.39; NaF,
0.57; KI, 0.05. . .

5To supply the given number of mg per kg of diet:
thiamine HC1, 5; riboflavin, 10; pyridoxine, 5; niacin,
100; p-aminobenzoic acid, 200; inositol, 1,000; folic
acid, 0.2; biotin, 0.06; ascorbic acid, 400; Ca pantoth-
enate, 20; choline chloride, 500; menadione 1, a-
tocopherol, 50; vitamin A, 20,000 USP units; vitamin
D, 5,000 USP units.

Company, New

TABLE 2
Experimental outline showing treatment variables

Dietary composition

No. rats
Grou Vita- _ ~
P P1 cai caP min ‘|ean- Ma,
D2 9
% %

A 0.16 056 3.52 5 35 14

B 0.16 0.26 1.66 5 21 —

C 0.16 055 3.48 10 10 —

D 0.33 055 1.64 5 22 14

E 035 1.36 3.92 5 22 _

1By chemical analysis.

2Thousands of USP units/kg of diet.

3Weanling (about 28 days old).

4Mature (about 20 weeks old).
10 weeks and at two-week intervals to
40 weeks. The right femur was saved
for bone ash determinations. Blood and
urine samples were taken for mineral
analysis and the kidneys and bladders
were examined with a 20 X microscope
for calculi. One-half of each kidney was
fixed in alcoholic formalin and one-half
saved for mineral analysis. Prior to sac-
rifice, 7-day mineral metabolism trials
were conducted on at least 10 rats from
each group during the 9- to 40-week inter-
val. The exact number are shown in the
tabular data. Since the only changes in
mineral metabolism were those expected
with the normal growth process and these
changes were parallel in all groups, the
data are presented as averages for each
group treatment.

COBURN AND L. V. PACKETT, JR.

Serum inorganic phosphorus, and total
urine, kidney and fecal phosphorus were
determined by appropriate adaptations of
Fiske and Subbarow ('25). Serum and
urine magnesium were determined accord-
ing to Kunkel et al. ('47). Oxalic acid,
citric acid and urea were determined
according to Powers and Levatin ('44),
Taylor ('53) and Conway ('57), respec-
tively. The petroleum ether used in the
citric acid determination was purified ac-
cording to Weil-Malherbe and Bone ('49).
Serum calcium was determined by the
method of Ferro and Ham (’57). Urinary
calcium was determined with a Coleman
model 21 flame photometer after adjust-
ing samples and standards to the same
sodium level. Calcium and magnesium
in the kidney and feces digests were de-
termined according to Michaels et al. ('49)
except that the calcium oxalate precipitate
was dissolved in sulfuric acid and titrated
with potassium permanganate. The pH
of the urine was determined on fresh
samples using a Beckman model G pH
meter with a one-drop electrode.

The bladder calculi were analyzed by
the infrared method of Weissman et al.
(’59). Confirmatory chemical analyses for
calcium, magnesium, phosphorus, oxalate
and citrate were made using the methods
of Ferro and Ham ('57), Kunkel et al.
(’47), Hirata and Appleman ('59), Powers
and Levatin ('44) and Taylor ('53), re-
spectively. An x-ray diffraction pattern
was made and the d values checked with
those reported by Prien and Frondel ('47).

The fixed kidneys were imbedded in
paraffin and stained with the von Kossa
silver nitrate stain for calcium and the
periodic acid-Schiff (PAS) stain for muco-
polysaccharides. We found, as Moffat did
('58), that an aqueous periodic acid solu-
tion removed the silver deposits. Although
Moffat remedied this by gold toning, we
found that changing to an alcoholic peri-
odic acid solution as suggested by Baker
and Sison ('54) also corrected this diffi-
culty. A ferric mannitol stain (Lillie, '54)
for acid mucopolysaccharides and the fer-
rous iron replacement stain for calcium
as given by Casselman ('59) were each
used in a few instances to gain some
insight into the nature of the PAS-positive
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material and the calcium deposits. Data
were analyzed statistically by the use of
analysis of variance (Snedecor, '61).

RESULTS

Incidence and composition of calculi.
Renal urolithiasis was manifested in three
ways: production of stones, formation of
small white flakes detectable with the dis-
secting microscope, and calcification in the
renal tubules and in the renal tissue. Only
weanling group A had asignificant amount
of actual stone formation (table 3). Uro-
lithiasis was evident at the end of 9 weeks,
the time of earliest observation; hence the
initial occurrence is not known. The se-
verity of urolithiasis increased with time.
Bladder stones were not noted until 14
weeks. The calculi were brownish yellow,
hard, crystalline aggregates very similar
to the calcium oxalate crystals from urine
sediment pictured by Hawk et al. ('54).
The renal stones were readily visible in the
pelvis with the dissecting microscope, but
were not large enough to isolate and ana-
lyze chemically. The stones did not appear
to interfere with renal function as indi-
cated by urea clearance tests. Three of the
16 rats in group A with renal stones also
had larger bladder stones, which infrared
analysis showed to be predominantly cal-
cium oxalate. The curves for calcium
oxalate, calcium citrate4 and one of these

calculi known from chemical and x-ray
WAVE LENGTH
Fig. 1 Infrared curves: A, calcium oxalate;

oxalate dihydrate and 10%
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TABLE 3

Effect of treatment on incidence of renal calculi
in weanling rats

No.

Group rats Norml  HisU FI3 SH
A 35 7 2 10 16
B 21 13 7 0 1
C 10 5 0 5 0
D 22 19 3 0 0
E 22 13 6 2 1

_1Norm indicates normal animals with no gross or
histological symptoms of urolithiasis. ) i
2Hist indicates rats showing only histological evi-
dence of nephrocalcinosis. i
_ 3FI indicates rats having white flakes but no stones
in the kidneys.
4st indicates rats showing actual stone formation
detectable with a 20 x dissecting microscope.

analysis to contain 90% of calcium oxa-
late dihydrate and 10% of calcium citrate
are shown in figure 1. The 10% citrate
calculus was the only calculus that showed
the small peak at 7 a, indicating that the
other two contained even less citrate. The
magnesium and phosphorus content was
negligible.

None of the rats that were mature at the
start of the experiment developed calculi;
hence the data in the tables include only
those for the weanling rats.

The stones from the only rat in group
B that developed gross signs of uroli-
thiasis proved to be uric acid. Since the
condition was accompanied by respiratory

4 Calcium citrate was supplied by Chas. Pfizer and
Company, Brooklyn, New York.

IN MICRONS

B, calculus containing 90% of calcium

of calcium citrate; C, calcium citrate.
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TABLE 4

Effect of dietary treatment on calcium metabolism

Group l”\la% Secrgm int%’il(el
mg/100 ml mg/day
A 22 9.32 92.0
B 15 8.45** 45.3
C 10 9.56 78.3
D 16 8.94 99.2
E 17 9.10 225

lincludes calcium in both feed and water.

* Significant difference (P < 0.05) from group

** Highly significant difference (P < 0.01) from group A.

trouble resulting in death, it was concluded
that factors other than dietary treatment
were involved. The single rat in group
E that was indicated in table 3 as having
stones had a single small stone.

This is the first report of the production
of oxalate stones by alow-phosphorus diet.
The previously mentioned explanation by
Sager and Spargo ('55) may adequately
explain the formation of calcium citrate
stones with extremely phosphorus-deficient
diets. Van Reen et al. ('59a), however,
produced calcium citrate stones with a diet
containing a higher level of phosphorus
which was comparable to the calcium and
phosphorus levels of basal diet A. Serum
calcium was normal in all rats (table 4),
indicating :hat large increases in the cal-
cium citrate complex in the blood did not
occur with these diets. That Van Reen
et al. ('59b) reported a urinary calcium
excretion of about 6 mg per 100 gm of
body weight per day, which was similar
to the excretion obtained in group C (table
5), indicates that their serum levels were
probably similar to ours. But they re-
ported a citrate excretion of about 10 mg
per 100 gm of body weight per day, which
was twice as great as was observed in
group C (table 6). Van Reen et al. ('59b)
did not give any data on urinary pH, but
since all of the calcium and most of the
magnesium was supplied as the carbonate,
it seems quite likely that their diet was
more alkaline than ours. This probably
caused both the increase in urinary citrate
excretion and an alkaline urinary pH,
which together may explain the formation
of calcium citrate stones in their experi-
ments.

Urinary Fecal Appggent Ca_
Ca absorption retention
mg/day mg/day mg/day mg/day
13.2 56.0 36.0 22.8
1.78 24.0 21.3** 19.5
14.9 35.0 43.3 28.4
0.936 75.8 23.4* 22.5
5.94 182 42.8 37.0**
A.
Another manifestation of urolithiasis

was the occurrence of small white flakes
in the pelvis of the kidneys. These white
flakes were distinguished from the stones
because they did not have the color, cry-
stalline appearance or hardness of the
stones. Presumably, these flakes repre-
sented an early stage of stone formation
since they were seen in the greatest
amounts in weanling group A and some-
times occurred along with the stones.
Only trace-to-moderate amounts of flakes
were noted in 5 of the 10 rats in group

TABLE 5
Urinary calcium concentration and excretion

Group Concentration eXI(::)l?eI{YOh
mg/100 ml l%%lv?lgigm

A (34)1 108 4.23

B (20) 18.3** 0.558**

C (10) 242> 6.84*

D (22) 8.88** 0.237**

E (22) 56.0%* 2.29%*

1Numbers in parentheses indicate number of ani-
mals included in the averages.

* Significant difference (P < 0.05) from group A.

** Highly significant difference (P < 0.01) from
group A.

TABLE 6
Urinary citric acid

Group I”\al.% Concentration exlc??elglon
mg/100 ml S&%’ylﬁgigﬂ’t
A 34 46.6 1.92
B 19 14.5* 0.45**
C 10 151** 4.38*
D 21 34.3 0.89
E 21 102** 3.83*

* Significant_difference (P < 0.05) from grouP A.
** Hj_\ghly significant difference (P < 0.01) from
group A.
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C, and slight amounts in two of the 22
rats in group E. Samples were not suffi-
cient for composition analysis.
Urolithiasis also was manifested by cal-
cium deposition in the lumen of renal
tubules or in the renal tissue, or both. In
weanling group A these deposits

neath the epithehum of the minor calyces
or just below the surface of the papilla.
In one instance the plague had broken
through the surface of the epithehum. We
found no evidence, however, that these

plagues were serving as the point of de-

velopment of free stones as suggested by
Randall and Melvin ('37) and Randall
('40). Occasionally, these plaques were
associated with PAS-positive material.
Since the plaques stained with both the
silver and ferrous iron substitution
nigues, it was concluded that the plaques
contained some form of calcium other
than or in addition to the oxalate.

Renal papillary calcification was seen
frequently only in the weanling rats of

group A. Sixteen of these rats had either
plaques or tubular calcification in the
papillae. Only one rat in group B, two in

group C and one in group D had slight
calcification in the papillae. Several large
deposits were observed in a renal papilla
of a rat which had been fed diet E for
36 weeks. This was not the same rat that
was reported to have a single renal stone.

Only small deposits, usually in one or
two collecting tubules in the medulla, were
noted in the other weanling rats of groups
B, C, D and E. Such deposits were also
seen in mature rats. Sometimes the calci-
fication appeared to be in the basement
membrane of the tubule.

PAS-positive casts, sometimes partially
calcified, were observed in the renal tubules
of all groups. There was a tendency for
them to be larger and more numerous in
the young rats of group A, although even
here casts were not observed in every kid-
ney. Of course, our studies were limited
to a few longitudinal sections of the kid-
ney. Our observations that some casts
were partially calcified and that some
plaques were associated with PAS-positive
material indicate that this PAS-positive
material may be involved in calculo-

some-
times occurred in the form of plaques be-

tech-
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genesis. Whether PAS-positive material
was contained in the flakes or stones is
not known. Results of the ferric mannitol
stain showed that the casts possibly con-
tained acid mucopolysaccharides.

Urine volume and pH. Data on urinary
pH (table 7), water consumption, volume
and specific gravity of urine indicated that
neither low water intake, low urine vol-
ume, concentrated urine nor alkaline urine
was the cause of urolithiasis in group A.
In fact the average water consumption and
urine volume were higher and the average
specific gravity of urine was lower than in
any other group.

Mineral metabolism. Magnesium me-
tabolism was studied because magnesium
is frequently an important stone compo-
nent and because Watchorn ('32), Ham-
marsten as quoted by Jeghers and Murphy
('45) and Vermeulen et al. ('51) have
some evidence that magnesium can influ-
ence stone formation. But, other than a
slight decrease in absorption and urinary
excretion of magnesium in groups D and
E with added phosphorus, no differences in
magnesium metabolism were noted. Con-
sidering this and that magnesium was not
a significant stone component, we felt as-
sured that under the conditions of our
experiments magnesium was not playing a
major role in calculogenesis.

It has been postulated that the increased
calcium absorption and excretion in the
urine resulting from a high calcium: phos-
phorus ratio with low-phosphorus diets is
the cause of urolithiasis. In our studies
group C showed a higher concentration
and excretion of calcium in the urine than
group A and yet did not produce stones
(tables 4 and 5).

TABLE 7

Effect of dietary treatment on daily gains
and urinary pH

Group Gain* PH
gm/day
A 1.99 (35)2 6.58 (35)
B 3.23 (21)** 6.15 (20)**
C 1.58 (10) 6.23 (10)
D 4.85 (18)** 6.79 (22)
E 3.52 (22)** 7.44 (22)**

1For st 5 weeks of the eqperiment.

2Numbers in parentheses indicate number of ani-
mals included in the averages.

** Highly significant difference (P < 0.1)
group A.

from



390

Since oxalate stones were unexpected,
a few urinary oxalate determinations were

made but showed no differences, the aver-

age excretion (mg per day) being 1.12
(10 rats), 1.03 (5 rats), 1.00 (3 rats),
1.21 (6 rats) and 1.18 (4 rats) for groups
A, B, C, D and E, respectively. Therefore,
it was apparent that the increased
dence and severity of urolithiasis in group
A was not due to a difference in urinary
oxalate excretion.

There is a great deal of controversy over
the importance of urinary citric acid in
preventing stone formation by forming
soluble complexes with calcium. As shown
in table 6, doubling the vitamin D content
of the diet (group C) significantly in-
creased the citric acid concentration and
excretion. But the increase in citric acid
excretion was accompanied by a greater
increase in calcium excretion. Consider-
ing that the most calcium that can be
complexed is less than 20% of the weight
of citric acid, the increase in citric acid
excretion in group C was not sufficient to
complex the additional amount of urinary
calcium. In fact, the amount of calcium
in excess of that which could combine with
citrate was higherin group C than in group
A. Therefore, the lack of stone formation
in group C cannot be explained by the
increase in urinary citric acid excretion.

Since calculogenesis in group A cannot
be explained by changes in the calcium,
citrate or oxalate composition of the urine,
some of the more subtle changes indicated
by the data were examined. First of all,
group B, with a lower calcium level (also
reduced Ca:P ratio) than group A, had
significantly increased growth (P < 0.01)
(table 7), but no significant changes in

S. P. COBURN AND L.

inci-
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(table 8). Group C, with added vitamin
D, had the poorest growth of all the
groups, yet had the same phosphorus re-
tention as group D, which had the best
growth, and slightly greater calcium re-
tention than group D. Schneider and Steen-
bock ('39) and Cramer and Steenbock
('56) have postulated that the decrease in
growth caused by adding vitamin D to low-
phosphorus diets is due to a differential
shunting of phosphorus from the meta-
bolic pool to bone instead of to soft tis-
sues. In our experiment, however, three
bone ash assays from each group at 18
weeks showed that group C had the low-
est average bone ash (56% ). This was
significantly lower (P < 0.01) than group
D (60% ) although not significantly lower
than weanling group A (58% ). Bone ash
assays at 10 weeks showed the same differ-
ences but a lower percentage of ash. In
addition, the phosphorus content of the
kidneys of the various groups was ex-
tremely constant, varying from 0.28 to
0.29% . Group E had alower growth rate
than group D although phosphorus reten-
tion was only slightly lower than that of
group D and calcium retention was in-
creased. These differences in growth in-
dicate that the low growth rate in group
A was due atleastpartially to other factors
than a gross dietary phosphorus deficiency.
This conclusion was further supported by
the fact that the serum inorganic phos-
phorus levels (table 8), while tending to
be low in group A, were not outside the
normal range.

DISCUSSION

The basal low-phosphorus calculogenic
diet used in this experiment has several
advantages over the extremely low-phos-

Table 8

Phosphorus metabolism

calcium (table 4) or phosphorus retention
No. Serum P

Group rats  inorganic P intake
mg/100 ml mg/day

A 22 7.50 24.3

B 15 8.66* 24.4

C 10 7.31 21.0

D 16 7.90 57.2

E 17 7.64 56.0

Urine Feces Apparent P P
P P sorption retention
mg/day mg/day mg/day mg/day
0.229 15.2 9.05 8.82
1.96 12.7 11.7 9.70
0.174 7.46 13.5* 13.3*
10.6 33.0 24 .2** 13.6*
0.640 43.0 13.0* 12.4

* Significant difference (P < 0.05) from group A.
** Highly significant difference (P < 0.01) from group A.
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phorus diets that include egg white rather
than casein as the protein source. (1) The
phosphorus level is high enough to permit
reasonably good growth and to prevent any
gross phosphorus deficiency symptoms; (2)
it produces a mild form of calculi, which
avoids interference from anuria or uremia
in the physiological measurements; and
(3) it produces calcium oxalate stones,
which are clinically much more prevalent
than citrate stones. The urolithiasis pro-
duced by our low-phosphorus diet differs,
however, from that seenin humans in that
it is not readily produced in mature rats;
whereas in human wurolithiasis is now
mainly a disease of middle age. An excep-
tion to this occurs in underdeveloped coun-
tries where malnutrition results
thiasis at rather high rates in infants.
Vitamin A deficiencies and infection can
be eliminated as causes of urolithiasis
under the conditions of the experiment.
All of the diets were made with the same

vitamin mix, which contained adequate
levels. The animals were keptin adjacent
cages so that infection certainly would

not have been limited to one group.

Apparently from the lack of stone for-
mation in groups C and E, factors in addi-
tion to increased calcium absorption are
involved in the production of urolithiasis
with low-phosphorus diets. Also, under
the conditions of this experiment both the
low phosphorus level and the high cal-
cium :phosphorus ratio are required for
stone formation.

In recent years considerable work has
been carried out to elucidate the possible
role of an organic matrix material in
urolithiasis (Boyce and Sulkin, '56; Sulkin
and Boyce, '56). Considering our histo-
logical observations of PAS-positive casts
and the lack of any changes in mineral
metabolism which can adequately explain
the occurrence of severe urolithiasis only
in group A, it seems possible that the low
phosphorus level and high calcium :phos-
phorus ratio may be a prerequisite for the
formation of an organic matrix material in
our experiments.

Ourdata are not complicated by changes
in protein level of the diet and, since they
include
cretion of calcium and phosphorus, may

in uroli-

the fecal as well as urinary ex-
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give further insight into the results of
Van Reen et al. ('59a,b). For example,
these workers produced calculi with a
15% casein diet, containing 0.19% of
phosphorus and 0.43% of calcium, but
not with a 30% casein diet containing
0.37% of phosphorus and 0.86% of
calcium. Since the latter diet had the
same calcium:phosphorus ratio as the

first and twice the mineral content, they
concluded that the protein level may have
been a factor in calculogenesis. We ob-
tained similar results in groups A (0.16%
of P, 0.56% of Ca) and E (0.35% of P and
1.36% of Ca) without changing the pro-
tein level. Therefore, apparently an ade-
quate phosphorus level was more impor-
tant in preventing urolithiasis than the
increased protein level. Our data and that
of Van Reen et al. ('59a) indicate that, at
least in growing rats, the calcium:phos-
phorus ratio may be very critical in uro-
lithiasis production as well as growth.
None of the ratios used were very high and
relatively small changes made the differ-
ence between producing and not produc-
ing urolithiasis.

SUMMARY
A low-phosphorus (0.16% ), normal
calcium (0.56% ) diet containing casein

which produced a high incidence (80% )
of mild urolithiasis in weanling male rats
was described. This is the first experi-
mental low-phosphorus diet that has been
reported to produce calcium oxalate rather
than calcium citrate stones. Calculi were
produced in young rats by 9 weeks. Ma-
ture rats, receiving the diets for a 40-week
period, did not develop stones. Both the
low phosphorus level and the high cal-
cium :phosphorus ratio were essential for
stone form ation in weanling rats.

Mineral metabolism and urine compo-
sition data indicated that urolithiasis was
not a direct result of increased urinary
calcium or oxalate excretion. This, com-
bined with the frequent occurrence of large
PAS-positive casts, led to the postulation
that the low phosphorus level and high
calcium :phosphorus ratio in the basal diet
caused an increase in the production of
an organic matrix material, which, com-
bined with the high urine calcium level,
resulted in severe urolithiasis. Doubling
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the vitamin D level of the basal diet re-
duced the incidence and severity of uroli-

thiasis. This effect was not the direct re-

sult of increased urine citrate excretion.
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Richardson and Hogan ('46) observed
hydrocephalus in a significant number of
the offspring from inadequately nourished
female rats. Subsequent investigations in
a number of laboratories have confirmed
these observations (Giroud and Boisselot,
'51; Nelson, '57). It was determined that
the diet of Richardson and Hogan was de-
ficient in both folic acid and vitamin B,2
(ODell et al.,, '48). Later work (O'Dell et
al., '51) showed that a deficiency of vita-
min B22alone in the maternal diet resulted
in amuch higherincidence of hydrocepha-
lus in infant rats than the diet deficient
in both folic acid and vitamin Biz.

Histological studies (Overholser et al.,
'54; Newberne and O'Dell, '58) have been
made of brains from offspring littered by
female rats maintained with diets such
as those described above. Overholser et al.
('54) concluded that the hydrocephalus
in rats littered by folic acid-deficient or
vitamin Biz-deficient dams was a result of
occlusion of the cerebral aqueduct which
occurred between the sixteenth and eigh-
teenth day of gestation. These investiga-
tors attributed the occlusion of the cerebral
aqueduct to absence of a specialized group
of “columnar ependymal cells” in the roof
of the aqueduct and posterior part of the
third ventricle. It was postulated that
these cells secrete fluid into the ventricular
system during embryonic development be-
fore the choroid becomes fully developed.
The secretion at this time was considered
to be of sufficient quantity to prevent col-
lapse and closure of the aqueduct which is
the narrowest part of the ventricular sys-
tem. Newberne and ODell ('58) observed
missing and detached ependymal cells,
fragmentation of choroid epithelium, and
lipid in choroid and ependymal cells.

Newberne and O'Dell ('59) extended the
studies and observed that hydrocephalus

J. Nutrition, 76: '62

in vitamin Bi2deficient embryonic rats was

associated with alterations in mitosis of
ependymal cells. The available evidence
indicated that an abnormal histological

pattern developed sometime between the
fourteenth and sixteenth day of gestation
in the deficient brain. It had been reported
previously (Newberne and O'Dell, '58)
that the “tall columnar cells” in the roof
of the aqueduct and third ventricle were
irregularly presentin the hydrocephalus of
vitamin Bi2 deficiency. These cells, which
are in fact those composing the subcom-
missural organ, were presentin some of the
brains with severe hydrocephalus. This ob-
servation indicated that these cells served
some purpose during embryogenesis not
necessarily related to elaboration of fluid
sufficient simply by force of volume to
maintain patency of the aqueduct.

The subcommissural organ (fig. 1) is
comprised of a specialized area of epen-
dyma located on the anteroinferior surface
of the posterior commissure of the mid-
brain where the third ventricle continues
into the cerebral aqueduct (Wislocki and
Leduc, '52). The cells of this area are tall
columnar epithelial cells and appear to be
secretory in nature. The organ elaborates
a substance that reacts positively with
chrome alum-hematoxylin, aldehyde fuch-
sin, and periodic acid-Schiff reagents (W is-
locki and Leduc, '54). The substance elab-
orated clings to the lumenal surface of the
cells and accumulates within the lumen
of the aqueduct. In all but a few verte-
brates, including man, the secretion con-
denses to give rise to the proteinaceous
fiber known as Reissner’s fiber. This fiber
begins as minute fibrils which unite within
the aqueduct to form the structure known

Received for publication November 11, 1961.
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as Reissner’s fiber; this structure extends
from the optic tectum through the lumen
of the fourth ventricle and central spinal
canal to terminate in the filum terminal
at the posterior extremity of the spinal
canal.

Selective staining of the secretion of the
subcommissural organ and of the sub-
stance of Reissner’s fiber has been reported
by a number of investigators on many
species (Stutinsky, '50, frog; Wislocki and
Leduc, '52, rat; Bargmann and Schiebler,
'52, dog, cat; Wingstrand, '53, chick; Wis-
locki and Roth, '58, man; Gilbert, '60,
man). Wislocki and Leduc ('54) demon-
strated by histochemical methods that, in
the rat, the subcommissural organ is the
site of pronounced enzymatic activity. The
cells of the organ elaborate a secretion that
extends from the nucleus to the lumenal
surface and is remarkably similar in histo-
chemical properties to the material stored
in the posterior pituitary. Gilbert ('60)
produced evidence that the subcommis-
sural organ, in the rat, is related to water
metabolism and postulated that the organ
may release a hormone-like substance that
acts at the renal level to influence water
metabolism By wuse of histochemical
methods Gilbert ('60) demonstrated the
secretory nature of the organ in 9 adult
human brains.

In view of the numerous reports in re-
cent literature relating to the subcommis-
sural organ in many species it seemed
worthwhile to attempt to elucidate the rela-
tionship, if any, between the organ and
vitamin Bu- deficiency hydrocephalus. Be-
cause it has been observed that the kidney
of the vitamin Bia-deficient newborn rat is
markedly immature and exhibits positive
tubular damage, the kidney was included
in this study. Most vitamin Biz-deficient
newborn exhibit widespread subcutaneous
edema, a point of probable significance.
The purpose of this report is to describe
and illustrate certain histochemical and
morphological differences that exisit in
the brain and kidney of the vitamin Bu-
deficient newborn rat as compared with
its vitamin B”-supplemented control.

MATERIALS AND METHODS
Two types of basal diets were used in
these experiments. The soybean meal diet
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(O'Dell et al., '51) reported previously was
used in one group of animals. It consisted
of the following ingredients: (in per cent)
soybean oil meal, 70; glucose, 22; lard, 4;
salts (Richardson and Hogan, '46), 4 and
a vitamin supplement.2 Another group of
animals was maintained with the follow -
ing diet: (in percent) alpha protein (puri-
fied soybean protein), 30; sucrose, 55.7;
soybean oil, 10; salts (Richardson and
Hogan, '46), 4;3 DL-methionine, 0.3.4 CD
strain rats were used. The animals were
maintained in raised screen-bottom cages
in an air-conditioned room with food and
water supplied ad libitum from weaning.
The females were fed the respective vita-
min Bi2deficient diets at weaning in order
to deplete body stores of the vitamin. At
m aturity the females were mated with nor-
mal males, and newborn were observed for
gross abnormalities and early mortality.
Control animals were fed the basal diets
supplemented with 30 ag of vitamin Bt
per kg of diet. Criteria used to determine
state of deficiency were a high incidence
of hydrocephalus, subcutaneous edema,
cyanosis, mortaility of 90% ormore during
the first week, and histological evaluation
based on pronounced immaturity of or-
gans and tissues in deficient offspring.
Morphological and histochemical studies
were made on brains and kidneys of 21
vitamin Biz-deficient hydrocephalic ani-
mals, 16 littermates of these, and 12 vita-
min Bia-supplemented controls. Brains
used for study were fixed by injecting the
fixative through the left ventricle of the
heart according to a modification of the
method of Davies ('59). Following de-
capitation the cranial cap was carefully
removed and the entire brain placed in
fixative. Kidneys were removed and placed
directly into the respective fixatives. Fixa-
tives included Bouin’s, Orth’s, Susa, and
10% buffered formalin. Routine Techni-
con procedures were used for paraffin em-
bedding. Medial sagittal sections of the

2A vitamin supplement supplied in mg/100 gm of

diet: thiamine-HC1, 1.6; riboflavin, 1.6; pyridoxine*
HC1, 1.6; Ca pantothenate, 4.0; choline chloride, 100;
biotin, 0.02; folacin, 0.5; a-tocopherol, 3.0; 2-methyl-

1,4-naphthoquinone, 1.0; IU and
vitamin D, 280 IU. The author wishes to thank
Merck & Company for supplying the water-soluble
vitamins, and Distillation Products Industries for
vitamin A and a-tocopherol.

3Cobalt was omitted from salts mix in this diet.

4The same vitamin mix was used as in the above
diet except that choline chloride was increased to 300.

vitamin A, 2,000
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brain and cross sections of the kidney
were cut at 6 a; stains that were used in-
cluded hematoxylin and eosin, Gomori's
chrome alum-hematoxylin, Gomori's alde-
hyde fuchsin, alcian blue-PAS, Masson’s
trichrome and protein bound sulfhydryl
and disulfide by the method of Barnett and
Seligman ('52).

Past observations had shown that there
was a variation in degree of severity of
ventricular dilatation of the hydrocephalic
animals. Furthermore, most litters that
contained animals exhibiting hydrocepha-
lus also contained littermates with no evi-
dence of gross dilatation. Certain animals
revealed an occluded or stenotic cerebral
aqueduct and others showed grossly dilated
ventricles and patent aqueducts. Thus it
appeared that hydrocephalus was not a
result of an occluded aqueduct per se. For
these reasons the offspring selected for
this study were animals with patent aque-
ducts. These were divided into groups to
include (1) those showing gross hydro-
cephalus, (2) nonhydrocephalic litterm ates
of these, and (3) vitamin Bu-supplemented
controls.

RESULTS

Performance of the dam and the per-
centage of abnormalities observed in off-
spring differed in the two diets used. The
results of a 12-month test period are shown
in table 1. These indicate reduced breed-
ing or conception in the group maintained
on alpha protein or both. The animals
maintained with this diet were somewhat
obese and averaged 40 to 50 gm more in
weight at 8 months of age than the ani-
mals consuming the soybean meal diet.
The increased sugar content plus a slight
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increase in fat may have made this diet
more palatable. Thus, obesity may have
accounted in part for the decreased repro-
duction. There was a higher incidence of
hydrocephalus in the offspring littered to
dams maintained with alpha protein.
Since the alpha protein diet appeared to
be adequate in all respects except for vita-
min B2 and cobalt, the increase in hydro-
cephalus was attributed to a more severe
borderline deficiency of vitamin Bi2 as a
result of omitting cobalt from this diet.
Brain. The subcommissural organ (fig.
1) from a newborn control rat shows the
location of the organ beneath the posterior
commissure and pineal body where the
third ventricle narrows to become the cere-
bral aqueduct. Control brains showed a
stainable substance within the cells of the
organ extending from the nucleus to the
lumenal surface. The cells of the subcom-
missural organ stained vividly and selec-
tively with chrome alum-hematoxylin,
periodic acid-Schiff (PAS) and, to a lesser
degree, with Gomori's aldehyde fuchsin.
Cell nuclei, cytoplasm and droplet material
stained faintly for protein bound sulfhy-
dryl and moderately heavy for protein
bound disulfide. There was a variation in
affinity for the different stains (table 2),
depending upon the type fixative used.
The classification of staining intensity
shown in table 2 is based on sections from
which glycogen had been removed with
several changes of saliva. PAS-positive
and, to a lesser degree, aldehyde fuchsin-
positive material that appeared to be se-
creted by the cells of the subcommissural
organ clung to the lumenal surfaces of the
cells and accumulated within the lumen as

TABLE 1
Reproductive performance of females for 12-month period

T No. No.
(}{gte females litters
Soybean oil meal 45 150
Soybean oil meal
+ vitamin B2 9 54
Alpha protein 32 75

Alpha protein
+ vitamin Bi2 9 38

Litters/

No. AV. no. Hydro-
f?gf:/a;e offspring  in litter cephalus
%
3.33 810 5.4 14.8
6.00 378 7.0 0.0
2.34 382 5.1 19.6
4.22 277 7.3 0.0
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TABLE 2

Tinctorial characteristics of the subcommissural

Fixative Aldehyde
fuchsin
Bouin’s 2
Formalin, 10% 0
Orth’s 1
Susa 1

organ

Stain and intensityl

Protein- Protein-
PAS bound bound
sulfhydryl disulfide
4 2 3
2 1 2
2 0 0
4 0 1

1Graded 1 to 4 with a trace as grade 1 and strongest reaction as grade 4.

droplets (fig. 2). The subcommissural or-
gan was intact in the hydrocephalic ani-
mals selected to demonstrate changes ob-
served in this study, athough in some of
the brains examined the organ was smaller
than normal. The degree of ventricular di-
latation and brain damage seemed to vary
little among hydrocephalics. There was a
marked difference, however, in staining
characteristics of the organ in hydroceph-
alics, their nonhydrocephalic littermates
and the supplemented controls. The cells
of the subcommissural organ from ahydro-
cephalic animal showing severe ventricu-
lar dilatation contained little stainable
material (fig. 3) and there was no evidence
of droplets clinging to the lumenal surface
or free within the lumen. In addition, the
cytoplasm of the cells was vacuolated and
length of the cells diminished with many
nuclei placed near the lumenal border.
Nonhydrocephalic littermates revealed
moderate amounts of stainable material

within the cells and clinging to their lu-
menal border, or free within the lumen
(fig- 4).

A characteristic observation in control

brains and, to a lesser extent, in the non-
distended brains of littermaters of hydro-
cephalics was the presence of strongly
PAS-positive, faintly aldehyde fuchsin-
positive material at the poles of the nuclei
of cells of the subcommissural organ (fig.
5). This material was not observed in
brains of hydrocephalic animals (fig. 6).
Caudal to the subcommissural organ in the
lumen of the aqueduct of control brains
there were moderate to heavy accumula-
tions of strongly PAS-positive, faintly alde-
hyde fuchsin-positive material (fig. 7).
The droplets coalesced to form heavy con-
centrations and there were thick bands of
stainable material at the lumenal surface

of the cells. Little, if any, such material
was seen in the aqueducts of hydrocephalic
brains (fig. 8). Littermates to hydroceph-
alics showed moderate amounts within the
lumen of the aqueduct.

Scattered about in the gray substance
bordering the third ventricle and the aque-
duct were variable numbers of glial-type
cells. They were numerous in control
brains, fewer in number in littermates to
hydrocephalics, but were sparse or absent
in hydrocephalics. These cells contained
granules that stained selectively with PAS
and aldehyde fuchsin; the latter stain,
however, was less vivid (figs. 9-11). These
cells probably correspond to those of the
normal adult rat brain described by Wis-
locki and Leduc ('54) who showed that
this cell type accumulated silver intra-
vitally and also contained PAS-positive ma-
terial and droplets of golden brown pig-
ment.

Kidney. The immature and damaged
kidney of the vitamin Bi2deficient new-
born rat has been described (Jones et al.,
'55; Newhbeme and O'Dell, '59). Sections
included in this report were treated with
several changes of saliva to remove glyco-
gen and were then stained by the alcian
blue-PAS technique.

The most prominent observation in the
kidney of the vitamin Bn-deficient new-
born rat is gross immaturity. Many tu-
bules and glomeruli in the cortical zone
fail to differentiate into functional units
(figs. 12 and 13). Glomeruli are poorly
differentiated and have the appearance of
a contracted, highly cellular structure com-
pared with the control animal (fig. 14).
Both proximal and distal tubules are mark-
edly dilated. The poorly differentiated
glomeruli and the damaged tubules of the
hydrocephalic newborn rat observed in this



SUBCOMMISSURAL ORGAN OF VITAMIN Bia DEFICIENCY

study are demonstrated in figure 15. In
figure 16 is shown the near normal pat-
tern of a nonhydrocephalic littermate to
the animal shown in figure 15. Even more
striking were the alterations in the papil-
lary area (figs. 17 and 18). The papillary
tubules were dilated and many were cystic
(fig. 18); casts were not observed and oc-
clusion of the renal system was not ap-
parent to account for the dilatations. The
severe tubular dilatation in the papillary
zone of the hydrocephalic animal is com-
pared with that of the control animal in
figures 19 and 20. Note in figure 20 the
accumulation of PAS-positive globules ac-
cumulated within the epithelium of many
of the tubules. Subsequent studies showed
these structures to be histochemically iden-
tical to the structures observed in the
same location of the potassium-deficient
rat. Littermates to hydrocephalic animals
showed kidneys that were less damaged
than those of the latter.

DISCUSSION

In our studies, the soybean oil meal diet
supported animals that appeared to be at
a lower plane of nutrition than animals
maintained with alpha protein-type diets.
This occurred despite approximate equal-
ity in proximate nutrients. The difference
in protein could hardly account for this.
Animals fed the alpha protein-type diet
probably became somewhat obese from in-
creased intake of a more palatable diet.
Obesity in rats is known to reduce repro-
duction and this factor probably accounted
for the poor reproduction with the alpha
protein diet. Increased incidence of hydro-
cephalus with the latter dietwas attributed
to lack of cobalt and thus reduced syn-
thesis of vitamin Bi2in females consuming
this type diet. Alpha protein is nearly de-
void of cobalt and this constituent was
omitted from salts used in the alpha pro-
tein diet. The alpha protein diet, however,
contained an increased fat level. Increas-
ing fatin the diet is usually considered to
increase the vitamin Bi» requirement.

The vitamin Bi2deficient newborn rat
exhibits widespread subcutaneous edema
irrespective of whether hydrocephalus is
present. The presence of edema plus a
significant incidence of hydrocephalus in-
dicates a severe defect in the regulation of

397

body fluid volume. The newborn rat brain,
as shown in our control animals, exhibits
considerable quantities of stainable mate-
rial in the cells of the subcommissural
organ and in the lumen of the cerebral
aqueduct. Littermates to hydrocephalic
animals showed moderate amounts of
stainable material in the same locations
as observed in control animals. We were
unable, however, to demonstrate signifi-
cant quantities of stainable material in
the subcommissural organ and aqueduct
of the hydrocephalic animals. These ob-
servations seem to indicate that the secre-
tions of this organ may be related in some
manner to the hydrocephalus present.
Furthermore, the material observed at the
poles of the nuclei in control brains was
absent in hydrocephalic brains. Staining
characteristics of this material were the
same as those of the cytoplasm of the
organ and of droplets within the lumen
of the aqueduct. Histochemical studies
indicate that the material elaborated is
protein in nature and the work of Gilbert
('60) suggests a hormone-like effect when
extracted and administered to norm al rats.
If the material is elaborated by the subcom-
missural organ as available evidence in-
dicates, the elaboration or storage is heav-
ier in the area of the nucleus.

There has been no obvious explanation
for the occurrence of litters containing
hydrocephalic animals along with nonhy-
drocephalic littermates. Presence of PAS-
positive and aldehyde fuchsin-positive ma-
terial in the cells of the subcommissural
organ and in the lumen of the aqueduct of
such animals may offer some explanation
for absence of hydrocephalus. If the ma-
terial elaborated by the organ is related to
fluid balance, the nonhydrocephalic off-
spring may secrete sufficient amounts to
prevent severe fluid imbalance and gross
distention of the ventricles. These animals

exhibit subcutaneous edema; thus the
fluid volume control is not entirely ade-
quate.

The kidney of the vitamin Bia-deficient
hydrocephalic animal is radically altered.
If there is a relation between the subcom-
missural organ and fluid balance it seems
logical that the kidney would be involved.
A kidney such as that observed in the vita-
min Bi2deficient offspring would be more
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likely to compound the defect in fluid
dynamics already present. The histochem-
ical nature of the globular material ob-
served in the papillary tubules is identical
to the globules observed in the same loca-
tion in the potassium-deficient rat kidney.
Recently, Newman et al. ('58) showed that
lesions of the periaqueductal gray matter
involving the posterior commissure mark-
edly alter aldosterone secretion. Aldoster-
one-stimulating activity was highest in the
“pineal complex” that contained the pineal
gland and subcommissural organ (Farrell,
'59). Fluid retention by the postulated sub-
commissural volume receptor could be me-
diated through adrenal aldosterone stimu-

lation. In man, diseases of the brain stem
are sometimes associated with disturb-
ances of fluid and electrolyte balance.

Studies on the electrolyte balance of the
vitamin Biz-deficient offspring might help
elucidate the state of fluid balance. Such
studies have been initiated in our labora-
tories.

Glial cells containing stainable material
in periventricular and periaqueductal gray
substance of control brains were not ob-
served in hydrocephalic brains and were
reduced in number in littermates of hydro-
cephalics. Wislocki and Leduc ('54) ob-
served that these cells stored silver that
was administered to the animal over long
periods of time. It was also revealed that
they store, in addition, material with stain-
ing characteristics identical to the sub-
stance of the subcommissural organ. If
the material observed in the cells of ani-
mals in this study is derived from secre-
tions of the subcommissural organ, one
may postulate thatin the absence of organ
function none is available to be taken up
by the glial cells. The observed absence in
hydrocephalic brains and reduced num -
bers in littermates may indicate simply a
lack of material supplied by the organ. The
staining characteristics of the substance in
brains of our animals varied slightly from
those described by Wislocki and Leduc
('54) in that the material observed in our
animals stained faintly with aldehyde
fuchsin, whereas the substance was vividly
stained by this agent in Wislocki and
Leduc’'s animals. These investigators were
working with normal adult rats and our
material was embryonic. Otherwise stain-
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ing characteristics of our material were
typical in every way of that seen in other
mammals but more closely paralleled the
intensity of reactions described by Wis-
locki and Roth ('58) in material obtained
from anormal human fetus.

The morphological and histochemical
alterations observed in the brains of nor-
mal, hydrocephalic and littermates seem
to relate this organ and the substance elab-
orated by it to the presence of disturbed
fluid balance in the vitamin B22deficient
animal. The kidney may also be involved
but any inference here would be highly
speculative. In view of postulations made
by others (Gilbert, '60; Farrell, '59) that
the secretions of the subcommissural or-
gan do stimulate water intake and influ-
ence fluid balance, it is difficult to harmo-
nize the condition observed in the vitamin
Bi2deficient rat and the postulations of
Gilbert. The vitamin Bi2deficicnt rat has
an excess of fluid and reduction or absence
of subcommissural secretions. The inter-
relationship of the subcommissural organ
and organs of internal secretion may be
of some significance, as suggested by Far-
rell ('59). The retained water and obvious
defect in fluid volume control of the vita-
min Bjz-deficient animal suggest a block of
some important mechanism for fluid bal-
ance. The mechanism in utero may differ
remarkably from that in postnatal life. It
is significant that there is a correlation
between the hydrocephalus and edema ob-
served and the state of activity of the sub-
commissural organ as well as kidney dam -
age. These observations warrant further
investigation.

SUMMARY

Depleting the female rat of vitamin B2
results in a significant incidence of hydro-
cephalus, subcutaneous edema and defects
in organs including the kidney. A purified
diet low in cobalt and vitamin Bu resulted
in a higher incidence of hydrocephalus
than a practical type diet also low in co-
balt and vitamin Bn. Reproduction was
poor in females consuming the purified
diet. This was attributed to increased food
intake and moderate obesity in females
consuming the purified diet.

The subcommissural organ and cer-
tain periventricular and periaqueductal
cells of the control newborn rat brain ex-
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hibited considerable quantities of stainable

material positive to periodic acid-Schiff,
chrome alum-hematoxylin, Gomori's alde-
hyde fuchsin, sulfhydryl and disulfide

stains. Only insignificant amounts of the
material were observed in brains of hydro-
cephalic animals but moderate quantities

were present in littermates to hydro-
cephalics. Kidney damage seemed to vary
directly with the degree of severity of
hydrocephalus and edema. The possible

relationship of the observed alterations in
the vitamin Bi-deficient newborn to fluid
dynamics was discussed.

ACKNOWLEDGMENTS

The author wishes to extend sincere
thanks to Mrs. Sandra Tucker for technical
assistance in preparing tissues for study.

LITERATURE CITED

Bargman, W., and T. H. Schiebler 1952 Histo-
logische und cytochemische Untersuchungen
am Subcommissuralorgan von Saugern. Zeitsch.
Zellforsch., 37: 589.

Barnett, R. J., and A. M. Seligman 1952 Histo-
chemical demonstration of protein-bound sulf-
hydryl groups. Science, 116: 323.

Davies, T. G. H. 1959 A technique for the per-
fusion of small animals. Stain Tech., 34: 169.

Farrell, G. 1959 Steroidogenic properties of ex-
tracts of beef diencephalon. Endocrinology, 65:
29.

Gilbert, G. J. 1960 The subcommissural organ.
Neurology, 10: 138.

Giroud, A., and J. Boisselot 1951 Anomalies
provoguees chez le foetus in I’absence d’acide
folique. Arch. Franc. Pediat., 8: 648; 57.

Jones, C. C., S. O. Brown, L. R. Richardson and
J. G. Sinclair 1955 Tissue abnormalities in
newborn rats from vitamin B]2deficient moth-
ers. Proc. Soc. Exp. Biol. Med., 90: 135.

399

Nelson, M. M. 1957 Production of congenital
anomalies in mammals by maternal dietary de-
ficiencies. Pediatrics, 19: 764.

Newberne, P. M., and B. L. O'Dell 1958 His-
topathology of hydrocephalus resulting from
a deficiency of vitamin Bi2 Proc. Soc. Exp.
Biol. Med., 97: 62.

1959 Pathology of vitamin B2 defi-
ciency in infant rats. J. Nutrition, 68: 343.

Newman, A. E., E. S. Redgate and G. Farrell
1958 The effects of diencephalic-mesencepha-
lic lesions on aldosterone and hydrocortisone
secretion. Endocrinology, 63: 723.

O'Dell, B. L., J. R. Whitley and A. G. Hogan
1948 Relation of folic acid and vitamin A to
incidence of hydrocephalus in infant rats.
Proc. Soc. Exp. Biol. Med., 69: 272.

1951 Vitamin B12, a factor in preven-
tion of hydrocephalus in infant rats. Proc. Soc.
Exp. Biol. Med., 76; 349.

Overholser, M. D., J. R. Whitley, B. L. O'Dell and
A. G. Hogan 1954 The ventricular system in
hydrocephalic rat brains produced by a defi-
ciency of vitamin BJ2 or folic acid in the ma-
ternal diet. Anat. Rec., 120: 917.

Richardson, L. R., and A. G. Hogan 1946 Diet
of mother and hydrocephalus in infant rats.
J. Nutrition, 32: 459.

Stutinsky, F. 1950 Colloide corps de Hering et
substance Gomori positive de la neurohy-
pophyse. C. R. Soc. Biol. Paris, 144: 1357.

Wingstrand, K. G. 1953 Neurosecretion and
antidiuretic activity in chick embryos with re-
marks on the subcommissural organ. Ark.
Zool. Uppsala Ser. 2, Bd. 6, 41.

Wislocki, G. B., and E. H. Leduc 1952 The cy-
tology and histochemistry of the subcommis-
sural organ and Reissner’s fiber in rodents. J.
Comp. Neur., 97: 515.

—eees 1954 The cytology of the subcommis-
sural organ, Reissner’s fiber, periventricular
glial cells and posterior collicular recess of the
rats brain. J. Comp. Neur., 101: 283.

Wislocki, G. B., and W. D. Roth 1958 Selective
staining of the human subcommissural organ.
Anat. Rec., 130: 125.



400

PLATE 1

EXPLANATION OF FIGURES

Subcommissural organ, control newborn rat. Third ventricle is to left
of photograph; the cerebral aqueduct continues into the fourth ven-
tricle to right. The group of tall columnar cells dorsal to the opening
of the aqueduct make up the subcommissural organ. It is situated on
the anteroinferior surface of the posterior commissure of the mid-
brain — the light staining tissue just above the organ. The dark stain-
ing irregularly oval structure above the organ is the pineal body. Note
material within the lumen of the aqueduct and adhering to the lu-
menal border of the subcommissural organ. This is the proteinaceous
material elaborated by the organ observed in control brains. Alcian
blue-PAS stain. X 100.

Lumenal surface of subcommissural organ of control newborn rat.
Note material clinging to margin of cells and accumulated within
lumen of aqueduct. This material is PAS-positive, aldehyde fuchsin-
positive and stains with moderate intensity for protein bound disulfide
(cystine). Alcian blue-PAS stain. X 1,100.
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PLATE 2

EXPLANATION OF FIGURES

Subcommissural organ from vitamin Bi2-deficient newborn rat that
showed the typical gross ventricular distention of hydrocephalus. Only
small amounts of stainable material are present at lumenal surface of
cells and none within lumen of the aqueduct. Note also vacuolation
of cytoplasm of cells of the subcommissural organ. Alcian blue-PAS
stain. X 440.

Lumenal surface of subcommissural organ from vitamin Bi2deficient
nonhydrocephalic littermate of animal of figure 3. Considerable
quantities of material cling to lumenal border of cells of the organ.
Moderate amounts were also present within the lumen of the aque-
duct. Vacuolation of cytoplasm is not observed here. Alcian blue-PAS
stain. X 1,100.

Subcommissural organ from newborn control animal. Photograph
shows dense zone of nuclei dorsal to elongated cytoplasmic extensions
of the cells. Note dark staining material at poles of nuclei (arrows).
This material has the same histochemical characteristics as the stain-
able material located in cytoplasm and aqueductal lumen. Alcian
blue-PAS. X 1,100.

Subcommissural organ from newborn vitamin Bn-deficient hydro-
cephalic animal. This area is comparable to that shown in figure 5.
Note absence of stainable material at poles of nuclei. Alcian blue-
PAS stain. X 1,100.
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PLATE 3

EXPLANATION OF FIGURES

Aqueduct of control brain. Note accumulation of material within lu-
men of aqueduct with strong affinity for PAS stain. Alcian blue-PAS
stain. X 440.

Aqueduct of vitamin Bio-deficient hydrocephalic brain. Small amount
of stainable material is observed within aqueduct lumen. Compare
with figure 7. Alcian blue-PAS stain, x 440.

Periaqueductal area of control newborn rat. Dark staining cells
(arrows) shown in the subependymal gray matter beneath the aque-
duct contain material strongly positive for chrome alum hematoxylin
and for the PAS stain; weakly positive for aldehyde fuchsin. Note
material in aqueduct at upper left of photo. Alcian blue-PAS stain.
X 440.

Periaqueductal area of control newborn rat. Higher magnification of
figure 9. Six cells in center of photo contain stainable material.
Alcian blue-PAS stain. X 1,100.

Periaqueductal gray matter in newborn vitamin Bu-deficient hydro-
cephalic rat. None of the cells contain stainable material. The cells
in center (arrows) are probably the cell type that accumulates mate-
rial; however, no stainable material is present in any of the cells.
Alcian blue-PAS stain. X 1,100.
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PLATE 4

EXPLANATION OF FIGURES

Kidney, newborn control rat. Differentiation into tubules and glo-
meruli is normal for this stage of development. Hematoxylin and
eosin stain. X 100.

Kidney, newborn vitamin B~ -deficient hydrocephalic rat. Glomeruli
are contracted and show high degree of cellular density as a result
of less advanced differentiation. Proximal and distal tubules are
markedly dilated and contain cellular debris. Hematoxylin and
eosin stain. X 100.
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PLATE 5

EXPLANATION OF FIGURES

Kidney, newborn control rat. Glomeruli and tubules are normal for
this stage of development. Note mitotic figure in cell of distal tubule
in center of photograph. Hematoxylin and eosin stain. X 440.

Kidney from vitamin Bi2deficient hydrocephalic rat. Glomeruli have
contracted, highly cellular appearance; proximal and distal tubules
are markedly dilated and contain debris within the lumen. Epithe-
lial cells have pale nuclei and the cytoplasm contains granular,
PAS-positive material. Alcian blue-PAS stain. X 440.

Kidney from vitamin Bi2deficient nonhydrocephalic littermate of
animal with kidney shown in figure 15. Mild damage to tubular
epithelium is present but appearance is near normal. Compare with
figure 14. Alcian blue-PAS stain. X 440.
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PLATE 6

EXPLANATION OF FIGURES

Papillary zone of kidney from newborn control rat. The open space
is the pelvis that continues into the ureter. Hematoxylin and eosin

stain. X 100.

Papillary zone of the kidney from vitamin Bi2deficient hydrocephalic
newborn rat. Note severe dilatation of many of the collecting tubules.
Hematoxylin and eosin stain. X 100.
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PLATE 7

EXPLANATION OF FIGURES

Papillary collecting tubules from kidney of newborn control rat. Epi-
thelial cells are billowy with normal cytoplasmic density. Alcian
blue-PAS stain. X 440.

Papillary collecting tubules from kidney of vitamin Bi2deficient hy-
drocephalic newborn rat. Tubules are dilated, epithelium is flattened
in some of them; in others the cytoplasm contains PAS-positive
globular material. Alcian blue-PAS stain on sections treated with
several changes of saliva to remove glycogen. X 440.
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Adaptation of an In Vitro System to the Study of
Starch Fermentation by Rumen Bacteriai23%b

JOHN E. MOORE/" RONALD R. JOHNSON ana BURK A. DEHORITY

Department of Animal Science, Ohio Agricultural

Wooster, Ohio

The mechanism of starch fermentation
by rumen microorganisms has been stud-
ied by several techniques. Baker ('42),
Baker et al. ('50) and van der Wath ('48)
used microscopic techniques in observing
the microbial degradation of starch gran-
ules in rumen contents. Many in vivo
studies have dealt with the production of
volatile fatty acids and lactic acid in the
rumen of animals receiving diets with
varied concentrate:roughage ratios. Balch
and Rowland ('57) reported a decreasing
molar ratio of acetate to propionate coin-
ciding with a decreasing ratio of fibrous
to starchy carbohydrates in the ration.
They observed this phenomenon especially
when flaked maize replaced the fibrous
portion of the ration. Similar observations
were made by Phillipson ('52) and Shaw
et al. ('60). Reid et al. ('57) observed a
relationship between high dietary intakes
of wheat, wheat starch or crushed maize
and high proportions of propionate in
rumen fluid. A decreased acetate:pro-
pionate ratio has implications for the
energy efficiency of the ruminant because
of the evidence for the high specific dy-
namic action of acetate (McClymont, '52;
Armstrong et al., '57).

The transient occurrence of large quan-
tities of lactate in the rumen following in-
gestion of diets containing starch has
indicated that lactate may be an inter-
mediate in the pathway of starch ferment-
ation (Phillipson, '52; Waldo and Schultz,
'56; Balch and Rowland, '57; Reid et al.,
'57). The decline of lactate levels in the
rumen has been correlated with increased
levels of propionate but not with increased
levels of acetate or butyrate (Waldo and
Schultz, '56).

These and many other in vivo investiga-
tions have suggested certain problems of
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rumen microorganism metabolism that
might best be investigated by controlled
in vitro techniques. Doetsch et al. ('53)
and Robinson et al. ('55) used the washed
suspension technique which allows study
of a “controlled, nonproliferating popula-
tion which exhibits little activity in the
absence of added substrate.” This group
of investigators has studied the formation
of volatile fatty acids from glucose, mal-
tose and cellobiose. Maltose was fermented
most vigorously and the resultant volatile
fatty acid mixture exhibited a lower ace-
tate :propionate ratio than that from the
other substrates. Lactate accumulation
was found to be related to the pH, the
level of substrate and the centrifugal frac-
tion of bacteria used as inoculum. Sij-
pesteijn and Elsden ('52), using a simil-
lar technique, reported the conversion of
succinate to propionate.

Jayasuriya and Hungate ('59) studied
the conversion of lactate to volatile fatty
acids by incubating rumen contents from
hay-fed and grain-fed steers in short-term
experiments. Lactate was converted to
acetate more rapidly by cultures from
grain-fed than from hay-fed steers.

Stewart and Schultz ('58) used rumen
fluid from roughage-fed steers as inocula
for studies on the fermentation of hay-con-
centrate-urea mixtures in vitro. Corn

meal additions were observed to increase

J. Nutrition, 76: '62



STARCH FERMENTATION

propionate production. Hershberger et al.
('56), studied the degradation of cellulose,
starch and metabolic intermediates by pro-
liferating mixed cultures centrifuged from
the rumen fluid of roughage-fed animals.
When starch was fermented, volatile fatty
acid mixtures were produced with lower
acetate:propionate ratios than when cellu-
lose was fermented. Added lactate in-
creased the formation of acetate and
propionate equally.

An all-glass in vitro fermentation sys-
tem has been used successfully in this
laboratory in studies on cellulose diges-
tion by proliferating rumen microorgan-
isms (Bentley et al., '55; Johnson et al.,,
'58; Dehority et al.,, '60). The present
paper reports the adaptation of this system
to the study of the mechanism of starch
fermentation and includes studies on the
preparation of inocula, evaluation of the
requirements for optimal microbial activ-
ity, observations on the proliferating or-
ganisms, and comparisons of the in vitro
activities of mixed cultures from the ru-
men of 4 sheep fed identical diets.

EXPERIMENTAL

In vitro fermentation technique. Fer-
mentations were carried out at a volume of
100 ml in 180-ml glass bottles placed in
a constant temperature water bath at
39°C. Anaerobiosis was achieved by bub-
bling a continuous stream of C02through
the media. The basal media contained
urea, sodium carbonate and buffered min-
eral mixture (Bentley et al., '55). Pow-
dered cornstarch6 was used as the sub-
strate, the level of which will be given.
Biotin, 20 ug, and p-aminobenzoic acid
(PABA), 50 ug, were added routinely ex-
cept as indicated. Adjustments of pH
were made periodically with 20% (w/v)
aqueous sodium carbonate or 50% (v/v)
agueous ortho-phosphoric acid.

Inoculum source. Four fistulated weth-
ers were maintained with a diet of 9 parts
of ground shelled corn, 3 parts of chopped
mixed hay and 1 part of soybean oil meal
fed at the rate of approximately 2 pounds
per day. It was necessary to feed approxi-
mately 0.2 pounds of long hay per day to
prevent loss of appetite. Trace mineral-
ized salt and water were offered ad
libitum.

BY RUMEN BACTERIA
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Inoculum -preparation. Rumen fluid
was withdrawn through the fistula by use
of a polyethylene tube attached to a suc-
tion flask. A minimum of suction was
used and the polyethylene tube was moved
horizontally and vertically within the ru-
men during sampling. Fluid was taken
in this manner two hours after the morn-
ing feeding. Sampling at this time pro-
vided mixed cultures of rumen micro-
organisms which were most consistent
from day to day and which proliferated
in vitro without apparent gross changes
in microscopically observed morphological
types.

The rumen fluid was immediately di-
luted with equal parts of 0.01 M phos-
phate buffer (pH 7.0), warmed to 39°C
and saturated with C02 Dilution was re-
quired to insure adequate centrifugal sedi-
mentation in subsequent steps. Centrifu-
gation at 250 x g and 3,000 x g was
carried out in lusteroid tubes using an In-
ternational centrifuge, size 2, and a Serv-
all type “SP” angle head centrifuge, re-
spectively.

Measurement of starch fermentation.
Aliquots of the media were added to 2 n
NaOH to dissolve the starch, and, after one
hour, neutralized with 2 N HC1 (Carroll
and Cheung, '60). After dilution, the car-
bohydrate concentration was estimated
colorimetrically with the anthrone reagent
and using starch as a standard. The re-
covery of added starch with this proce-
dure was 103.2 £+ 5.7%.7 The difference
between the concentrations of anthrone re-
active material in inoculated flasks at the
time of inoculation and after a given
period of incubation was taken as an
index of fermentation. Figures obtained
in this manner were considered as esti-
mates of starch fermentation rather than
starch hydrolysis since anthrone is sensi-
tive to the products of starch hydrolysis.

Organic acid production. Total vola-
tile fatty acids (TVFA) were determined
by steam distillation using a micro-
Kjeldahl distillation apparatus. Samples
were deproteinized with an equal volume
of 0.1 n HC1 prior to distillation from acid
solution.

s SEHA S R P WS
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Individual volatile fatty acids were sepa-
rated by vapor-phase chromatography
using an apparatus constructed in this
laboratory. Sixteen- foot columns of 6 mm
(1.D.) glass tubing were filled with glass
beads 150 to 250 u in diameter“ coated
with stearic and orthophosphoric acids in
the ratio 50 to 1 by weight. A glass heat-
ing jacket with refluxing xylene as the
heat source was used to maintain a
temperature of 138°C. Helium gas was
used to elute the volatile fatty acids. The
eluate passed through a heated cupric
oxide oxidation chamber, a phosphorus
pentoxide dessicant, and a thermal con-
ductivity cell. Elution patterns were
recorded by a Leeds and Northrup Speed-
omax Recorder. Quantitative determina-
tion of the individual acids was accom-
plished by weighing the chart paper
circumscribed by the elution peaks and
comparing to a standard curve obtained
with known mixtures of authentic acids.
Twenty-five-milliliter samples were depro-
teinized with 25 ml of 95% ethanol, made
alkaline to phenol red by adding 2 N
NaOH, and evaporated to dryness. The
residue was redissolved in 2 ml of 5%
orthophosphoric acid and the weight of
this solution was determined. An aliquot
of known weight was injected into the
column. Evaluation of this technique was
done by separating the volatile fatty acids
of 8 samples by both vapor-phase chro-
matography and by silica-gel partition
chromatography (Bulen et al.,, '52) using
n-butanol: benzene mixtures as eluants.8
Vapor phase chromatography gave 102%
recovery of acetate and 110% recovery of
both propionate and butyrate relative to
silica-gel partition chromatography.

Lactic acid was determined colorimetri-
cally by the method of Barker and Sum-
merson ('41).

When whole rumen fluid was to be
analyzed the material was strained through
two layers of cheesecloth and centrifuged
at 250 x g. The resultant supernatant,
free of food particles, was analyzed.

Bacterial growth. The amount of nitro-
gen insoluble in 10% (w/v) trichloro-
acetic acid (TCA-N) was taken as an
estimate of bacterial protein nitrogen in
the fermentation media (Cline et al., '58).
The difference between concentrations of
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Fig. 1 Flow chart of steps taken in separating

whole rumen fluid (WRF) into various fractions
for in vitro inocula, with relative starch fer-
menting activities shown in parentheses.

TCA-N in flasks at inoculation time and
after incubation was taken as an estimate
of bacterial growth.

Microscopic examinations. All bac-
terial preparations and fermentation media
were examined microscopically for bac-
terial morphology using the Gram-stain
(Hucker modification). Only cursory ob-
servations were made. Photomicrographs
of these Gram-stain preparations were
taken using a Kodak Wratten B. filter, no.
58.

RESULTS

Inoculum preparation. The various
steps used in developing a routine ino-
culum are shown in figure 1. The diluted
whole rumen fluid (WRF) was strained
through cheesecloth and the resultant
filtrate was centrifuged at 250 x g for 5
minutes. The cheesecloth residue and
250 x g sediment, found to consist of
food particles, protozoa, and bacteria in
association with the food particles, were
combined and resuspended in 0.01 m phos-
phate buffer (pH 7.0). From this suspen-
sion, a second 250 X g supernatant was
prepared as shown in figure 1 (refer to
the broken line). The average relative
starch fermenting activities of these super-
natants used as inocula representing 20
ml of WRF are shown in parentheses in
figure 1. The mean ratio between TVFA
production and starch fermentation for

MI |ng and Manufacturing Company,
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both inocula was 8.37 + 0.8510 mEq per
gm of starch fermented. Microscopic ex-
amination of the proliferating organisms
revealed no apparent differences between
inocula. The 250 X g supernatant pre-
pared by the flow of material along the
solid line of figure 1 was used in further
experiments.

The 250 X g supernatant was fraction-
ated by centrifuging at 3,000 X g for 20
minutes (fig. 1). The 3,000 X g sediment
was resuspended in 0.01 m phosphate
buffer (pH 7.0). The average relative
starch fermenting activities of the 250 X
g supernatant and 3,000 X g fractions are
shown in parentheses in figure 1. That the
mixed culture sedimented at 3,000 X g
and proliferating therefrom was repre-
sentative of the mixed culture in whole
rumen fluid is indicated by the photo-
micrographs in figure 2. Therefore, in all
future work reported herein the inoculum
used was the 3,000 X g sediment resus-
pended in buffer and representing 20 m|
of WRF.

Optimal pH for starch
The inoculum preparation studies re-
ported were carried out at pH 6.9, the
pH indicated in preliminary experiments to
support satisfactory starch fermentation.
To define the pH optimum more precisely
the following experiment was conducted.
By adjusting the relative proportions of
the phosphate salts in the mineral mixture
of Bentley et al. ('55), three mineral mix-
tures were prepared, buffered at pH 7.1,
6.8 and 6.5, respectively. The contents
of duplicate flasks, with the appropriate
mineral mixture, were adjusted to pH 7.1,
6.9, 6.8, 6.7 and 6.5 immediately after
inoculation and every hour thereafter.
The inoculum was prepared from a com-
posite of equal parts of WRF from three
sheep fed identical diets. Autoclaved su-
pernatant was omitted since preliminary
experiments had indicated no strict re-
quirement for this nutrient source. The
substrate level was 1.50 gm per 100 ml.

fermentation.

The experiment was conducted three
times, with incubation times of 9, 12 and
24 hours, respectively. Residual starch

was estimated before and after incubation.
Analysis of variance indicated that the
variation in starch fermentation associ-
ated with pH was highly significant (P <
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0.01). Furthermore, the regression of
starch fermented on pH was adequately
described by a quadratic equation. This
equation accounted for 97.8% of the
variation associated with pH (P<0.01)
and indicated that the maximal starch
fermentation would occur when the flask
contents were readjusted hourly to pH 6.8.

Media evaluation. To determine whether
autoclaved supernatant or biotin and PABA
were essential components of the media,
the following experiment was conducted.
Four media were prepared with the fol-
lowing additions to the urea and mineral
mixture:none, 20 ag of biotin and 50 ug
of PABA, 20 m| of autoclaved supernatant,
and a combination of autoclaved super-
natant, biotin and PABA. A composite of
rumen fluid from three sheep was used to
prepare two inocula. The first (regular)
inoculum was prepared as previously de-
scribed. The second (washed) inoculum
was prepared from a portion of the first
by recentrifugation at 3,000 X g for 20
minutes and resuspending the sediment in
fresh 0.01 n phosphate buffer (pH 7.0).
The washing process reduced the TCA-N
concentration to 88.9% of the regular
inoculum. Each inoculum was used with
each of the 4 media. Three replications
were conducted and the substrate level was
1.50 gm per 100 ml. After 12 hours' in-
cubation, analyses were made for residual
starch, TVFA and TCA-N. The milli-
equivalents of TVFA produced per gram
of starch fermented and the milligrams of
TCA-N synthesized per gram of starch
fermented were computed. The means of
starch fermentation for the different treat-
ments covered the range 0.88 to 1.02 gm
with an overall range of 0.21 to 1.46 gm.

Analysis of variance revealed no signifi-
cant differences between nutrient or inocu-
lum means for the 5 variables measured or
computed. There was, however, an indi-
cation of depressed in vitro activity with
no nutrient additions and the washed in-
oculum. Either biotin and PABA or auto-
claved supernatant appeared to alleviate
the depression. Biotin and PABA were
chosen as routine additions to maintain a
more closely controlled in vitro media than
would be achieved with autoclaved super-
natant.

I0Mean and standard deviation.
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Fig. 2 Photomicrographs of bacteria from the rumen of sheep fed 3 corn: 1 hay. A,
Whole rumen fluid with food particle; B, 3,000 x g Sediment used as inoculum; C, 3,000 X
g Sediment after 9 hours incubation. Gram-stain. X 1,296.
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Fig. 3 Regression of the increase in total
volatile fatty acids (TVFA) on starch fermented
and mean values obtained in simultaneous in-
cubations of inocula from three sheep in 6
trials.

Fig. 4 Regression of the increase in trichloro-
acetic acid insoluble nitrogen (TCA-N) on starch
fermented and mean values obtained in simul-
taneous incubations of inocula from three sheep
in 6 trials.

Comparison of inocula from different
sheep. Considerable day-to-day variation
in the amount of starch fermented in a
given time period was observed in the
previous experiments. In addition, there
seemed to be some slight differences be-
tween sheep in the relative numbers of
the predominant types of rumen bacteria.
Therefore, it seemed desirable to compare
the mixed culture from sheep receiving
identical diets using the in vitro criteria
of TVFA produced and TCA-N synthesized
per unit of starch metabolized. Inocula
were prepared simultaneously from each
of three sheep and incubated for 9 hours
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in 4 trials and for 12 hours in two addi-
tional trials. The substrate level was 1.50
gm per 100 ml. The data obtained were
subjected to analysis of variance.

The regressions of TVFA and TCA-N on
starch are shown in figures 3 and 4. The
linear regressions accounted for 97.4%
of the variation in TVFA means (P <0.01)
and 95.4% of the variation in TCA-N
means (P<0.01). These data indicated
that the relationships between the fer-
mentation of starch and the production
of TVFA or TCA-N for the inocula from
the three sheep were similar. This sug-
gested that, although slight differences in
microscopic appearance of the mixed cul-
tures were observed, these 18 mixed cul-
tures may have had the same gross meta-
bolic activities.

These experiments again demonstrated
considerable variation in the amount of
starch fermented in a given time period.
To determine whether this variation was
the result of different maximal rates of
fermentation or of differences in lag
phase, namely, the time required to reach
the maximal rate of fermentation, addi-
tional simultaneous experiments were con-
ducted using inocula from 4 sheep. The
contents of duplicate flasks were analyzed
at inoculation time, at the first sign of a
pH depression, 6 hours after the pH de-
pression, and after 24 hours’ total incuba-

Fig. 5 Time curves, obtained from simultane-
ous incubation of inocula from 4 sheep. Dupli-
cate flasks analyzed at each time indicated by a
change in slope. Trial 1 conducted on October
24, 1960 and trial 2 on December 8, 1960.
sheep no. 1160;------—------ sheep no. 980;
sheep no. C840;........... sheep no. C816).
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TABLE 1

Molar percentages of the volatile fatty acids and levels of lactic acid observed
in vivoland in vitro2

Molar percentage of volatile fatty acids

No. of i i
Sample i Lactic acid
P samples Acetic Propionic Butyric
% % % mg/100 ml
In vivo
Pre-feed 15 57.4+£10.23 22.8+9.2 19.8+ 4.7 0.47+0.191
2 hours post-feed 11 54.7+ 9.0 27.0+ 7.1 183+ 54 0.57 + 0.19
7 hours post-feed 15 56.6+ 9.7 24.9+8.1 185+ 6.1 0.58+0.21
In vitro
0.10 gru/hour5 10 44.6+ 13.0 35.2+ 8.5 20.2+ 10.1 15 + 0.846
0.17 gru/hour3 6 56.0+ 6.4 33.4+2.3 10.6+ 3.6 50.1 £+ 13.26

1Sampled on 4 days over 10-weeks.

21lnocula from 4 sheep, two trials, duplicate flasks each sheep.

3Mean and standard deviation.

40ne sample, analyzing 6.78 m g/100 ml, omitted from calculation of mean and standard deviation.
5Mean rate of starch fermentation for 6 hours prior to sampling.

6lncrease over inoculation time analysis.

tion time. The resultant starch fermenta-
tion curves from two such trials are shown
in figure 5. Apparently differences in
starch fermentation in a given period of
time are the result of differences both in
lag phase and in the maximal rate of
fermentation. No consistent differences
between the inocula from the 4 sheep
were noted Five additional trials at one-
to two-week intervals confirmed these ob-
servations.

In the two trials shown in figure 5, sam-
ples were taken from the flasks 6 hours
after the pH depression for volatile fatty
acid separation and lactate estimation.
Samples of rumen fluid taken before and
2 and 7 hours after the morning feeding
were similarly analyzed. These data are
presented in table 1. Two types of in
vitro fermentations occurred. Apparently
the accumulation of lactate was associated
with the higher maximal rates of starch
fermentation. These higher rates of fer-
mentation and lactate accumulation oc-
curred with sheep 1,160 in trials 1 and 2
and with sheep 980 in trial 1 (fig. 5).
With sheep C816 in trial 2 an apparently
short lag phase and rapid maximal rate
was observed. However, no lactate was
noted when sampled. It is considered pos-
sible that lactate degradation may have
occurred prior to sampling since starch
fermentation was essentially complete at
that time.

DISCUSSION

Differential centrifugation was used in
these studies to prepare a bacterial sedi-
ment that was microscopically representa-
tive of the mixed culture found in the
whole rumen fluid of sheep fed a 3 parts
corn to 1 part hay ration. The mixed cul-
ture thus obtained proved to have active
amylolytic properties. Among the many
morphological types present in the popu-
lation it is possible that some are not
amylolytic. No attempt was made to iso-
late the organisms to differentiate them
metabolically.

Using the criteria of starch fermenta-
tion, TVFA production and TCA-N syn-
thesis, added biotin and PABA or auto-
claved rumen fluid supernatant had no
apparent effect on the fermentation.
Washing the cells one time by recentrifu-
gation to further reduce rumen fluid carry-
over failed to depress microbial activity
even though the concentration of TCA-N
was thereby reduced. With the appar-
ently large number of species present in
the mixed cultures it seems plausible to
suspect that a symbiotic relationship may
exist with respect to any required growth
factors. Dehority et al. ('60) studying
cellulose digestion with a similar in vitro
technique, demonstrated an absolute re-
quirement for biotin as well as valeric
acid; but the cellulolytic culture proliferat-
ing in those studies was found to consist
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of one predominant morphological type.
Under those conditions symbiosis might
not be expected to provide the required
growth factors.

Simultaneous comparisons of mixed cul-
tures from three sheep fed identical diets
revealed no differences between sheep or
trials in the relationships between TVFA
production or TCA-N synthesis and the
amount of starch fermented. Rosenberger
and Elsden ('60) and Bauchop and Elsden
(’60) demonstrated the constancy of the
relationship between the weight of sub-
strate metabolized and the weight of cellu-
lar material synthesized for a given organ-
ism in the steady state. This relationship
differs between species when the energy
securing or retaining metabolic pathways
differ. It would seem that a similar rela-
tionship would apply to metabolic end-
products. The data obtained in these
studies with 18 mixed cultures from three
sheep fed identical diets suggests that the
end-product- and cellular material-sub-
strate relationships are parameters that
might be applied in defining the gross ac-
tivities of a mixed culture. Further work
with mixed cultures from ruminants fed
varying diets is necessary to investigate
this hypothesis.

The apparent relationship between the
accumulation of lactate and the maximal
rates of starch fermentation suggests that
the rate of lactate degradation may have
been exceeded by the rate of lactate pro-
duction when the fermentation proceeded
at a rapid rate. The differences in fer-
mentation rates could not be related to
the microscopic appearances of the mixed
cultures either at inoculation time or after
incubation. Analyses of the organic acids
in the rumen fluid would not serve to pre-
dict the in vitro differences observed.

However, a cyclic variation in pH oc-
curred during the periods of maximal fer-
mentation rates since a constant pH was
not maintained with this in vitro system.
Furthermore, with the fermentations hav-
ing the higher maximal rates a greater de-
pression of pH between adjustments was
noticed. Karush et al. ('56), Reid et al.
(’57) and Rosenberger and Elsden ('60)
have presented data indicating the modi-
fication of bacterial metabolism by varied
pH levels. It may be that in the case of

BY RUMEN BACTERIA 421

a rapid fermentation the higher early pro-
duction of volatile fatty acids was effec-
tive in lowering the pH to a level inhibitory
to lactate degradation. The effect of pH
depression on the metabolism of the mixed
cultures used in these studies is being in-
vestigated.

SUMMARY

An in vitro system was described for the
study of starch fermentation by microor-
ganisms from the rumen of sheep fed a
high grain diet. A centrifugal procedure
was used to obtain the predominant ru-
men bacteria as a sediment which ap-
peared to proliferate in vitro without gross
changes in morphological types. Under
the conditions of these experiments the
maximal starch fermentation occurred
when flask contents were readjusted to
pH 6.8. The addition of biotin and p-
aminobenzoic acid or autoclaved rumen
fluid supernatant was not necessary for
maximal starch fermentation.

Eighteen mixed cultures from the rumen
of three sheep fed identical diets were
compared and found to be similar in the
relationships between the production of
total volatile fatty acid or the synthesis of
trichloroacetic acid-insoluble nitrogen and
the extent of starch fermentation. Dif-
ferences in the amount of starch fermented
in a given time were apparently the result
of differences in the time required to
reach the maximal rate of fermentation
and to differences in the maximal rates of
fermentation. These differences were not
consistent with respect to sheep or to
trials.

There appeared to be two types of fer-
mentations in vitro related to the maximal
rates of fermentation attained. Accumu-
lation of lactate was associated with the
higher rates of fermentation. Possible ex-
planations for this phenomenon are sug-
gested including the effect of a cyclic pH
variation on the metabolic pathways of
fermentation.
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Protein Value and the Amino Acid Deficiencies of

Various Algae for Growth of Rats and Chicks

G. A. LEVEILLE, H. E. SAUBERLICH and J. W. SHOCKLEY
U. S. Army Medical Research and Nutrition Laboratory,

Fitzsimons General Hospital,

Numerous reports have appeared in re-
cent decades concerning the use of algae
and plankton as a source of food; these
reports have been reviewed in a recent
monograph by Schwimmer and Schwim-
mer (’55). Although considerable interest
has been expressed about the role of algae
as afood and much has been accomplished
in developing methods for the mass cul-
ture of algae (Gummert et al., '53; Tamiya,
'59), there have been few studies on its
nutritional adequacy.

Several reports concerning the amino
acid composition of various species of
algae have demonstrated a low level of
sulfur amino acids although the level of
most other “essential” amino acids ap-
peared adequate (Eny, '49; Fowden, '52a,
b; Schieler et al., '53; Smith and Young,
'55). As a result of the sulfur amino acid
deficiency, algae protein would be ex-
pected to stimulate growth to a lesser de-
gree than proteins of high biological value;
such results have been reported for the
rat by several workers (Hayami and Shino,
'58; Geoghegan, '53; Fisher and Burlew,
'53). In contrast, Fink and Herold (’55,
'56, '57, '58) have concluded that for
growth of rats the protein of the alga
Scenedesmus obliquus was equal or slightly
superior to proteins of skim milk, egg
white and various plants.

In a more recent study, Prosky et al.
('6ly demonstrated that the addition of
algae to a 10% casein diet for rats stimu-
lated growth; also, that rats fed algae as
the sole source of protein at a level of 10
or 30% of the diet grew less well than
animals receiving the same level of protein
from casein; however, equal growth was
observed in animals receiving 20% of
dietary protein from either algae or casein.

Combs (’'52) reported that the substitu-
tion of 10% of chlorella for soybean meal

J. Nutrition, 76: '62

Denver, Colorado

in the diet of chicks resulted in a marked
improvement in growth and feed effi-
ciency; however, this growth stimulation
was apparently due to the carotene con-
tent of the algae and not its protein.

The present report presents data on the
protein value of various algae for growth
in the chick and rat, and also presents
evidence concerning the amino acid in-
adequacies of these materials.

EXPERIMENTAL

Chick studies. Male Hy-line chicks
were maintained in cages with raised wire
floors and fed a practical diet for one
week, at which time 10 chicks were as-
signed per group on the basis of weight.
The chicks were distributed among the
experimental groups in such a manner
that the initial average weights for each
group were within plus or minus 1 gm.
The experimental diets were fed for
three weeks. The animals were weighed
and food consumption was determined
weekly.

The composition of the basal diet, ex-
pressed as a percentage, was as follows:
starch, 16.20; salt mixture,25.31; vitamin
mixture,3 0.40; cholineCl, 0.20; corn oil,
5.00; fiber, 3.00; glucose to 100. Algae
and amino acids were added to the basal
diet at the expense of glucose.’

Received for publication October 20, 1961.

1Prosky, L., J. F. Karinen and H. 'E.Sauberlich
961 The nutrltlonal adeqluacy of algae in weanling
rats. U. S. Army _ Medic Research  and Nutrition
Laboratory, unpubllshed report

2Chick salt mixture, supplled/kg of diet when fed
at the rate of 5.31% of the diet: (in grams) CaC
3.0; Ca3(P04)2, 28.0; K2HP04, 9.0, MgS04, 1.25; Fe
iuconate, 224 NaCI 8.80; and (in m||||grams)
NnS04-7H, 40; 'CuS04, 20; H3BO03,
CoS04-7HD, 1 Mnsd 650.

3Chick vitamin m|x supplied in mg/kg of diet
when fed at the rate of 0.40% of the diet: thiamine-
HC1, 25.0; riboflavin, 16.0; Ca pantothenate, 20.0;
gyrldoxme 6.0; biotin, 0.6; folic acid, 4.0; p-amino-
enzoic acid, 2.0; menadione, 5.0; and V|tam|n Bi2,
20 ng,, inositol, 100; ascorbic acid, 250; niacin, 150;

vitamin A, 10,000 IU: vitamin D3 1,000 ICU; a
tocopheryl acetate, 100 mg.
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Rat studies. Weanling male, albino
rats of the Holtzman strain weighing be-
tween 40 to 50 gm were used. The ani-
mals were housed in individual cages with
raised wire floors. A stock diet was fed
for three or 4 days, following which 10
rats were distributed per group on the
basis of weight in such a manner as to
have almost identical initial weights for all
groups. The animals were maintained with
the experimental diets for approximately
three weeks. The exact length of the ex-
perimental periods is indicated in the
tables of results.

The composition of the basal diet used
in the rat studies, expressed as a percent-
age of the diet, was as follows: starch,
13.00; salt mixture (USP 14), 4.00; vita-
min mixture,480.40; choline-Cl, 0.30; fiber,
3.00; com oil, 5.00; glucose to 100. Algae
and amino acids were added at the levels
indicated in the results section at the ex-
pense of glucose.

Three algae were tested: (1) a mixture
of Scenedesmus obliquus and Chlorella
ellipsoidal (2) Chlorella pyrenoidosa;1
and (3) Spongiococcum excentricum.."”
The *“crude” protein (N x 6.25) content
of these algae was determined by Kjeldahl
analysis, total lipids by acid hydrolysis of

E. SAUBERLICH AND J. W.

SHOCKLEY

the algae followed by ether extraction of
the hydrolysate. The total lipid extract
was evaporated to dryness redissolved in
petroleum ether and applied to a mag-
nesia : supercefl (1:1) column and the
lipids free of chlorophyll and other chro-
mogens were eluted with petroleum ether :
acetone (9:1). An additional sample of
each algae was used for ash determination
by conventional analysis. The results of
these analyses are presented in table 1.

RESULTS

The protein value of the algae used was
ascertained by means of growth and pro-
tein efficiency ratios (gm gain per gm of
protein consumed) in both chicks and
rats; these results are presented in tables
2 and 3. These data indicate that all of

4Rat vitamin mix, su;aplied in mg/kg of diet when
fed at the rate of 0.4% of the diet: thiamine-HC1,
22.0; riboflavin, 22.0; Ca pantothenate, 66.0; pyri-
doxine, 22.0; biotin, 0.44; folic acid, 2.0; p-aming-
benzoic acid, 110; menadione, 0.05; and vitamin B3
30 /g inositol, 110; ascorbic acid, 1.0 gm; niacin,
100; " vitamin A, 10,000 IU; vitamin D, 2,000 1U;
a-tocopheryl acetate, 50 mg. .

50btained from Japan Chlorella Institute, Tokyo,

Japan.

.gGenerously supplied by Dr. R. H. Lowry, Boein
Airplane Company, Aero Space Division, Seattle 24,
Washington. i . i

7Purchased from Grain Processing Corporation,
Muscatine, lowa. This material was especially pre-
pared for this laboratory.

TABLE 1
Protein, total lipid, chlorophyll-free lipid and ash content of various algae

Algae

Scenedesmus obliquus + Chlorella ellipsoida
Chlorella pyrenoidosa
Spongiococcum excentricum

Chloro-
poteln  Tell BME A
(N x 6.25) lipid
% % % %
55.56 4.49 0.72 3.62
59.96 11.93 7.60 491
31.04 11.32 7.18 5.29

1Total lipid extract freed of chlorophyll and other chromogens.

TABLE 2
Influence of various algae protein on growth and protein efficiency of the growing chick

Protein sourcel

Soybean + DL-methionine2

Scenedesmus obliquus + Chlorella ellipsoida

Chlorella pyrenoidosa
Spongiococcum excentricum

Protein

3-Week gain efficiency

ratio
gm gain/gm
gm protein

consumed
237+263 3.04
8722 1.55
9+13 0.31
13+8 0.43

1AIl proteins supplied at a level of 18% of the diet (% N x 6.25).

20.54% added DL-methionine.
sMean = standard deviation.
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TABLE 3
Influence of various algae proteins on gain and protein efficiency ratio in growing rats

Protein source

Casein

Scenedesmus obliquus —Chlorella ellipsoida
Chlorella pyrenoidosa

Spongiococcum excentricum

Spongiococcum excentricum + DL-methionine

1Mean + standard deviation.
2The animals recelvm%the S.
had been added 0.5%

the algae tested were far inferior to either
the casein or soybean protein controls
used for the rat and chick studies respec-
tively. The mixture of S. obliquus and C.
ellipsoida was superior to either of the
other two algae studied (tables 2 and 3).
The data in table 3 also demonstrate that
the diet containing the algae S. excen-
tricum was deficient in methionine for
the growing rat. At the termination of the
three-week experimental period, the S
excentricum diet was supplemented with
0.5% of DL-methionine and fed to the
same animals for an additional 11 days.
The animals gained 23 gm in 11 days and
had a protein efficiency ratio of 1.22 when
fed the methionine-supplemented diet as

TABLE 4

Influence of amino acid supplementation of algae
protein (Scenedesmus obliquus -f-Chlorella
ellipsoida) on growth and feed efficiency
in the growing chickl

Amino acid 3-Week Feed
mixture2 gain efficiency
gm gain/gm
gm feed
consumed

None 83+ 113 0.32
Complete 124+21 0.47
Minus threonine 117+ 15 0.45
Minus glycine 96 +9 0.38
Minus arginine 122+ 19 0.47
Minus tryptophan 124 +14 0.47
Minus methionine 78+9 0.36
Minus lysine 114 + 14 0.42
Minus histidine 132+ 15 0.47

1AIll diets supplied 23.45%
x 6.25) from algae.

2Amino acids were supPIemented at_the following
levels as a percentage of the diet: DL- methlomne
0.80; DL-tryptophan, 0.20; L-arginine-HCI, 928
cine, 0.75;  DL- threonlne 0.60: thstldlneHCI\H
0.20! Llysme HCI, (95% purity),

3Mean * standard deviation.

crude protein (% N

Dietary

PO 3Week o,
(NX 6.25) ratio
gm gain/gm
% gm protein
consumed
14.88 112+10° 2.50it 0.09
15.31 60+ 7 1.38+0.14
15.31 38+12 0.94+0.19
14.81 9+6 0.34+0.24
15.12 23+42 1.22+0.18

_excentricum diet were maintained with the same diet to which
L-methionine for 11 days (21st through 32nd day

compared with a gain of only 9 gm in the
previous 21-day period and a protein ef-
ficiency ratio of only 0.34 with the unsup-
plemented diet (table 3).

The influence of amino acid supple-
mentation of the mixed algae (S. obliquus
and C. ellipsoida’) diet on growth of the
chick was tested. Reports of amino acid
analyses of wvarious algae (Eny, '49;
Fowden, '52a, b; Schieler et al., '53; Smith
and Young, '55) indicated that methionine
was the most limiting amino acid and that
deficiencies of arginine, glycine and threo-
nine might also exist for the chick. Based
on these data and those of Prosky et al.
(’61),8indicating that methionine, lysine,
tryptophan and histidine might be defi-
cient in algae for the growing rat, chicks
were fed diets supplemented with methio-
nine, tryptophan, arginine, glycine, threo-
nine, histidine and lysine (table 4). These
data indicate that supplementation of the
algae diet with all 7 amino acids resulted
in a significant increase in weight gain
and feed efficiency. The omission of a
single amino acid at a time from the mix-
ture was without significant effect with the
exception of glycine and methionine.
When glycine or methionine was omitted
from the mixture of amino acids, growth
was depressed. The omission of histidine
from the mixture of amino acids resulted
in a slight improvement in weight gain
although this increase was not statistically
significant.

Based on the above results, a second
study was initiated with chicks, using the
same mixed algae as the protein source.

8 See footnote 1.
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The results of this study are presented in
table 5. Supplementation of the algae diet
with either methionine or glycine alone,
the two amino acids observed to be limit-
ing, did not stimulate growth, although
the addition of methionine appeared to im-
prove feed efficiency. When both methio-
nine and glycine were added together, a
highly significant growth response and im-
provement in feed efficiency were noted.
The addition of threonine to the methio-
nine-glycine supplemented diet was with-
out effect. Lysine, however, significantly

LEVEILLE, H. E. SAUBERLICH AND J.
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depressed growth when added to a diet
supplemented with methionine, glycine
and threonine; the addition of histidine to
this diet depressed growth further. Sup-
plementation of the diet with histidine
alone also resulted in a depression in
weight gain below that of the group fed
the unsupplemented algae. The addition
of leucine alone or in combination with
the 5 other amino acids tested had no
effect.

A similar study on the effect of amino
acid supplementation was initiated with

TABLE 5

Effect of amino acid supplementation of algae protein (Scenedesmus obliquus+ Chlorella
ellipsoida) on growth and feed efficiency of the growing chick

Amino acid supplementl

L-lysine

DL-Methio- Glvcine DL-Threo- (.‘61 Lali-:]lgy-
oBos  100% 505 5ty HCLHD
' ' 109 ~ 0-30%
+ — — — —
— " _ B B
+ + - — —

+ + + - —

+ + + + —

+ + + 4 .

+ + + + +
- - - - +

3-Week Feed

L-Leu-

cine gain efficiency
0.70%
gm gain/gm
gm feed
consumed

- 87+222 0.28
- 93+19 0.34
- 89+25 0.28
- 127+28 0.39
- 124 +28 0.40
- 102+30 0.34
- 89+ 41 0.34
+ 81+41 0.32
- 71+£22 0.26
+ 86+25 0.30

1AIl diets supplied 18.00% protein (% N x 6.25) from algae.

2Mean + standard deviation.

TABLE 6

Influence of amino acid supplementation of algae protein (Chlorella pyrenoidosa) on body
weight gain and feed efficiency of albino rats

Amino acid supplementl

. L-Lysine= L-Histi- 19-Day Feed
DLnl\illﬁghlo D?Eg/r;])to g'é%% DLn—irr?éeo H%Tﬁl) gain efficiency
0.40% 40% plugrg%) 1.00% 0.53%
gm gain/gm
gm feed
consumed
— — — — 51+82 0.23+0.022
+ + + + + 70+£18 0.33+0.04
+ + + + - 52+10 0.26+0.04
+ + + — + 76+14 0.28+0.03
+ + — + + 70+14 0.29+0.03
+ — + + + 71+16 0.32+0.03
— + + + + 50+8 0.22+0.02
+ — — — — 65+ 11 0.23+0.03
1AIll diets supplied 18.00% crude protein (% Nx6.25) from algae.

2Mean + standard deviation.
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weanling rats using the algae, C. pyre-
noidosa, as the protein source; the results
of this study are presented in table 6. A
significant improvement in weight gain
and feed efficiency was observed as a re-
sult of supplementing the algae diet with
methionine, tryptophan, lysine, threonine
and histidine. The omission of single
amino acids from the mixture resulted in a
growth depression only in the case of
histidine and methionine, indicating a de-
ficiency of these two amino acids for the
growing rat. Supplementation of the algae
diet with methionine alone resulted in a
significant growth response in comparison
with animals receiving the unsupple-
mented control diet, although feed effi-
ciency was not improved.

DISCUSSION

The studies reported demonstrate that
all of the algae fed are deficient in meth-
ionine, an observation that would be an-
ticipated from various reports concerning
the amino acid composition of algae (Eny,
'49; Fowden, '52a, b; Schieler et al., '53;
Smith and Young, '55). Glycine also was
found to be deficient for the growing
chick in the mixed algae used (S. obliquus
and C. ellipsoida). Based on reports of
analyses previously mentioned this also
would be expected, although this observa-
tion has not previously been made since
most studies have used the rat, which does
not require glycine.

The growth-depressing effect of histi-
dine observed in chick studies is indica-
tive of an amino acid imbalance (Harper
and Kumta, '59). Data thus far obtained,
however, are inadequate to determine the
mechanism of the imbalance.

In the rat growth studies with C. pyre-
noidosa, the omission of histidine from
the mixture of amino acids used to sup-
plement the diet resulted in a growth de-
pression. Again, this observation is in
accord with amino acid analyses showing
histidine to be low in this species of algae
(Schieler et al., '53) and is in agreement
with the data of Prosky et al. ('61).9

The results obtained with rats fed diets
containing the algae, S. excentricum, in-
dicate methionine to be one of the most
limiting amino acids; however, further
study is required to corroborate this ob-
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servation and to delineate other amino
acid deficiencies that may exist. The high
levels of algae fed to chicks in these stud-
ies did not result in the impacted beak
condition reported by Combs ('52). Diar-
rhea was observed in chicks fed the algae
diets, but was not apparent in the rat
studies.

Also worthy of further study is the poor
growth observed in both rats and chicks
with the algae diets supplemented with
amino acids. There may be amino acids
which are limiting other than those tested
or the problem may be one of availability.
Since the protein of algae is enclosed in
a cellulose membrane, digestibility might
be expected to present a problem. It has
been reported that rats fed dried chlorella
grew poorly, but that treatment of the
algae with methanol improved growth and
digestibility and that when further sup-
plemented with methionine, the methanol-
treated algae supported optimal growth
(Tamura et al., '58a, b). Further similar
studies would, therefore, appear to be of
considerable value.

SUMMARY

Chicks and weanling rats were fed diets
containing the algae Scenedesmus ob-
liquus and Chlorella ellipsoida, or Chlo-
rella pyrenoidosa, or Spongiococcum ex-
centricum as the sole source of protein.

All of the algae tested were inferior to the
control diets in which soybean oil meal,
supplemented with methionine or casein,
served as the protein source for chicks
and rats, respectively. The animals re-
ceiving the control diets showed superior
weight gains and protein efficiency ratios.
Of the algae tested, the mixture of S.
obliquus and C. ellipsoida was superior to
either of the other algae fed singly.

Data were presented showing all of the
algae tested to be deficient in methionine
for the growing rat and chick. The mix-
ture of algae was also deficient in glycine
for the chick and the algae Chlorella pyre-
noidosa was found to be deficient in histi-
dine for the growing rat.
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Several reports (Kritchevsky et al., '54,
'56) have indicated that rabbits fed high-
cholesterol diets supplemented with fats
rich in linoleic acid develop less athero-
sclerosis than animals receiving similar
diets containing fats poor in that acid.
The action of the polyunsaturated fatty
acids in lowering the blood cholesterol
level in man and retarding the develop-
ment of atherosclerosis in rabbits may be
related to the role of those acids in the
transport and metabolism of cholesterol.
Increased formation of cholesterol esters
containing a high proportion of saturated
and monounsaturated fatty acids may also
be a factor involved in the genesis of
atherosclerosis (Sinclair, '56). Several re-
ports (Swell et al.,, '60a, b) have shown
that the atherosclerotic plague cholesterol
esters of human aorta contain a higher
percentage of oleic and a lower percentage
of linoleic acids than that fraction of the
serum. The cholesterol esters of the
aortas of cockerels and rabbits with athero-
sclerosis have also been shown to contain
more oleic and less linoleic acids than the
serum fraction (Blomstrand and Christen-
sen, '61; Swell et al., '61a). These obser-
vations suggest that cholesterol oleate may
be preferentially deposited in the aorta
from the serum and that further studies
on the cholesterol ester transport system
are needed. Several important questions
regarding the role of linoleic acid in athero-
sclerosis remain to be investigated. This
includes how the level of that acid in the
diet influences tissue lipid fatty acid com-
position and in particular, the aorta cho-
lesterol esters. The present report is a
continuation of our earlier studies (Swell
et al,, '61a) on the changes in the tissue
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lipid fatty acids accompanying the produc-
tion of atherosclerosis.

EXPERIMENTAL

Animals and diets. New Zealand white
male rabbits weighing 2.5 to 3 kg were
used. Nineteen animals were divided into
three groups of 6, 7 and 6 each. Each of
the groups received, in the morning, 50
gm of powdered commercial pellet chow2
with one of the following: group A, no
additions; group B, 1 gm of cholesterol
and 8% of com oil; and group C, 1 gm of
cholesterol and 8% of olive oil. The ani-
mals consumed their meal in the morning,
and in the afternoon were given an addi-
tional 50 gm of the diets without choles-
terol. The diets were prepared as previ-
ously described (Swell et al., '61a). After
the animals had received the diets for 9
weeks, they were fasted overnight and
then Kkilled under pentobarbital sodium
anesthesia by exsanguination and the
aorta and liver removed. The aorta was
carefully cleared of adherent fat and
graded for atherosclerosis on a scale from
zero to 4 +.

Methods. The tissues were weighed
and extracted according to procedures de-
scribed earlier (Swell et al., '60a). Free
and total cholesterol of serum lipid ex-
tracts were determined by the method of
Sperry and Webb ('50). The cholesterol
esters and triglycerides were separated on
silicic acid columns and the fatty acid
composition of the isolated lipid fractions
determined by gas-liquid chromatography

Received for publication October 26, 1961.

1This work was supported in part by U.S.P.H.S.
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L 2Purina Pellet Chow, Ralston Purina Company, St.
ouis.
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(Swell et al., '60a, '61b). Statistical anal-
yses were carried out by the t test and
values of P < 0.01 were considered to be
significant.

RESULTS

Fatty acid composition of diets (table 1).
The diet (pellet chow) fed to group A con-
tained a high percentage of linoleic acid
(48.6% ), but a total fat content of only
2.4% . The average daily intake of fat per
rabbit fed the control diet was 2.4 gm and
of that 1.2 gm was linoleic acid. The fat
in the diet fed to group B also contained a
high proportion of linoleic acid (55.3% ),

LAW AND C. R. TREADWELL

but the total fat intake of that group was
considerably higher (10.4 gm per day or
5.6 gm of linoleic acid) than in group A.
The fat in the diet fed to group C con-
tained the lowest percentage of linoleic
acid (18.4% ). The average fat intake per
day per rabbit was the same as for group
B (10.4 gm), but the intake of linoleic
acid was only 1.9 gm.

Tissue lipid levels (table 2). At the
time of sacrifice both groups (B and C)
had greatly elevated serum, liver and aorta
cholesterol levels when compared with the
group receiving the diet (A) with no addi-

TABLE 1
Fatty acid composition of diets

Fatty acid Diets
; B (7 C (6
carbons P cholestero cholestero
bonds additions Corn oil Olive oil
% total fatty acids
6 to 14 0.9 0.4 0.4
16 0 18.3 13.7 15.3
16 1 0.9 0.2 0.8
18 0 2.5 1.9 2.1
18 1 23.4 26.7 61.3
18 2 48.6 55.3 18.4
18 3 5.4 1.8 1.7
Dietary fat content, % or fat
intake, gm/day?2 2.4 10.4 10.4
Linoleic acid intake, gm/day 1.2 5.6 1.9
1Values in parentheses represent the number of rabbits per group.
2Food consumption per animal was 100 gm/day.
TABLE 2
Effect of diets on cholesterol levels in tissues
G Cholesterol Ester/total
roup
Free Ester Total cholesterol
%
Serum,1m g/100 ml
A 17+43 45+ 7 62+12 72.0+2.4
B 462 +101 1360+350 1822 + 448 74.6+3.6
Cc 555+ 151 1380405 1935+540 713+ 2.0
Aorta,2mg/gm fresh tissue
A 1.0+ 0.2 0.1+0.1 1.1+ 03 9.1+ 25
B 3.3+ 14 5.7+2.0 9.0+3.2 63.3+3.0
Cc 3.4+1.8 49+2.5 8.3+3.5 59.0+4.1
Liver, mg/gm fresh tissue
A 1.7+ 0.3 0.6+0.2 2.3+0.5 26.1+£3.0
B 6.4+1.0 46.4£6.1 52.8+7.0 87.9+2.0
C 7.0+ 1.6 46.7 £7.2 53.7+ 9.0 87.0+ 1.8

1Represents the serum cholesterol values at death.
2The degree of atherosclerosis for group B was 2.1 + 0.7 and for group C, 3.0+ 1.0.

3Standard deviation.
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tions. The percentage of total cholesterol
as ester increased markedly in both aorta
and liver. There were no significant dif-
ferences between the levels of cholesterol
in the aorta, serum and liver of groups B
and C. The degree of atherosclerosis for
group B was less (2.1) than for group C
(3.0), but this difference was found to
be not significant at the 1 or 5% levels.

Tissue cholesterol ester fatty acids
(table 3). Serum: The corn oil (B) and
olive oil (C) diets had significant effects
on the serum cholesterol ester fatty acid
composition. The major changes in the
cholesterol ester fatty acids of the groups
fed those diets were in the proportions of
oleic, linoleic and palmitic acids. Group
B (corn oil diet) had a significantly
greater percentage of oleic acid and a sig-
nificantly lower percentage of palmitic
acid than the control group (A). A slight
increase occurred in the percentage of
linoleic acid, but this was found not be
significant. The most marked change in
that serum lipid fraction occurred in the
group fed the olive oil diet (group C).
Oleic acid became the major acid of
the serum cholesterol ester fatty acids
(58.1% ). Also significant proportionate
decreases occurred in the percentages of
palmitic and linoleic acids in the serum
cholesterol ester fraction of group C when
compared with that serum fraction of the
other two groups (A and B).

Aorta: The aortas of the group fed the
control diet (A) did not contain sufficient
cholesterol esters for fatty acid analysis.
The major fatty acid of the cholesterol
esters deposited in the aorta of the ani-
mals receiving diets B and C was oleic
acid; the group receiving the corn oil diet
(B) had significantly less oleic acid than
the group fed the olive oil diet (C). The
level of linoleic acid was quite low in
both groups (group B, 22.3% ; group C,
10.3% ). Comparison of the aorta and
serum cholesterol ester fatty acid composi-
tion indicated significant differences in
fatty acid composition. The cholesterol
esters in the aorta of groups B and C had
significantly less linoleic acid and more
saturated fatty acids than that fraction
of the serum. That the cholesterol esters
of the aorta were influenced by the fatty
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acid composition of the diet is of particu-
lar interest.

Liver: The hver cholesterol esters of the
group receiving the control diet (A) con-
tained a higher percentage of saturated
fatty acids (palmitic and stearic) and a
lower percentage of linoleic acid than that
fraction of the serum. The percentage of
oleic acid in both the serum and liver cho-
lesterol esters was approximately the
same. The diets (B and C) produced pro-
nounced changes in the fatty acid composi-
tion of the hver cholesterol esters. As with
the other tissues, the most pronounced ef-
fect was seen in the group fed the olive
oil diet (C). The hver cholesterol esters
of that group contained 68.5% of oleic
acid and a very low level of hnoleic acid
(10.6% ). The corn oil diet (B) produced
significant increases in the oleic and hno-
leic acid levels and a lowering in the per-
centage of saturated fatty acids.

Triglyceride fatty acid composition
(table 4). Serum: The com oil diet (B)
produced a significant decrease in the per-
centage of palmitic acid and an increase
in hnoleic acid in the serum triglycerides.
The olive oil diet (C) produced a decrease
in palmitic and linoleic acids and an in-
crease in oleic acid.

Aorta: The aorta triglycerides of the
group fed the com oil diet (B) showed a
decrease in palmitic acid and an increase
in hnoleic acid when compared to the
control group (A). The group fed the
ohve oil diet (C) showed the most marked
changes in triglyceride fatty acid composi-
tion. There was a decrease in the propor-
tion of palmitic and hnoleic acids and an
increase in oleic acid. Comparison of the
serum and aorta triglycerides did not in-
dicate any major differences.

Liver: The ohve oil diet (C) produced
the most marked change in hver trigly-
ceride fatty acid composition. Less pal-
mitic and linoleic acids and more oleic
acid were observed than in the other two
groups (A and B).

DISCUSSION

This study extends the previous report
(Swell et al., '61a) on the cholesterol ester
fatty acid pattern in sera and aortae of
atherosclerotic rabbits. It was also shown
that the fatty acid composition of the de-
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posited aorta cholesterol esters is not con-
stant, but can be altered by changing the
fatty acid composition of the dietary fat.
The aorta cholesterol esters of rabbits fed
the high cholesterol-corn oil diet contained
a higher percentage of linoleic acid than
that fraction in the aorta of animals re-
ceiving a similar diet with olive oil. Even
in the group receiving the com oil diet,
however, the major fatty acid of the aorta
cholesterol esters was oleic acid. Oleic
acid has also been shown to be the major
fatty acid of the cholesterol ester fraction
in the human plaque lipids and thickened
intima (Swell et al.,, '60a, b). The fatty
acid composition of the serum cholesterol
esters was likewise dependent upon the
type of dietary fat; a large increase in
the level of serum cholesterol oleate
occurred when the rabbits were fed
the olive oil diet. The results of the
present study suggest that in the rela-
tionship between the serum cholesterol
level and the development of athero-
sclerotic plagues in the rabbit there are
both quantitative and qualitative factors,
namely, the absolute level of cholesterol
esters in the serum and fatty acid composi-
tion of those esters. Thus, below a certain
serum cholesterol level atherosclerosis
does not develop; also, there is a relation-
ship between the level of the serum cho-
lesterol and the time required for the de-
velopment of the disease. As for the
gualitative aspect, it has been shown (Field
et al., '60; Biggs and Kritchevsky, '51)
that the major part of the plaque choles-
terol in man and rabbit is derived from
the serum, and yet, the fatty acid composi-
tion is quite different between plaque and
serum cholesterol esters (Swell et al,
'60a, b, '61a; Blomstrand and Christensen,
'61). Thus, the data of the present and
previous studies suggest that certain cho-
lesterol esters, and in particular cholesterol
oleate, may be preferentially deposited in
the aorta and that the deposition is de-
pendent upon the level of those esters in
the serum cholesterol ester fraction.

No significant differences were noted
in the degree of atherosclerosis between
the groups receiving the high-cholesterol
diets supplemented with com or olive oils.
These differences might have been signifi-
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cant if a diet with less cholesterol had
been fed over a shorter period of time.

The major fatty acid of the liver cho-
lesterol esters of the animals receiving the
high cholesterol-oil supplemented diets
(B and C) was oleic acid. Similar obser-
vations have been made (Evans et al,
'59) in rabbits fed cholesterol supple-
mented with tallow or com oil. This also
suggests that there are marked differ-
ences in the handling of individual cho-
lesterol esters in the tissues.

The diets (B and C) produced some
changes in the tissue triglyceride fatty
acid composition, but these were not as
striking as with the cholesterol ester frac-
tion. The major changes occurred in the
group receiving the olive oil diet. In the
serum similar changes in fatty acid com-
position were observed as with the cho-
lesterol ester fraction. In general, the se-
rum and aorta triglyceride fractions of the
several groups were similar in fatty acid
composition. The data suggest that the
tissue triglycerides may be derived from
common fatty acid pools.

SUMMARY

The observations indicate that the na-
ture of the dietary fat incorporated into a
high-cholesterol diet influences the serum
and tissue cholesterol ester and trigly-
ceride fatty acid composition. The aorta
cholesterol esters are not of constant com-
position, but are dependent upon the fatty
acid composition of the dietary fat fed.
The data also suggest that derangements
of cholesterol oleate metabolism may be
an important factor involved in the de-
position of cholesterol esters in liver and
aorta of rabbits fed high-cholesterol diets.
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Numerous studies in the past have
suggested a relationship exists between
vitamin A utilization and nitrogen metab-
olism. A decreased rate of growth (Samp-
son et al., '32; Sampson and Korenchevsky,
'32; Braman et al., '35; Patterson et al.,
'42; Mayer and Krehl, '48a, b), lowered
food and protein efficiency (Sampson and
Korenchevsky, '32; Mayer and Krehl, '48a,
b; Brown and Morgan, '48) coupled with
increased nitrogen excretion (Sampson et
al., '32; Emerique, '37; Brown and Morgan,
'48) and decreased protein synthesis (Leut-
skaya, '57) were observed in animals suf-
fering from avitaminosis A. Moreover,
liberal amounts of vitamin A are known
to lessen the ill effects of a severe protein
deficiency (Moore et al., '52). The reverse
relationship, namely, the effect of dietary
protein on vitamin A metabolism, has been
studied also, but the results are not con-
clusive (Random and Queuille, '34; Basu
and De, '41; Baumann et al., '42; Dye
et al., '45; Deuel et al., '46; McCoord et al.,
'47; Mayer and Krehl, '48b; Johnson and
Baumann, '48; Leutskii and Leutskaya,
'55; Peretianu and Lupu, '57). The under-
standing of this relationship is of partic-
ular interest because of the high incidence
of xerophthalmia and keratomalacia, at-
tributable to vitamin A deficiency in chil-
dren suffering from kwashiorkor and other
protein malnutrition states (Esh et al.,
'60; Gopalan et al., '60).3

Several investigators (Basu and De, '41;
Baumann et al., '42; Leutskii and Leuts-
kaya, '55; Peretianu and Lupu, ’'57)
claimed that protein is necessary for the
utilization and storage of vitamin A. The
more recent work, however, conducted in
our laboratory (Rechcigl et al.,, '59a, b)
as well as elsewhere4 (Olsen et al., '59;
Esh et al., '60) suggests that dietary pro-
tein is not absolutely essential for the
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storage of vitamin A. Our studies indicate
that rats are able to store ample amounts
of vitamin A despite an amino acid im-
balance or in the complete absence of
dietary protein.

The object of the present investigation
was to study the effect of the amount and
quality of dietary protein on the utiliza-
tion of vitamin A

EXPERIMENTAL

Male weanling albino rats of the Holz-
man strain5were housed individually and
given food and water ad libitum. Two
days prior to the start of the experiments
a large dose of vitamin A acetate in oil
solution was given orally to all rats in
order to increase their vitamin A reserves.
Several representative animals were killed
as a control group at the beginning of the
experiments to determine the initial stor-
age of vitamin A in the liver and Kkidneys
(Ames et al.,, '54). The remaining rats
were divided into appropriate experimental
groups usually consisting of 4 or 5 rats
and totaling the same weight at the onset
of the treatments. The body weight
changes and food consumption were re-
corded daily during the three-week experi-
mental period.

At the termination of the experiments
the animals were Kkilled, the livers and
kidneys removed, weighed and analyzed
for vitamin A content. The liver fat was
determined by weighing the residue from
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an ether extract (evaporated to dryness
under nitrogen) of the livers, dehydrated
with NaZz04 Nitrogen analyses were car-
ried out on the fat-extracted liver residues
by the Kjeldahl method.

The composition of the basal protein-
free diet shown in table 1, is similar to
that of the diets used previously in this
laboratory (Rechcigl et al., '58; Rechcigl
and Williams, '61). Different experimental
diets were prepared by inclusion of the
protein source, compensating for the dif-
ferent levels by adjusting the percentage
of dextrin.

The experiments were carried out in two
phases with respect to the utilization of
vitamin A. The first part deals with the
effect of quantity of protein; the second
part with effect of quality of protein.

RESULTS

Influence of level of protein. The re-
sults of these experiments are summarized
in table 2. Rats receiving no protein in
their diet lost weight and suffered from
anorexia These animals, however, uti-
lized less vitamin A than any other group,
as evident from the high liver content of
vitamin A. With an increase in the die-
tary protein there was a progressive in-
crease in the body weight gain accom-
panied by higher food consumption and
efficiency of food utilization. The total
vitamin A content of the liver, in general,
was lowered as the protein level in the
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TABLE 1
Composition of the basal diet

gm/100 gm
Major components

Dextrin 58.0
Glucosel 15.0
Hydrogenated vegetable oil2 14.0
Salt mixture3 4.0
Cellulose4 2.0
Fat soluble vitamins (in corn oil) 2.0
B vitamins (in starch) 5.0

mg

Vitamin components
B Vitamins in 5.0 gm of starch

Thiamine 0.25
Riboflavin 0.25
Pyridoxine 0.25
Ca pantothenate 2.00
Nicotinic acid 1.00
p-Aminobenzoic acid 5.00
Inositol 10.00
Choline chloride 100.00

mg

Fat-soluble vitamins in 2.0 gm of corn oil
Vitamin D (calciferol) 0.0045
a-Tocopherol 11.00

1Cerelose, Corn Products Company, New York.
2Crisco, Procter and Gamble Company, Cincinnati.
3Jones and Foster ('42).
< _4r§olka-FIoc, Brown Company, Berlin, New Hamp-
Ire.
diet was increased. But the content of
vitamin A in the kidney became greater
with an increase in the dietary protein.
The differences in the vitamin A con-
tent of the organs were increased by ex-
pressing them per 100 gm of body weight.
This is understandable because of the
large differences in the body weights of

TABLE 2

Effect of level of protein

in the diet on depletion of

liver and kidney vitamin A

Control Prf‘)rtee(;n' 6% Casein 12% Casein 18% Casein
Av.weight gain,1gm -14+ 0.62 19+ 3.1 71+ 7.0 97+ 7.3
Food intake, gm 81 148 223 223
Food efficiency3 -0.17 0.13 0.32 0.43
Liver weight, gm 2.8+ 0.23 1.6+0.03 2.7+ 0.13 5.3+ 0.53 6.3+ 0.15
Liver fat, % 2.2 3.3 3.4 3.4 3.3
Liver vitamin A total My 377+19.6 317+5.8 303 + 3.3 268 + 15.1 241 + 6.4
Mg/100 gm body weight 682 379 203 152
Mg/gm organ 135 198 112 50 38
Kidney weight, gm 0.74 + 0.07 0.46+0.03 0.63 + 0.02 1.00 + 0.04 1.28 + 0.05
Kidney vitamin A total Mg 6.3+ 0.29 5.6+0.64 3.7+ 0.18 7.3+ 0.69 12.2 + 0.53
Mg/100 gm body weight 12.0 4.6 5.5 7.2
Mg/gm organ 8.5 12.2 5.9 7.3 9.5

1The average initial weight of the rats was 60 gm.
2 Standard error of the mean.
3Grams gain per gram of food consumed.
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various experimental groups and the ap-
parent relationship between the vitamin A
content and growth. Increase in the pro-
tein level also resulted in larger size and
weight of the organs which is reflected in
even more striking diminution of vitamin
A reserves when the values are expressed
per unit of weight. The fat content of the
livers did not show significant changes
between the various experimental groups.

The total vitamin A depletion or utiliza-
tion, calculated by subtracting the final
storage of vitamin A in the liver and the
kidneys of the experimental animals from
the initial storage of the controls, was
lowest in rats ingesting a protein-free diet
and became progressively greater as the
protein level in the diet was increased.
Apparently a linear relationship exists be-
tween weight gain and vitamin A utiliza-
tion as the plotting of these two parame-
ters resulted in a straight line (fig. 1),
over the range studied.

Influence of quality of protein. The
experimental results of this study are
shown in table 3. Of the three proteins
tested, feeding of casein resulted in the
best growth of rats. The animals ingesting
gluten as a sole source of protein grew
very slowly, whereas those maintained
with the zein diet gradually lost weight.
The poor growth response observed in rats
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Fig. 1 Linear correlation between vitamin A
utilization and the growth rate of rats fed
different levels of casein.

fed gluten was corrected by supplementa-
tion of the diet with 0.8% of L-lysine and
0.3% of DL-threonine. The addition of a
complex amino acid mixture to zein in-
creased only slightly the body weight gains
of the animals. The pattern of food con-
sumption followed very closely the changes
in growth.

Feeding of gluten or zein resulted in a
greater fat content of the liver than the
casein diet. Although with zein this effect

TABLE 3
Effect of quality of protein in the diet on depletion of liver and kidney vitamin A
Control 18% Casein 18% Gluten 18%+ E’Ia\ulten 18% Zein 181A7AZAeZ|n
Av. weight gain,3gm 123+9.4* 25+4.5 109+9.7 —6+ 1.3 17+£3.0
Food intake, gm 269 163 258 94 127
Food efficiency4 0.46 0.15 0.42 -0.06 0.13
Liver weight, gm 2.1+0.05 7.9+0.75 3.6+0.42 8.5+0.45 1.9+0.04 2.8+0.23
Liver fat, % 3.6 2.8 4.4 4.9 5.5 2.4
Liver nitrogen, % 2.34 2.44 2.37 2.72 2.88
Liver vitamin A total /xg 265+5 149+11 179+1 168 +5 179+ 13 162+7
Mg/100 gm body weight 86 236 105 398 238
Mg/gm organ 126 19 50 20 94 58
Kidney weight, gm 0.57+ 0.02 1.45%0.08 0.76 £0.07 1.37+x0.04 0.50+0.02 0.78+0.05
Kidney vitamin A total jug  4.8+0.5 8.3+ 1.8 3.0+ 0.25 8.3+ 13 1.8+0.1 2.2+0.2
Mg/100 gm body weight 4.8 3.9 5.2 4.0 3.2
8.4 5.7 3.9 6.1 3.6 2.8

Mg/gm organ

1AA included 0.8%L-lysine and 0.3%

2AA included 1.0% L-lysine, 1.15% DL-valine, 0.15%
0.2% L-arginine and 0.3% DL-isoleucine.

3The average initial weight of rats was 51 gm.

4See appropriate footnotes in table 2.

DL-threonine.

DL-histidine, 0.3% DL-tryptophan, 0.8% DL-threonine,
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was reversed by amino acid supplementa-
tion, no change was observed on supple-
menting the gluten diet. The increased
concentration of liver nitrogen observed
on zein may be a reflection of dehydration,
commonly seen in starvation.

The rats ingesting a casein diet had
the lowest amount of vitamin A in the
liver at the end of the three-week test.
Those fed gluten and zein showed identical
values, which were quite high in compari-
son with those from the casein group.
Amino acid supplementation of gluten and
zein resulted in slight decrease of hepatic
vitamin A values.

The vitamin A content of the kidneys,
however, was highest in the casein group.
The relatively low vitamin A content of
the kidneys of rats fed the gluten ration
was increased by amino acid supplementa-
tion, and essentially no change in kidney
vitamin A was observed by the supple-
mentation of the zein diet.

The observed differences in the vitamin
A content of organs were increased by
expressing the values per unit of organ
weight or by correcting them for the dif-
ferences in body weight.

DISCUSSION

The above experiments demonstrated
that depletion of liver vitamin A stores is
affected both by the amount and the qual-
ity of dietary protein. These data are in
agreement with previous studies from this
laboratory (Rechcigl et al., '59a, b) show-
ing that the oral administration of equal
amounts of vitamin A to growing rats re-
sulted in greater hepatic vitamin A storage
in animals fed a protein-free diet than in
animals maintained with an 18% casein
diet. Similarly, rats whose growth was
retarded by an amino acid imbalance
stored more vitamin A than the control
animals. Arnrich and Pederson6 also re-
ported in a preliminary communication
that following vitamin A administration
the concentration of vitamin A per gram
of liver was almost double in animals re-
ceiving diets low in protein. In the more
recent work of Olsen et al. ('59), with
chicks, an inverse relationship was noted
between the protein level and vitamin A
storage.
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These observations are also in accord
with less recent observations showing that
in vitamin A-deficient animals, increased
levels of dietary protein either had no
effect upon time of development of xeroph-
thalmia (Random and Queuille, '34) or
actually increased severity of the symp-
toms of vitamin A deficiency (Brown and
Morgan, '48). In the recent work of
McLaren (’59) protein depletion delayed
the development of xerophthalmia in rats
fed diets deficient in vitamin A. In the
studies of Dye et al. ('45) the level of
dietary protein had no effect on the utili-
zation of vitamin A as judged by weight
gain and incidence of foci of keratinized
epithelium.

A direct relationship was observed be-
tween growth and vitamin A utilization in
the present experiments, particularly in
the study on the effect of protein quantity
(fig. 1). A similar relationship was noted
earlier by Johnson and Baumann ('48),
using diets fed in limited amounts or de-
ficient in thiamine or tryptophan. The
observed relationship is primarily due to
changes of the vitamin A content of the
liver where most of the vitamin is stored.
The kidney vitamin A, however, is appar-
ently inversely related to the rate of
growth. This is apparent from this as well
as the work of Moore ('57).

In table 4 vitamin A utilization for
growth with various diets was estimated
by calculating the amount of vitamin A
depleted from the liver and the kidneys
per gram of gain. In addition, a second
formula was used which allows calcula-
tion of vitamin A needed by the growing
animal for growth and maintenance. Us-
ing this procedure it may be concluded
that the quantity of dietary protein does
not significantly alter the efficiency of vita-
min A utilization.

Vitamin A requirement for maintenance
can also be estimated in an alternative
way from the plot of growth and vitamin
A utilization, shown in figure 1, as the
amount utilized at zero gain. By this pro-
cedure the maintenance requirement was
found to approximate 66 ag for the three-
week experimental period or 3 ng per day.
The efficiency of vitamin A utilization can

6See footnote 4.
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TABLE 4
Efficiency of vitamin A utilization with experimental diets

Series

no. Diet

i Protein-free
6% Casein
12% Casein
18% Casein

i 18% Casein
18% Gluten
18% Gluten+ AA4
18% Zein
18% Zein+ AA4

Efficiency of utilization

_tTotaI A
vitamin
i Growth —
depletionl Growth2 maintenance3
fig fig fig
60.7 -4.3 i.i
76.6 4.0 l.i
108.0 1.5 (N
130.1 1.3 1.2
113 0.9 1.0
88 3.5 1.4
93 0.9 0.9
89 15.0 1.9
106 6.2 1.8

1lnitial reserves minus final reserves of vitamin A.

2 Total vitamin A depletion™
Body gain

3 Total vitamin A depletion _

[nitial body wem + /39.9}'/\9.?.'.'3)\

4 See appropriate footnotes in table 3.

then be calculated by subtracting the for-
mer value from the amount of vitamin A
depleted from the liver and kidneys, and
by dividing the difference by the animals’
weight gain. In this way it was calculated
that 0.6, 0.6 and 0.7 ag of vitamin A were
necessary to produce a 1-gm gain for 6,
12 and 18% casein diets, respectively.
This is in agreement with the above results
showing that under the present conditions
the quantity of protein had no apparent
effect on the efficiency with which stored
vitamin A was utilized. The vitamin A
utilization values calculated from the re-
sults obtained in the experiments in which
proteins of different quality were fed sug-
gest, however, that the efficiency of vita-
min A utilization is affected by protein

quality.
SUMMARY

The effect of protein quantity and qual-
ity on vitamin A utilization was studied by
administering a large dose of vitamin A
to rats at the start of the test and measur-
ing the vitamin A remaining in the liver
and kidneys after the test diets were fed
for three weeks. Highest vitamin A con-
tent was observed in the livers of rats fed
a protein-free diet. With an increase in
the dietary protein there was a progressive
decrease in the amount of vitamin A in

the liver and an increase in the amount
of vitamin A in the Kkidneys. A linear re-
lationship was observed between weight
gain and vitamin A utilization.

The utilization of vitamin A was also
affected by protein quality. In rats ingest-
ing an 18% casein diet, less vitamin A
was observed in the liver and more in the
kidneys than in slower-growing animals
fed 18% of either gluten or zein. Amino
acid supplementation of gluten and zein
resulted in an improved growth rate, in-
creased depletion of hepatic vitamin A and
greater total utilization of the vitamin. The
efficiency of vitamin A utilization, calcu-
lated after correction for the maintenance
requirement, was decreased by inferior
protein quality, but was not affected by
the level of dietary protein.

ADDENDUM

After the completion of this manuscript,
papers by Jagannathan and Patwardhan
('60a, b) bearing on this problem appeared.
Although the experiments are not strictly
comparable, their results are essentially in
agreement with those of the present study.
Stoewsand and Scott ('61) have shown
that in chicks a high-protein diet decreases
blood and liver vitamin A levels and favors
the onset of deficiency symptoms in com-
parison with low-protein diets.
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The role of vitamin Bi2 on methylation
is not yet established. On one hand, vita-
min Bi2deficient chicks can utilize equal
molecular amounts of homocysteine and
betaine in place of methionine, and mono-
methylaminoethanol and betaine in place
of dietary choline for growth and for the
prevention of perosis2 for which choline
per se is required. In baby pigs vitamin
B2 deficiency did not influence the level
of choline (Firth et al., '54) in liver nor
its urinary excretion. These data were
interpreted to indicate that transmethyla-
tion from betaine to methionine or from
methionine to choline is not affected by
vitamin Bi2

On the other hand, liver homogenates
from vitamin Bi2deficient rats exhibit a
reduced ability to form methionine from
homocysteine and cholines (Oginsky, '50).
Dietrich et al. (’52) and Fatterpaker et al.
('55) demonstrated that the excretion of
N-methylnicotinamide is decreased in vita-
min B2 deficiency, and reported that crea-
tine formation is increased under the in-
fluence of vitamin Bi2

Because of the discrepancy in interpre-
tation of the results cited above, it was
deemed worthwhile to determine as far
as possible, whether methylation by vita-
min Bi2deficient animals is impaired. And
if so, whether the impairment is due to the
deficiency of vitamin Bi2 rather than to
nonspecific factors such as reduction of
food intake or weight differences between
groups. Furthermore, will the deficiency
of vitamin B6 which reduces vitamin Bi2
absorption, result in a sufficient reduction
of the total liver vitamin Bi2content so as
to effect the methylation capacity of vita-
min Be-deficient animals? The results of
this study are reported here.

J. Nutrition, 76: '62

EXPERIMENTAL

1. Preparation of animals

Vitamin BR2deftcient animals. Male and
female progeny of rats of the McCollum
strain fed a soybean diet (Ling and Chow,
'52) low in vitamin Bi2 content during
pregnancy and lactation, were placed in
individual cages with large screen bottoms,
and offered the same soybean diet. Unless
otherwise stated, the treated littermates
were fed the same basal diet supplemented
with vitamin B2 (100 ug per kg of diet).
These diets were offered to the two respec-
tive groups of animals for 6 to 8 mohths, to
provide an ample opportunity for the de-
velopment of the deficiency of vitamin Bi2
in the group deprived of this vitamin.

Vitamin Bs- deficient animals. Male
weanling rats of the McCollum strain, as
well as of the Wistar strain, were offered,
ad libitum the vitamin Be-deficient diet con-
sisting of casein, sucrose, minerals and all
known vitamins except vitamin B6 (Tul-
pule and Williams, '55). The animals were
housed in screen-bottom cages. For com-
parison, the littermates were supplied daily
(1) by the injection of 50 ug of pyridoxine
hydrochloride or (2) by the supplementa-
tion of the basal diet with pyridoxine hy-
drochloride (100 ug per kg). The animals
were placed under these dietary regimens
for several months, and the usual symp-
toms of vitamin B6 deficiency such as
acrodynia and loss of weight and appetite
developed in the group deprived of this
vitamin. Even in the last group most of
the animals survived.
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TABLE 1

Excretion of N-methylnicotinamide (MNA)

in the urine of vitamin Bjj-deficient and

treated rats and their vitamin BI2 statusl

A2 B3
F 1
Experiment Males emales
Vitamin Vitamin Vitamin Vitamin
Bi2-deficient Biz-treated Bi2-deficient Biz-treated
Body weight, gm 201 +3 319+ 14 241+4 235+ 8
Test 14 3.07 +0.12 3.64+ 0.16 2.34+ 0.21 3.06+ 0.11
Test 25 5.71+£0.25 7.60+ 0.12 4.67 + 0.24 6.37 + 0.26
Liver, gm, % body
weight 5.16 + 0.59 3.25+ 0.17 3.13+ 0.10 3.06 + 0.14
Liver vitamin Bz,
mug/gm liver 27.1+6.9 124.8 + 8.0 56.9+ 4.8 328.7+19.3
Total liver vitamin Biz,
m,ug % body weight 127.4 + 235 401.7 + 23.4 176.9 + 14.1 1009.7 + 79.2
Serum vitamin Biz,
Mjxg/ml 116.7+15.2 1358.0 + 91.0 65.3+ 7.0 954.1 + 37.5

1AIl results are expressed as their averages * standard error of the mean.
2Five rats were used for experiment A in each group
3Ten rats were used for experiment B in each

4Test
weight/24-hour urine).

1=(5.0 mg nicotinamide/100 gm of body Welght) MNA excreted (mg/100 gm of body

5Test 2=(20 mg nicotinamide/100 gm of body weight) MNA excreted (mg/100 gm of body

weight/24-hour urine).

2. Methods of analysis

A. Serum glutamic oxalacetic acid trans-
aminase activity. The serum glutamic
oxalacetic acid transaminase activity
(SGOT) was measured by the procedure
of Steinberg et al. ('56) and was taken
as an index of vitamin B6 deficiency.

B. Vitamin B,2determinations. Vitamin
B2 concentrations in sera or plasma were
determined by the modified procedures of
Gaffney et al. ('57), the details of which
have been published elsewhere. Livers
from experimental animals were homoge-
nized in Potter-Elvehjem glass homoge-
nizers with 10 times their weight of dis-
tilled water, treated with potassium cyanide
and assayed microbiologieally for vitamin
Bi2 activity.

C. Determination of the méthylation
capacity. For the determination of the
méthylation, the urinary excretion of N-
methylnicotinamide (MNA) after oral ad-
ministration of 5 10 and/or 20 mg of
nicotinamide (NA)3 per 100-gm rat was
measured in the 24-hour urine after con-
version to trigonelline according to Sarett's
procedure (’43). Four days before the
first assay, 5 mg of NA were given to each

rat by stomach tube to assure full satura-
tion.

RESULTS

1. Effect of vitamin Bis deprivation
of the urinary excretion of MNA

The following experiments were con-
ducted to study the effect of vitamin Bi2
deficiency on the urinary excretion of
MNA:

A. Male rats. In experiment A, 5 vita-
min Bu-deficient and 5 vitamin Bu-treated
male rats were given orally 5 mg of NA
per 100 gm of body weight. Urine collec-
tion was made 24 hours later for the deter-
mination of MNA. The results (table 1)
indicate a greater amount of MNA in the
urine of the vitamin Bi2treated group than
that of the vitamin Bu-deficient group. One
week after the first test, these animals were
given a second dose of this load compound,
which was increased to 20 mg per 100 gm
of body weight. The results (table 1) show
a smaller amount of MNA in the urine of
the vitamin B”-deficient group. The vita-
min B2status of the two groups of animals

3Dissolved in water by stomach tube.
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may be assessed by the serum and liver
vitamin Bi2 contents.

B. Female rats.
MNA excretion test was carried out with
female rats (10 in the vitamin Bu-deficient
and 10 in the treated groups). After 12
months of deprivation of dietary vitamin
Biz, the animals were distributed into two
groups, one of which continued to receive
the vitamin Bi2deficient diet and the other
one received the vitamin Bi2supplemented
diet (100 ug per kg). Two test dosages of
5 and 20 mg of NA per 100 gm of body
weight were then given at the time inter-
vals identical to those used for the male
rats. Our results (table 1) demonstrate
that vitamin Bi2deficient female rats ex-
creted less MNA than the treated ones.
The two groups of animals, unlike those
in experiment A, had essentially the same
body and liver weights but marked differ-
ence in vitamin Bi2 status.

2. The duration of vitamin Bu
deprivation and the excretion
of MNA

To study the effect of the duration of
dietary deprivation of vitamin Bi2on MNA
excretion, NA was given to two groups of
rats. The vitamin Bi2deficient rats (group
1) and the vitamin Bi2treated rats (group
2) were fed the respective diets for 4
months following weaning. The first and
second tests were carried out three and
12 months afterwards. The results of both
tests (table 2) demonstrated that vitamin
Bi2 deprivation resulted in a reduction of
excretion of MNA after three months of
feeding. The severity did not increase
materially with prolonged deprivation.

In experiment B, the
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3. The urinary excretion of MNA
by pair-fed rats

Twelve vitamin Bi2deficient male prog-
eny bom by mothers fed the soybean diet
during the period of pregnancy were di-
vided randomly into two groups. One
group continued to be fed the soybean diet
and the second group was given the soy-
bean diet supplemented with vitamin Bi2
The food intake of the latter group was
pair-fed to that of the first group. At the
end of 6 months of feeding, 20 mg of NA
was given as a test dose to all the animals.
The results tabulated in table 3 demon-
strated that there was no significant differ-
ence in the body weight, but a marked dif-
ference existed in the vitamin Bi2 serum
levels. The data show further that the
MNA excretion is significantly higher in
the vitamin Bi2treated group than the de-
prived group. The probability of this dif-
ference being due to chance is less than
5%.

4. Effect of pyridoxine deficiency on
the urinary excretion of MNA

All male animals were fed the vitamin
Br-deficient diet for 11 weeks. They were
then randomly divided into two groups of
6 rats each. The control group (group T)
received intraperitoneally 50 My of pyri-
doxine hydrochloride, while the deficient
group (group D) received a saline solu-
tion. Both groups of animals received by
intraperitoneal injection 2.5 ug of vitamin
B2 three times weekly. After 10 weeks of
these regimens, the animals were given a
test dose of 10 mg NA per 100 gm of body
weight by mouth. At that time, the average
body weights of the treated group were

TABLE 2

Duration of dietary deprivation of vitamin B,s and N-methylnicotinamide (MNA)
excretion by female rats

Vitamin B Duration
itamin B2
Groupl diets Three months Twelve months
Body weight MNA Body weight MNA
mg/100 gm
m mg/100 gm m body weight/
g body weight g 24-hyour ugrine
i Deficient 134+42 4.20+0.18 235+7 4.44 * 0.22
2 Supplemented 128 +6 5.17+ 0.21 248 +6 6.37+0.17

1Six rats were used in each group.
2All results are expressed as their averages *

standard error of mean.
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TABLE 3

Effect of vitamin Bu-deficiency on urinary excretion of N-methylnicotinamide (MNA)
by pair-fed male rats

. Vi i
Group Body weight MNA excreted selrtl?mllgv%I]g
mg/100 gm i
gm body weight/ Blig/ml
24-hour urine
Vitamin Bi2deficient 208 £10! 5.07+ 0.18 128+6
Vitamin B,2treated 214+6 6.16+0.14 >1,000+68

1All results are expressed as their averages + standard error of the mean.

TABLE 4

Excretion of N-methylnicotinamide (MNA) in pyridoxine-deficient rats receiving vitamin Bi2
by injection before and after cross experiment

Group T (+ vitamin Beo)

Body weight

gm

Before cross experiment 248.2+ 17.51

Group T (—vitamin Bg)

After cross experiment 270.0+24.2

1AIll results are expressed as their averages *

almost twice that of the deficient group
(table 4). The average transaminase activ-
ity in sera of these two groups of rats was
86.9 + 0.8 and 23.7 £ 0.7 units per ml,
respectively. However, there was a slight
but insignificant increase in the amount
of MNA excreted in the urine of the de-
ficient animals.

A week after the test, the vitamin Be
treatments were reversed; thus, those in
group T now received intraperitoneal in-
jections of a normal saline solution; where-
as, those in group D received vitamin B6
by injection. The treatments were con-
tinued for 10 additional weeks, at which
time the body weights of both groups were
essentially the same, that is, body weights
of animals in group D approached those
of the animals in group T. A test dose of
NA was again given. There was no sig-
nificant difference (table 4) in the urinary
excretion of MNA between their two differ-
ent groups or between the same groups.

5. The effect of prolonged vitamin Be
deficiency on MNA
excretion

Dietary deprivation of vitamin B6 re-
sults in a reduction of vitamin Bi2 absorp-

Group D (—vitamin Be)

MNA Body weight MNA
mg/100 gm mg/100 gm
body weight/ gm body weight/
24-hour urine 24-hour urine
3.77+ 0.28 1445+12.6 4.31+0.29

Group D (+ vitamin Be)

3.85+0.27 272.3+20.2 4.29+£0.15

standard error of the mean.

tion (Hsu and Chow, '57). If this regimen
were to continue for a long period of time,
vitamin Bi2reserve may be expected to be
partially depleted (Ranke et al., '60) and
some biochemical aberrations of vitamin
B2 deficiency may appear. It seemed
worthwhile, therefore to determine whether
prolonged dietary deprivation of vitamin
B6would result in a decrease of the urinary
excretion of MNA. In this experiment,
three groups of weanling female rats from
our colony were given a vitamin B6 de-
ficient diet; to group A, 100 ug vitamin
B2 was added to 1 kg of diet, to group B
a total of 100 mag of vitamin Bi2was in-
jected in equal amounts 5 times a week
subcutaneously, and group C received both
vitamin B« (5 mg) and 100 ug of vitamin
BI2 per kg of diet. Twenty milligrams of
NA per 100 gm of body weight were given
to each rat three and 12 months after the
dietary regimens were begun.

The data (table 5) show that after three
months of feeding there was no difference
in the excretion of MNA among the three
groups. After 12 months of vitamin B6
deprivation, the following changes were
noticed. The vitamin BX2 serum level of
group A was reduced from an average of
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TABLE 5
Effect of prolonged dietary vitamin B6 deprivation on méthylation

Groupl Body weight Vgﬁag;irr:lgﬂ MNA3in urine
mg/100 gm
gm ILMImI body weight/
24-hour urine
Test 12
A4 nox4 388+765 5.48 +0.32
B6 138+6 2,000+180 5.88+0.20
Cc7 1866 960+97 6.28+0.16
Test 2s
A4 178+ 12 68+10.5 4.72+0.26
B6 192+20 2,000+97 5.99+ 0.31
c7 246 +6 1,000 £ 110 5.92+0.22

1Ten rats were used in each group.

S p . . -
2Test 1 was carried out after 3 months of vitamin B6 deprivation.

3N-Methylnicotinamide.
4Group

indicates vitamin B6-deficient rats given vitamin BI12 orally.

S5AIl results are expressed as their averages + standard error of the mean.
6Group B indicates vitamin B6-deficient rats given vitamin B12 by injection.
7Group C indicates vitamin B6-treated rats given vitamin BI2 orally.

8Test 2 was carried out after 12 months of vitamin B6 deprivation.

388 ung per ml to 68 uug per ml despite
the presence of an adequate amount of
vitamin Bi2in the diet. This reduction was
accompanied by a diminution of MNA to
a value significantly lower than those of
groups B and C.

DISCUSSION

Early growth experiments with chicks
and rats showed that vitamin B2 had a
methionine-sparing action, especially if
homocysteine was supplied (Arnstein, '55;
Jukes and Stokstad, '51). At first, this was
interpreted as an effect of this vitamin on
transmethylation, that is, the transfer of
the labile methyl group from choline or
betaine to homocysteine to give methio-
nine. More recently, Larrabee et al. ('61)
reported that “vitamin B2 enzyme” is in-
volved in the formation of methionine from
homocystine. Similarly, vitamin Bi2 could
replace at least part of the choline require-
ment of the chick, the rat and the baby pig.
Tracer studies showed that vitamin B,2
had no effect upon transmethylation but
that it is involved in the direct synthesis
of the labile methyl group from more
highly oxidized precursors, such as for-
mate, the a-carbon of glycine or the B
carbon of serine; this subject has been well
reviewed by Arnstein ('55).

However, there are difficulties with the
interpretation of results in experiments
with intact animals. For example, appetite

is seriously impaired by vitamin Bi2 de-
ficiency, and the results noted may often
be due merely to a lower food intake com-
pared with that of control animals and
to the differences in body weight These
uncertainties can be resolved, in part, by
restricting food intakes to the level ac-
ceptable to the deficient animals (“paired
feeding” technique) or by using female
rats where vitamin Bi2 treatment does not
result in an increase of body weights. The
results of the present study aimed at ruling
out nonspecific factors show a statistically
significant difference in the urinary excre-
tion of MNA between the vitamin B”-defi-
cient and treated animals of both sexes, fol-
lowing a test dose of NA. This is also true
of pair-fed animals in which instance, as
well as in the females, there was no appre-
ciable difference in the body weights or food
intake. Therefore, the observed difference
is unlikely to be due to these two factors.
Furthermore, long-term starvation which
usually accompanies vitamin depletion did
not alter the urinary excretion of MNA,
contrary to the effect of a 48-hour fasting
which can result in slightly higher MNA
excretion.4 With these controlled studies
we feel justified to conclude that the ob-
served difference is specifically due to vita-
min Bi2deficiency. This belief is supported
by the observation that in the cross design

4Unpublished data.
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study, vitamin B6deficiency in rats did not
effect méthylation. Since the nicotinamide
dosages were given according to the body
weight and since the méthylation takes
place mainly in the liver, the total amount
of liver vitamin Bi2 should be of import-
ance for the evaluation of methylating
capacity. This was found to be true regard-
less of the method of depletion of vitamin
B2 reserve. Thus, when the vitamin B2
reserve is diminished by dietary depriva-
tion or by the impairment of absorption
because of vitamin B6 deficiency, the
méthylation process by the latter group of
animals was reduced. These observations
support our concept that deficiency of vita-
min Be can bring about the reduction of
vitamin Biareserve to such a level as to
effect an important metabolic role of vita-
min B2 — in this case méthylation, as
measured by the amount of methylnicotin-

amide found in the urine of rats dosed with
NA.

SUMMARY

The effect of vitamin B2 deficiency on
méthylation, as indicated by the urinary
excretion of methylnicotinamide follow-
ing the administration of nicotinamide,
was studied. It was found in male and
female rats that dietary deprivation of this
vitamin brought about a decrease in méth-
ylation. This effect is not due to nonphysi-
ologic causes since pair-fed animals from
both deficient and treated groups, as well
as female rats in these two groups, ex-
hibited a significant difference in excre-
tion. Furthermore, vitamin B6 deficiency
does not bring about such a difference.
However, if vitamin B6deficiency were pro-
longed, vitamin Bi2 serum level of these
vitamin B6deprived animals was reduced.
Only then did a decrease in méthylation
occur. From these studies, it was con-
cluded that vitamin B2 deficiency by die-
tary deprivation or by poor absorption of

BRUNO RANKE, ELMA RANKE AND BACON F. CHOW

this vitamin decreases the urinary excre-
tion of MNA.
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The Level of Isocitric Acid Dehydrogenase

in Tissues

of Vitamin E-Deficient Rabbits'
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Using the in vitro reduction of triphenyl-
tetrazolium chloride (TPTZ) as an index
of dehydrogenase activity, Rosenkrantz
and Laferte ('60) demonstrated a 30%
decline in the total dehydrogenase activity
in the skeletal musculature of vitamin E-
deficient rabbits. Upon introducing spe-
cific substrates these workers were able
to show that the levels of isocitric acid
dehydrogenase decreased some 54% in
animals with nutritional muscular dys-
trophy.

Since it was not known at which point
in the respiratory chain TPTZ accepted
electrons (namely, coenzyme Il, flavopro-
tein, or cytochrome oxidase), it was not
certain which component(s) was being
estimated (Nachlas et al., '60). It thus
appeared to be of interest to investigate
by more direct means the titers of isocitric
acid dehydrogenase in control and vita-
min E-deficient rabbits. In the present
study a purified enzyme preparation was
used for determining enzyme activity by
spectrophotometric analysis of its reduced
coenzyme.

METHODS

Littermate, New Zealand white rabbits
were reared with a vitamin E-deficient
diet as previously reported (Rosenkrantz,
'55). The control animals received tri-
weekly oral supplements of a-tocopheryl
acetate. The vitamin E-deficient rabbits
developed nutritional muscular dystrophy
within 4 to 5 weeks after initiation of the
purified diet. The relative state of the
disease was followed by determining the
urinary creatine titers according to the
diacetyl method of Ennor and Stocken
(’47).

At urinary creatine levels of 40 to 80
mg per 24 hours, the rabbits were killed

J. Nutrition, 76: '62

Massachusetts

by a blow in the medullary region. Ochoa’s
procedure (’'55) for isolating isocitric acid
dehydrogenase from pig heart was adopted
for concentrating the same enzyme from
skeletal muscle. The musculature of both
hind legs of each rabbit was excised in
the cold. Equal wet weights (287 to
300 gm) of muscle from three control and
three deficient animals were respectively
pooled to provide sufficient tissue for the
purification of the enzyme. At each major
fractionation step, dry-weight and total
nitrogen determination were made The
enzymatic activity was determine by fol-
lowing the reduction of triphosphopyridine
nucleotide (TPN) on equivalent amounts
of nitrogen from the purified isocitric acid
dehydrogenase fractions. A Cary model 11
automatic recording spectrophotometer
was used.

A secondary study was also made to
determine the levels of isocitric acid de-
hydrogenase by manometric techniques
(Umbreit et al., '48). Each flask contained
approximately 250 mg wet weight of mus-
cle fiber strips from the rectus femoris in
3 ml of Krebs-Ringer-phosphate buffer at
pH7.4 (Rosenkrantz, '55). The liberation
of carbon dioxide was followed in the pres-
ence and absence of 0.1 ml of 0.25 m iso-
citric acid for 20 minutes at 37.5°C.

The opportunity was available to deter-
mine the blood level of isocitric acid de-
hydrogenase by the spectrophotometric
procedure of Taylor and Friedman ('60).
Blood samples were collected by direct car-
diac puncture and serum obtained with
avoidance of red cell rupture. Deprotein-

Received for publication November 3, 1961.
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TABLE 1

Dry-weight and

nitrogen analysis on muscle fractions from control and vitamin E-deficient rabbitsl

i i Total Dr ; Nitrogen/ Total Total
Fraction coAr?tWt]i%ln volume Weigyht Nitrogen gy ngght nitrogen protein
ml mg/ml mg/ml  mg/100 mg mg gm
Buffer extract Control 530 9.7 1.34 13.80 710 4.44
Deficient 530 7.9 1.07 13.50 565 3.53
(NH-OsSCL ppt Control 40 69.9 12.90 18.50 516 3.23
Deficient 40 50.2 8.10 16.20 324 2.06
Ethanol ppt Control 10 4.8 0.37 7.7 3.7 0.023
Deficient 10 2.4 0.21 8.7 2.1 0.015

1287 gm of skeletal muscle tissue were pooled from three rabbits in each group.

The creatinuria of each

vitamin E-deficient animal fell between 60 to 85 mg/24 hours.

ized serum aliquots were also used for the
estimation of citric acid by the method of
Ettinger et al. ('52).

EXPERIMENTAL AND RESULTS

The dry-weight and total nitrogen data
obtained during a representative fractiona-
tion sequence from one group each of con-
trol and vitamin E-deficient rabbits are
shown in table 1. Of the 287 gm of initial
skeletal muscle fractionated, 5.1 gm of
the dry-weight material in the control
group (column 3X4) and 4.2 gm of dry-
weight material in the deficient group
were recovered in the buffer extract. The
protein content of these same final frac-
tions was 4.44 and 3.53 gm, respectively.

Further fractionation with ammonium
sulfate reduced the dry-weight material
from 5.1 to 2.8 gm for the control and
from 4.2 to 2.0 gm for the dystrophic. In
the final ethanol precipitate fraction the
total dry-weight values were reduced to
0.048 gm for the control and 0.024 gm
for the deficient. The corresponding pro-
tein concentrations present in the same
fractions were found to be 0.023 gm and
0.015 gm, respectively.

The enzyme activities were measured
only on the reconstituted ethanol fractions.
The activity was defined as the optical
density attained at 340 mu in 5 minutes
by 0.1 ml of the purified isocitric acid
dehydrogenase preparation. The total ac-
tivity was obtained by multiplying the
optical density achieved by 0.1 ml of ali-
quot by the actual volume of the fraction
tested. In turn the value for the total
activity was divided by the total nitrogen
content in order to express the values as

Fig. 1 Reduction of triphosphopyridine nucleo-
tide (TPN) by equivalent amounts of purified
isocitric acid dehydrogenase from control (c) and
vitamin E-deficient (d) rabbits.

activity per milligram of nitrogen. The ac-
tivity of purified isocitric acid dehydrogen-
ase from a control and a deficient group
is shown in figure 1 which is an automatic
recording of the reaction. The reaction
mixture contained 0.3 ml of 0.25 m glycyl-
glycine buffer, pH7.4, 0.1 ml of 0.018 m
manganese dichloride, 0.1 ml of 0.00135 m
TPN, 0.1 ml of the enzyme preparation,
and 2.3 ml of distilled water. The reaction
was begun by adding 0.1 ml of 0.006 m

DL-isocitric acid to the sample cell. The
control cell received 0.1 ml of distilled
water.

A comparison of the enzymatic activity
from the skeletal musculature of three
different colonies of control and vitamin
E-deficient rabbits yielded essentially the
same results, which are summarized in
table 2. The activities were calculated on
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TABLE 2

Comparison of the activity of highly purified isocitric acid dehydrogenase from skeletal muscle of
control and vitamin E-deficient rabbitsl

Before fractionation
Animal

After fractionation

After fractionation
OD attained at 340 nifi by

condition Iv%ttal Tc?rtgl Iv%tal Total Total 0.1 ml aliquotin 5-m-|nutes Change
weight  weight weight ~ Nitrogen  protein Total2 Act|V|2ty/
activity M
itrogen
gm gm mg mg mg %
1 Control 300 45 58.0 5.63 32.5 115.0 20.4 -27
Deficient 300 51 49.6 4.20 26.2 63.0 15.0
2 Control 287 46 44.1 5.38 33.7 42.4 7.9 -25
Deficient 287 43 47.5 6.67 41.7 39.6 5.9
3 Control 300 42 48.0 3.70 23.2 29.0 7.9 -30
Deficient 300 45 44.0 3.85 24.0 21.0 5.5

1The creatinuria of each vitamin E-deficient animal fell between 60 to 85 mg/24 hours.

2The total activity was obtained by multiplying the optical density achieved b
In turn the value for the total activity was divided by the total nitrogen con-

volume of the fraction tested.

0.1 ml aliquot by the actual

tent in order to express the values as activity per milligram of nitrogen.

the basis of equivalent milligrams of nitro-
gen present in the final purified fraction.
The results consistently indicated that
there was a decrease in the specific activity
of isocitric acid dehydrogenase based on
nitrogen content in the skeletal muscula-
ture of vitamin E-deficient rabbits. The
percentage decrease in the enzyme activity
in the three different colonies tested was
27, 25 and 30, respectively.

In a preliminary exploration, manome-
tric techniques were used to estimate skel-
etal muscle isocitric acid dehydrogenase by
the liberation of carbon dioxide from exog-
enous isocitric acid. One vitamin E-de-
ficient group liberated 104 a liters of C02
per hour per 100 mg of dry weight of tis-
sue, whereas the value for the correspond-
ing control group was 149. A second
group of vitamin E-deficient rabbits liber-
ated 146 a liters of C02per hour per 100
mg and the corresponding controls aver-
aged 183. Overall, the figures disclosed a
decrease of approximately 25% in the pro-
duction of C02 from added isocitrate by
isocitric acid dehydrogenase in the vitamin
E-deficient animals.

To investigate the possible leakage of
muscle enzyme into the plasma during de-
velopment of vitamin E-deficiency, a com-
parative study was carried out on the
isocitric acid dehydrogenase levels in
serum samples of both groups. The serum
levels of the enzyme were followed by
measuring the production of a-ketoglutaric

acid formed from exogenous isocitric acid
(Taylor and Friedman, '60). The results
are outlined in table 3, and the compari-
son of control and deficient animals was
made on the basis of a-ketoglutarate pres-
ent in total serum. The usual 3.1% of
body weight for the rabbit was used to
calculate total serum. The alteration in
the serum isocitric acid dehydrogenase
levels appeared to parallel the severity of
the dystrophy. Rabbits with early vitamin
E-deficiency (colony A) showed little
change in serum enzyme, the mildly dys-
trophic (colony B) had a 35% decrease,
and the moderately dystrophic (colonies
C and D) showed a further decrement to
51 and 49%.

But in severe and terminal dystrophic
cases the reverse condition was noted. The
severely dystrophic group (colony E)
showed 52% increase in serum isocitric
acid dehydrogenase levels, whereas the
titers in the terminal dystrophic group
(colony F) were elevated by 108%.

Since a difference was noted in the
serum isocitric acid dehydrogenase titers
of control and vitamin E-deficient animals,
it was of interest to see whether the con-
tent of Krebs cycle intermediates before
isocitric acid were altered. The estimation
of serum citric acid was selected for this
study. A comparison of the citric acid
levels in the serum from control and vita-
min E-deficient rabbits at various stages
of dystrophy is also presented in table 3.
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ISOCITRIC DEHYDROGENASE

Animals that were still in a reversible con-
dition of vitamin E-deficiency (mild and
moderate dystrophy) showed an increase
of 8 to 37% in the serum citric acid
level. However, severely dystrophic rabbits
showed a 22 to 55% decrease in the con-
centration of serum citrate. The some-
what higher control values for colonies
A and E seemed to be due to the use of
trichloroacetic acid as the protein precipi-
tant. All other values were obtained on
serum deproteinized with tungstic acid.

DISCUSSION

Unlike the use of tetrazolium salts in
estimating the dehydrogenase activity in
tissues, the more direct approach of en-
zyme isolation permitted a more definitive
observation. The specificity of the present
method used confirmed the decline of mus-
cle isocitric acid dehyrogenase levels ob-
tained with the TPTZ procedure. This
was also borne out by the manometric
studies. A greater decrease was seen in
the TPTZ method, but this may in part
reflect the measurement of other reducing
systems in addition to that of isocitric acid
dehydrogenase.

The results observed with the serum iso-
citric acid dehydrogenase may be inter-
preted in two ways: (1) a decreased syn-
thesis of enzyme in the liver would be re-
flected by the blood level, or (2) an in-
creased degradation of the serum isocitric
acid dehydrogenase could occur. Either
of the mechanisms could yield a decline in
the serum enzyme titers during moderate
severity of nutritional muscular dystrophy.
Where terminal signs of the disease appear,
it would be reasonable to interpret elevated
serum enzyme levels as being in part due
to leakage of the enzyme from the muscle
into the serum.

The concentration of serum citrate ap-
peared to be correlated with the content of
isocitric acid dehydrogenase in the blood.
It is not clear whether this suggests con-
version of citrate to isocitrate in serum
or the existence of a more complicated
picture.

Although the reduced levels of serum iso-
citric acid dehydrogenase do not correlate
with enzyme leakage from the muscle in
the earlier stages of the disease, the de-
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creased activity of this enzyme in the mus-
cle itself may be of primary importance.
A partial block at the isocitric acid dehy-
drogenase level in the Krebs cycle must
be circumvented since oxygen consump-
tion proceeds normally (Rosenkrantz, '55).
Perhaps amino acids from the degener-
ating muscle protein entering via a-keto-
glutaric acid and oxalacetic acid maintain
the Krebs cycle. A partial block at the
isocitric acid dehydrogenase level would
also shift the equilibrium of the Krebs
cycle from isocitric acid back toward ace-
tate; this result may account for the in-
creased cholesterol synthesis observed in
muscle (Alfin-Slater, '60).

SUMMARY

1 Using a purified enzyme preparation
it was found that the isocitric acid dehy-
drogenase titers in the skeletal muscula-
ture of vitamin E-deficient rabbits de-
creased approximately 25 to 30% from the
level of the corresponding control animals.

2. The levels of serum isocitric acid de-
hydrogenase in rabbits with moderate dys-
trophy declined, whereas those with ter-
minal symptoms showed an increase.

3. It was also observed that serum
citrate levels declined with an increase in
the isocitric acid dehydrogenase titers.

4. The possibility that a partial block
at the isocitric acid dehydrogenase level
may account for increased cholesterol
levels and be consistent with normal oxy-
gen uptake was discussed.
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The Limiting Amino Acid Sequence in Raw and

Roasted Peanut Protein
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The Procter and Gamble Company, Miami Valley Laboratories,

Cincinnati, Ohio

A number of reports have appeared in
the literature on the nutritive value of the
peanut (Mitchell et al.. '49; Buss and God-
dard, '48; Reugamer et al., '50; Rutgers
University Bureau of Biological Research,
'46-50); but none of these concern meas-
urements of the nutritive value of the
whole peanut after it has been roasted —
the form in which most peanuts are
consumed. As roasted peanuts are an im-
portant constituent of the diet, an evalua-
tion of the nutritive value of roasted pea-
nuts was needed.

In the experiments reported here, the
nutritive value of several peanut pastes
was determined. The effect of roasting
under conditions that simulate practical
roasting with respect to time and tem-
perature was determined. The limiting
amino acid sequence in roasted peanut
paste was shown to be lysine, threonine,
and methionine. In unroasted peanut
paste lysine, methionine, and threonine
were equally limiting.

EXPERIMENTAL

Peanut pastes. All peanut pastes used
were prepared from U. S. no. 1 Spanish
peanuts. The peanuts were roasted in a
commercial, radiant heat roaster to the
end point temperature given below. After
roasting, the nuts were reduced to paste
by grinding. During grinding, 2% of hy-
drogenated peanut oil was added to reduce
oil separation.

The raw peanut paste was prepared
from nuts roasted to an end point tem-
perature of 95°C which required 14 min-
utes. This treatment resulted in nuts
that were essentially unroasted but
blanched sufficiently that the testa could
be removed. A roasted peanut paste was
prepared from nuts heated to an end point
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of 170°C which required 36 minutes. The
170°C end point temperature was selected
because it approximates that sometimes
used in the practical roasting of peanuts.

Feeding experiments. All experiments
were carried out using 15 male, weanling
Sprague-Dawley rats per group and an ex-
perimental period of 28 days. The com-
position of the diets is shown in table 1
The amino acid supplements were mixed
with a portion of the sucrose to assure uni-
form distribution in the diet. All diets
were made isonitrogenous through the
addition of glycine to the amino acid sup-
plement.

The animals were housed in individual
cages and given feed and water ad libitum.
Body weights were recorded once each
week and feed consumption three times
each week. Body weight gain and feed
efficiency were used as criteria of animal
response for the various diets. The feed
efficiency and body weight gain data were
analyzed for statistical significance using
the analysis of variance. Minimal signifi-
cant differences between means were de-
termined by the method of Tukey ('52).

The lysine, threonine, and methionine
content of the peanut protein was deter-
mined as follows. A sample (about 500
mg) of fat-free peanut meal was hy-
drolyzed at reflux with 20 ml of redistilled,
constant boiling HC1 for 18 hours. The
hydrolysates were filtered and made to a
known volume. A sample was withdrawn,
adjusted to pH 6.8, and diluted to an as-
sayable amino acid concentration.

Lysine was measured using Leuconostoc
mesenteroides and the medium of Kuiken
et al. ('43). Streptococcus faecalis and
the above medium were used to determine
methionine. Threonine was determined

Received for publication September 22, 1961.
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TABLE 1
Composition of diets
Control diet Experimental diet
% %
Casein to 15% protein (N X 6.25)
Peanut paste to 15% protein (N X 6.25)
Peanut oil to 28% fat to 28% fat
Fat-soluble vitamin mix1 1.0 1.0
Water-soluble vitamin mix2 5.0 5.0
Cellulose3 5.0 5.0
Salt mix USP 14 4.8 3.7
Amino acid supplement4 5.0 5.0
Sucrose to 100% to 100%

1Composition in grams:
peanut oil, 487.25.

vitamin A, 6.25; vitamin D (400,000 IU/gm),

1.56; a-tocopherol, 5.0;

2Menadione, 60; thiamine HC1, 80; riboflavin, 100; niacin, 400; Ca pantothenate, 400; folic acid

(1% trituration with sucrose),

60 ml. Sucrose to 1,000 gm.

500; pyridoxine<HC1, 80
mannitol), 3; choline, 60; inositol, 40; ascorbic acid, 2; p-aminobenzoic acid, 2 gm.

trituration with
Biotin (100

mg. Vitamin B2 (0.1%

¢¢g/ml),
%Ce?lu Flour, Chicago Dietetic Supply Company, Chicago.
4Amino acid content as described in the following tables made up as a mixture with sucrose.

with S. faecalis and the medium of Hen-
derson and Snell ('48) as modified by
Simy et al. ('54). In all assays an
incubation period of 72 hours at 37°C was
used. Acid production, determined by
titrating with 0.05 N potassium hydroxide,
served as the measure of bacterial growth.

RESULTS

Data showing the effect roasting has on
the nutritive value of peanut protein is pre-
sented in table 2. The feed and protein
efficiency data point up the inferiority of
both peanut preparations compared with
casein as a protein source for the rat. Al-
though less obvious, the differences in
feed and protein efficiency obtained be-
tween the raw and roasted peanuts were

TABLE 2

Effect of roasting on the nutritive
value of peanuts

e e
source efficiencyl e#iciencyz gain3
gm
Casein 36.8 2.44 150.8
Raw peanut4 27.1 1.81 95.6
Roasted peanut4 225 1.50 70.5

body weight gain

feed intake
F =236.18; P =0.05; d (least significant difference)
5

1Feed efficiency =

body weight gain

%Brotein efﬁuency = protein intake
F =34.16; P =0.05; d (least significant difference)
29.

%F?: 31.86; P =0.05; d (least significant difference)

4Roasting condition stated in text.

shown to be significant by statistical
analysis.

The low nutritive value of the raw pea-
nut protein was assumed, on the basis of
reports in the literature, to be due primarily
to a deficiency of methionine. As shown in
table 3, however, the addition of methi-
onine in the absence of lysine (diet 3) or
threonine (diet 5) did not improve the
feed efficiency or body weight gain signifi-
cantly. The addition of lysine and threo-
nine, individually or in combination (diets
4, 11, 13), showed no improvement in
feed efficiency. The combined addition of
lysine, threonine, and methionine (diets
6, 7, 8) produced a significant increase in
feed efficiency and body weight gain. The
addition of either tryptophan (diet 7) or
histidine (diet 6) or tryptophan and histi-
dine (diet 8) to diets containing lysine,
threonine, and methionine failed to pro-
duce a further improvement in feed effi-
ciency. However, body weight gain was
somewhat better with diet 8 than with
diets 6 and 7. The addition of the three
most limiting amino acids to the raw pea-
nut protein supported better growth than
the diet that contained 15% of casein. The
omission of threonine (diet 5) produced
a significant decrease in feed efficiency
and body weight gain relative to the un-
supplemented peanut protein diet (diet
2) . Because it appeared that an amino
acid imbalance may have been produced,
a second experiment (experiment 2, table
3) was carried out to determine what
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TABLE 3
Determination of the limiting amino acids in raw peanut protein
Supplemental amino acids (percentage of diet
Exbeti”  Dietl ' cr:f Methio- DL-Th DL(:' . isti ) Meea Avyglliclaf?te
L-Lysine nine nine ree- phrypto— Ldlmsetzl Glycine3 efficiency4 gain5
gm
i i — — — — - 1.53 45.0 120.0
2 — — — - - 153 29.5 76.0
3 — 0.61 0.38 0.09 0.13 0.72 29.5 85.0
4 0.71 - 0.38 0.09 0.13 0.30 30.5 80.0
5 0.71 0.61 - 0.09 0.13 0.24 24.5 60.0
6 0.71 0.61 0.38 0.13 0.07 40.5 140.0
7 0.71 0.61 0.38 0.09 - 0.19 43.5 147.0
8 0.71 0.61 0.38 0.09 0.13 _ 43.0 157.0
2 9 - - - - - 1.53 46.2 140.3
10 - - - - - 1.53 30.5 76.5
11 0.71 - - - - 0.80 31.7 78.3
12 - 0.61 - - - 1.22 30.8 83.1
13 - - 0.38 - - 1.29 32.7 99.6
14 0.71 0.61 - - - 0.50 29.6 70.9
15 0.71 0.61 - 0.09 - 0.43 29.6 70.3
16 0.71 0.61 0.09 0.13 0.24 29.7 68.7
1Diets 1 and 9 contained 15% of casein. All other diets contained 15% of raw peanut protein.
2Added as the amino acid hydrochloride.
3Amount added to keep diets isonitrogenous.
4For experiment 1— F = 104.38; P =0.05;d (least significant difference)=3.4.
For experiment 2 —F= 35.72; P =0. 055 d §Ieast significant difference; = 4.0.
5For experiment 1— F= 99.43; P =0.05;d (least significant difference)=15.7
For experiment 2 —F= 32.39; P=0.05;d (least significant difference)= 18.0
amino acid(s), if any, was responsible for mental conditions. Furthermoer, it sug-

the imbalance. The animal performance
with the peanut protein (diets 2, 10) and
the casein control diets (diets 1, 9) in the
two experiments shows that these experi-
ments are comparable. The feed effi-
ciencies obtained for diets 11 through 16,
which contain the important combinations
of the 4 amino acids (excluding threo-
nine), are not significantly different. In
fact, diet 16, which was made up from the
same components as diet 5, did not pro-
duce a significant decrease in either feed
efficiency or body weight gain. In a third
experiment, the details of which are not
reported, the omission of threonine from
the otherwise complete amino acid mix-
ture did not depress feed efficiency. Thus,
it seems likely that an amino acid imbal-
ance does not exist and that lysine, threo-
nine, and methionine are equally limiting
in raw peanut protein.

An initial experiment (not reported)
using a peanut paste prepared from
roasted peanuts as the dietary protein
source indicated, contrary to the published
reports (Grau, '46; Cama et al., '55), that
lysine, and not methionine, was the most
limiting amino acid under our experi-

gested that methionine was not the second
most limiting acid in roasted peanut pro-
tein. Consequently, the limiting amino
acid sequence for roasted peanut protein
was determined, as shown in table 4 (ex-
periment 3). The addition of lysine (diet
3) improves the peanut control diet as
measured by the feed efficiency. This im-
provement was not sufficient to be re-
flected in a significant increase in body
weight gain. Data concerning diet 4 show
that methionine is not even the second
most limiting acid, but rather diets 5 and
6 demonstrate threonine and methionine
to be the second and third limiting acids,
respectively. The further addition of
tryptophan (diet 7) or of tryptophan and
histidine (diet 8) produced some increase
in feed efficiency and weight gain, but
neither was considered statistically sig-
nificant.

In experiment 3, reported in table 4, the
amino acids were added as mixtures of 4
amino acids except for diet 3 which con-
tained only lysine. Since the results of
this experiment do not agree with those
reported in the earlier literature, it was
important to ascertain whether a se-



456 DON E. McOSKER
TABLE 4
Determination of the limiting amino acids in roasted peanut protein
e ) Supplemental amino acids (percentage of diet) Average Ave_rar?e
xpetl”  Diet1 DL-Threo- DL-T isti . fe weight
: « " - - -Trypto-  L-Histi-
ment 1,-Lysine2 f 0" nine3s phan dine2  Glycine efficiency4 gainb
gm
3 1 1.53 43.9 122.1
2 — — — — — 1.53 22.9 45.7
3 0.71 - - — — 0.80 27.4 48.4
4 0.71 0.61 — 0.09 0.13 0.24 27.7 55.1
5 0.71 — 0.38 0.09 0.13 0.30 33.9 89.6
6 0.71 0.61 0.38 — 0.13 0.07 43.8 138.2
7 0.71 0.61 0.38 0.09 — 0.19 47.3 151.4
8 0.71 0.61 0.38 0.09 0.13 — 47.5 152.9
4 9 _ _ _ _ — 1.53 37.1 99.4
10 - - — — — 1.53 27.8 60.8
11 0.71 - — — — 0.80 32.5 71.9
12 0.71 - 0.38 — — 0.56 32.0 91.5
13 0.71 0.61 0.38 — — 0.26 46.0 148.2
14 0.71 0.61 0.38 0.09 — 0.19 48.4 159.5
15 0.71 0.61 0.38 0.09 0.13 - 50.0 160.0
1 Diets 1 and 9 contained 15% of casein. All other diets contained 15% of roasted peanut protein.

- Added as the amino acid hydrochloride.

3Equivalent to 0.19% of available threonine since the po- form is not utilized.

4 For experiment3 — F =142.9; P =0.05; d
For  experiment4 — F= 98.5; P=0.05; d
5For experiment3 — F = 154.6;
For experiment4 — F= 81.2; P =0.05; d

quential addition of the limiting amino
acids would yield similar results (experi-
ment 4, table 4). The results generally
confirm those of experiment 3. There are,
however, two differences which should
be pointed out. First, the addition of
threonine to the lysine supplemented pro-
tein (diet 12) did not produce a signifi-
cant increase in feed efficiency over that
produced by supplementation with lysine
alone (diet 11). The inconsistency with
respect to threonine probably represents
a difference in the peanut stock or a dif-
ference in the amount of change in the
protein during roasting since the same
peanut stock was not used in the two ex-
periments. This is further borne out by
the feed efficiency of the peanut control
diets — 22.9 in experiment 3 and 27.8 in
experiment 4. The latter feed efficiency
is very close to that obtained with the raw
peanut preparations and is thus indica-
tive of a lesser amount of alteration dur-
ing roasting.

Second, the addition of tryptophan and
histidine caused a significant increase in
feed efficiency. This increase in feed ef-
ficiency is of questionable importance
since the difference in feed efficiency be-
tween diets 6 and 8 in experiment 3 is

(least significant difference) =3
P =0.05; d Eleast significant difference% :%

(least significant difference) =3.7
7
least significant difference :

6.6.
9.9.

3.7 (d = 3.7) and in experiment 4 the
difference obtained between similar diets
(diet 13 and diet 15) was 4.0 (d = 3.7).
It is important, however, that supple-
mentation of either raw or roasted peanut
protein with lysine, threonine, and methi-
onine improved the peanut protein to such
a degree that it was better than the con-
trol diet which contained 15% of casein.

The amount of each of the three most
limiting amino acids in normal roasted
peanut protein necessary to produce an
optimal feed efficiency is shown in figure
1. Four supplemental levels were chosen
so that two levels would be suboptimal and
two levels would be more than adequate.
The point of intercept between the two
straight lines should equal the minimal
requirement of the amino acid under test
when adequate quantities of the other
limiting acids are supplied. These levels
were found to be 0.31, 0.19, and 0.21% of
the diet for lysine, threonine, and methio-
nine, respectively.

The lysine, threonine, and methionine
content of raw and roasted peanut pastes,
as determined by microbiological assay,
is shown in table 5. The amino acid con-
tent is expressed as percentage of the pro-
tein and as percentage of the diet.
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Fig. 1 Determination of minimal amounts of
lysine, threonine, and methionine to produce
optimal feed efficiency.

TABLE 5
Lysine, threonine, and methionine content
of raw and roasted peanut protein

Raw peanut protein Roasted peanut

protein
% of % _of % of %, of
proteinl  diet protein2  diet
Lysine 4.02 0.60 3.43 0.52
Methionine 1.30 0.20 1.16 0.17
Threonine 3.16 0.48 2.79 0.42

1Average of duplicate determinations on two dif-
ferent protein preparations. o i

2Average of duplicate determinations on 5 differ-
ent protein preparations.

IN RAW AND ROASTED PEANUTS

DISCUSSION

The nutritive value and the limiting
amino acids of the protein in peanuts
roasted under conditions that approxi-
mate those of practical roasting has not
been determined previously. Based on
protein efficiency, the raw and roasted
peanut preparations used in these experi-
ments compare well with the boiled and
160°C roasted products studied by Buss
and Goddard ('48). Their preparations,
fed at a 10% protein level in a diet con-
taining about 28% of fat, yielded a pro-
tein efficiency ratio of 1.84 for the boiled
protein and 1.65 for the protein roasted
40 minutes at 160°C. Jones and Divine
('44) obtained a similar protein efficiency
ratio (1.81) with unroasted peanut pro-
tein in a diet containing 15% of protein
and 8% of fat.

It was unexpected that lysine, threo-
nine, and methionine were equally limit-
ing in the raw peanut protein, because
methionine has been reported consistently
as the most limiting with lysine the second
most limiting. Two reasons are possible
for this apparent discrepancy. First, there
is the possibility that the amino acid re-
quirements under these dietary conditions
(high protein and high fat) are different
from those previously published and, sec-
ond, that the amino acids in peanut pro-
tein are not completely available to the
rat. An indication that the amino acid re-
quirements are not markedly increased by
the high level of fat used in these diets
was obtained by substituting whole-egg
protein for peanut protein in these diets.
It was found that a level of 10% of egg
protein in the diet produced weight gains,
feed efficiencies, and protein efficiencies
equal to or better than those obtained with
the amino acid supplemented peanut pro-
tein diets. The egg protein diet supplies
0.91% of lysine, 0.46% of threonine, and
0.32% of methionine. Assuming that the
amino acids of whole egg are completely
available and that whole egg is a well
balanced protein, the lysine, threonine,
and methionine content of the whole-egg
protein diet may be used as an estimate
of the requirement for these amino acids
under these dietary conditions.

The roasted peanut diets supplemented
at the optimal level contained 0.83 and
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0.38% of lysine and of methionine, re-
spectively — an amount that agrees quite
well with the requirement estimated from
the whole-egg protein diet. The peanut
diets contained 0.61% of threonine which
is considerably higher than the above esti-
mated requirement of 0.46%. This, in
conjunction with the demonstration that
threonine must be added to the peanut
protein diets, suggests that about 30% of
the threonine in peanut protein is biolog-
ically unavailable to the rat. Rice is an-
other example of a rather widely used
protein which, based upon amino acid
analyses, appears to contain adequate
threonine. But Pecora and Hundley ('51)
have reported threonine as second limiting
after lysine. Rosenberg et al. ('59) also
reported threonine as the second most
limiting amino acid in rice protein.

Little effort has been directed towards
explaining the low threonine availability.
It is not known, for instance, whether the
threonine exists in a peptide sequence
which is resistant to enzymatic attack or
as a threonine derivative, such as threo-
nine phosphate, which the rat may not be
able to utilize as threonine. This problem
would seem to be growing in importance
now that two rather widely used proteins,
rice and peanut, are reported to contain
a significant amount of biologically un-
available threonine.

The change in the sequence of limiting
acids upon roasting is caused by either
actual alteration of, or decreased availabil-
ity of, lysine and threonine. Data in table
5 show a decrease of almost 15% in the
lysine content of the roasted peanut pro-
tein as compared with the unroasted prod-
uct, whereas the methionine and threo-
nine levels are decreased by about 10 and
11%, respectively. Thus, it seems that a
destruction of lysine as well as a probable
lower biological availability are responsible
for lysine becoming most limiting in the
roasted peanuts.

Bressani and Mertz ('58) determined the
lysine requirement of the rat at different
dietary protein levels. At a level of 16%
of protein they showed that 0.8 to 0.9%
of lysine in the diet was required to pro-
duce maximal body weight gain. This
compares favorably with the 0.8% deter-
mined in the present studies. However,
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in arriving at these values it has been as-
sumed the lysine in the com gluten used
by Bressani and in the roasted peanut pro-
tein used in these experiments was 100%
available. Such an assumption may not
be justified.

Balasundaram et al. ('58) have reported
on the effect of adding, as individual sup-
plements, lysine, methionine, isoleucine,
threonine, cysteine, or tryptophan to diets
containing 15% of raw peanut protein
and 9% of fat. These authors claim a
significant increase in protein efficiency
when lysine, methionine, isoleucine, and
threonine are added; no effect from
cysteine; and a significant decrease in
protein efficiency ratio when tryptophan
is added. The average growth rate of
158 gm per day obtained with their raw
protein is considerably lower than the 2.71
gm per day obtained in the present study.
The greatest improvement in weight gain
shown by Balasundaram upon supple-
mentation with a single amino acid
(methionine) was only 0.17 gm per day.
This is markedly less than the 2.90 gm
per day obtained in these studies when the
raw protein was supplemented with lysine,
threonine, methionine, histidine, and tryp-
tophan. It is impossible to accept their
interpretation of their results without com-
pletely changing the present concept of
limiting amino acids. It is probable that
the animals used in their experiments were
responding to the amino acid supplements
in a nonspecific manner since the ex-
tremely poor growth rate is indicative of
a poor diet.

SUMMARY

The limiting amino acid sequence of
blanched but unroasted peanut protein
was found to be lysine equal to threonine
equal to methionine. Tryptophan and
histidine do not appear to be limiting
in the unroasted protein.

In roasted peanut protein the limiting
amino acid sequence was lysine, threo-
nine, and methionine. Tryptophan and
histidine sometimes produced an increase
in feed efficiency when added in the pres-
ence of lysine, threonine, and methionine.

Roasting under the conditions described
caused a decrease in the amount of lysine,
threonine, and methionine equal to 15, 11,
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and 10% of the total, respectively. This
decrease was due to an actual destruction
of the amino acids. No attempt was made
to quantify the loss of biologically avail-
able amino acids.

Calculations of the limiting amino acids
based upon amino acid content and upon
the rat amino acid requirements suggest
that methionine would be more limiting
than lysine and that threonine should not
be limiting. The discrepancy between the
calculated and determined limiting se-
quence must be due to alteration of, or a
decreased biological availability of, lysine
and threonine, or to both.

A feed efficiency equal to or better than
that of a 15% casein diet can be obtained
by supplementing roasted peanut protein
with at least 0.31% of L-lysine, 0.19% of
DL-threonine, and 0.21% of DL-methio-
nine.
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Effects of Dietary Fat on Cholesterol Metabolism
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The feeding of corn oil is reported to
lower blood cholesterol levels in man
(Ahrens et al., '57; Beveridge et al., '57a;
Beveridge et al., '57b), an observation not
always demonstrable in experimental ani-
mals (Avigan and Steinberg, '57, '58).
Experimental animals, however, have
shown an increased labeling (synthesis?)
of cholesterol from acetate-C#¥ (Avigan
and Steinberg, '57; Wood and Migicovsky,
'58) and an increase in liver cholesterol
(Avigan and Steinberg, '58; Wood and
Migicovsky, '58) while receiving diets con-
taining corn oil. On the other hand,
materials high in saturated fatty acids,
namely, lard and hydrogenated oils, have
been reported either as not affecting or as
decreasing “synthesis” of cholesterol from
acetate (Mukherjee and Alfin-Slater, '58;
Wilson and Siperstein, '59a; Wood and
Migicovsky, '58). Com oil or lard, in the
diets of rats, did not influence either the
biliary excretion of total cholesterol end
products or of cholesterol itself (Wilson
and Siperstein, '59a), but there was a
marked increase in the excretion of non-
digitonin precipitable neutral sterols in
rats fed corn oil (Wilson and Siperstein,
'59b).

Other investigators (Hegsted et al.,'57;
Peifer et al., '60) have presented evidence
and discussed the influence of a variety
of fatty acids and oils upon nondiabetic,
induced, hypercholesterolemia. Many pre-
vious dietary studies have been concerned
only with blood lipid levels. In the present
paper, liver cholesterol metabolism was
studied, as well as blood cholesterol levels,
since the liver is generally considered to
exert the major influence on blood cho-
lesterol levels. Data on skin, gut and
carcass tissues were also obtained and
are presented. It was the purpose, then,
of the present study, to ascertain the ef-
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fects of corn oil and lard diets upon
blood and tissue cholesterol levels and
upon the cholesterologenic activity of cer-
tain tissues of both normal and alloxan
diabetic rats. The diets were found to
influence tissue cholesterol levels, but
were found not to influence cholesterol
labeling from mevalonate.

METHODS AND MATERIALS

Diets containing either 10 or 30% of
corn oil or 10 or 30% of lard were fed
to young adult, male Sprague-Dawley
rats2 for 28 days. Diets containing only
5% of fat (lard), or commercial rat chow
diets,3 were used as control diets. Equal
numbers of animals were used with each
diet. No statistical difference was found
between the effects of these two diets in
respect to tissue or plasma cholesterol
levels or to cholesterologenesis. The com-
position of the diets is shown in table 1
and the supplements to the diets are listed
as a footnote to the table.

The normal animals weighed about 160
gm when started on the diets and dem-
onstrated a good weight gain. To re-
strict weight gain and to prevent excessive
lipid storage, the animals were fed ad
libitum for an initial 14 days and were
then trained to feeding for the final 14
days. The trained feeding program con-
sisted of two daily one-hour feeding periods
during which the animals were allowed to
eat 10 gm of food per period. The diabetic
animals weighed between 149 gm and 270

Received for publication October 27, 1961
1This investigation was supported largely by Con-
tract no. AT (45-1)-225 of the United States Atom ic
Energy Commission. These data are in part from a
thesis submitted by Paul Russell to the University of
Oregon M edical School in partial fulfillment of the
requirement for the degree of Master of Science.
20btained from Pull-

man, Washington.

Northwest Rodent Company,

3Ralston
Company,

Purina Rat Chow,
St. Louis.

The Ralston Purina

J. Nutrition, 76: '62
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TABLE 1

Composition of the diets

Ingredientl COL}:rOI 10% 30%
Casein 18 18 18
Dextrin 44 39 19
Glucose 25 25 25
Yeast 4 4 4
Salt mix2 4 4 4
Lard or corn oil 5 10 30

(lard)

1Vitamin supplementation of the diets as m g/kg
of diet .8-carotene, 5.4; calciferol, 0.03; 2-methyl-I,
4-naphthoquinone, 2.0; a-tocopherol, 60.0; pyridoxine,
4.0; thiamine, 4.0; riboflavin, 10.0; Ca pantothenate,
16.0; inositol, 1,000.0; p-aminobenzoic acid, 30.0;
choline chloride, 2.0; biotin, 0.1 In addition, methyl
linoleate, 15 mg/day/rat, adm inistered orally
The oil-soluble dissolved in tripro-
prionin and administered to the rats in daily doses,
the other vitamins being mixed with the fat-free diet
base

was

vitam ins were

2M ixture no. 3, Hawk and Oser ('31)

gm when started on the diets but were
fed ad libitum throughout the 28 days.

Diabetic animals were prepared by an
intramuscular injection of 0.06 ml/100
gm of rat of a 10% alloxan solution.
Blood sugar determinations (Somogyi, '45)
were performed three weeks after the in-
jection of the alloxan and only the animals
demonstrating fasting blood sugar levels
of 200 mg/100 ml of blood or greater at
that time were used as the diabetic ani-
mals. Fasting blood sugars were deter-
mined again 26 days after the commence-
ment of the diet studies and animals
exhibiting levels of less than 200 mg/100
ml of blood at this time were eliminated.

At the end of the 28-day feeding period,
the animals were fasted for 24 hours, fed
for an hour, fasted for another hour and
injected with a tracer dose of mevalonic
acid-2-C4 Urine was collected for two
hours,4 the animals lightly anesthetized
with chloroform, and decapitated. The ani-
mals were separated into 4 tissue fractions,
liver, gut, carcass and skin. Blood was
taken by heart puncture at the time of
sacrifice. The tissues were saponified and
separated into saponifiable and nonsaponi-
fiable fractions as described below. After
weighing, the tissues were immediately
added to flasks containing 25% KOH in
95% ethanol. Liver was saponified in
50 ml of reagent, gut in 150 ml, carcass
in 200 ml and skin in 100 ml. Following
a two-hour reflux period, the flasks were
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removed while hot and the contents filtered
through glass wool into graduated cylin-
ders. The flasks were then rinsed twice
with 5- to 10-ml volumes of water, twice
with alcohol (10 to 20 ml); each time the
flasks and washing solutions were heated
over a hot plate. Washings were added to
the original digest in the graduate cylin-
ders, the digests were allowed to cool and
were then diluted to convenient, minimal
volumes. Small aliquots of the homoge-
nous digest were transferred to 8-inch
screw-top culture tubes (Emerson and Van
Bruggen, '58), the tubes were heated in a
steam bath and the entire alcohol phase
removed under nitrogen. The digest was
then reconstituted to 25 ml with 25%
alcohol. The nonsaponifiable fraction was
removed by four 25-ml extractions with
redistilled low boiling petroleum ether. The
petroleum ether phase was removed with
the aid of a syringe fitted with a 6-inch
blunt end needle. The extracts were com-
bined, the petroleum ether removed on a
steam bath and the nonsaponifiable mate-
rial made to volume in 25-ml volumetric
flasks with 95% ethanol. Cholesterol of
these extracts was determined as the dig-
itonide with the method of Zak et al. ('54),
but the cholesterol digitonide was allowed
a minimum of 5 hours to precipitate. Less
time than this fails to yield a quantitative
precipitation. Blood cholesterol determi-
nations were made following essentially
the procedure of Sobel and Mayer ('45),
the digitonides being determined colorime-
trically by the method of Zlatkis et al. ('53).
Mevalonic acid-2-CHwas obtained as the
N,N-dibenzylethylenediamine salt. After
hydrolysis and extraction, the free acid
was dissolved in water at a level of 0.67
uc/ml and all animals received 1 ml of
this solution intraperitoneally.
Radioactive analyses were done with the
aid of three G-M assemblies, a low back-
ground system (Nuclear-Chicago), a D47
Micromil gas flow system (Nuclear-Chi-
cago), and a TGC-2 end-window assembly
(Tracerlab). Lipids were counted as in-
finitely thin samples (< 0.08 mg cm-2)
4 Time course studies in our laboratory have shown
injection (Elwood, J. C.,

of lipid metabolism . Unpublished Doctor's Disserta-
tion, University of Oregon M edical School)

tracer levels of

1960 Studies on pathways
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and blood an3 urine samples as liquid
samples (Van Bruggen et al., '59). Factors
established here ahowed the inter-conver-
sion of radioassay results.

RESULTS AND DISCUSSION

Statistical analysis. Two statistical tests
were applied in the analysis of the data,
the t test in comparing pairs of means,
and the analysis of variance for the simul-
taneous comparison of more than two
means. With each test, however, the in-
terpretation is the same, that is, a P value
of < 0.05 is considered to indicate a sig-
nificance of the difference between sample
means.

Liver — normal animals. The data on
the concentration of cholesterol in the
livers of normal rats fed the indicated
diets are summarized in figure 1A. There
is seen an increase in the liver cholesterol
concentration as the amount of fat in the

A
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diet is increased. This is shown by the
high levels of cholesterol (P<0.01) in
the livers of the animals fed the 30%
corn oil and 30% lard diets. Although
both kinds of fat showed an increase at
the 30% feeding level, the corn oil diet
caused liver cholesterol levels to be as high
as those of the 30% lard diet even at a
10% level of feeding. The 30% com oil
in turn caused a higher level of cholesterol
than did the 30% lard (P < 0.02).

Liver — diabetic animals. The values
for the concentration of cholesterol in the
livers of the diabetic animals are shown
in figure IB. The diabetic animals fed
corn oil and lard show increases in liver
cholesterol of a pattern similar to that
seen with the normal animals, but the
increases are not as pronounced.

These results for both normal and dia-
betic animals confirm and extend the re-
ports (Avigan and Steinberg, '58; Wood

NORMAL

Normal control

(2.05 + 0.11)

< 0.0i > 0.05
|
10% Corn oil > 005 10% Lard
(3.33+£0.41) : 2.65 + 0.35)
< 0.01 > 0.05 > 0.05 < 0.01
j __ 30% Corn oil 30% Lard |
(4.37 + 0.38) < 002 (3.23 £0.21)
B
DIABETIC
Diabetic control
(1.51 + 0.15)
< 001 > 0.05
10% Corn oil < 005 10% Lard
(2.36 + 0.16) : (1.61 + 0.20)
< 001 > 0.05 > 0.05 < 0.05
30% Corn oil > 0.05 30% Lard
(268 0.22) : (2.14 £ 0.20)

Fig. 1 Cholesterol levels in the livers of normal and diabetic rats fed the respective diets.

The values in parentheses represent the means for that group as milligrams per gram

standard error.

+

the

Statistical evaluation of differences between any two means was made by

the t test. The P values obtained are shown as connecting figures between the means com-

pared.
animals fed the 10%
P value of < 0.01.)

(For example, normal animals fed the control diet had a level of 2.05 mg, whereas
com oil diet had 3.33 mg. These mean values are compared with a
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TABLE 2

Serum cholesterol levels in the normal and diabetic rats

Diet

Normal Diabetic P Valuel
mgil100 ml mg/100 ml

Control 8g+5 (8)2 124+26 (6) > 0.05
Corn oil, 10% 71+ 12 (8) 106+16 (6) > 0.05
Corn oil, 30% 67+ 12 (7) 121+ 17 (7) < 0.05
Lard, 10% 110+ 13 (8) 196+23 (5) < 0.01
Lard, 30% 100+8 (10) 225452 (5) < 0.01
P value3 (variance) > 0.05 < 0.05

1Results of the t test.

2Mean *
each group.

3Results of the analysis of variance.

and Migicovsky, '58) that ingestion of corn
oil increases the amount of cholesterol in
the liver. The cause of the increased cho-
lesterol levels is, however, not clear. It
does not appear that the oleic acid content
of the diet could be responsible for the
major part of the change, since the diets
had comparable amounts of this fatty acid.
Although the increase in the nonsaponifi-
able fraction is stated to be due to choles-
terol, the possibility of the presence of
3-sitosterol in this fraction must be con-
sidered because of the presence of this
material in corn oil. 3-Sitosterol is digi-
tonin precipitable and reacts almost equiv-
alently with color reagents. Gould ('55)
reported that rats fed 3-sitosterol contain-
ing tritium had tritium-labeled sterols in
blood, liver and other tissues. 3-Sitosterol
was, however, found to be absorbed only
about 10% as efficiently as cholesterol
from the intestinal lumen. Preliminary
paper and gas chromatography determina-
tions on these tissue fractions failed to
reveal the presence of plant sterol in liver
fractions.

The com oil used is reported to be free
of cholesterol5but the lard fed did contain
some 0.55 mg of cholesterol/gm of lard.

Serum cholesterol — normal and dia-
betic animals. The values for the serum
cholesterol levels are presented in table 2.
Within the normal group of animals fed
the various diets, small apparent decreases
in serum cholesterol can be observed with
corn oil feeding, but these decreases with
the different dietary regimens are not sta-
tistically significant (analysis of variance
P> 0.05). From this observation, it is
concluded that the serum cholesterol levels

standard error; the numbers in the parentheses represent the number of animals in

of normal rats are not significantly in-
fluenced by corn oil or by lard feeding
under the described experimental condi-
tions.

The P value of less than 0.05 for the
analysis of variance among the diabetic
animals indicates that an effect of diet
upon serum cholesterol levels is present.
Statistical comparisons by the t test of the
mean levels of the serum cholesterols from
the rats fed lard and corn oil revealed a
significant elevation of the serum choles-
terols of the lard-fed animals over the
levels of the respective corn oil-fed ani-
mals. The serum cholesterol level of the
diabetic animals receiving the 10% lard
diet was significantly elevated over the
controls.

An earlier publication from this labora-
tory (Wong and Van Bruggen, '60), con-
cerned with large numbers of normal and
diabetic animals fed chow diets, reported
a hypercholesterolemia associated with the
alloxan diabetic rats, as well as with pan-
createctomized rats. The results reported
in this paper, on a smaller number of
control diet animals, fail to reveal a sig-
nificant diabetic hypercholesterolemia but
this appears to be due largely to the wide
variations of the diabetic animals. Three
of the diabetic diet groups did, however,
have significantly higher blood cholesterol
levels than the controls. Beveridge and
Johnson ('50) found a hypercholesterol-
emia to occur in alloxan diabetic rats.

Gut, carcass and skin. The data for
the cholesterol content of gut, carcass and
skin fractions of the normal and diabetic

5 Rathmann,

D. M. 1957 Vegetable Oils in Nu-
trition.

Com Oil Refining Company, New York, p. 49.
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TABLE 3
Concentration of cholesterol in gut, carcass and skin tissue
Tissue Diet Normal Diabetic P(t\/tegslg
mg/gm mg/gm
Gut Control 1.09+ 0.13 (8)> 1.29+ 0.18 (7) > 0.05
Corn oil, 10% 1.79+0.21 (8) 2.08+ 0.19 (7) > 0.05
Corn oil, 30% 5.40+0.60 (7) 4.15+0.31 (6) > 0.05
Lard, 10% 1.81+ 0.27 (8) 1.60+£0.10 (5) > 0.05
Lard, 30% 1.68+0.15 (10) 1.38+ 0.13 (8) > 0.05
Carcass Control 1.45+0.04 (8) 1.78+0.12 (7) < 0.05
Corn oil, 10% 1.50+ 0.05 (8) 1.85+0.07 (7) > 0.05
Corn oil, 30% 1.53+0.14 (7) 1.54+0.06 (6) > 0.05
Lard, 10% 1.33+0.03 (8) 1.81+0.12 (5) < 0.01
Lard, 30% 1.38+0.04 (10) 1.65+0.11 (8) < 0.05
P Value2 (variance) > 0.05 > 0.05
Skin Control 2.59+0.07 (8) 3.26+0.17 (7) < 0.01
Corn oil, 10% 2.57+0.23 (8) 2.89+0.08 (7) > 0.05
Corn oil, 30% 2.21+ 0.10 (7) 2.84+0.20 (6) < 0.05
Lard, 10% 2.02+0.06 (8) 3.19+0.11 (5) < 0.01
Lard, 30% 2.31+ 0.07 (10) 2.29+0.19 (8) > 0.05
P Value (variance) < 0.05 < 0.01
1Mean * standard error; the numbers in the parentheses represent the number of animals in
each group.

2Results of the analysis of variance.

animals are presented in table 3. The gut
fraction shows an unexpectedly large
amount of sterol in both the diabetic and
normal animals fed the high corn oil diets.
Since the sitosterols are digitonin précipi-
table and develop a color similar to cho-
lesterol when treated with the ferric
chloride-sulfuric acid color reagent, there
is a strong possibility that sterols present
in the residual gut contents account for
the increase in the gut sterols of the corn
oil fed animals.

There are no significant differences be-
tween the means of the carcass fractions
within the normal or within the diabetic
groups of animals (variance for both,
P > 0.05). These observations are inter-

TABLE 4

Incorporationl of mevalonate-2-C14 into
liver cholesterol

Diet Normal Diabetic
Control 3.94H0.152(6) 4.64 £0.34 (6)
Corn oil, 10% 3.92 0.18 (6) 4.80%0.32 (5)
Corn oil, 30% 4.69 041 (6) 4.73+0.27 (4)
Lard, 10% 459+ 0.21 (6) 4.31+0.60 (3)
Lard, 30% 3.84 0.13 (7) 4.47+0.95 (5)
P Value (variance) > 0.05 > 0.05

1Expressed as percentage of dose given.
2Mean + standard error; the numbers in paren-
theses represent the number of animals in each group.

preted to mean that the ingestion of high
fat, corn oil or lard, diets does not influ-
ence carcass cholesterol levels to any sig-
nificant extent.

With normal rats, diets containing 30%
of corn oil or 30% of lard caused a slight
decrease in the amount of skin cholesterol
(t test, P< 0.05 in both instances), as
compared with the control value. Diabetic
rats fed the 30% lard diet show a similar
decrease in skin cholesterol concentrations
(P<0.01), no effect being seen on the
skin cholesterol concentration with corn
oil feeding. The significance of these ob-
servations is not clear.

A comparison of the control normal and
diabetic values of the skin fraction con-
firms an earlier report of increased cho-
lesterol concentrations in the skins of dia-
betic rats (Wong and Van Bruggen, '60).
It would appear, then, that the diabetic
condition is characterized by an accumu-
lation of sterol in the skin tissue.

Incorporation of label. In table 4 are
presented data for the incorporation of C#4
from mevalonic acid-2-CH# into liver cho-
lesterol in the normal and diabetic rats
fed the various diets. Within either the
normal or the diabetic dietary groups, no
significant differences in label incorpora-
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tion were found at any level of fat feed-
ing, i.e., variances, P> 0.05. From the
data presented here, it appears either that
diet does not affect cholesterologenesis, or
that any influence exerted by the diet is
mediated at some point below mevalonic
acid in the biosynthetic pathway of cho-
lesterol. Elwood et al. ('60) previously
observed a decreased incorporation of ace-
tate, butyrate and acetoacetate, but a nor-
mal incorporation of mevalonate into
cholesterol in alloxan diabetic rats. Siper-
stein ('60) and Siperstein and Guest ('60)
suggested that cholesterologenesis was con-
trolled by a specific homeostatic mechan-
ism active at the conversion of (3-hydroxy-
(5-methylglutaryl-CoA to mevalonic acid. It
appears that the control of cholesterol
synthesis at a metabolic step below mev-
alonate could be similar to the step at
which the metabolic block occurs in al-
loxan diabetes.

The majority of the work concerning
cholesterologenesis and diet, has been done
using acetate as the cholesterol precursor.
Avigan and Steinberg ('58) using in vivo
preparations, found the rate of incorpora-
tion of acetate higher in rats fed corn
oil, as did Wood and Migicovsky ('58)
with in vitro as well as in vivo systems.
Wilson and Siperstein ('59a) studied this
incorporation in vitro in corn oil-fed rats
with acetate and with mevalonate, and
found no change in cholesterol biosynthe-
sis with either precursor. The in vivo
studies reported here, support the in vitro
observation (Wilson and Siperstein, '59a)
of a lack of change in cholesterologenesis
from mevalonic acid in normal rats fed
corn oil or lard diets. The present studies,
however, extend these reports by present-
ing data which demonstrate normal cho-
lesterol labeling from mevalonic acid when
alloxan diabetic rats were fed the corn
oil and lard diets.

SUMMARY

1 The effects of corn oil and lard diets
upon blood and tissue cholesterol in nor-
mal and alloxan diabetic rats are reported
and discussed.

2. Dietary lard aggravated a trend to-
wards hypercholesterolemia in the alloxan
diabetic rat.
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3. The corn oil diet increased the
amount of sterol found in the livers of
both the diabet