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The effect of deficiencies of particular 
vitamins upon antibody response has been 
pursued extensively. Axelrod ( ’60) has re
viewed much of the work concerning the 
dependence of antibody production upon 
specific nutritional sufficiencies. Some 
workers, Werkman ( ’23) with rats and 
rabbits; Cramer and Kingsbury ( ’24) with 
rats; Simola and Brunius (’33) with guinea 
pigs; Natvig ( ’411) with rats, and Feller 
et al. ( ’42) with humans, have reported 
that deficiencies of vitamin A did not re
sult in depressed antibody production. 
However, many of these studies were car
ried out without the benefit of purified 
diets. Lassen (*30) reported some reduc
tion in serum agglutination titers in vita
min A-deficient rats when compared with 
positive controls. Greene ( ’33) reported 
that rabbits deficient in vitamin A pro
duced lower hemolysin titers than control 
rabbits. Ludovici and Axelrod ( ’51) ob
served that rats fed a vitamin A-deficient 
diet for 4 weeks had lower hemagglutina
tion titers than the control rats. Pruzansky 
and Axelrod ( !55) reported similar find
ings following the injection of diphtheria 
toxoid into rats that received either a vita
min A-deficient diet or a control diet for 
12 days. Underdahl and Young ( ’56) could 
find no difference between the hemagglu
tination inhibition titer of vitamin A- 
deficient or control mice. However, the 
morbidity following the infection of swine 
influenza virus was greater in the vitamin 
A-deficient mice.

The present study was initiated to in
vestigate the effect of quantitated vitamin 
A deficiency upon antibody production in 
swine and the subsequent antibody pro
duction following vitamin A repletion.

METHODS

Two trials involving a total of 30 York- 
shire-Hampshire crossbred pigs were con
ducted to determine the effect of a vitamin 
A deficiency upon antibody production. In 
the first trial, 16 pigs were weaned at 5 
days of age and placed in individual wire- 
mesh bottom metal cages. In the second 
trial, 14 pigs were weaned when 12 hours 
old and handled in the same manner as 
in the first trial. All pigs were given a 
semisynthetic milk diet containing 20% 
solids consisting of 30% of casein,5 10% 
of lard, 55% of glucose,6 5% of minerals 
and vitamins (Miller et al., ’54) with vita
min A omitted. The diet was prepared by 
dispersing the solid material into warm 
water, mixing and homogenizing at a 
cylinder pressure of 3000 psi. The semi
synthetic diets were fed as a liquid (20% 
solids) 5 times daily during the first 5 
weeks and as a dry meal the remainder 
of the trial. Two per cent cellulose7 re
placed an equal quantity of glucose when 
the diet was fed in the dry form. All the 
pigs in each trial received the vitamin A- 
deficient diet until two weeks of age at 
which time they were uniformly allotted 
according to weight, sex and litter back
ground, either to the vitamin A-deficient
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diet or to the same basal diet to which vita
min A acetate (3960 IU vitamin A/kg of 
dry diet) had been added.

All pigs were weighed weekly. Four 
weeks after allotting to treatment and 
weekly thereafter, blood was drawn via 
the anterior vena cava and the serum vita
min A concentration was determined by 
the method of Sobel and Snow ( ’47) which 
was modified to utilize the Beckman DU 
spectrophotometer.

The antigenic challenge for subsequent 
measurement of antibody production was 
initiated within a litter when the serum 
vitamin A concentration of the pigs fed 
the deficient diet averaged less than 14 
ug/100 ml. The antigen was phenolized 
Salmonella pullorum8 which was admin
istered in 6 daily intraperitoneal injections. 
The amount of antigen administered at 
each injection was proportional to the esti
mated blood volume as determined by Han
sard et al. ( ’51, ’53). One milliliter of 
diluted antigen with a turbidity correspond
ing to 1.00 on a McFarland nephelometer 
scale was injected per 100 ml of estimated 
blood volume as described by Harmon et 
al.9 and Miller et al. ( ’62). Prior to the 
first injection and one week subsequent 
to the last injection blood was drawn via 
the anterior vena cava and the serum was 
removed and frozen for later measure
ment of the immunological response. Tube 
serial dilution agglutination titers were de
termined in duplicate for each sample by 
the method as described by Smith and 
Conant ( ’60).

Following the measurement of immu
nological response all the pigs were group- 
fed a corn-soybean oil meal diet fortified 
with vitamins and minerals in accordance 
with recommendations of the National 
Research Council subcommittee on swine 
nutrition ( ’59). This constituted the start 
of a repletion period for the pigs suffering 
from a vitamin A deficiency. After feed
ing the natural diet for 6 to 7 weeks, the 
serum vitamin A concentration was again 
determined and the pigs were challenged 
with type O, Rh positive, human erythro
cytes. Six daily 5.0 ml intraperitoneal in
jections of a 20% suspension of erythro
cytes were administered. Hemagglutina
tion titers were determined previous to the

antigen injection and one week following 
the last antigen injection. The hemagglu
tination titers were determined by the tube 
serial dilution method of Paul and Bonnell 
as described by Stafseth et al. ( ’56) except 
that 2% human erythrocytes were sub
stituted as the antigen.

Total serum protein concentration and 
percentages of the electrophoretic compo
nents of the serum protein were deter
mined at the time the antibody titers were 
measured. Total serum protein concen
tration was determined by the method of 
Waddell ( ’56) and the serum protein com
ponents were separated by paper electro
phoresis.10

RESULTS

In the first trial the pigs were main
tained with the respective experimental 
treatments for an average of 10 weeks. 
The pigs fed the complete diet did not 
gain faster than the pigs receiving the vita
min A-deficient diet (table 1) during this 
period. In the second trial the pigs that 
had been weaned at 12 hours instead of
5 days as in the first trial received the 
experimental dietary treatments for only
6 weeks. However the pigs fed the con
trol diet in this trial gained significantly 
faster (P < 0 .0 1 ) and required signifi
cantly less (P  <  0.05) feed per unit of 
bodyweight gain than did the deficient 
pigs.

The serum vitamin A concentration of 
the pigs receiving the vitamin A-deficient 
diet in both trials was significantly lower 
(P  < 0.01) than in the control pigs after 
4 weeks on treatment (table 2). However, 
the average serum vitamin A of the defi
cient pigs in the first trial had dropped 
to 13.8 ug/100 ml after an average of 8 
weeks on the treatment. The pigs fed the 
deficient diet in the second trial, which 
were weaned at 12 hours of age, had an 
average serum vitamin A value of 12.6 
ug/100 ml after only 4 weeks on the treat
ment. Apparently the vitamin A stores 
previous to weaning in the first trial were

8 Unstained pullorum tube antigen concentrate, 
Vineland Poultry Laboratories, Vineland, New Jersey.

9 Harmon, B. G., E. R. Miller, D. E. Ullrey, D. A. 
Schmidt, J. A. Hoefer, R. W. Luecke 1959 Antibody 
production in the baby pig. J. Animal Sci., 18: 
1559 (abstract).

10 Spinco instruction manual RIM 5, Beckman 
Instrument Company, Spinco Division, Palo Alto, 
California.
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TABLE 1
Growth and feed utilization of pigs fed a complete or vitamin A-deficient diet

Trial 1
Dietary treatment1

Trial 2
Dietary treatment1

Vitamin A- 
deficient

Vitamin A- 
fortified

Vitamin A- 
deficient

Vitamin A- 
fortified

No. of pigs 9 7 7 7

Initial wt, kg 3.36±0.302 3.30 ±  0.33 2.27 ±  0.16 2.27 ±0.20

Experimental depletion 
Final wt, kg3 
Daily gain, kg 
Feed/gain

15.7 ±2.80 
0.20 ±0.074 
1.48 ±  0.15

17.0 ±2.00  
0.24 ±  0.018 
1.44 ±  0.09

7.4 ±0.45 
0.12 ±  0.013 
2.01 ±  0.36s

9.63 ±  0.334 
0.18 ±  0.0064 
1.24 ±0.04

Experimental repletion 
Final wt, kg3 
Daily gain, kg

42.1 ±  6.5s 
0.50± 0.006

42.5 ±4.63  
0.50 ±  0.077

25.3 ±2.735 
0.43 ±0.036

34.7 ±  2.18® 
0.60 ±  0.0186

1 All pigs received a complete natural diet during repletion.
2 se of mean.
3 Final weights were recorded at the time the post injection immunological response was measured.
4 Significantly greater than corresponding value for the other treatment (P <  0.01).
3 Three pigs died.
6 Significantly greater than corresponding value for the other treatment (P <  0.05).

TABLE 2
Serum, vitam in A values of pigs fed a complete or vitamin A-deficient diet

Trial 1
Dietary treatment1

Trial 2
Dietary treatment1

Vitamin A- Vitamin A- Vitamin A- Vitamin A-
deficient fortified deficient fortified

Experimental depletion
4 Weeks,2 p.g/100 ml 
6 Weeks, pg/100 ml 
8 Weeks, ,ug/100 ml

17.3 ±  0.363 
14.6±2.13 
13.8 ±1.76

24.6 ±  0.554
27.2 ±  0.854
29.3 ±  2.084

12.6 ±  1.00 
10.9 ±  1.11

26.3 ±  0.841 
26.6 ±  1.124

Experimental repletion 
Final, jUg/100 ml 39.8 ±  1.54 35.3 ±  1.53 30.9 ±1.28 32.4 ±  1.33

1 All pigs received a complete natural diet during repletion.
2 Weeks after allotment to treatment.
3 se o f mean.
4 Significantly greater than corresponding value for other treatment (P <  0.01).

sufficient to delay the appearance of se
verely reduced serum vitamin A concen
tration. Heaney11 has reported a fivefold 
increase in the serum vitamin A concen
tration in baby pigs during the first 24 
hours of life. The average serum vitamin 
A concentration of the control pigs at the 
various intervals during the experimental 
depletion feeding period ranged from 24.6 
to 29.3 ag/100 ml. The average values for 
the pigs fed the complete diet agree with 
the observations of Hentges et al. ( ’52) 
who reported normal serum vitamin A 
values in swine of 15 to 32 pg/100 ml.

The deficient pigs in both trials evinced 
much hyperkeratinization of the epidermis, 
apparent xerophthalmia and faulty loco

motion. A vitamin A-deficient pig together 
with a control pig from the second trial 
is shown in figure 1. Three deficient pigs 
in each trial failed to recover following the 
return to the vitamin A-adequate diet.

The total serum protein level was not 
affected by the removal of vitamin A from 
the diet (table 3). The percentages of a- 
and y-globulin fractions were significantly 
greater (P < 0.01) and the percentage of 
albumin was significantly less (P  < 0.01) 
in the vitamin A-deficient pigs (table 3). 
Erwin et al. ( ’59) reported a decreased 
serum albumin in vitamin A-deficient 
calves.

11 Heaney, D. P. 1960 Effects of marginal vitamin 
A intake during gestation in swine. Ph.D. Thesis 
Michigan State University.
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TABLE 3
Serum protein values of pigs fed a complete or vitam in A-deficient diet (trials 1 and 2)

Experimental depletion phase Experimental repletion phase1

Vitamin A- Vitamin A- Vitamin A- Vitamin A-
deficient fortified deficient fortified

Total serum protein, % 4.95 ±  0.302 4.92 ±0.18 5.47 ±  0.18 5.45 ±  0.13
Albumin, % 34.36 ±  1.74 45.48 ±  1.02s 41.58±1.93 44.23 ±2.49
a-Globulin, % 33.55 ±  1.193 27.20 ±0.66 22.06 ±0.73 22.90± 1.07
/3-Globulin, % 17.94 ±0.75 17.32 ±  0.92 15.72 ±  0.86 16.52± 0.95
7-Globulin, % 15.44 ±0.933 10.09 ±0.75 14.33 ±0.55 12.35 ±0.88

1 All pigs received a
2 se of mean.
3 Significantly greater

complete natural diet during 

than corresponding value for

repletion, 

other treatment (P <  0.01).

TABLE 4
Summary of antibody titers, serum vitam in A values and growth of pigs fed a complete 

or vitamin A-deficient diet (trials 1 and 2)

Dietary treatment1
Vitamin A- Vitamin A-
deficient fortified

Experimental depletion phase
Reciprocal of antibody titer2 24.7 ±  5.983 308.6 ±59.60'*
Serum vitamin A, /j .g/100 ml 12.5 27.94
Avg daily gain, kg 0.16 0.22

Experimental repletion phase
Reciprocal of antibody titer5 67.0 ±  14.61 75.7 ±  8.2

Correlation coefficients
Serum vitamin A vs. agglutination 0.70®
Agglutination vs. rate of gain 0.557
Serum vitamin A vs. rate of gain 0.35

1 All pigs received a complete natural diet during repletion.
2 Tube agglutination with S a lm o n e lla  p u l lo ru m  antigen.
3 se of mean.
4 Significantly greater than corresponding value for other treatment (P <  0.01).
5 Tube agglutination with human erythrocyte antigen.
6 Statistically significant (P <  0.01).
7 (P  <  0.05).

The reciprocals of the net agglutination 
titers produced in response to the injec
tions of Salmonella pullorum antigens 
were significantly greater (P < 0 .0 1 ) for 
the control pigs than for the vitamin A-

deficient pigs, 308.6 and 24.7, respec
tively (table 4).

Correlation analysis (Snedecor, ’56) of 
the data showed a significant correlation 
coefficient of 0.70 between net antibody
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titer and serum vitamin A concentration. 
The correlation coefficients between daily 
gain and net antibody titer and between 
daily gain and serum vitamin A concen
tration were 0.55 and 0.35, respectively 
(table 4). This suggests that the net anti
body titer was more closely related to the 
serum vitamin A concentration than was 
daily gain. The low correlation between 
daily gain and antibody titer indicates that 
inanition did not account for the reduced 
antibody production by the vitamin A- 
deficient pigs. This point was further sub
stantiated by the similar growth rates and 
divergent agglutination titers of the de
ficient and control pigs in the first trial. 
Axelrod et al. ( ’47) have reported that 
inanition as such did not affect the im
mune response of an animal.

After a 6- to 7-week repletion period the 
formerly vitamin A-deficient pigs had hem
agglutination responses to human erythro
cytes, serum protein values, and serum 
vitamin A values which were similar to 
the values of pigs that received the com
plete diet throughout the study. However, 
in the second trial during this repletion 
period the formerly vitamin A-deficient 
pigs continued to gain weight more slowly 
(P  < 0.05) than the control pigs.

SUMMARY

Studies were conducted with 30 baby 
pigs in two trials to determine the effect 
of a vitamin A deficiency upon antibody 
production in swine. Using a semisyn
thetic milk diet the pigs were fed either 
a complete diet or a diet deficient in vita
min A. Pigs were weaned at 5 days of age 
and 12 hours of age in the first and second 
trials respectively. The average serum vita
min A level of the deficient pigs dropped 
to 13.8 ag/100 ml 8 weeks after allotment 
to treatment in the first trial and 12.6 
ug/100 ml 4 weeks after allotment to treat
ment in the second trial. A series of anti
gen injections was begun when the average 
serum vitamin A concentration of the de
ficient pigs in each trial fell below 14 \ig/ 
100 ml. The net serum antibody titer of 
the pigs deficient in vitamin A was signifi
cantly lower (P < 0 .0 1 ) than the titer of 
the control pigs. The correlation coefficient 
between serum vitamin A and antibody 
titer was 0.70 and highly significant. Only

in the second trial did the pigs on the 
deficient diet gain less (P < 0 .0 1 ) and 
require more feed per unit gain (P <  0.05). 
The correlation coefficient between serum 
vitamin A concentration and rate of gain 
was 0.35 and not statistically significant. 
The deficient pigs had greater percentages 
of serum u-globulin (P < 0 .0 1 ) and y- 
globulin (P  < 0.01) and a lesser percent
age of serum albumin (P  <  0.01) than the 
control pigs. Following a repletion period 
of 6 to 7 weeks, the formerly vitamin A- 
deficient pigs had values of serum vitamin 
A, serum protein, and antibody titer which 
were similar to the control pigs. In the 
second trial, pigs which were formerly vita
min A-deficient continued to gain weight 
more slowly (P < 0.05) during repletion 
than the control pigs.
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In a previous study (Harmon et al., 
’62) this laboratory reported that pigs de
ficient in vitamin A experience a severe 
impairment of agglutinin production to 
Salmonella pallor um. Stoerk and Eisen 
( ’46), Axelrod et al. ( ’47), Stoerk et al. 
( ’47), Agnew and Cook ( ’49) and Axelrod 
and Pruzansky ( ’55) have demonstrated 
the deleterious effects of pyridoxine defi
ciency upon serum antibody response to 
various antigens in rats. Axelrod et al. 
( ’61) have also reported severely inhibited 
antibody production in pyridoxine-deficient 
guinea pigs injected with diphtheria toxoid. 
Stoerk et al. ( ’47) reported that defi
ciencies of pantothenic acid or riboflavin 
in rats did not influence the immunological 
response to injections of sheep erythro
cytes. However, Axelrod et al. ( ’47), Ludo- 
vici et al. ( ’49), Wertman and Sarandria 
( ’51) and Zucker et al. ( ’56) reported 
that rats deficient in pantothenic acid 
produced very low antibody titers when 
compared with positive controls. Ribofl
avin deficiencies in rats have been shown 
by Axelrod et al. ( ’47), Wertman et al. 
( ’52) and Pruzansky and Axelrod ( ’55) to 
cause moderate suppression of antibody 
production.

Miller et al.5 reported that 4-week-old 
baby pigs, fed diets deficient in panto
thenic acid, pyridoxine or riboflavin, pro
duced extremely low serum antibody titers. 
However, production by the control pigs 
also was low. Harmon et al.6 and Miller 
et al. ( ’62) have reported that antibody 
production remains low in baby pigs until 
about 5 to 6 weeks of age.

The present study was initiated to in
vestigate the effects of deficiencies of 
pantothenic acid, pyridoxine or riboflavin

upon antibody production in swine and 
the subsequent antibody production fol
lowing repletion. In addition, observations 
were made of other blood cellular and 
serum components.

METHODS

Two trials involving a total of 48 York- 
shire-Hampshire crossbred pigs were con
ducted to determine the effect of defi
ciencies of pantothenic acid, pyridoxine or 
riboflavin upon antibody production. In 
each trial the pigs were removed from the 
sow at 14 days of age and placed in in
dividual wiremesh-bottom metal cages. All 
pigs were given a semisynthetic milk diet 
containing 20% solids consisting of 30% 
of casein,7 10% of lard, 55% of glucose,8 
5% of minerals and vitamins (Miller et 
al., ’54) with pantothenic acid, pyridoxine 
and riboflavin omitted. The diet was pre
pared by dispersing the solid material into 
warm water, mixing and homogenizing at 
a cylinder pressure of 3000 psi. The semi
synthetic diets were fed as a liquid (20% 
solids) 5 times daily during the first three
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weeks and as a dry meal the remainder of 
the trials. Two per cent cellulose9 10 replaced 
an equal quantity of glucose when the diet 
was fed in the dry form. All pigs in each 
trial received the diet deficient in the three 
B-vitamins until 4 weeks of age. At that 
time they were uniformly allotted into 4 
treatment groups according to weight, sex 
and litter background. All treatments re
ceived the previously mentioned diet which 
had been fortified with 21.4 mg of panto
thenic acid, 4.6 mg of pyridoxine and 14.3 
mg of riboflavin/kg of solids or this same 
fortified diet with individual omissions of 
pantothenic acid, pyridoxine or riboflavin.

The pigs were weighed weekly. All the 
pigs received a series of 6 daily intraperi
toneal antigen injections two weeks after 
allotment to treatment in the first trial and 
three weeks after allotment in the second 
trial. Salmonella pullorum'0 was used as 
the antigen following experimental deple
tion in the first trial and type O, Rh posi
tive, human erythrocytes were used in the 
second trial. Prior to the first injection and 
one week subsequent to the last injection 
blood was drawn via the anterior vena 
cava and the serum was removed and fro
zen for later measurement of the immuno
logical response. The amount of antigen 
administered at each injection was pro
portional to the estimated blood volume as 
determined by Hansard et al. ( ’51, ’53). 
One milliliter of the diluted S. pullorum 
antigen solution with a turbidity corre
sponding to 1.00 on a McFarland Nephe- 
lometer scale was injected/100 ml of esti
mated blood volume. This method has 
been described previously by Harmon et 
al.11 and Miller et al. ( ’62). The agglu
tination titers for the S. pullorum antigen 
were determined in duplicate by the tube 
serial dilution method as described by 
Smith and Conant ( ’60). The human ery
throcytes were suspended in a 20% sus
pension and 1 ml was injected for each 
100 ml of estimated blood volume. The 
hemagglutination titers were determined 
by the tube serial dilution method of Paul 
and Bonnell as described by Stafseth et al. 
( ’56) except that 2% human erythrocytes 
were used as the antigens.

As an indicator of the severity of the py
ridoxine deficiency, urinary xanthurenic 
acid concentrations were determined by the

method of Wachstein and Gudaitis ( ’52). 
Urine collections were made for 24 hours 
before and after the feeding of 100 mg of 
DL-tryptophan/kg of body weight. These 
analyses were made in the pyridoxine-defi- 
cient pigs and the control pigs at the time 
antigen injections were initiated during 
the experimental depletion period. Hema
tocrit, hemoglobin, erythrocyte, leukocyte 
and differential determinations were also 
carried out at the time of antibody deter
mination. Hematocrit values were deter
mined by the method of McGovern et al. 
( ’55), hemoglobin values by the method 
of Crosby et al. ( ’54), blood cell counts by 
the method of Ham ( ’56) on Neubauer 
counting chambers and differential counts 
by the manner described by Wintrobe 
( ’56).

Following the determination of the anti
body titers, all the pigs were grouped ac
cording to size and given a corn-soybean 
oil meal diet fortified with vitamins and 
minerals in accordance with recommenda
tions of the National Research Council 
subcommittee on swine nutrition ( ’59). 
After 6 to 7 weeks the pigs were chal
lenged with 6 daily intraperitoneal injec
tions of type O, Rh positive, human eryth
rocytes in the first trial and S. pullorum in 
the second trial. The order of the use of 
the antigens was reversed in the two trials 
to determine whether the choice of anti
gens had any influence on the antibody 
response. The procedures for measuring 
the immunological response were identical 
with those used in the experimental deple
tion phase of the trials.

Total serum protein concentration and 
percentages of the electrophoretic com
ponents of the serum protein were deter
mined at the time the antibody titers were 
measured. Total serum protein concen
tration was determined by the method of 
Waddell ( ’56) and the serum protein com
ponents were separated by paper electro
phoresis.12

In the second trial, three groups of 4 
pigs (one pig from each treatment com
prised a group) were allotted to a paired

9 Solka Floe, Brown Company, Boston.
10 Unstained pullorum tube antigen concentrate, 

Vineland Poultry Laboratories, Vineland, New Jersey.
11 See footnote 6.
12 Spinco instruction manual RIM 5, Beckman In

strument Company, Spinco Division, Palo Alto, Cali
fornia.
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feeding study for the entire experimental 
depletion period. The quantity of feed 
offered a pig within a group was limited to 
an amount equal to that of the pig con
suming the least.

RESULTS AND DISCUSSION
The weight gain of the control pigs was 

significantly greater (P < 0 .0 1 ) than the 
gain by any deficiency group at the time 
antibody production was measured, and 
the control pigs required less feed per unit 
gain than did the pigs fed the deficient 
diets (table 1). Miller et al. ( ’54, ’57) and 
Stothers et al. ( ’55) have observed the 
rapid development of reduced growth rate 
in pigs deficient in pantothenic acid, pyri- 
doxine or riboflavin. The pigs fed each of 
the deficient diets exhibited roughened hair 
coat, intermittent diarrhea and anorexia. 
In addition, rectal prolapse occurred in at 
least two pigs from each deficiency treat
ment. Epileptiform seizures were observed 
in two of the pyridoxine-deficient pigs. 
The seizures occurred in periods of excite

ment such as feeding or weighing. One pig 
from each of the 4 treatments in the first 
trial is shown in figure 1.

The pyridoxine-deficient pigs exhibited 
significantly lower (P  < 0.05) hematocrit 
and hemoglobin values (table 2). Cart
wright et al. ( ’44), Moustgaard ( ’53) and 
Miller et al. ( ’57) have all reported a de
crease in the level of hemoglobin in pyri
doxine-deficient pigs. The erythrocyte 
count of the pyridoxine-deficient pigs was 
significantly lower (P  <  0.05) than the 
same value for the pantothenic acid or 
riboflavin-deficient pigs. The leukocyte 
counts were lower in the pyridoxine-defi
cient pigs than for any other treatment, 
although the differences were not signi
ficant. In the first trial the riboflavin-defi
cient pigs had a significantly greater (P  < 
0.05) percentage of neutrophils than did 
the pigs on the other deficient diets. How
ever, after analyzing the combined data 
of the two trials, the increased percentage 
of neutrophils of the riboflavin-deficient 
pigs was not significantly greater than for

TABLE 1
Growth and feed utilization by pigs fed a control diet or diets deficient in  pantothenic

acid, pyridoxine or riboflavin

Dietary treatment

Control
Deficient vitamin

Pantothenic r, • ,acid Pyridoxine Riboflavin

No. of pigs 5
Trial 1 

5 5 5
Initial wt, kg 6.45 ±0.26» 6.40 ±  0.20 5.91 ±0.37 6.00 ±  0.35

4-Week wt, kg2 12.18 ±  0.903 7.64 ±0.75 9.27 ±0.93 8.00 ±  1.03
Daily gain, kg 0.20 ±  0.043 0.07 ±  0.02 0.11 ±0.04 0.08 ±  0.04
Feed/gain 1.58 ±0.11 3.34 ±0.70 2.61 ±0.23 5.25 ±  1.374
Repletion5 

Final wt, kg2 39.60 ±  1.363 31.91 ±  1.04 32.04 ±  2.91 29.91 ±1.91
Daily gain, kg 0.66 ±  0.023 0.56 ±0.02 0.55 ±  0.05 0.52 ±0.02

No. of pigs 6
Trial 2

4 4 4
Initial wt, kg 5.50 ±0.41 5.36 ±  0.57 5.64 ±0.34 4.95 ±0.44

4-Week wt, kg 10.64 ±0.90 8.41 ±0.88 9.41 ±0.76 8.36 ±  0.86
5-Week wt, kg3 12.04 ±0.853 8.86 ±0.28 9.95 ±  1.04 9.45 ±0.98

Daily gain, kg 0.19 ±  0.023 0.09 ±0.01 0.13 ±0.02 0.13 ±  0.01
Feed/gain 1.32 ±  0.06 2.67 ±  0.273 1.95 ±0.30 1.78 ±  0.08
Repletion5 

Final wt, kg2 53.2 ±2.596 38.6 ±0.45 47.7 ±2.36 45.0 ±5.23
Daily gain, kg 0.72 ±  0.036 0.51 ±  0.01 0.65 ±0.04 0.61 ±  0.07

1 se of mean.
2 Weights were recorded at the time the post injection immunological response was measured.
3 Significantly greater than corresponding value for all other treatments (P  <  0.05).
4 Significantly more feed per unit of gain than pyridoxine-deficient or the control pigs (P  <  0.05).
5 All pigs received a complete natural diet during repletion.
6 Significantly greater than corresponding value for the pantothenic acid-deficient pigs (P  <  0.05).
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Fig. 1 Control pig and pigs deficient in pantothenic acid, pyridoxine or riboflavin from 
the first trial 5 weeks after allotment to treatment.

TABLE 2

Hematology o f pigs fed a complete diet or diets deficient in pantothenic acid, 
pyridoxine or riboflavin

Dietary treatment

Deficient vitamin
Control Pantothenic

acid Pyridoxine Riboflavin

Hematocrit, % 41.2 ±1.16‘ 37.4 ±1.83 33.8 ±  2.092 41.9 ±1.62
Hemoglobin, % 12.4 ±0.95 12.1 ±0.82 10.0 ±  0.672 12.7 ±0.38
Erythrocytes, 106 7.54 ±0.23 8.31 ±0.61 6.93 ±  0.423 8.48 ±0.34
Leukocytes, 103 20.97 ±  2.00 19.95 ±3.99 18.19 ±  1.71 20.97 ±2.34
Lymphocytes, % 64.6 ±4.74 60.6 ±3.03 63.5 ±4.90 55.9 ±6.20
Neutrophils, % 31.6 ±4.99 36.1 ±3.23 34.6 ±4.50 42.3 ±6.27

1 se of mean.
2 Significantly less than corresponding value for all other treatments (P  <  0.05).
3 Significantly less than corresponding value for pantothenic acid and riboflavin-deficient group 
(P <  0.05).

the other treatments. Mitchell et al. ( ’50) 
reported an increased percentage of neutro
phils in riboflavin-deficient pigs.

Urine analysis from the pyridoxine-de- 
ficient and control pigs showed that xan
thurenic acid concentrations were signifi
cantly greater (P < 0 .0 1 ) in the pyridox- 
ine-deficient pigs both before and after the 
feeding of additional tryptophan (table 3).

Miller et al. ( ’57) have suggested that uri
nary xanthurenic acid concentration was 
an excellent indicator of the severity of a 
pyridoxine deficiency.

In the first trial the pigs receiving a con
trol diet produced significantly higher 
(P C 0 .0 1 ) reciprocals of net antibody 
titers to S. pullorum than did the pigs fed 
diets deficient in pantothenic acid, pyri-
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TABLE 3
U r in a r y  x a n th u r e n ic  a c id  v a lu e s 1 

c o n t r o l  d ie t  o r  a  d ie t  d e f ic ie n t  in
o f  p ig s  fe d  a 
p y r id o x in e

Dietary treatment

Control Pyridoxine-
deficient

Pre-tryptophan 21.7 ±  3.32 83.5 ±  10.23
Post-tryptophan 23.4 ±3.7 256.2 ±57.63

1 Urinary xanthurenic acid values expressed as 
micrograms per milliliter of urine.

2 se of mean.
3 Significantly greater than corresponding value for 

other treatment (P <  0.01).

doxine or riboflavin (table 4). After the de
ficient pigs had been repleted the response 
to injections of human erythrocytes was 
similar in all treatments. In the second 
trial the control pigs produced significantly 
more (P  < 0.01) measurable antibodies to 
human erythrocytes than the pigs fed diets 
deficient in pantothenic acid, pyridoxine or 
riboflavin. Following repletion the pigs 
formerly receiving the deficient diets pro
duced antibodies to injections of S. pul- 
lorum that were equal to the production by

TABLE 4
R e c ip r o c a ls  o f  a g g lu t in a t io n  t i t e r s  o f  p ig s  fe d  a  c o n t r o l  d ie t  o r  d ie ts  d e f ic ie n t  in  p a n t o t h e n ic  a c id ,

p y r id o x in e  o r  r ib o f la v in

Control

Dietary treatment1

Deficient vitamin

Pantothenic
acid Pyridoxine Riboflavin

Trial 1
Experimental depletion2 
Experimental repletion5

176 ±  16.03'4 
60± 12.6

15 ±  6.3 
33 ±  4.8

33 ±  9.5 
65 ±24.5

23 ±  
56 ±

7.2
14.4

Trial 2
Experimental depletion5 
Experimental repletion2

67±  9.63 
267 ±  38.1

6 ±  1.6 
200 ±  40.0

4 ±  2.5 
200 ±  23.1

12 ±
165 ±

1.9
26.3

1 All pigs received a complete natural diet during repletion.
2 Tube agglutination with S a lm o n e lla  p u l lo ru m  antigen.
3 Significantly greater than corresponding value for all other treatment groups (P  <  0.01).
4 se of mean.
5 Tube hemagglutination with human erythrocyte antigen.

TABLE 5
S e r u m  p r o t e in  v a lu e s  o f  p ig s  o n  a  c o n t r o l  d ie t  o r  o n  d ie ts  d e f ic ie n t  i n  p a n t o t h e n ic  a c id ,

p y r id o x in e  o r  r ib o f la v in

Dietary treatment

Control
Deficient vitamin

Pantothenic
acid Pyridoxine Riboflavin

Experimental depletion
Total serum protein, % 5.62 ±0.99* 5.47 ±  0.28 6.06 ±0.28 5.52 ±0.26
Serum protein components, %

Albumin 49.2 ±2.69 43.9 ±3.89 47.2 ±2.17 49.3 ±1.92
a-Globulin 20.8 ±0.84 27.0 ±  3.402 23.6 ±1.66 23.2 ±0.53
/3-Globulin 16.4 ±0.87 15.4 ±0.87 13.6 ±  0.563 14.6 ±0.47
7-Globulin 13.7 ±1.30 13.7 ±1.95 15.7 ±  1.75 12.4 ±  1.23

Total serum protein, %
Experimental repletion4 

6.82 ±  0.63 6.77 ±  0.44 6.58 ±0.02 6.28 ±0.17
Serum protein components, %

Albumin 48.4 ±0.97 48.3 ±2.18 50.1 ±2.17 47.7 ±2.41
a-Globulin 18.8 ±0.60 18.9 ±0.81 17.8 ±0.99 19.5 ±0.88
/3-Globulin 13.5 ±0.55 13.0 ±0.70 12.4 ±0.56 13.1 ±0.56
7-Globulin 21.0 ±1.79 19.8 ±1.42 19.4 ±  1.49 19.7 ±  1.40

1 se of mean.
2 Significantly greater than the corresponding value of the control pigs (P  <  0.05).
3 Significantly less than the corresponding value of the control pigs (P  <  0.05).
4 All pigs received the complete natural diet during repletion.
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TABLE 6
Paired feeding study of pigs fed a control diet or diets deficient in  pantothenic 

acid, pyridoxine or riboflavin

Dietary treatment

Control
Deficient vitamin

Pan" c Pyridoxine Riboflavin

No. of pigs 3 21 21 3
Avg total gain, kg 6.502 3.59 4.05 5.05
Hematocrit, % 38.7 39.2 33.33 43.7
Hemoglobin, % 11.7 11.8 9.9 12.3
Erythrocytes, 106 8.0 8.8 7.24 9.2
Reciprocals of hemagglutination titers 635 4 4 14

1 One pig died.
2 Significantly greater than corresponding value for all other treatments (P < 0.05).
3 Significantly lower than corresponding value for riboflavin-deficient pigs (P  <  0.05).
4 Significantly lower than corresponding value for pantothenic acid or riboflavin-deficient pigs 

(P  <  0.05).
5 Significantly greater than corresponding value for all other treatments (P <  0.01).

the control pigs. However, it appears that 
pigs respond with higher antibody titers to 
S. pullorum than to human erythrocytes.

Deficiencies of pantothenic acid, pyri
doxine or riboflavin did not bring about a 
change in the total serum protein values 
(table 5). However, the pantothenic acid- 
deficient pigs had a significantly higher 
(P  <  0.05) percentage of a-globulin than 
the control pigs. The pyridoxine-deficient 
pigs, on the other hand, had a significantly 
lower (P  <  0.05) percentage of (3-globulin 
than the controls. The suppression of 
measurable reciprocals of net antibody 
titers by all deficient diets was not accom
panied by a uniform effect upon the pro
tein electrophoretic profile. Following re
pletion all pigs produced similar values for 
serum protein and immunological re
sponse. However, the formerly deficient 
pigs continued to gain weight less rapidly 
than the control pigs did.

The paired feeding study indicated that 
on equalized feed intake the pigs fed the 
control diet gain weight significantly faster 
(P  <  0.05), more efficiently (P  <  0.05) 
and produce higher reciprocals of antibody 
titers (P < 0 .0 1 ) (table 6) than any defi
cient group.

SUMMARY
Studies were conducted with 48 pigs in 

two trials to determine the effect of defi
ciencies of pantothenic acid, pyridoxine or 
riboflavin upon antibody production in 
swine. Using a semisynthetic milk diet 
the pigs were fed either a complete diet or 
diets deficient in pantothenic acid, pyri-

doxine or riboflavin. The pigs were weaned 
at two weeks, supplied with a diet deficient 
in the three B-vitamins under study for 
two weeks and allotted to the 4 treatment 
diets at 4 weeks of age. Two weeks after 
allotment to treatment a series of Salmon
ella pullorum injections was begun in the 
first trial. In the second trial injections of 
human erythrocytes were initiated after 
three weeks on the respective treatment. 
Reciprocals of net serum antibody titers 
were determined one week after the last 
injection in each trial. Control pigs pro
duced significantly greater (P < 0 .0 1 ) re
ciprocals of antibody titers than the defi
cient pigs regardless of the antigen used. 
A paired feeding study consisting of one 
pig from each treatment in a group showed 
that the control pigs on equal feed intake 
gained weight significantly faster (P  < 
0.05), more efficiently (P  <  0.05) and 
produced significantly greater (P < 0 .0 1 ) 
reciprocals of net antibody titers than did 
any deficient group. The pyridoxine-defi
cient pigs displayed oligocythemia and 
oligochromemia and had significantly 
higher (P  < 0.01) urinary xanthurenic 
acid concentrations than the control pigs 
did.

Following repletion, the pigs formerly 
deficient in B-vitamins had values of se
rum protein and antibody responses to 
either S. pullorum or human erythrocyte 
antigens which were similar to the control 
pigs. However, the formerly deficient pigs 
continued to gain weight more slowly than 
the control pigs.
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Nitrogen Balance Studies with Subjects Fed the 
Essential Amino Acids in Plasma 
Pattern Proportions* 1

MARIAN E. SWENDSEID, JANICE B. HICKSON, JUANITA VILLALOBOS 
a n d  STEWART G. TUTTLE
School of Public Health and Departments of Physiological Chemistry and 
Medicine, School of Medicine, University of California and the Veterans 
Administration Center, Los Angeles, California

The determination of free amino acids 
in the blood plasma of healthy individuals 
receiving an adequate diet has shown that 
during post-absorption the nutritionally es
sential amino acids are present in rather 
constant proportions (Stein and Moore, 
’54; Frame, ’58; Swendseid et al.2). From 
the values obtained, these proportions dif
fer from the pattern of the essential amino 
acids in food proteins of good nutritive 
quality in that valine and lysine are rela
tively high and isoleucine and leucine are 
relatively low. It has been demonstrated 
many times that the proportionality pattern 
of the nutritionally essential amino acids 
is an important consideration in deter
mining the metabolic response to a given 
protein (Allison, ’55). Therefore it seemed 
pertinent to ascertain whether amino acids 
are efficiently utilized by the metabolic 
processes of the body when they are fed in 
plasma pattern proportions. For this pur
pose, studies were carried out with college 
students wherein a diet containing amino 
acids supplied as plasma pattern was fed 
during one period and an isonitrogenous 
diet containing amino acids supplied as 
egg pattern was fed during another period. 
The effects of these diets on nitrogen bal
ance were measured and compared.

EXPERIMENTAL PROCEDURES

Four college students, two women and 
two men, in good health as ascertained by 
medical examination, were the subjects 
for this study. Three were 25 years of age 
and one was 26. They were given first a 
controlled diet of ordinary food which con
tained 10 gm of nitrogen/day. When ni
trogen equilibrium was established, they

received the isonitrogenous experimental 
diet. The diet containing the amino acids 
in egg pattern proportions was fed dur
ing one period of 7 days or longer and an 
isonitrogenous experimental diet contain
ing the amino acids in plasma pattern 
proportions was fed during another period 
of similar length. The sequence of these 
periods was varied for the different sub
jects. The methods and the dietary proce
dures were the same as in previous studies 
(Swendseid et al., ’61, ’62). The dietary 
components were also the same and, in 
addition to purified essential amino acids 
and whole egg protein, consisted of: (1 ) 
the basal diet of ordinary food low in pro
tein; (2 ) variable amounts of nitrogen- 
free food to adjust the caloric intakes for 
men to 50 to 55 Cal./kg of body weight a 
day and for women to 45 to 50 Cal.; and
(3 ) amounts of glycine and diammonium 
citrate as needed to achieve a total nitro
gen intake of 10 gm/day. When the amino 
acids proportioned to plasma pattern were 
fed, purified amino acids were added to 
the whole egg and the nitrogen-containing 
components of the basal diet in amounts 
such that the proportions of the plasma 
pattern would be maintained in the total 
diet. Likewise, when amino acids were 
fed in egg pattern proportions, purified 
amino acids were added to whole egg and 
the other nitrogen-containing foods in 
amounts such that the egg pattern ratio 
would prevail in the entire diet.
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TABLE 1
Ratios and daily intakes of essential amino acids for plasma and egg pattern

L-Amino acids
Pattern ratios 
Threonine = 1

Daily intake, young women 
EAA1 nitrogen = 0.86 gm

Daily intake, young 
men EAA1 

nitrogen = 1.30 gm
Plasma
pattern

Egg
patternPlasma Egg Plasma

pattern
Egg

pattern
gm gm gm gm

Threonine 1.0 1.0 0.70 0.74 1.07 1.10
Isoleucine 0.6 1.2 0.42 0.89 0.64 1.33
Leucine 1.2 1.7 0.84 1.30 1.28 1.93
Lysine 2.0 1.7 1.40 1.09 2.14 1.63
Methionine and cystine 1.2 1.2 0.84 0.98 1.28 1.20
Phenylalanine and tyrosine 1.4 1.5 0.98 1.13 1.50 1.68
Tryptophan 0.6 0.3 0.42 0.24 0.64 0.36
Valine 1.8 1.3 1.26 0.93 1.93 1.39

1 Essential amino acid.

The plasma amino acid and the egg pat
terns were evaluated in diets that were 
isonitrogenous with respect to the amount 
of essential nitrogen as well as the amount 
of total nitrogen. The amounts of essen
tial nitrogen given each day were those 
amounts found adequate to maintain ni
trogen equilibrium in a previous study in 
which the amino acids were proportioned 
to the Food and Agriculture Organization 
(FAO) provisional pattern and to egg pat
tern (Swendseid et al., ’61, ’62). These 
amounts were 0.86 gm and 1.30 gm of 
essential nitrogen/day for women and for 
men, respectively. The ratios and daily in
takes of the essential amino acids during 
the periods when they were fed in plasma 
and in egg proportions are shown in table 1.

RESULTS AND DISCUSSION

In table 2 are shown the average daily 
nitrogen balance values for the young 
women and young men fed the experi
mental diets with amino acids supplied as 
plasma pattern and as egg pattern. All 4 
subjects were in positive nitrogen balance

when they were fed the amino acids pro
portioned to the egg ratio. Three subjects 
were in negative nitrogen balance and 
one subject was in positive balance with 
the diet containing amino acids supplied 
as plasma pattern. For all 4 subjects, how
ever, less nitrogen was retained per day 
when the diet which furnished amino 
acids as plasma pattern was fed (subject 
JH, -1 .83  gm; MS, -0 .30  gm; TS, 
— 1.06; AH, — 0.69 gm). Although the 
number of subjects studied was small, this 
consistent and pronounced decrease in ni
trogen retention appears to constitute good 
evidence that amino acids proportioned to 
plasma pattern are not as efficiently utilized 
by the body processes as are the amino 
acids in egg pattern proportions.

In table 1 it is indicated that the daily 
intake of two of the essential amino acids 
is less when plasma pattern proportions 
rather that egg pattern proportions are 
supplied in the diet. These two amino 
acids are isoleucine and leucine. Also, it 
can be calculated that when the amino 
acids are administered as plasma pattern.

TABLE 2
Nitrogen balances of subjects fed amino acids in plasma and egg pattern proportions

Avg daily nitrogen balance values1

Sub->ect Sex Bwty Plasma IÜ T “
pattern pattern

kg gm/day gm/day
JH female 56.4 -1 .7 5 (1 )2 +  0.08(2)2
MS female 62.7 +  0.28(2) +  0.58(1)
TS male 85.5 -0 .9 5 (1 ) +  0.11(2)
AH male 80.0 -0 .4 3 (2 ) +  0.26(1)

1 The dietary periods varied in length from 7 to 10 days.
2 Figures in parentheses show the sequence of dietary periods.
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the daily intakes of all of the essential 
amino acids for both young men and 
young women are in excess of the pro
posed minimal requirements (reviews by 
Rose, ’57 and Leverton, ’59) with the ex
ception of isoleucine. The daily intake 
of young women for this amino acid is 
0.42 gm as compared with the require
ment value of 0.45 gm, and the daily in
take of young men is 0.64 gm as compared 
with the requirement value of 0.70 gm. 
These data suggest that isoleucine, and 
possibly also leucine, are the limiting 
amino acids for the plasma pattern.

The results of this study also add to the 
evidence (Swendseid et al., ’61, ’62) that 
0.86 gm and 1.30 gm of essential amino 
acid nitrogen are sufficient to maintain 
young women and young men, respectively, 
in nitrogen equilibrium when the essential 
amino acids are supplied in egg pattern 
proportions in a diet containing 10 gm of 
total nitrogen.

SUMMARY

Two young women and two young men 
were fed the essential amino acids pro
portioned to plasma pattern during one 
period and an isonitrogenous amount of 
essential amino acids proportioned to egg 
pattern during another period in diets that

contained 10 gm of total nitrogen/day. 
Nitrogen balance values showed that less 
nitrogen was retained when the amino 
acids were administered in plasma pattern 
ratios. This observation is evidence that 
amino acids supplied as the plasma pat
tern are utilized less effectively for meta
bolic purposes than amino acids in egg 
pattern proportions.
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Evaluation of the Effect of Breed on Vitamin B6 
Requirements of Chicks'

N. J. DAGHIR2 a n d  S. L. BALLOUN
Department of Poultry Science, loiva State University, 
Ames, lozua

The need of chicks for vitamin Be has 
been demonstrated by several workers, and 
specific requirements for this vitamin have 
been proposed on the basis of growth and 
feed efficiency responses.

Briggs et al. ( ’42) were the first to deter
mine the requirement by adding various 
levels of vitamin B6 to a purified ration of 
known vitamin Be content. They con
cluded that the young chick requires 275 
to 300 ug of vitamin Be/100 gm of feed.

Fuller and Field ( ’58) reported that the 
vitamin Be requirement of broiler chicks 
is between 1 and 2 mg/454 gm of feed. 
A year later, Fuller and Kifer ( ’59) showed 
that, in both battery brooders and floor 
pens, supplemental vitamin Be improved 
weight gains of chicks fed corn-soybean 
neal type rations. In a purified diet,
1.5 mg of vitamin Bz/454 gm of ration 
gave maximal growth and feed efficiency.

Numerous reports are available con
cerning the relationship of vitamin Br, to 
transaminase activity of mammalian tis
sue (Ames et al., ’47; March et al., ’55; 
Babcock, ’59). However, little information 
is available on the relationship of this vita
min to transaminase activity of avian tis
sue. Brin and Olson3 observed that, dur
ing vitamin Be deficiency, the activity of 
the glutamic-oxalacetic transaminase sys
tem in cardiac muscle of ducklings was 
depressed 40% and that the activity of 
the glutamic-alanine system was 45% be
low normal.

Goswami and Robblee ( ’58) reported 
that, at three weeks of age, the aspartic- 
glutamic transaminase activity of blood, 
heart and liver of deficient Leghorn chicks 
was 40, 53 and 50% , respectively, of that 
observed in one-day-old chicks. Feeding 
pyridoxine at a level in excess of the

chick's requirement did not increase the 
enzyme activity over that of chicks receiv
ing the requirement level.

In the research to be reported, two ex
periments were conducted to re-evaluate 
the vitamin Be requirements of the chick. 
Criteria used were weight gain, feed effi
ciency, serum glutamic-oxalacetic trans
aminase (SGO-T) activity, gross clinical 
symptoms of deficiency and examination 
of histological sections of livers, gizzards 
and adrenal glands.

Differences between breeds in nutri
tional requirements have been reported in 
relation to a number of nutrients. Since 
no reports on the effect of breed on vita
min Be requirement of chicks could be 
found, experiment 3 using Single Comb 
White (SCW) Leghorns, Rhode Island 
Reds, and Vantress X Arbor Acre chicks 
was designed to study the influence of 
breed on the vitamin Be requirement of 
the chick. The criteria used in this ex
periment were the same as those for the 
first two experiments.

EXPERIMENTAL PROCEDURE

Commercial Vantress X Arbor Acre 
male chicks were used in all experiments. 
In addition, for experiment 3, SCW Leg
horns and Rhode Island Red chicks were 
obtained from the Iowa State University 
Poultry Farm. All experiments were con
ducted in electric battery brooders, and 
experimental rations and water were al
lowed ad libitum. Waterers were washed * 1 2 3
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1 Journal Paper no. J-4463 of the Iowa Agricultural 
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Iowa. Project no. 1062.
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3 Brin, M., and R. E. Olson 1951 Effect of pyri
doxine deficiency upon respiration and transaminase 
activity of cardiac muscle in ducklings. Federation 
Proc., 10: 166 (abstract).
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daily to keep microbial growth, and hence 
vitamin synthesis, at a minimum. Crys
talline pyridoxine hydrochloride4 was used 
in all studies. Blood was obtained by car
diac puncture, using a 5-ml glass syringe. 
The SGO-T activity was measured by the 
method of Karmen ( ’55).

In experiment 1, 120 day-old chicks 
were assigned randomly to 10 pens. The 
semipurified diet used contained the fol
lowing ingredients expressed as percent
age of the total ration: dextrose 65.75; 
isolated soybean protein,5 22.00; soybean 
oil, 2.00; nonnutritive fiber,6 3.00; vita
min mixture, 1.00; mineral mixture, 5.30; 
DL-methionine, 0.50; glycine, 0.20; and 
choline chloride, 0.25. The vitamin mix
ture added the following per kilogram of 
ration: vitamin A, 10,000 IU; vitamin D:: 
1500 ICU; vitamin E, 22 IU; inositol, 
132 mg; folic acid, 3.3 mg; p-aminoben- 
zoic acid, 66 mg; niacin, 88 mg; Ca pan
tothenate, 22 mg; riboflavin, 8.8 mg; 
thiamine-HC1, 4.4 mg; menadione, 4.4 
mg; ascorbic acid, 220 mg; vitamin Bu, 
22 ug; and biotin, 220 ug- The mineral 
mixture contributed the following per kilo
gram of complete ration: sodium chloride, 
5 gm; calcium, 12 gm; phosphorous, 6.4 
gm; zinc, 6.4 mg; potassium, 11.3 gm, 
manganese, 70 mg; iron 91 mg; cobalt
2.5 mg; copper, 6.9 mg; magnesium, 880 
mg; iodine, 3.6 mg.

The practical diet used in experiment 1 
contained the following ingredients ex
pressed as percentage of the total ration; 
ground yellow corn, 59.0; soybean oil meal 
(50% protein), 28.0; meat and bone 
scraps (50% protein), 4.0; soybean oil, 
2.0; condensed fish solubles, 2.0; dehy

drated alfalfa meal (20% protein), 2.0; 
salt mixture, 0.6; dicalcium phosphate, 
1.0; oyster shell, 0.5; vitamin mixture, 
1.0. The vitamin mixture contributed the 
following per kilogram of complete ration: 
vitamin A, 6600 IU; vitamin D3, 1100 
ICU; vitamin E, 11 IU; riboflavin, 4.4 mg; 
niacin, 37 mg; Ca pantothenate, 8.8 mg; 
vitamin Bi=, 16.5 ug; menadione, 2.2 mg; 
penicillin, 11 mg; and 3-nitro-4-hydroxyl- 
phenylarsonic acid, 50 mg. The salt mix
ture contributed the following per kilo
gram of complete ration: sodium chloride. 
4 gm; manganese, 120 mg; iodine, 0.55 
mg; iron, 40 mg; copper, 30 mg; zinc,
2.9 mg; cobalt, 0.50 mg; and sulfur, 
17 mg.

Two pens of chicks were allotted to 
each of 5 experimental treatments under 
a completely randomized design. The 5 
experimental diets consisted of the semi
purified diet with 4 levels of vitamin B6 
(table 1), and the practical diet, contain
ing approximately 5.5 mg of total vitamin 
B6/kg of ration.

Design of experiment 2 was similar to 
that of experiment 1 except that the 5 
experimental diets consisted of the semi
purified diet with 5 levels of vitamin B6 
(table 2). At 18 days of age, 4 birds from 
each group, as nearly as possible the av
erage weight of their group, were selected 
from groups receiving 1.1, 3.3, and 5.5 m̂  
of vitamin Bs/kg of ration. These were 
bled, decapitated, and livers, gizzards and 
adrenal glands removed for histological

4 Merck and Company, Rahway, New Jersey.
5 ADM C-l Assay Protein, Archer-Daniels-Midland, 

Minneapolis.
6 Alphacel, Nutritional Biochemicals Corporation, 

Cleveland.

TABLE 1
Effect of vitam in Be on growth rate, feed efficiency and serum glutamic-oxalacetic transaminase

(SGO-T) activity —  experiment 1

Basal
ration Vitamin B6

(1 7

Weight1 
Age in days

14 21 28)

4-week 
feed

conversion
SGO-T

14 days 28 days

mg/kg gm gm gm gm gm fi/ml fi/ml
Purified 1.1 42 71 98 152 1882 — 68 ±  8.93 67 ±  3.6
Purified 3.3 42 98 202 340 483 1.86 148± 11.4 149 ±10.7
Purified 5.5 43 99 202 344 505 1.68 129 ±  10.3 144 ±14.2
Purified 9.9 43 96 204 327 484 1.72 150 ±  6.7 164 ±  6.0
Practical 5.5 43 96 200 345 502 1.84 156± 7.9 144± 10.5

1 Two replicate pens of 12 chicks each.
2 Mean weights of only three chicks that were injected with pyridoxine hydrochloride at 14 days of age.
3 Mean +  s e .
4 Approximate calculated vitamin B6-
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TABLE 2

Mortality and autopsy observations —  experiment 1

Total vitamin Bo

Observation Practical-
Semi-purified diet type

diet

mg/kg mg/kg mg/kg mg/kg mg/kg
1.1 3.3 5.5 9.9 5.5

Mortality 21/24 2/24 0/24 0/24 1/24
Gizzard erosion 16/20 5/20 3/12 2/12 1/12
Wing hemorrhage 4/12 0/12 0/12 0/12 0/12

studies. The tissues were fixed and im
bedded in paraffin, and sections were cut 
at 6 u, mounted and stained, using two 
types of stains, (1) hematoxylin-eosin, and 
(2 ) Gomori’s one step trichrome. Stand
ard histological procedures were used in 
preparing the slides.
A total of 288 one-day-old male chicks 

of three breeds (SCW Leghorn, Rhode 
Island Red, Vantress X Arbor Acre) were 
used in experiment 3. Ninety-six chicks 
of each breed were randomly assigned to 
8 pens of 12 chicks each. Two pens of 
each breed were allotted to each of the 
4 experimental diets. The same semipuri- 
fied diet used in the previous two experi
ments was used in this experiment and 
fed at 4 levels of vitamin Bb (1.3, 1.8, 2.2 
and 2.6 mg/kg of ration).

RESULTS

Experiment 1. Chicks receiving 1.1 mg 
vitamin B6/kg of ration demonstrated re
tarded growth at one week of age (table 
1). The 3.3 mg level was the lowest level 
that supported good growth and feed ef
ficiency. The best feed conversion, how
ever, was obtained when the semipurified 
diet contained 5.5 mg of vitamin B6/kg. 
There were no statistically significant dif
ferences in either 4-week weight or feed 
conversion when the practical diet was 
compared with the semipurified diet con
taining 3.3 mg or more of vitamin Bb.

The SGO-T activity was significantly de
pressed at 14 and 28 days when chicks 
were fed the purified diet containing 1.1 
mg of vitamin BB/kg.

As early as 8 days of age, some of the 
birds fed the diet containing the lowest 
level of vitamin B6 exhibited vitamin B6 
deficiency symptoms. These symptoms 
have been described by several workers

(Jukes, ’39; Fuller and Kifer, ’59). Im
mediately after death, chicks were autop- 
sied, and abnormalities were recorded. 
The most prominent pathological findings 
observed were hemorrhages in various 
areas of the body. These were particularly 
striking around follicles of the wing 
feathers as shown in figure 1.

Vitamin Bb deficiency also significantly 
increased the incidence of gizzard erosion 
as shown in table 2. Gizzard erosion was, 
in most cases, accompanied by hemor
rhages and varied greatly in severity among 
birds receiving the same diet. The num
ber of lesions in eroded gizzards varied and 
usually increased with the length of time 
chicks were fed the low-vitamin Bb diet.

Experiment 2. A marked difference in 
weight between groups fed 1.1 mg of vita
min Bb and all other groups was ob
served at the end of the first week of age 
(table 3). Chicks fed the diet containing
1.1 mg did not gain weight after the sec
ond week. No significant differences in 
weight or feed conversion at 4 weeks were 
observed among groups fed 2.2, 3.3, 4.4 or
5.5 mg of vitamin B6/kg of ration.

The SGO-T activity of chicks receiving
2.2 mg of total vitamin Bb was lower 
(table 3) than in any of the other groups. 
This difference, however, was not statis
tically significant. Since no survivors re
mained at 4 weeks in groups receiving 1.1 
mg vitamin Bs/kg ration, no SGO-T values 
are available for this treatment.

Manifestations of vitamin Bb deficiency 
observed in this experiment were similar 
to those described in experiment 1. Re
sults of autopsies made on chicks at the 
end of the experiment are presented in 
table 4. Spleen weights per 100 gm of 
body weight were a little higher in the 
group fed 2.2 mg of vitamin B(i, but this
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Fig. 1 An excised wing from a vitamin B6-deficient chick showing hemorrhages around 
follicles of the feathers. Few feathers are shown to have been broken at the point of hemor
rhage and fallen off.

TABLE 3

Effect of vitamin B6 on growth rate, feed efficiency and serum glutamic-oxalacetic transaminase
(SGO-T) activity —  experiment 2

Added Total
Average weights1 

Age in days 4-week
feed

SGO-T
4-weeks

1 7 14 21 2Q conversion of age

mg/ng mg/kg 
0.0 1.1

gm
40

gm
69

gm gm 
72 722

gm /i/ml

1.1 2.2 40 94 182 315 454 1.86 104 ±  10.53
2.2 3.3 40 92 186 316 460 1.84 126 ±19.3
3.3 4.4 40 94 183 312 440 1.90 131 ±  19.8
4.4 5.5 40 93 186 310 448 1.89 129 ±15.0

1 Two replicate pens of 12 chicks each.
2 Mean of only three chicks that survived
3 Mean +  se.

out of 24 chicks started.

TABLE 4

Mortality and autopsy observations —  experiment 2

Total vitamin Bö, mg/kg

1.1 2.2 3.3 4.4 5.5

Body wt, gm — 461 ±  15 .9' 456 ±  13.7 426 ±12.8 451 ±  9.2
Liver wt, gm/100 gm body wt — 3.3±  0.14 3.6 ±  0.20 3.4 ±  0.16 3.4 ±  0.12
Spleen wt, mg/100 gm body wt — 235 ±  23.1 227 ±  27.1 244 ±  19.8 224 ±31.6
Gizzard erosion 15/24 2/12 2/12 3/12 1/12
Wing hemorrhage 4/24 0/12 0/12 0/12 0/12
Mortality 24/24 0/24 3/24 0/24 4/24

1 Mean of 8 chicks ±  se.
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difference was not statistically significant. 
Since all chicks fed the basal diet died be
fore 4 weeks of age, data are incomplete 
for this treatment.

Several histopathological manifestations 
were observed in gizzard tissue sections 
from chicks fed 1.1 mg of vitamin B6/kg of 
ration (figs. 2 and 3).

Fig. 2 A cross section o f a norm al gizzard stained with Gomori’s one step trichrome, taken 
from  a chick receiving adequate vitamin B6. From top to bottom, horny latery, tunica propria 
with the glands in it, subm ucosa and part o f the m uscle layer. Photom icrograph 95 X.

Fig. 3 A cross section o f an eroded gizzard stained with Gomori’s one step trichrome, 
taken from  a chick receiving vitamin Bs-deficient diet. From top to bottom: part o f the 
horny layer, tunica propria with extreme dilation o f the glands, submucosa and a thin por
tion o f the muscle layer. Photom icrograph 95 X.
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These consisted of the appearance of cystic 
glands in the tunica propria and extreme 
dilatation of these glands. Cells lining the 
cystic glands were almost squamous in 
nature, flattened and no longer cuboidal. 
The horny layer varied in thickness and 
was eroded at different locations. In some 
instances, the submucosa also varied in 
thickness from one area to the next.

Experiment 3. Table 5 presents weekly 
chick weights and 4-week feed conversion 
data for experiment 3. With Leghorns, it 
is observed that, at the end of the first, 
second and third weeks, there is a linear 
improvement in weight with increases of 
vitamin B6 from 1.3 to 2.6 mg/kg of 
diet. At the end of the fourth week, how
ever, the difference between groups re
ceiving 2.2 and 2.6 mg of vitamin B6 had 
largely disappeared. In Rhode Island Reds, 
the same trend is evident, but Rhode Island 
Red chicks receiving 2.6 mg vitamin B6 
gained slightly more than those receiving
2.2 mg at all ages. With Vantress X Arbor 
Acre cross chicks at all ages, a linear re
sponse of weight gain to vitamin B6 in the 
diet is evident up to 2.2 mg vitamin B6, 
but increasing the vitamin to 2.6 mg/kg 
ration did not further increase gains.

The SGO-T activity determinations made 
at 4 weeks of age are presented in table 5.

In Leghorns, SGO-T activity was not sig
nificantly reduced by lowering the vitamin 
B6 level in the diet. In both the Rhode 
Island Reds and the Vantress X Arbor 
Acre cross, transaminase activity was not 
statistically different between groups fed
2.2 and 2.6 mg of vitamin B6/kg of diet. 
For both breeds, however, means from 
groups receiving 1.3 and 1.8 mg of vita
min Be were significantly different from 
those of groups receiving 2.2 or 2.6 mg 
vitamin B6/kg diet.

The relationship of transaminase ac
tivity to growth in the different breeds 
studied is graphically represented in figure
4. The figure illustrates that the trans
aminase activity was affected more by 
vitamin B6 deficiency in the faster-grow
ing breeds. It also demonstrates that, once 
an optimal level of vitamin B6 is reached, 
there is no further increase of trans
aminase activity as a result of an increase 
in vitamin B6 in the diet.

Leghorns showed a much higher mor
tality rate than either of the other two 
breeds (table 5). Gizzard erosion incidence 
was highest in chicks receiving 1.3 mg of 
vitamin B6/kg of diet, regardless of breed. 
This supports results reported in the pre
vious two experiments. Results also indi
cate that gizzard erosion cannot be com-

TABLE 5

Effect of vitam in Be level as influenced by breed  —  experim ent 3

Breed Vitamin B6
Weight1 

Age in days 4-week
feed SGO-T Mortality Gizzard

1 7 14 21 28 conversion

SCW Leghorn
m g / k g

1.3
g m

39
g m

60
g m

74
g m

92
g m

107 2.36
f i/ m l

102 ±  2 2  A 2 12/24 6 /1 2
SCW Leghorn 1.8 39 66 101 138 188 2.41 118 ±  18.1 2 /24 2 /1 2
SCW Leghorn 2.2 39 69 116 178 259 2.00 1 1 9 ±  18.4 0 /24 3 /1 2
SCW Leghorn 2.6 39 72 129 193 268 2.10 125 ±  18.2 1/24 2 /1 2

RI Red 1.3 41 60 75 102 123 2.02 91 ±  3.7 3 /24 4 /1 2
RI Red 1.8 41 68 103 150 208 1.88 108 ±1 6 .7 2 /2 4 3 /12
RI Red 2.2 41 78 140 220 306 2.12 145 ±  14.9 0 /24 2 /1 2
RI Red 2.6 42 84 152 236 332 2.10 151 ±  6.0 0 /24 0 /1 2

Vantress X 
Arbor Acre 1.3 41 80 107 144 180 1.77 66 ±  15.0 4 /2 4 4 /1 2

Vantress X 
Arbor Acre 1.8 41 87 155 242 340 1.72 90 ±  13.6 0 /24 1 /12

Vantress X 
Arbor Acre 2.2 41 92 180 283 429 1.66 142 ± 1 1 .7 0 /24 1 /12

Vantress X 
Arbor Acre 2.6 41 92 181 298 433 1.76 142 ±  21.2 0 /24 1 /12
1 Each figure represents the mean of 24 chicks, minus mortality.
2 Mean ±  s e .
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Fig. 4 Effect o f vitam in B6 level on growth rate and serum glutam ic-oxalacetic trans
aminase (SG O -T) activity in  three different breeds o f  growing chicks. Solid line indicates 
body w eight: broken line, SGO-T activity.

pletely eliminated by adding adequate 
levels of vitamin Ba to the diet.

DISCUSSION

The vitamin Be requirement of the grow
ing chick was investigated in three experi
ments carried out at different times of the 
year but with little variation in manage
ment procedures.

Results presented from experiment 1 in
dicate that, among the levels of vitamin Be 
studied, 3.3 mg of vitamin Be/'kg of diet 
was the lowest level that gave optimal 
growth and feed efficiency responses. This 
agrees with the report of Hogan et al. 
( ’41) who estimated the requirement to 
be between 3 and 5 mg/kg of diet. The ex
periments of these workers, however, in
volved only these two levels of vitamin Be.

Fuller and Field ( ’58) and Fuller and 
Kifer ( ’59) reported that the vitamin Be re
quirement of broiler chicks is between 2.2 
and 4.4 mg/kg of feed. In experiment 2, 5 
levels of vitamin Be were studied and 
were chosen at closer-spaced intervals than 
in experiment 1. Results obtained in ex
periment 2 show no significant differences 
in weight or feed conversion at 4 weeks 
between groups fed 2.2 and 3.3 mg of 
vitamin B6/kg of feed. This observation is 
supported by Kratzer et al. ( ’47) who con

cluded that chicks require 2 mg of vitamin 
Be/kg of feed.

The purpose of experiment 3 was to 
study the effects of breed on the vitamin 
Be requirement of the chick. Four-week 
weight data showed statistical significance 
in breed-vitamin Be level interaction.

Leghorns fed the vitamin Be-deficient 
diet had a much higher mortality rate 
than either of the other two breeds. Thorn
ton and Shutze ( ’60) showed that, with 
thiamine-deficient diets, the percentage 
mortality, as well as a shorter survival 
time, was more evident in Leghorns than in 
New Hampshire X Delaware cross chicks. 
Since no critical work has been found in 
the literature on the effect of different 
breeds on vitamin Be requirement of the 
chick, results obtained in experiment 3 
cannot be evaluated in comparison with 
previous work. However, Lucas et al. ( ’46) 
suggested a higher vitamin Be requirement 
for a Rhode Island Red X Barred Plymouth 
Rock Cross. This suggestion was based on 
observations of symptoms similar to vita
min Be deficiency symptoms in chicks re
ceiving diets considered adequate in vita
min Bs.

The SGO-T activity was studied as a 
second major criterion in the evaluation 
of vitamin Be nutrition in the chick. In all
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three experim ents, it was shown that SGO- 
T  activ ity  re flected  the severity o f defi
ciency. Th e groups rece iv in g the v itam in  
Bs-deficient diet in  experim en t 1 had about 
45%  o f the transam inase activ ity  o f those 
rece iv in g  diets adequate in  v itam in  B g. 
Th is observation  is in  agreem ent w ith  
M arch  et al. ( ’5 5 ). Sass and M urphy ( ’5 8 ) 
fou nd that adm inistration  o f 25 m g o f pyri- 
doxine/day reversed a sign ifican t drop in  
glu tam ic-oxalacetic transam inase activ ity 
in  whole blood o f hum an patients. A  group 
o f other v itam ins fa iled  to g ive  this re
sponse.

Increasing the v itam in  B6 content to 9.9 
m g/kg in  a sem ipurified diet increased 
SGO-T activ ity slightly in  experim ent 1, but 
d ifferences w ere not statistically s ign ifi
cant. G osw am i and Robblee ( ’5 8 ) showed 
that feed ing  pyridoxine at a leve l in  ex 
cess o f the ch ick ’s requ irem ent did not 
result in  any increase in  blood aspartic- 
glu tam ic transam inase activ ity over those 
rece iv in g the requ irem ent level. It  was 
observed in  experim en t 2 that groups re
ce iv in g  2.2 m g o f v itam in  B6 had low er 
SGO-T activ ity  than those rece iv in g  3.3 
m g/kg o f feed. Growth rates, how ever, 
did not d iffe r up to 4 weeks. Th is  suggests 
that 2.2 m g o f v itam in  B6 is sufficient fo r  
grow th  but m ay be m arginal fo r  SGO-T 
activity.

Experim ent 3 indicates that SGO-T ac
tiv ity  d iffers in  d ifferen t breeds, particu 
la rly  w hen  the intake o f v itam in  B6 is low  
or m arginal. Th e  severity o f decrease in  
SGO-T activ ity appears to be m ore pro
nounced in  the faster-grow ing than in  the 
slow er-grow ing breeds.

The precision and sensitivity o f the two 
m a jo r criteria  used to estim ate d ietary

adequacy w as evaluated. Bliss and G yorgy 
( ’5 1 ) suggested the use o f two statistics in  
m easuring the sensitivity and precision  o f 
a particu lar criterion  used in  b io log ica l 
studies. These are the steepness o f the 
response curve and the extent to wh ich  
ind iv idu a l observations va ry  about the 
m ean  response fine. T o  m easure these two 
param eters, the above authors m ade use 
o f the statistic, X, w h ich  is sim ply the 
standard deviation  o f the response d ivided  
by the lin ear regression coeffic ien t o f that 
particu lar response criterion.

Th e X w as calcu lated fo r  4-week w eigh ts 
and SGO-T activ ity  (ta b le  6 ) .  Since a low  
X value indicates h igh  sensitivity, the 4- 
w eek  w eigh t w as a m ore precise criterion  
than SGO-T activ ity  in  all three experi
ments. Th is  is also c learly shown in  aver
age values. It  is observed that X values 
decrease, and, hence, sensitivity is im 
proved from  experim en t 1 to 2, and from  
2 to 3, considering the same breed o f 
chicks. In  experim ent 3, the X fo r  both
4-week w eigh t and SGO-T activ ity  o f  the 
Vantress X A rbor A cre  Cross are low er 
than those fo r  the other two breeds. L ik e 
w ise, the X values o f Rhode Is land Reds 
fo r  both 4-week w eigh t and SGO-T activ ity  
are low er than those fo r  Leghorns. Th is  
dem onstrates that the sensitivity o f these 
two criteria  increases w ith  an in creasing 
rate o f growth.

Th e  above com parison o f the precision  
and sensitivity o f 4-week w eigh ts and 
SGO-T activ ity  in  investigations o f v ita 
m in  B6 nutrition  in  the chick, using the 
statistic, X, leads to the conclusion that 
grow th rem ains the p referred  criterion  in  
v itam in  assays. Furtherm ore, the fa s t
grow in g  breeds, such as the m odern

TABLE 6

Sensitivity of 4-week chick weights vs. serum glutamic-oxalacetic transaminase (SGO-T) 
activity as a measure of vitam in B6 requirement o f the chick, using the statistic X

Exp. no. 
and breed used

X ( sd/regression coefficient)

4-week wt J activity

1 Vantress X Arbor Acre 0.154 0.300
2 Vantress X Arbor Acre 0.095 0.581
3 Vantress X Arbor Acre 0.084 0.166

Rhode Island Red 0.098 0.224
SCW Leghorn 0.128 0.627

Average 0.112 0.380
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broiler crosses, are m ore desirable fo r  such 
assays than is the Leghorn.

V itam in  B6 defic iency s ign ifican tly  in 
creased the incidence o f g izzard  erosion in  
all experim ents. G izzard erosion is a com 
plex  pathologica l m an ifestation  w hich  ap
pears to be due to several factors, nutri
tional or otherw ise. Our data ind icate that 
v itam in  B6 is possibly one o f  the nutritional 
factors involved . Th e im p lication  o f v ita 
m in  Be in  g izzard  erosion has not been 
previously reported in  the literature. B ird 
et al. ( ’3 6 ) observed characteristic lesions 
in  the g izzard  lin in g  w h ile  studying a fa c 
tor, called at that tim e, v itam in  B4. It  is 
quite possible that v itam in  Be could have 
been part o f this so-called v itam in  B4 fa c 
tor. In  studying the essential nature o f 
v itam in  Be fo r  chicks, H egsted  et al. ( ’4 0 ) 
reported severe g izzard  erosion in  chicks 
fed  some o f the basal diets used. N o  in d i
cation  w as given, how ever, as to wh ich  
diet w as actually responsible fo r  the ero
sion.

SUMMARY

Th e v itam in  Be requ irem ent o f the chick 
was studied, using w eigh t, feed  conver
sion, serum glu tam ic-oxalacetic trans
am inase (S G O -T ) activ ity  and gross c lin 
ica l and h istopathologica l symptom s as 
criteria. In  the first tw o experim ents, 
broiler-type chicks w ere fed  diets conta in 
in g  1.1, 2.2, 3.3, 4.4, 5.5 and 9.9 m g  total 
v itam in  B6/kg o f  diet. In  the third experi
m ent, Single Comb W h ite  Leghorns, 
Rhode Island Reds and Vantress X Arbor 
Acre chicks w ere used to study breed e f
fects  on v itam in  B6 requirem ent.

Chicks started on  a v itam in  B6-deficient 
diet reg im en  showed retarded grow th  at 
one w eek  o f age. C lin ica l symptoms w ere 
first observed at about 8 days o f age and 
w ere characterized by hyperexcitab ility , 
decreased appetite, extrem e weakness, 
ruffled feathers, convulsions and death. 
Pathologica l findings revea led  hemor- 
r !  ies  in  various areas, m ost strik ing 
around fo llic les  o f w in g  feathers.

V itam in  B6 defic iency increased g izzard 
erosion. H istopathologica l m an ifestations 
o f eroded gizzards w ere extrem e d ilatation  
o f the glands o f the tunica propria, w ith  
the cells lin in g  these glands becom ing al
m ost squamous in  nature.

Th e  SGO-T activ ity  w as depressed when 
the diet contained 1.1 m g o f v itam in  B«, 
but w as not s ign ifican tly  a ffected by leve ls  
above 2.2 m g/kg feed. Th e SGO-T activ ity  
in  Leghorns was sign ifican tly less a ffected  
by low  v itam in  Bs than in  the other tw o  
breeds.

For the three breeds studied, 2.2 to 2.6 
m g v itam in  B6/kg ration  was adequate fo r  
best grow th and feed  conversion. Grow th 
was a m ore sensitive criterion  than w as 
SGO-T activ ity  fo r  v itam in  B6 adequacy.
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Effect of the Level of Dietary Protein with and without 
Added Cholesterol on Plasma Cholesterol 
Levels in Man* 1'2
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Kingston, Ontario

Several workers have reported on the 
basis o f ep idem io log ica l studies that there 
are positive correlations betw een  per capita 
intake o f total calories, fa t, and protein  
and m orta lity  due to coronary heart dis
ease (K eys , ’53; Yerushalm y et al., ’57; 
Yudkin, ’58; Jo lliffe  et al., ’5 9 ). A lthough 
the va lid ity  o f some o f the data on which  
these calcu lations have been m ade was 
com m ented upon by some o f these authors 
(Y eru sh a lm y et al., ’57; Yudkin , ’58; Jol
liffe  et al., ’5 9 ) and critic ized  in  some de
tail by M ann  ( ’5 7 ), nonetheless these as
sociations have ind icated  areas that should 
be investigated  by the direct experim ental 
approach. A n  assumption currently held 
by m any investigators w ork ing in  this field  
is that h igh serum lip id  leve ls potentiate 
the developm ent o f atherosclerotic lesions, 
thus increasing the probability o f c lin ica l 
coronary disease.

Th e role o f d ietary fa t  in  a ffec tin g  serum 
lip ids has received  m ost attention  and 
has been investigated  in tensive ly  but com 
paratively  litt le  study has been m ade o f 
the e ffect o f d ietary protein  in  man. Fur
therm ore m any o f the experim ents that 
have been perform ed  to date can be criti
cized on one or another basis. For exam ple 
on ly recen tly has it been c learly estab
lished that the an im al sterol, cholesterol, 
(B everid ge  et al., ’59, ’60; Connor et al., 
’61 ) 3 4 and such p lant sterols as the sito
sterols (B everid ge  et al., ’6 1 ) m ake sig
n ificant contributions to the hyper- and 
hypocholesterolem ic effects, respectively, o f 
certain  an im al and plant fats. A ga in  plant 
and an im al protein  foods usually have 
associated w ith  them  trig lycerides which  
m ay them selves have variab le effects (K in - 
sell et al., ’52, ’58; Ahrens et al., ’54, ’57; 
Beveridge et al., ’54; Bronte-Stewart et al.,

’5 6 ). A  consideration  o f these factors 
m akes it apparent that unless purified  pro
tein  sources are used in  conjunction  w ith  
a basal d iet o f  constant com position, it is 
im possible to attribute w ith  confidence any 
changes observed to alterations in  d ietary 
protein. Undoubtedly the con flcting nature 
o f some o f the reports in  the literature is 
due to neglect o f one or another o f these 
features. Further in form ation  on this prob
lem  in  m an was sought by the use o f 
hom ogenized  form u la  rations in  wh ich  the 
protein  m oiety  was varied  from  5 to 25%  
o f total calories by equ icaloric substitution 
at the expense o f carbohydrate.

EXPERIMENTAL

The m ethods used in  preparing and stor
in g  the diets, together w ith  the experim en 
tal design, have been described in  previous 
publications (B everid ge  et al., ’56, ’57 ) 
and on ly a b r ie f description  w ill be g iven  
here. T w o  basal rations, d iffe r in g  only 
in  that one o f these contained an addi
tional am ount o f cholesterol (5 0 0  m g/  
950 C a l.) w ere m ade up o f the ingredients 
shown in  table 1.“ These w ere hom ogen ized  
w ith  w a ter to produce a thick m ilk-like 
fluid. Protein  was altered by m ak ing ap
propriate equ ica loric changes in  the carbo
hydrate com ponent, thus m a in ta in in g  con
stant the proportion  o f calories ( 3 0 % )  
derived from  the fa t  m oiety  (b u tte r ). The
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TABLE 1
Composition o f basal diet;1 amounts required to make a 950-Cal. sample

Ingredient Amount Protein Fat CHO
gm gm gm gm

Skim milk powder2 28.1 10 0 . 1 14.6
Calcium caseinate3 29.1 25.6 0.6 —

Sucrose 20.0 — — 20.0
Maltose and dextrins4 98.0 — — 96.0
Butter 38.3 — 31.0 —
Total 35.6 31.7 130.6
Calories 950.1 142.4 285.3 522.4

% % %
Calories 15.0 30.0 55.0

1 Two grams of iodized salt were added per 950-Cal. batch. A mixture of vitamins was also 
added to supply the following amounts of these substances (in milligrams) per 950 Cal.: thiamine, 
0.6; riboflavin, 0.6; niacin, 5.0; pyridoxine, 5.0; Ca pantothenate, 5.0; ascorbic acid, 25.

2 Mil-ko, Mil-ko Products, Ltd., Canada.
3 Casec, Mead Johnson of Canada, Ltd., Belleville, Ontario.
4 Dextri Maltose. Mead Johnson of Canada, Ltd.

on ly other item s perm itted  w ere w ater, tea 
and co ffee w ithou t sugar or m ilk. A  sm all 
num ber o f subjects w ere unable to con
tinue w ith  the diet and dropped out fo r  va r
ious reasons —  illness or inab ility  to adjust 
to the d ietary regim en. Th e  subjects w ere 
instructed to take enough o f the ration  to 
m a in ta in  their body w e igh t constant and 
on ly a fe w  subjects ga ined or lost m ore 
than one to 1.5 kg. Th e  average change in  
w eigh t between  day 8 and 16 was —0.4 kg. 
Blood samples w ere  taken from  the sub
jects in  the fastin g  state betw een  7 :00  and 
8 :3 0  a m  on days zero, 4, 8, 12 and 16. 
P lasm a cholesterol was determ ined by the 
technique o f A bel et al. ( ’5 8 ).

Seventy-nine m ale un iversity students 
w ere assigned at random  to the tw o basal 
rations w h ich  w ere iden tica l except that 
one contained an added am ount o f choles
terol (50 0  m g/950 C a l.). Both provided 
15% o f calories in  the fo rm  o f protein  and 
30%  o f calories as butterfat. A fte r  8 days, 
each o f the two groups was d ivided in to 
5 sub-groups w ith  s im ilar plasm a choles
terol d istribution and fo r  another s im ilar 
period they w ere fed  diets m odified  by the 
addition  or w ithdraw a l o f the protein , ca l
cium  caseinate,5 fo r  equ icaloric amounts o f 
m altose-dextrins.6 Th e percentage o f ca l
ories supplied by protein  w as as fo llow s : 
5, 10, 15, 20, and 25. S ixty-five subjects 
com pleted the experim ental period.

In  addition  to the m ale subjects, 39 
fem a le  students consum ed the basal ration  
w ithout the added cholesterol and w ere 
then d ivided in to three groups and trans

ferred  to diets provid ing 5, 15, or 25%  
o f calories as protein. A ll but 7 o f  the 
fem a le  subjects fin ished the experim ent.

RESULTS AND DISCUSSION

Th e behavior o f the plasm a cholesterol 
in  term s o f average percentage change at 
day 16 from  the values found at day 8 
is shown in  figure 1, and the statistical 
data are presented in  table 2 fo r  those on 
the ration  w ithout added cholesterol. S im i
la r data are presented in  table 3 fo r  those 
fed  the ration  conta in ing added choles
terol. Th e  only sign ificant changes ob
served w ere the increases resu lting from  
consum ption o f the diet low  in  p rote in  
(5 %  o f ca lo ries ). Th e plasm a cholesterol 
values w ith  this low  protein  diet at day 8 
and 16 fo r  the unsupplem ented group w ere
152.0 and 171.1 m g/100 m l respectively, 
(+ 1 9 .1  m g/100 m l, P <  0 .0 5 ) and fo r  
the cholesterol-supplem ented group w ere
168.3 m g/100 m l and 180.2, respective ly 
( +  11.9 m g/100 m l, P  <  0 .0 5 ). Th e  group 
rece iv in g  the cholesterol supplem ent had as 
expected because o f our previous w ork  on 
the e ffect o f d ietary cholesterol in  m an  
(B everid ge  et al., ’59, ’6 0 ),  a h igher choles
tero l value at day 8 than did those not re 
ce iv in g  the added cholesterol. Presum ably 
this m igh t help to account fo r  the sm aller 
increase due to the feed in g  o f the low  pro
tein  diet over the period day 8 to 16 ob
served in  the groups rece iv in g  the choles
terol supplement.

5 Casec, Mead Johnson of Canada, Ltd.
6 Dextri-Maltose, Mead Johnson of Canada, Ltd.
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T IM E -D A Y S

Fig. 1 The average percentage change in plasma cholesterol for groups, each comprised 
of 6 or 7 male university students, following transfer from a basal diet providing 15% of 
calories to diets in which the protein component, calcium caseinate, was varied by iso
caloric substitution for the maltose-dextrins.

T A B L E  2

Effects on plasma cholesterol levels in  male subjects o f the addition or withdrawal o f calcium  
caseinate for equicaloric amounts of maltose-dextrins in  a basal diet providing 15% of

calories as protein1

Group %  Calories No. of Average plasma cholesterol
Mean 

difference 
between 

day 8 and 
day 16

t Pno. as protein subjects Day 8 Day 16

m g choie sterol/100 m l m g choles
terol/ 100 m l

1 25 6 157.3 154.0 -  3.3 1.14 0.3 -0 .4
2 20 6 149.6 146.6 -  3.0 0.40 0.7 -0 .8
3 15 7 162.8 162.4 -  0.4 0.09 0.9
4 10 7 165.9 171.2 +  5.3 1.58 0.1 -0 .2
5 5 7 152.0 171.1 +  19.1 3.04 0.02-0.05

1 A ll subjects ate 
dietary protein.

the basal diet providing 15% o f calories as protein for 8 days prior to the change in

Th e results from  the 32 fem a le  students 
w ho consum ed the ration  w ithout added 
cholesterol are shown in  table 4. Th e  only 
change observed w as a sm all but s ign ifi
cant decrease o f 7.4 m g/100 m l ( P ,  0.01 
to 0 .0 2 ) in  the group transferred to the 
diet h igh  in  protein.

These data, obtained from  the first large 
scale experim en t to be perform ed on nor
m al young subjects consum ing a fo rm u la  
ration, provide no support fo r  the possibil

ity  that h igh  intakes o f  protein  per se are 
im p licated  in  the developm ent o f cardio
vascu lar disease through any e levatin g 
e ffect on p lasm a lip id  levels. Indeed these 
studies ind icate not on ly that h igh  levels 
o f d ietary protein  did not increase plasm a 
cholesterol but that low  protein  diets w ere 
hypercholesterolem ic.

Due to the varie ty  o f experim en ta l con
ditions used by previous workers in  this 
field , it is a d ifficu lt task to reconcile all



292 J. M. R. BEVERIDGE, W. FORD CONNELL AND CAROLYN ROBINSON

TABLE 3
Effects on plasma cholesterol levels in male subjects of the addition or withdrawal o f calcium  

caseinate for equicaloric amounts of maltose-dextrins in  a basal diet providing 15% of 
calories as protein1 and a supplement of 500 mg cholesterol per 950 calories

Mean
Group %  Calories No. of Average plasma cholesterol difference

t P
no. as protein subjects Day 8 Day 16 day 8 and

day 16

mg cholesterol/100 ml mg choles
terol/100 ml

6 25 7 172.8 172.0 -  0.8 0.22 0.8 -0 .9
7 20 6 181.8 189.6 +  7.8 1.45 0.2 -0.3
8 15 7 175.2 178.1 +  2.9 0.46 0.6 -0 .7
9 10 6 158.0 160.3 +  2.3 0.58 0.5 -0 .6

10 5 6 168.3 180.2 +  11.9 3.24 0.02-0.05

1 A ll subjects ate the basal diet providing 15% of calories as protein, plus 500 mg cholesterol per 950 calories 
for 8 days prior to the change in dietary protein.

TABLE 4

Effects on plasma cholesterol levels in female subjects of the addition or withdrawal of calcium  
caseinate for equicaloric amounts o f maltose-dextrins in a basal diet providing 15% of

calories as protein1

Group %  Calories No. of Average plasma cholesterol
Mean 

difference 
between 

day 8  and 
day 16

tno. as protein subjects Day 8 Day 16

mg cholesterol/100 ml mg choles
terol/100 ml

i 25 10 172.8 165.4 - 7 .4 3.13 0.01-0.02
3 15 11 171.4 171.5 +  0 . 1 0.03 0.9
5 5 11 176.1 176.8 +  0.7 0.37 0

 
<

1 1 o CO

1 A ll subjects ate the basal diet providing 15% of calories as protein for 8 days prior to the change in 
dietary protein.

the results w ithout some qualification . Th e 
care fu lly  designed experim en t reported by 
Furm an et al. ( ’5 9 ) deserves m ention. A l
though data on only one subject, a 70- 
year-old w om an  w ith  m ild  postm enopausal 
osteoporosis, w ere reported, these authors 
have obtained sim ilar results on a num ber 
o f other subjects.7 Th e investigators found 
a h igh ly sign ificant decrease in  serum 
cholesterol w hen  skim m ilk  powder, w h ich  
supplied all o f  the protein  (1 5 %  o f ca l
o r ie s ) in  the fo rm u la  ration, w as replaced 
w ith  glucose. A  salt solution w as added 
to com pensate fo r  the m inerals rem oved 
from  the diet, but no other changes were 
m ade to take in to  account the other com 
ponents elim inated  from  the ration  by re
m ova l o f the skim  m ilk  powder. These 
conditions d iffe r from  those used by us in  
that a diet fre e  from  protein  was used, 
w hereas the low est leve l used in  our w ork  
was 5%  o f calories.

Olson et al. ( ’5 8 ) using diets com prised 
o f the usual va rie ty  o f foodstu ffs tested

the e ffect o f va ry ing  the leve l o f  d ietary 
protein  in  9 subjects, 5 o f w hom  w ere 
hypercholesterolem ic. Th e low  protein  diet, 
w h ich  supplied da ily  25 gm  o f vegetab le 
protein  from  cereals, rice, and legum es, 
led to low er serum cholesterol values than 
d id  the d iet h igh  in  protein  w h ich  was de
rived  m ain ly  from  anim al sources. A l
though it is stated that the low  protein  diet 
w as sim ilar in  fa t  content, no ind ication  
o f the cholesterol and p lant sterol leve ls are 
given. In  the ligh t o f our observations 
on the e ffect o f d ietary cholesterol in  m an  
(B everid ge  et ah, ’59, ’6 0 ) and the recent 
confirm ation  o f these by others (C on n or 
et al., ’61 ) , 8 O lson’s results can be read ily  
exp la ined on the basis o f d ifference in  
cholesterol content o f the diets he used, 
because the h igh  protein  ration  derived 
m a in ly  from  an im al sources w ou ld p re
sumably provide s ign ifican tly m ore choles
terol than the low  protein  diet in  wh ich

7 Personal communication.
8 See footnote 3.
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all the protein  w as obtained from  vegeta 
bles. A  fu rth er consideration, in  v iew  o f 
our recent w ork  on the dose-response re
lationsh ip betw een  the p lant sterol, sito
sterol, and p lasm a cholesterol leve ls  re 
ported at the 5th In ternationa l Congress 
o f B iochem istry ( ’6 1 ),  is that the low  pro
tein  diet w ou ld undoubtedly provide sig
n ifican t amounts o f these substances thus 
contribu ting to the observed decrease in  
serum cholesterol. Th e  report by W alk er 
et al. ( ’6 0 ) that a diet in  w h ich  the pro
tein  m oiety  w as supplied m a in ly  from  
vegetab le foods led  to low er serum choles
terol and phospholip id  leve ls  than did one 
in  w h ich  anim al products provided essen
tia lly  all o f  this d ietary com ponent is in  
accord w ith  the exp lanation  o ffered  here 
fo r  the observations o f O lson and his co l
leagues.

Keys and Anderson  ( ’5 7 ) have reported 
that increasing the protein  from  65 to 132 
gm  and 83 to 131 gm  daily by isoca loric 
substitution o f skim m ilk  pow der fo r  car
bohydrate in  “ a typ ical Am erican  d iet”  had 
no e ffect on the serum cholesterol leve l o f  
sch izophrenic m en. S im ilar results w ere 
obtained by Lu tz et al.9 w ith  10 m en given  
diets o f the usual va rie ty  o f foodstuffs 
provid ing from  60 to 160 gm  o f protein/ 
day. These observations on the e ffect o f 
protein  at re la tive ly  h igh  levels are en 
tire ly  com patib le w ith  the results o f the 
present investigation .

Rations con ta in ing added amounts o f 
cholesterol (5 0 0  m g/950 C a l.) w ere used 
to test the possibility that the added sterol 
m igh t accentuate any change observed 
due to a lteration  in  d ietary protein. N o  
such e ffect w as noted. H ow ever, the 32 
subjects w ho consum ed the ration  w ith  
added cholesterol during the first 8 days 
o f the experim en ta l period had s ign ifi
cantly h igher plasm a cholesterol leve ls 
than did the 33 subjects w ho  ate the same 
diet w ithout the added cholesterol. The 
average zero and 8 day values w ere 178.2 
and 171.4 m g/100 m l fo r  the group given  
the added cholesterol and 175.4 and 157.8 
m g/100 m l fo r  the group not rece iv in g  the 
added sterol. Th e  m ean 8 day values are 
s ign ifican tly  d ifferen t (P ,  0.01 to 0 .0 2 ). 
These results attest fu rth er to the va lid ity  
o f our previous reports on the significant 
e ffect o f d ietary cholesterol in  man.

Th ere  appears to be the possibility o f a 
sex d ifference in  response o f p lasm a cho
lesterol to changes in  d ietary protein  and 
it is proposed to exam ine this fu rth er in  
the near future.

These results on m an  are s im ilar to 
those in itia lly  reported by P ick  et a l.10 and 
confirm ed by others (K oka tnu r et al., ’58; 
L eve ille  et al., ’61; M arion  et ah, ’6 1 ) fo r  
the ch ick and also sim ilar to those reported 
fo r  the rat (M o y e r  et al., ’56; Jones and 
H u ffm an , ’5 6 ).

F ina lly , although it  is tem pting to sug
gest that the e ffect o f the low  protein  diet 
in  causing an increase in  plasm a choles
terol m ay be due specifica lly to a defic iency 
o f the su lfur-contain ing am ino acids, as 
has been described by M ann  and others 
fo r  certa in  experim en ta l anim als (M a n n  
et al., ’53; F illios and M ann, ’5 4 ),11 this 
possib ility appears un likely because o f  the 
short-term  nature o f the experim ent. Th is  
is a point, how ever, that should be de
term ined experim entally.

SUMMARY

Sixty-five m ale university students w ere 
d ivided in to  tw o groups and g iven  a fo r 
m ula ration  provid ing protein  and fa t 
(b u tte r ) at leve ls o f 15 and 3 0 % ,  respec
tively , w ith  or w ithou t a supplem ent o f 
500 m g cholesterol/950 Cal. fo r  8 days. 
Th e  two groups w ere each d ivided  in to 5 
sub-groups and transferred fo r  another 8 
days to diets in  w hich  the protein  m oiety 
w as changed to 5, 10, 15, 20 and 25%  
by the addition  or w ithdraw a l o f the pro
tein  preparation , calcium  caseinate fo r  
equ icaloric amounts o f m altose-dextrins. 
Only the diets low  in  protein  (5 %  o f ca l
ories) caused a sign ifican t change in 
p lasm a cholesterol and this w as in  the 
fo rm  o f an increase. Th e  plasm a choles
terol values in  m illig ram s per 100 m illi
liters fo r  these two groups fed  the diets low  
in  protein  at day 8 and 16 w ere, respec

9 Lutz, R. H., R. H. Barnes, E. Kwong and H. H. 
Williams 1959 Effect of dietary protein on blood 
serum cholesterol in men consuming mixed diets. 
Federation Proc., 18: 534 (abstract).

10 Pick, R., J. Stamler and L. N. Katz 1957 Effects 
of high protein — high vitamin supplements on cho- 
lesterolemia and atherogenesis in cholesterol-fed 
cockerels. Federation Proc., 16: 101 (abstract).

11 Mann, G. V. 1960 Decompensation of sterol 
metabolism in monkeys. Federation Proc., 19: 15 
(abstract).
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tively , 152.0 and 171.1 m g  ( +  19.1, P <  
0.05, w ithout added cholestero l) and 168.3 
and 180.2 ( +  11.9, P <  0.05, w ith  added 
cho lestero l). Th irty-tw o fem a le  students 
consum ed the unsupplem ented diet fo r  
8 days. T h ey  w ere then d ivided  in to three 
groups and continued to receive fo r  an
other 8 days diets, m odified  as described 
above, p rov id ing 5, 15, or 25%  o f calories 
as protein. Th e on ly sign ifican t change 
observed in  the p lasm a cholesterol was 
a sm all but sign ifican t decrease in  the case 
o f the diet h igh  in  protein  ( — 7.4 m g / 100 
m l, P, 0.01 to 0 .0 2 ). These data obtained 
from  the first la rge scale experim ent to 
be perform ed on norm al young subjects 
fed  a fo rm u la  ration  provide no support fo r  
the possibility that h igh intakes o f protein  
per se are im p licated  in  the developm ent 
o f card iovascular disease through any ele
va tin g  e ffect on p lasm a cholesterol levels.
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Effect of the Addition of Imbalanced Amino Acid
Mixtures to a Low Protein Diet, on Weight Gains
and Plasma Amino Acids of Chicks1

Reduced feed  consum ption and w eigh t 
gains and h istopathologica l changes in  
various tissues are know n to occur when 
anim als are fed  am ino acid-deficient diets. 
H istopatholog ica l changes occur particu 
la rly  rap id ly  w hen  the am ino acid-deficient 
d iet is force-fed  (S idransky and Baba, ’60 ).* 1 2 
H ow ever, it  has not been established clearly 
w hether these deleterious effects  are p ri
m arily  a result o f  an overa ll protein  defi
ciency, perhaps in  com bination  w ith  m ore 
than  adequate energy intake, or o f the 
in take o f la rge  amounts o f am ino acids 
that are not u tilizab le fo r  grow th and 
m ust be disposed o f by the anim al.

In  the fo llow in g  experim en t a study was 
m ade o f  the e ffect o f in corpora ting am ino 
acid m ixtures devoid  o f an essential am ino 
acid  in to  a d iet con ta in ing a low  leve l o f 
a w e ll balanced protein. In  this w ay  diets 
w ere created w h ich  w ere  m arked ly defi
c ient in  a single am ino acid but wh ich  
w ith  respect to n itrogen  content w ere com 
parable to a d iet conta in ing over 20%  o f a 
w e ll balanced protein.

EXPERIMENTAL

W h ite  P lym outh  Rock pullets, obtained 
from  a com m ercia l hatchery, w ere fed  the 
basal d iet (b asa l 1, described b e lo w ) from  
one-day-old to tw o weeks o f age. A t this 
tim e, 7 or 8 birds, depend ing on the ex 
perim ent, w ere alloted to each pen so that 
the average w eigh ts o f  pens o f birds w ere 
about equal and the range in  w eigh ts over 
the w hole experim en t w as re la tive ly  small. 
T h e  experim en ta l diets w ere assigned to 
the pens o f birds at random  and feed in g  
w as continued ad lib itum  fo r  one w eek 
w ith  feed  consum ption and w eigh t gains 
being recorded. A t three weeks o f age 
the birds w ere killed , blood samples 
taken from  the carotid  artery, and free

am ino acids in  the blood plasm a assayed 
m icrob iologically . Details o f the prepara
tion  o f the blood samples and the assay 
procedures have been g iven  previously 
(G ra y  et al., ’60; H ill et al., ’6 1 ).

Basal 1 contained 9.5% o f C - l  protein3 
supplem ented w ith  DL-methionine and g ly 
cine (3 %  and 2%  o f the protein  prepara
tion, respective ly ) and was iden tica l to 
diet A  described by H ill et al.4 w ith  the 
exception  that 7%  o f non-nutritive cellu 
lose5 was used in  the diet rather than 2%  .

Th e am ino acid m ixture was form ulated  
to contain  the same re lative proportions o f 
am ino acids as contained in  the C - l  pro
tein, in clud ing the supplem entary m eth io
n ine and glycine. Th e form ulation  was in  
term s o f the l - isom ers o f the am ino acids 
w ith  the exception  o f m eth ion ine, fo r  
w hich  the l - and d l - form s w ere considered 
to be nutritionally equ ivalent, and was 
based on m icrob io logical assays o f C - l  
protein  fo r  15 am ino acids and literature 
values fo r  alanine, proline and serine. 
R acem ic m ixtures o f a-alanine, isoleucine, 
serine and va line w ere added at tw ice the 
levels o f the corresponding l - isom ers con
tributed by the C - l  protein.

Th e  percentage com position o f the com 
plete am ino acid m ixture was as fo llo w s :6

Received for publication September 29, 1962.
1 This research was supported in part by grant 

from the National Research Council of Canada.
2 Platt, B. S., K. Calder and B. H. Doell 1962 

Pathology of acute experimental protein malnutrition 
in the force-fed rat. Proc. Nutrition Soc., 21 : VI (ab
stract).

3 Isolated soybean protein, ADM C-l Assay Protein, 
Archer-Daniels-Midland, Cincinnati, Ohio.

4 We are indebted to Merck and Co. Ltd., and 
Pfizer Canada, both of Montreal, Quebec, and Dis
tillation Products Industries, Rochester, New York, 
for several of the vitamins used in the experimental 
diet.

3 Alphacel, Nutritional Biochemicals Corporation, 
Cleveland.

6 u-Lysine-HCl was generously donated by E. I. 
duPont de Nemours and Company, Wilmington, Dela
ware. Other amino acids were purchased from Nu
tritional Biochemicals Corporation, Cleveland.
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DL-a-alanine, 5.40; L-arginine-HCl, 7.37; 
L-aspartic acid, 7.42; L-cystine, 0.55; l - 
glutamic acid, 12.63; glycine, 5.22; L-histi- 
dineHCl, 2.29; DL-isoleucine, 8.16; L-leu- 
cine, 6.52; L-lysine-HCl ( 9 5 % ) ,  6.31; 
DL-methionine, 3.96; L-phenylalanine, 
3.88; L-proline, 1.88; DL-serine, 10.31; dl - 
threonine, 6.21; L-tryptophan, 0.89; l - 
tyrosine, 2.57; DL-valine, 8.52.

W h en  this m ixtu re was incorporated in 
to basal 1 at a leve l o f  16.1% it fo rm ed  a 
diet w h ich  w as considered equ iva len t to 
one con ta in ing 25%  o f C - l  protein  ( in 
cluding supplem ental m eth ion ine and g ly 
c in e ) w ith  respect to its contribution o f 
the L-form s o f the am ino acids.

T o  obtain  am ino acid-deficient diets, 
a rg in ine, iso leucine, leucine, lysine and 
va lin e  w ere  om itted singly in  turn, and the 
resu lting m ixtures incorporated  in to basal 
1 to g ive  the equ iva len t o f  a d iet conta in 
in g  25%  o f C - l  protein  but deficien t in  
one o f the above essential am ino acids.

Th e  proportions o f am ino acids as spe
cified  above w ere  used in  all experim ents 
except experim en t 1. For this experim en t 
som ewhat h igher proportions o f g lu tam ic 
acid, aspartic acid, proline and serine were 
used (1 0 , 1, 0.5, and 1% o f the diet, re
sp ective ly ) and a lan ine w as om itted.

Sodium  bicarbonate and anti-acid7 w ere 
added to diets con ta in ing am ino acid m ix 
tures, each at 1% o f the diet. A ll addi
tions to the basal d iet in clud ing the above 
substances and the am ino acid m ixtures 
w ere m ade at the expense o f dextrose.

Tests o f statistical sign ificance w ere 
m ade by app ly ing the t test to com parisons 
planned in  the experim en t (Snedecor, ’56).

RESULTS AND DISCUSSION

H ill et al. ( ’6 1 ) observed that w hen  
15% o f ze in  w as incorporated  in to a low  
protein  diet, s im ilar to the basal d iet used 
here, w e igh t gain, feed  consum ption and 
the plasm a lys ine leve l o f  chicks w ere re 
duced. In  experim en t 1 o f the present 
study a com parison  was m ade o f the e f 
fects  o f zein  and an am ino acid m ixture 
devoid  o f lysine. It  has already been noted 
that the am ino acid m ixtu re used in  this 
experim en t d iffered  som ewhat from  that 
used in  all succeeding experim ents in  that 
it contained h igh er proportions o f g lu tam ic 
acid, aspartic acid, proline and serine but

no alanine. W hether zein  or the am ino 
acid m ixture deficien t in  lysine was used, a 
sim ilar depression occurred in  the leve l o f 
p lasm a lysine (tab le  1 ). W e igh t gains and 
feed  consum ption w ere also depressed but 
much m ore severely in  the case o f the 
am ino acid m ixture. These d ifferences in  
w eigh t gains w ere accepted as statistically 
sign ifican t (z e in  vs. basal, P <  0.1 >  0.05; 
A A  less lys ine vs. basal, P <  0 .0 1 ). Since 
the m ixture o f am ino acids supplied a con
siderably d ifferen t com plem ent o f am ino 
acids than the zein , it m ay be concluded 
that the effects observed w ere not unique 
fo r  ze in  but w ere m ost like ly  a reflection  
o f the severe deficiency o f lys ine com m on 
to both diets.

It  seem ed w orthw h ile, therefore, to study 
the e ffect o f  less severe lys ine deficiency. 
Th is  w as done by increasing the leve l o f 
lys ine in  basal 1 from  0.51 to 0.78%  by 
adding increm ents o f  C - l  protein . The 
am ino acid m ixture lack ing lys ine was 
then added in  sufficient am ount to provide 
in  each case the equal o f 25%  o f  C - l  pro
tein  in  the diet w ith  respect to contribu
tion  o f am ino acids. It  was found (tab le
2 )  that w eigh t gains and plasm a lysine 
w ere reduced at each leve l o f  lysine w hen 
the am ino acid m ixtu re w as added, but 
the e ffect decreased as the am ount o f m ix 
ture added decreased. These effects w ere 
statistically s ign ificant (P  <  0.05). W e igh t 
gains o f chicks fed  the three deficien t diets 
supplem ented w ith  lysine w ere quite com 
parable and about 10% less than that o f 
chicks fed  the diet conta in ing 25%  o f C - l  
protein.

Further studies w ere m ade om itting  in  
turn leucine, isoleucine, va lin e and a rg i
n ine from  the am ino acid m ixture, thus 
creating diets deficien t in  these am ino 
acids (tab le  3, experim ent 1 ). For each 
deficien t diet average gains w ere sign ifi
cantly less ( P  <  0 .0 1 ) than the 41.5-gm 
gain  exhib ited  by chicks fed  the basal diet. 
A ga in  the diet conta in ing the com plete 
am ino acid m ixture produced som ewhat 
sm aller gains than the diet conta in ing 
25%  o f C - l  protein.

It  has been shown by several workers 
(R e id  et al., ’56; N orris  et al., ’58; Davis 
et al., ’6 2 ) that chicks fed  diets contain-

7 Amphojel (aluminium gel), John Wyeth and 
Brother, Canada, Ltd., Walkerville, Ontario.
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TABLE 1
Effect of zein and an amino acid m ixture devoid of lysine on weight gain, feed consumption and

free amino acids in  blood plasma

Nitrogen 
in diet

Avg Avg feed Amino acids in plasma
Diet1*2 gain/

chick
consumption/

chick Lysine Threonine Trypto
phan

Basal 1 (9 .5%  o f
% g m g m m g /  

1 0 0  m l
m g !  

100  m l
m g /  

100  m l

C -l protein )3 1.36 28.5 91.2 2.9 0.9 1.5
+ 1 5 %  o f zein 3.37 20.8 77.5 0.8 12.0 1.4
+  AA less lysine 3.82 9.5 47.0 0.8 12.9 1.8
+  AA complete 3.87 94.0 114.9 5.4 6.7 1.6

1 Each diet was fed to triplicate groups of 7 birds each for one week.
2 AA indicates amino acid mixture without lysine, added in sufficient amounts to give the equivalent of 

25% of the soybean protein for all amino acids except lysine.
2 ADM C-l Assay Protein, Archer-Daniels-Midland, Cincinnati, Ohio.

TABLE 2
Relationship between dietary lysine level and the effect of feeding an amino acid m ixture

devoid of lysine

Diet1»2 Lysine 
in diet

Plasma
lysine

Avg
gain/
chick

Avg feed 
consumption/ 

chick
% m g / 1 0 0  m l g m g m

Basal 1 (9 .5%  o f C-l protein) 0.51 2.6(0.1 ) 3 33.2 107
+  16.1% o f AA 0.51 0 .9 (0 ) 8.1 38
+  16.1% o f  AA +  0.83% L-lysine 1.34 10 .7(1 .5 ) 90.4 120

Basal 2 (12.0%  o f C-l protein) 0.64 2 .2 (0 .5 ) 56.0 118
+  13.5% o f AA 0.64 1 .1 (0 .1 ) 23.0 61
+  13.5% o f AA +  0.69% o f L-lysine 1.33 7 .7 (1.4 ) 93.2 115

Basal 3 ( 14.5% o f C -l protein) 0.78 3 .0 (0 ) 76.0 139
+  10.9% o f AA 0.78 1 .8 (0 .5 ) 36.5 74
+  10.9% o f AA +  0.56% o f L-lysine 1.34 7 .1 (0 .5 ) 91.7 120

Basal 5 (25%  o f C -l protein) 1.34 7 .5 (0 .2 ) 103.6 133
1 AA indicates amino acid mixture without lysine, added in sufficient amounts to give the equivalent of 

25% of C-l protein for all amino acids except lysine.
2 Each diet was fed to duplicate groups of 8 chicks each for one week.
3 Figures in parentheses show difference between values for duplicate lots.

TABLE 3
Effect of incomplete amino acid mixtures on weight gains and feed consumption of chicks

Experiment 1 Experiment 23
Diet1*2 Avg

gain/
chick

Avg feed 
consumption/ 

chick
Avg

gain/
chick

Avg feed 
consumption/ 

chick
gm gm gm g m

Basal 1 (9 .5%  C -l protein) 41.6 116 39.1 125
+  AA less leucine 7.1 34 - 1 . 9 40
+  AA less isoleucine 11.7 51 _
+  AA less valine 3.2 36 1.0 44
+  A A less arginine 19.8 67 15.6 70
+  AA complete 91.0 123 97.7 136
+  15.5% o f C-l protein 94.8 130 107.3 145

t Each diet was fed to duplicate groups of 8 chicks each for one week.
2 AA is amino acid mixture which, when fed complete, was considered the equivalent of 15.5% of C-l pro

tein in respect to contribution of amino acids to the diet. The indicated amino acids were omitted one at 
a time from this mixture.

3 In experiment 2 all diets including the pre-experimental diet were supplemented with a trace mineral 
mixture which contributed in mg per kg of diet: Na2Mo04-2H20 , 20; A1NH4(S04)2-12H20. 133- CoCL-6H,0 
26; CuSo4-5H20, 30; ZnCl2, 20.
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in g  isolated soybean protein  have an in 
creased requ irem ent fo r  certain  trace 
m inerals. M olybdenum  is o f  particu lar 
in terest in  the present instance, not only 
because there is a decreased xanth ine de
hydrogenase activ ity  in  the tissues o f 
m olybdenum  deficien t chicks (H ig g in s  et 
al., ’5 6 ), but it  is reasonable to believe that 
large excesses o f d ietary am ino acids 
m igh t increase the m olybdenum  requ ire
m ent due to greater dem ands on the en 
zym e fo r  the fo rm ation  o f uric acid.

A ccord ingly , a m inera l supplement, 
w hich  included a m olybdenum  salt am ong 
others, was added to the experim ental 
diets, and also to the pre-experim ental diet 
fo r  11 days prior to the assignm ent o f the 
experim ental diets. Th e  supplem ent pro
vided  the fo llow in g  in  m g  per kg o f d iet: 
N a 2 M o 0 4-2H20 , 20; A1NH 4 (SO *)*- 12H.O, 
133; CoC l2-6H20 , 26; C uS04-5H20 , 30; 
Zn C l2, 20.

Th e  data obtained, using these fortified  
diets, (tab le  3, experim ent 2 )  ind icated  
that a defic iency o f the above m inerals 
was not an exp lanation  fo r  the results o f 
the preced ing experim ent.

It is reasonable to believe that the 
depression in  w eigh t gains observed in  
the fo rego in g  experim ents was caused by 
an am ino acid im balance. F isher and 
Shapiro ( ’6 1 ) observed a sim ilar e ffect 
w hen they fed  chicks diets that w ere de

fic ien t in  tryptophan, lysine or m eth ion ine, 
and it has been know n fo r  some tim e that 
a sim ilar type o f im balance can be dem on
strated w ith  rats (H a rper, ’58; Salm on, 
’58; Kum ta and Harper, ’60; Sauberlich, 
’6 1 ).

It  is un likely that the basal 1, conta in 
in g  9.5%  o f C -l protein  supplem ented 
w ith  m eth ion ine and glycine presented a 
perfectly  balanced m ixture o f am ino acids 
to the chick. Consequently, the addition 
to this diet o f  an am ino acid m ixture, 
even  w hen  such was devoid  o f an essential 
am ino acid, m igh t be expected in  most 
instances to induce a sm all but positive 
grow th  effect. H ow ever, it  is c lear that in  
our experim ents the ab ility o f the im bal
anced am ino acid m ixtures to produce 
grow th  depressions was sufficient to m ore 
than o ffset any grow th  stim ulation  pro
m oted by the m ixtures.

From  the data o f  table 4 it appears that 
m od ification  o f the diet to g ive defic ien 
cies o f leucine, isoleucine, va line and ar
g in ine was in  each case re flected  in  a 
m arked depression in  the leve l o f  the 
d ietary deficien t am ino acid in  the blood 
plasm a. ( P  <  0.01 except fo r  va lin e  in  
w h ich  case P was approxim ately 0.1). Th is  
observation  extends previous findings w ith  
respect to tryptophan in  rat plasm a 
(S auberlich  and Salm on, ’5 5 ) and lysine 
and tryptophan in  ch ick plasm a (H il l

TABLE 4
Effect of amino acid deficiencies on free amino acids in  blood plasma1

Diet2 Leucine Isoleucine Valine Arginine Threonine Lysine

Basal 1 (9 .5%  of 
C -l protein)

m g / 100 
m l p la sm a

2 .3 (0 .3 )3

m g / 100 
m l p la s m a

1 .5 (0 .3 )

m g/10 0  
m l p la s m a

1.9(0.3 )

m g/100  
m l p la sm a

4 .3 (2 .2 )

m g/100  
m l p la s m a

1.0(0.3 )

m g/10 0  
m l p la s m a

2 .8 (0 .4 )

+  AA less 
leucine 0 .6 (0 .1 ) 6 .6 (0 .2 ) 13 .6(1 .6 ) 6 .2 (0 .6 ) 15 .1(0 .3 ) 11 .0(2 .4 )

- f  AA less 
isoleucine 3 .5 (0 .6 ) 0 .4 (0 .1 ) 7 .9 (0 .3 ) 5.6( 1.8) 17 .3(1 .4 ) 10 .1(2 .3 )

- f  AA less 
valine 2 .8 (0 ) 2 .3 (0 .1 ) 1 .0 (0 .1 ) 3 .8 (0 .3 ) 15 .7(1 .5 ) 9 .2 (1 .1 )

+  AA less 
arginine 3 .6 (0 .1 ) 3.2(0 .1  ) 7 .4 (0 ) 1 .2 (0 .1 ) 2 5 .5 (1 .8 ) 10 .9(1 .4 )

+  AA com plete 3 .3 (0 .6 ) 2 .6 (0 .4 ) 6 .6 (0 .7 ) 8 .7 (1 .2 ) 10 .6 (4 .6 ) 7.9 (3 .4 )

1 Plasma samples are from same birds for which growth and feed consumption data are given in table
3’ °6AA^s^mino acid mixture which, when fed complete, was considered the equivalent of 15.5% of C-l pro
tein in respect to contribution of amino acids to the diet. The indicated amino acids were omitted one at a

Figures * inS ^rentheses show difference between values for duplicate pens.
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et al., ’6 1 ) and strengthens the b e lie f that 
the phenom enon is a genera l one which  
w ill be exh ib ited  by any am ino acid w hen  
it becom es lim itin g  fo r  growth. O f interest 
are the e levated  levels o f p lasm a isoleucine 
and va lin e  w hen  the leucine-deficient diet 
w as fed , whereas deficiencies o f iso leu 
cine or va lin e  appeared to have little  in 
fluence on the levels o f the other two 
am ino acids. Th is  observation  m ay be 
re lated to a report by Snyderm an et a l.8 
that in  adult m ale hum ans there is an 
inverse relationship betw een  the leucine 
and va lin e content o f plasm a. A lso note
w orthy is the e levation  o f threonine and 
lysine in  the plasm a w hen  the diet was 
m ade deficien t in  any o f the 4 am ino 
acids. Th is  e ffect was anticipated in  v iew  
o f  previous observations w ith  respect to 
the behavior o f  these am ino acids (G ray  
et al. ’6 0 ).  T h e  exceptiona lly  h igh  leve l o f 
threonine resu lting w ith  the argin ine-defi
c ien t d iet is w ithout obvious explanation.

Th e practical sign ificance o f  the depres
sion in  w eigh t gains caused by am ino 
acid m ixtures depends on w hether a sim 
ila r e ffec t occurs w hen  am ino acid-defi
c ien t diets com posed o f proteins on ly are 
consumed. T h e  e ffect appears to be given  
by certa in  protein  m ixtures since a reduc
tion  in  w e igh t gains w as observed when 
zein  was incorporated in to the basal diet 
in  the present experim ents and also in  
previous experim ents (H i l l  et al., ’6 1 ). 
Th e e ffec t was not so severe w ith  zein  as 
w ith  am ino acid m ixtures but the rather 
poor d igestib ility o f ze in9 m igh t exp la in  
this d ifference, particu larly  i f  the phenom 
enon  results from  effects  at the cellu lar 
level. On the other hand, w hen  gelatin  
w as used rather than zein, creating a tryp
tophan deficiency, it  w as not too w e ll es
tablished that gains are depressed (H i l l  
et al., ’6 1 ). Furtherm ore, in  an experi
m ent not reported in  deta il here it was 
fou nd that one-week average gains o f 
birds fed  the basal d iet and the basal diet 
plus 15% o f ge latin  w ere 29.0 and 24.4 
gm , respective ly, a statistically nonsign ifi
cant d ifference. A n  exp lanation  o f this 
result m ay possibly be the considerable 
contribution  o f  g lycine and arg in ine to 
the diet by 15% o f gelatin . Snetsinger 
and Scott ( ’6 1 ) reported that glycine and 
arg in ine could partia lly  counteract the de

pression in  w eigh t gains o f chicks result
in g  from  the consum ption o f excess lysine. 
It m igh t also be cla im ed that the am ino 
acid m ixtures per se, unrelated to an 
am ino acid deficiency, produced the de
pression in  w eigh t gains, particu larly as 
rather large amounts o f such m ixtures 
w ere added to the diets. Indeed the con
sistently poorer grow th obtained when the 
com plete am ino acid m ixture w as added 
to the basal 1 rather than 15.5% o f extra  
C -l protein  supports this argum ent. H ow 
ever, the observed m ax im al d ifference in  
w eigh t gains g iven  by these tw o diets 
(abou t 20%  )  w as not sufficient to ac
count com pletely fo r  the e ffect produced 
by the im balanced am ino acid m ixtures. 
In  this connection  Chen et al. ( ’6 2 ) have 
suggested that dietary am ino acids m ay 
in fluence growth and feed  consum ption 
o f rats by inducing a h igh  osm otic pres
sure in  the stomach. H ow ever, in  our 
experim ental diets the added am ino acids 
replaced dextrose and it appears unlikely 
that m a jor alterations in  osm otic pressure 
occurred.

There was also the possibility that the 
DL-isomers in the amino acid mixture may 
have contributed to the observed effects. 
Accordingly, in an additional experiment, 
the DL-alanine, DL-isoleucine in the valine- 
deficient diet were replaced at one-half 
their amount in the diet with the corre
sponding l - isomers and the DL-methio- 
nine with an equal amount of L-methio- 
nine. The valine-deficient diet containing 
the D-isomers and the modified diet gave 
average weight gains per chick for the 
one-week experimental period of —0.6 and
3.1 gm, respectively, and the low protein 
control diet, 34.7 gm. Omission of the 
DL-serine in addition to replacement of 
the other DL-isomers produced a weight 
gain of 2.4 gm. In view of these results 
it does not appear likely that the DL- 
isomers included in the mixture were a 
major factor affecting the results.

Spolter and H arper ( ’6 1 ) and Stucki 
and H arper ( ’61) observed that rats w ou ld 
adapt to im balances o f am ino acids w ith

8 Snyderman, S. E., D. C. Cusworth, E. Roitman and 
L. E. Holt, Jr. 1959 Amino acid interrelationships: 
The effect of variation in leucine intake. Federation 
Proc., 18: 546 (abstract).

9 Mclndoo, E. M., E. M. Olsen and D. C. Hill 1961 
Factors affecting the excretion of dietary zein by 
chicks. Poultry Sci., 40: 1430 (abstract).
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TABLE 5
Effect of pre-experimental diet on weight gains given by amino acid deficient diets

Diet
0—2 weeks

Avg wt at 
2 weeks1

Diet
2-3 weeks

Avg
starting

wt2
Avg gain 
2-3 weeks

Avg % 
gain3

gm gm gm
Basal 1 79.2 Basal 1 81.5 30.6 31.6

+  AA less isoleucine4 81.8 13.6 15.3

+  AA less isoleucine4 66.5 Basal 1 68.6 36.6 42.1
+  AA less isoleucine4 69.9 19.3 24.3

Basal 1 72.7 Basal 1 84.4 34.6 34.0
+15%  of zein 84.1 19.5 20.8

+15%  of zein 64.8 Basal 1 71.5 35.7 40.0
+  15% of zein 72.8 22.8 27.1

1 Average of 35 chicks/group.
2 Average of 12 blrds/group selected to give approximately equal starting weight for comparable groups.
3 __________ Average gain__________  x 10Q

Average weight during third week
4 AA is amino acid mixture which when fed complete was considered the equivalent of 15.5% of C-l pro

tein in respect to contribution of amino acids to the diet. In this experiment isoleucine was omitted from 
the mixture.

respect to feed  consum ption and growth. 
Th is possibility w as not investigated  thor
oughly in  the experim ents just described. 
N evertheless, w e  have shown that the 
change from  the pre-experim ental d iet to 
the experim en ta l diets w hen  the birds 
w ere two weeks o f age, a procedure in  all 
our experim ents, w as not an exp lanation  
o f the observed effects (ta b le  5 ).  W h en  
the diets w ere fed  from  the tim e the birds 
w ere one day old, the average w eigh ts at 
two weeks w ere in  fa vo r o f the basal diet 
and, regardless o f the pre-experim ental 
diet, sm aller gains w ere recorded w hen  
the am ino acid-deficient diets w ere fed  
during the th ird week. H ow ever, it m ay 
be o f s ign ificance that average percentage 
ga in  during the th ird w eek  w as consist- 
en d y  better fo r  birds that had received  
the deficien t diets from  hatch ing. Th is 
observation  suggests that some adaptation 
to the am ino acid deficien t diets had taken 
place during the period from  hatch ing to 
three weeks.

SUMMARY

A m in o  acid m ixtures from  w h ich  a 
single essential am ino acid w as om itted 
(a rg in in e , isoleucine, leucine, lysine or 
va lin e ) w ere incorporated in to a diet con
ta in ing 9.5%  o f soybean protein . W e igh t 
gain, feed  consum ption and the leve l o f 
the dietary deficien t am ino acid in  the 
plasm a w ere reduced fo r  chicks consum 
in g these diets. S im ilar results w ere ob

served w hen  zein  was used rather than 
m ixtures o f am ino acids.

Th e  depression in  w eigh t ga in  appears 
to have resulted from  the ingestion  o f 
re la tive ly  la rge quantities o f am ino acids 
wh ich  had to be deam inated or excreted.
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Effect of Starvation and a Nonprotein Diet on Blood 
Plasma Amino Acids, and Observations on the 
Detection of Amino Acids Limiting Growth 
of Chicks Fed Purified Diets* 1

D. C. HILL a n d  ELLEN M. OLSEN
Department of Nutrition, Ontario Agricultural College,
Guelph, Ontario, Canada

It  has been reported by Charkey et al. 
( ’53, ’5 4 ), and confirm ed by Gray et al. 
( ’6 0 ) that w hen  chicks are deprived o f 
feed , a m arked increase occurs in the levels 
o f free  lysine and threonine in  the blood 
plasma.

As an exp lanation  fo r  this effect, Char- 
key et al. ( ’5 3 ) proposed that lysine and 
threonine are particu larly resistant to de
am ination  and accum ulate in  the blood 
w hen la rge amounts o f am ino acids result
in g  from  tissue breakdown are released 
during starvation.

I f  a rapid  breakdown o f tissue protein  
during starvation  results from  a defic iency 
o f ava ilab le energy then birds that are not 
com plete ly fasted, but receive a nonprotein  
diet rich  in  energy, should not exh ib it e le 
vated leve ls  o f p lasm a lysine and threo
nine.

Th is hypothesis was tested in  the fo llo w 
in g  experim ents. In  addition, some experi
m enta l results are reported from  the in 
vestigation  o f a po ten tia lly  usefu l m ethod 
fo r  detecting the am ino acids in  ch ick diets 
that are lim itin g  growth. Th e  m ethod is 
a m odification  o f one proposed by Longe- 
necker and Hause ( ’5 9 ) w ho used dogs as 
subjects.

EXPERIMENTAL

In  all experim ents one-day-old W h ite  
P lym outh  Rock pullets, obtained from  a 
com m ercia l hatchery, w ere fed  a basal diet 
to two weeks o f age. A t this tim e, birds, 
whose w eigh ts lay  w ith in  a re la tive ly  n ar
row  range, w ere assigned to experim ental 
pens, 12 to 13 birds/pen, so that in  each 
experim ent the average w eigh ts o f the 
groups w ere approxim ately equal. Th e

various experim ental treatm ents or diets 
w ere given  during the third week.

Th e basal d iet was s im ilar to diet A  de
scribed by H ill et al. ( ’6 1 ) w ith  the excep 
tion  that it contained 12 or 15% o f  soy
bean protein2 rather than 9.5%  , the extra  
protein  rep lacing dextrose. Th e nonpro
tein  d iet (N P D )  was form ulated  by rep lac
in g  the soybean protein  w ith  dextrose and 
substituting pure choline ch loride fo r  a 
25%  com m ercia l m ixture. In  tw o trials, 
g lyc ine and DL-methionine w h ich  w ere 
added to the basal d iet at leve ls o f 2 and 
3.0%  , respectively, o f  the soybean protein, 
w ere also in  the nonprotein  diet.

Experim ents 1 and 2 w ere designed p ri
m arily  to com pare the effects o f fa stin g  
and o f  a nonprotein  diet. In  these experi
m ents birds w ere fed  a basal d iet conta in 
in g  15% o f soybean protein  during the 
first two weeks and, during the third week, 
the alterations in  feed in g  (fr o m  fu ll fe ed 
in g  o f a com plete diet to fasting, and from  
a com plete diet to a nonprotein  d ie t ) w ere 
m ade at such tim es that all birds were 
k illed  and blood sam pled w hen  the birds 
w ere 21 days old. A ll treatm ents were 
applied to duplicate groups. W ater was 
availab le to the birds at all tim es regard 
less o f the treatment.

Experim ent 3 was a fu rth er in vestiga 
tion  o f the e ffect o f feed in g  a nonprotein  
diet on plasm a am ino acids, and incorpo
rated a test o f a m ethod fo r  detecting the 
am ino acids lim itin g  grow th from  obser
vations on plasm a am ino acid levels. For

Received for publication October 6, 1962.
1 This research was supported in part by a grant 

from the National Research Council of Canada.
2 Isolated soybean protein, ADM C-l Assay Protein, 

Archer-Daniels-Midland, Cincinnati, Ohio.
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this experim en t a basal d iet conta in ing 
12% o f soybean protein  w as fed  until the 
chicks w ere two w eeks o f age. A t this 
tim e each o f  6 experim en ta l diets w ere 
assigned to 4 groups o f chicks. T w o  groups 
from  each diet reg im en  w ere k illed  w hen 
the birds w ere 21 days old and the other 
two groups 24 hours la ter during w h ich  
in terva l the birds had received  a nonpro
tein  diet.

Th e  6 experim ental diets w ere derived 
fro m  the basal diet by a ltering the protein  
source, and the additional ingredients, 
thus introduced, rep laced dextrose in  the 
diet. In  p lace o f the 12% o f soybean pro
tein  the fo llow in g  com binations w ere used 
to obtain the 6 diets: 9.5%  o f  soybean 
protein  plus 15% o f zein  w ith  and w ithout 
the addition  o f  0.63%  o f L-lysine-H C l,3 
9.5%  o f soybean protein  plus 15% o f 
ge latin  w ith  and w ithout 0.12%  o f L-tryp- 
tophan and 20%  o f v itam in -free casein 
w ith  and w ithout 1% o f L-argin ine-H Cl.

B lood samples w ere taken from  the 
carotid  artery and pooled fo r  each group 
o f birds, and free  am ino acids in  the blood 
plasm a w ere assayed m icrob io logica lly . D e
tails o f the preparation  o f the blood plasm a 
and the assay procedures have been given  
previously (G ra y  et al., ’60; H ill et al., ’61; 
Olsen et al., ’6 1 ).

RESULTS AND DISCUSSION
Ef f ec t  o f  fasting  and a n on p ro te in  diet. 

In fluence o f the duration o f fastin g  on the 
concentration  o f free  am ino acids in  the 
plasm a, and a com parison o f the e ffect o f 
fa stin g  w ith  the feed in g  o f a nonprotein  
diet are recorded in  table 1.

W hen  birds w ere fasted  the concentra
tion  o f 8 am ino acids, arg in ine, glu tam ic 
acid, g lycine, h istid ine, m eth ion ine, phe
nyla lan ine, tryptophan and tyrosine de
creased, and the concentration  o f 6 am ino 
acids, glu tam ine, isoleucine, leucine, ly 
sine, threonine and va lin e  increased.

Lysine and threonine w ere the most 
a ffected o f the 6 am ino acids that in 
creased in  concentration  w hen  the birds 
w ere deprived o f feed. Th is  result w as in 
general accord w ith  earlier w ork  in  w h ich  
less restricted diets w ere  used (G ra y  et al., 
’6 0 ). H ow ever, in  the present experim ents 
the lysine concentration  recorded fo r  the 
fasted  chicks w as about tw ice the concen

tration  found by Gray et al. ( ’6 0 ) w ho used 
practical-type diets and 4-week-old Barred 
P lym outh  Rock cockerel chicks. A lthough  
this d ifference m ay be a re flection  o f a 
d ifference in  the chicks used, the possib il
ity  cannot be ignored  that a defic iency o f 
some trace ingredients in  the purified  diet 
m ay have in fluenced the results. In  partic 
u lar it  m ay be pointed out that no supple
m enta l source o f m olybdenum , a com po
nent o f xan th ine oxidase, was added to the 
purified diets and, fu rtherm ore, the p racti
cal-type and purified diets m ay have d if
fered  sufficiently w ith  respect to v itam in  
B 12 content to in fluence the result (C har- 
key et al., ’5 4 ).

In  eva luating the fastin g  e ffect it is w e ll 
to rem em ber that, i f  there is correlation  
betw een  dietary and plasm a am ino acid 
concentration  during the consum ption o f 
feed , the degree o f increase or decrease o f 
an am ino acid observed in  any particu lar 
experim en t w ill be in fluenced by previous 
diet. It  was found in  our laboratory,4 al
though details have not been published, 
that plasm a concentrations o f g lycine, 
isoleucine, leucine, lysine, m eth ion ine, 
threonine and va line w ere approxim ately 
proportional to their d ietary leve l. F or ex 
am ple, concentrations o f d ietary lysine o f 
0.5, 1.0, 1.4 and 1.9% (ob ta in ed  by in 
creasing the protein  in  the diet from  8.7 
to 29.9%  )  produced corresponding con
centrations o f p lasm a lys ine o f 2.5, 5.4,
8.1 and 10.5 m g/100 m l. It w as also ob
served that concentrations o f p lasm a arg i
n ine, h istid ine, phenylalan ine, tryptophan 
and tyrosine increased m arked ly w hen  the 
d ietary protein  was increased from  8.7 to 
2 1 .1% , although these am ino acids w ere 
not greatly a ffected by fu rther increases in  
d ietary protein.

H ow ever, apart from  these considera
tions, an increase o f any m agnitude in  the 
concentration  o f p lasm a am ino acids w hen  
fastin g  is im posed is ind icative o f an in 
creased contribution o f these am ino acids 
from  some endogenous source, the actual 
concentration  they reach in  the plasm a

3 L-Lysine-HCl was generously donated by Merck, 
Sharp and Dohme, Rahway, New Jersey.

4 Olsen, E. M., D. C. Hill, J. A. Gray and H. D. 
Branion 1959 Effect of dietary protein level on the 
concentration of free amino acids in the blood plasma 
of chicks. Poultry Sci., 3 8 : 1234 (abstract).
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probably being la rge ly  governed by their 
susceptibility to excretion  or deam ination.

D ata from  experim ents 1 and 2 support 
the hypothesis, previously stated, that birds 
fed  a nonprotein  diet should not exh ib it 
e levated  leve ls  o f p lasm a am ino acids. 
W h en  the nonprotein  d iet was fed , w ith  
the exception  o f the concentration  o f lysine 
as recorded in  experim en t 1, and that fo r  
m eth ion ine and glycine w hen  they w ere 
included in  the nonprotein  diet, plasm a 
leve ls  o f all am ino acids assayed w ere sub
stantia lly below  levels g iven  by the com 
plete diet. In  experim en t 1 the leve l o f 
lys ine rem ained sligh tly above that given  
by the com plete diet, but w as considerably 
less than the very  h igh  leve l exh ib ited by 
fasted  birds in  both experim ents.

Th e availab le data cannot provide an 
exp lanation  o f  these observations. H ow 
ever, it is reasonable to suggest that the 
p rim ary cause o f the increases fo llow in g  
a 24-hour fast was an accelerated break
down o f body protein  resu lting from  a 
defic ien cy o f energy, and that this break
dow n was prevented or slowed down w hen 
energy w as supplied by the nonprotein  diet.

As part o f experim en t 2 the nonprotein  
diet w as fed  fo r  6 days and then a 24-hour 
fast w as imposed. Th is treatm ent was 
included to in vestigate the possibility that 
the response o f p lasm a am ino acid concen
tration to fastin g, particu larly o f lysine, 
w as re lated to the protein  reserves o f the 
birds.

W ith  continued feed in g  o f the nonpro
tein  diet fo r  the 5 additional days, certain  
am ino acids increased in  concentration, 
others decreased, and still others changed 
little. M ost m arked effects  w ere increases 
in  glu tam ine, g lycine, lys ine and threo
nine. Th e  24-hour fast fo llow in g  the 6- 
day dep letion  period increased the con
cen tration  o f all am ino acids w ith  the 
exception  o f tryptophan which  decreased 
slightly. Th e response o f lysine to fastin g  
was considerably less than that obtained 
w ith  nondepleted birds, possibly a re flec
tion  o f depleted protein  reserves.

Th e observations in  experim ents 1 and 
2 raise a question regard ing the s ign ifi
cance o f fa s tin g  am ino acid levels in  the 
young chick, particu larly i f  such levels are 
to be used as a base line fo r  studying the 
effects  o f  d iet on am ino acid concentra

tions in  the blood. Fasting levels do not 
appear to represent a steady m etabolic 
state, but possibly a condition  in vo lv in g  
a rapid  breakdown o f body protein.

D e tection  o f  the am ino acids lim itin g  
grow th. Longenecker and Hause ( ’5 9 ) 
proposed a m ethod fo r  re lating concentra
tion o f p lasm a am ino acids to the nutri
tional value o f d ietary protein  using adult 
dogs as test animals. P lasm a am ino acid 
ratios were calcu lated by re lating the 
levels o f plasm a am ino acids, determ ined 
fo llow in g  a protein  m eal and corrected fo r  
levels obtained a fter an 18-hour fast, to 
the am ino acid requirem ents o f the adult 
dog. Such ratios when ranked in  order 
o f m agnitude w ere found to provide a 
reasonably good prediction  o f the am ino 
acids wh ich  were lim itin g  in  several pro
teins fo r  m aintenance o f the dog.

Th e method as outlined by Longenecker 
and Hause ( ’5 9 ) cannot read ily  be applied 
to chicks, particu larly because o f the in 
crease in  plasm a lysine and threonine 
which  occurs consistently w hen birds are 
fasted. H ow ever, in  v iew  o f the results o f 
experim ent 1 and 2 it appears that levels 
o f plasm a am ino acids obtained a fter feed 
in g a nonprotein  diet m ight be a suitable 
substitute fo r  fastin g levels in  applying 
the method.

Experim ent 3, which  was used to test 
this m odification , com prised 6 diets w ith  
certain  known or suspected am ino acid de
ficiencies. In  addition, the experim ent was 
designed to investigate the in fluence o f the 
preced ing diet on the levels o f plasm a 
am ino acids obtained fo llow in g  a 24-hour 
period o f feed in g  a nonprotein diet. Data 
yielded by this experim ent are g iven  in 
table 2.

Plasm a am ino acid levels produced by 
diets 1, 2, 3 and 4 w ere essentially in  
agreem ent w ith  those observed in  previous 
experim ents in  wh ich  sim ilar diets w ere 
used (H i l l  et al., ’6 1 ). D iets 5 and 6 w ere 
not investigated previously w ith  respect 
to their e ffect on plasm a am ino acids, but 
the low  leve l o f  p lasm a argin ine produced 
by diet 5 was anticipated because o f the 
dem onstrated deficiency o f this diet in 
arginine.

Quite d ivergent plasm a am ino acid 
values w ere obtained fo r  the various 
groups killed fo llow in g  the period o f feed-
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in g  the nonprotein  diet. Presum ably these 
d ifferences w ere re lated to the com position 
o f  the preced ing diet. S tatistical analysis 
o f the data fo r  each am ino acid (Snedecor, 
’5 6 ) showed that the effects o f the preced
in g  diet w ere h igh ly  sign ifican t ( P  <  0 .01 ) 
fo r  all am ino acids. D ata on hand do not 
perm it an exp lanation  o f these d ifferences 
but possibly fu rther experim ents in  which  
the nonprotein  diet wTas fed  fo r  both shorter 
and longer periods than 24 hours m ight 
c la rify  the problem .

Sets o f p lasm a am ino acid ratios w ere 
calcu lated fo r  each o f the 6 diets and re
corded in  table 3. Th e  ratios w ere obtained 
fo r  each am ino acid by subtracting the 
plasm a concentration  fo llow in g  the feed 
in g  o f the nonprotein  diet from  that fo l
low in g  the feed in g  o f the test diet, and 
d iv id ing the d ifference by the am ino acid 
requirem ent. T h e  requirem ents used were 
in  the percentages o f diet as g iven  by the 
N a tion a l Research Council ( ’6 0 ). For ex 
am ple, the p lasm a am ino acid ratio  fo r  
argin ine in  diet 1 w as calcu lated as

It should be em phasized that on ly the 
re lative m agn itude o f the ratios was con
sidered, the largest negative ratio or the 
sm allest positive ratio being taken to rep 
resent the first-lim iting am ino acid. N o  
sign ificance w as attached to the absolute 
m agnitude o f any one ratio.

On the last tw o  lines o f table 3 are 
shown the predicted first and second lim it
in g  am ino acids based on the re lative m ag
n itude o f the ratios. P red iction  o f the first 
lim itin g  am ino acid was apparently quite 
successful fo r  each o f the 6 diets. P red ic
tions w ere unequivocable in  the case o f 
diets 1, 3 and 5, in  v iew  o f the effects on 
w eigh t gains w h ich  resulted from  supple
m entation  o f the diets w ith  lysine, trypto
phan or arginine. In  the case o f d iet 2 
it w as found in  previous studies (H i l l  
et al., ’6 1 ) that tryptophan was the lim it
in g  am ino acid. D irect confirm ation  has 
not been obtained that the phenylalanine- 
tyrosine com plex  is lim itin g  w ith  diet 4. 
H ow ever, the am ino acid com position  o f 
this diet, based on published data fo r  the 
am ino acid com position  o f soybean protein  
and gelatin , supports the v iew  that such

TABLE 3

Plasma amino acid ratios and the prediction of lim iting amino acids1

Diet no. 1 2 3 4 5 6

Protein source Soybean + 
zein

Soybean + 
zein + 
lysine

Soybean + 
gelatin

Soybean + 
gelatin + 

tryptophan
Casein Casein + 

arginine

Amino acid

Arginine 2.58 1.00 7.25 9.00 0.58 3.75
Glycine 3.60 1.40 26.90 37.90 1.60 -1 .20
Histidine 6.33 5.00 2.00 0.33 7.00 7.67
Isoleucine 2.33 2.00 1.17 0.33 3.67 2.50
Leucine 3.36 3.71 0.79 0.86 1.79 1.36
Lysine -1 .10 4.00 6.30 3.40 18.70 10.80
Methionine2 5.11 3.38 1.88 2.13 2.25 2.13
Phenylalanine2 3.14 1.43 0.57 0.21 0.71 0.86
Threonine 18.20 9.83 6.67 2.17 32.50 14.80
Tryptophan 2.00 -4 .00 -3 .00 1.50 3.50 1.00
Tyrosine 6.57 4.43 0.43 -1 .43 5.71 3.29
Valine 2.25 1.25 2.88 2.88 5.88 4.75
Phenylalanine +

tyrosine 4.86 3.64 0.78 -0 .50 3.57 2.50

Limiting order
phenylalanine -

First lysine tryptophan tryptophan tyrosine arginine glycine

Second tryptophan arginine phenylalanine- histidine- glycine tryptophan
tyrosine isoleucine

1 Ratios calculated from data of table 2.
2 Calculation on basis that no cystine or tyrosine in the diet.
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is the case, ch iefly  due to a defic iency o f 
tyrosine. W ith  respect to diet 6, g lyc ine is 
m ost like ly  the lim itin g  am ino acid (W ater- 
house and Scott, ’61; Jenkins et al., ’6 2 ).

Pred iction  o f the second lim itin g  am ino 
acid was successful fo r  diets 1 and 2 (H i l l  
et al., ’6 1 ) and probably also fo r  diets 3 
and 5. H ow ever, in  the case o f diets 4 and 
6 the pred iction  is suspect. Th e  ca lcu 
lated am ino acid com position  o f d iet 4, in  
fac t, bears out that the concentration  o f 
h istid ine and isoleucine are low , but sug
gest the m eth ion ine-cystine com plex  as 
second lim itin g . A lso  investigations w ith  
a d iet basica lly  s im ilar to d iet 6 in  our 
laboratories (Jenk ins et al., ’6 2 ) support 
the v iew  that the su lfu r am ino acids w ere 
second lim itin g  rather than tryptophan 
as ind icated  by the p lasm a am ino acid  
ratios. Possib ly the su lfu r am ino acids 
behave excep tiona lly  w ith  respect to the 
diet-blood p lasm a relationship. On the 
other hand, the ca lcu lated am ino acid 
ratios fo r  m eth ion ine m ay be in  error due 
to an over estim ation  by the assay m ethod 
o f the ava ilab le m eth ion ine or underesti
m ation  o f the requ irem ents or, possibly, an 
unusual va lue obtained fo llow in g  the fe ed 
in g  o f  the nonprotein  diet. O f course, the 
possib ility cannot be dism issed that under 
the experim en ta l conditions pecu liar to 
experim en t 3 the su lfu r am ino acids w ere 
not second lim itin g  in  d iet 6. U n fortu 
nate ly  p lasm a values w ere  not ava ilab le  fo r  
cystine.

I f  one attem pts to pred ict the third 
lim itin g  am ino acid, d ifficu lties are im 
m ed ia te ly  apparent. For d iet 1, although 
va lin e  is pred icted  by the ratios, the th ird 
lim itin g  am ino acid is, as exp la ined  above, 
undoubted ly argin ine.

It  is perhaps not unexpected  that, w hen  
the birds are active ly  g row in g  and con 
sum ing fe ed  up to the tim e o f sacrifice as 
in  this experim en t, the pred iction  becom es 
u ncerta in  beyond the first or second lim it
in g  am ino acid. In  addition  to the de
m ands fo r  grow th , m an y factors  are cer
ta in ly  opera tin g w h ich  m o d ify  the am ino 
acid  concentrations in  the plasm a. A ll 
am ino acids, other than  the m ost lim itin g , 
are to a va ry in g  degree in  excess fo r  
grow th  purposes, and the m ore in  excess 
they are the m ore p redom inan t becom es

the in fluence o f these factors in  re lation  
to the dem and fo r  am ino acids fo r  tissue 
synthesis in  govern ing the plasm a am ino 
acid levels.

Th e  diets used in  experim en t 3 are m ore 
or less severely deficien t in  essential am ino 
acids fo r  the chick, and it has not been 
established that the procedure as described 
above w ou ld  be sensitive enough to detect 
borderline deficiencies. A lso  open to ques
tion  is w hether lys ine and threonine, in  
v iew  o f their tendency to exh ib it elevated  
leve ls  in  the p lasm a w hen  they are in  ex 
cess, w ou ld  be read ily  detected as second 
lim itin g  am ino acids in  diets w here they 
had this status. N evertheless, despite these 
and other possible weaknesses in  the pro
cedure as applied in  the present study, 
fu rth er in vestiga tion  o f its potentia lities 
seems warranted.

SUMMARY

Chicks w ere  fed  a d iet con ta in ing 15% 
o f iso lated soybean protein  and then de
p rived  o f feed  fo r  periods o f 12 to 48 
hours. T h e  rem ova l o f  feed  resu lted in  a 
m arked e levation  in  the concentrations o f 
lys ine and threon ine in  the blood plasm a, 
w ith  m ax im a l leve ls  be in g  recorded in  24 
to 36 hours. Concentrations o f g lu tam ine, 
iso leucine, leucine and va lin e  w ere  also 
elevated , but to a considerab ly lesser de
gree, and concentrations o f arg in ine, h is
tid ine, phenyla lan ine, tryptophan and tyro
sine w ere  depressed.

W h en  ch icks rece ived  the nonprotein  
portion  o f the d iet fo r  24 hours, ra ther than 
be in g  com plete ly  deprived  o f feed , the con 
cen trations o f a ll am ino acids in vestigated , 
in c lu d ing  lys ine and threon ine w ere  below  
va lues obtained w h en  the com plete diet 
w as fed .

S ix diets w ith  know n  or suspected am ino 
acid  defic iencies w ere  fed , and p lasm a 
am ino acid ratios w ere  ca lcu lated  fo r  each 
am ino acid by re la tin g  the p lasm a am ino 
acid  concen tration , corrected fo r  the con 
cen tration  obtained w h en  a nonprote in  d iet 
w as fed , to  the am ino acid  requ irem ent. It  
w as fou nd  that the ratios, on the basis o f 
the ir re la tive  m agn itude, revea led  the first 
and possib ly the second lim it in g  am ino 
acids fo r  the diets used.
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Jaffe (1 8 7 7 ) reported that the dom estic 
fo w l excreted benzoic acid conjugated  w ith  
ornith ine. W illiam s ( ’5 9 ) cites several 
additional studies w here other arom atic 
acids such as pyrom ucic, phenylacetic, p- 
n itrophenylacetic, p ico lin ic  acid, and n ico
tin ic acid w ere shown to be conjugated  
w ith  orn ith ine by the hen. Benzoic acid 
is also excreted by hens as the glucuronide 
(B a ld w in  et al., ’5 9 ).

T o  our know ledge, the source o f the 
orn ith ine fo r  con jugation  w ith  benzoic acid 
has n ever been investigated  extensively  in  
the chicken. C row dle and Sherw in  ( ’2 3 ) 
studied the end products o f n itrogen  m e
tabolism  o f  hens g iven  doses o f benzoic 
acid and concluded that orn ith ine fo r  this 
reaction  w as synthesized at the expense 
o f “w aste” n itrogen. Th e  proportion  o f 
total n itrogen  excreted  as uric acid de
creased to the extent that orn ith ine n itro
gen  increased in  hens g iven  benzoic acid.

I f  the ch icken could use “w aste” n itro
gen  to synthesize orn ith ine, the question 
arises as to w hat b iochem ical pathways 
m ay be utilized. Chickens apparently can
not synthesize argin ine and the absence 
o f this am ino acid from  the diet w ill re 
sult in  death .* 1 D ietary citru lline can re
place argin ine but orn ith ine w ill not sub
stitute fo r  argin ine (K lo se  and A lm quist, 
’4 0 ). Pathw ays fo r  the synthesis o f orn i
thine from  glu tam ic acid  or proline have 
been described in  the ra t (S a llach , ’5 1 ) 
but these in terconversions have not been 
investigated  in  the fow l.

Th e  studies described in  this paper w ere 
in tended to determ ine the source o f orn i
thine fo r  con jugation  w ith  benzoic acid in  
the ch icken and to study the possible nu
tritional im portance o f this reaction.

T o  approach the problem  as outlined, 
argin ine w as considered a possible source

o f orn ith ine fo r  con jugation  w ith  benzoic 
acid. I f  this hypothesis were true, feed ing  
benzoic acid could result in  an argin ine 
deficiency, w hich  could be corrected by 
d ietary sources o f either argin ine or orn i
thine. O ther possible precursors o f orn i
thine could also be studied in  this way. 
Th is was the in itia l approach to the prob
lem , fo llow ed  by fu rth er studies o f con
jugated  orn ith ine excretion  and the con
version  o f rad ioactive precursors in to 
orn ithuric acid.

EXPERIMENTAL

W hite  P lym outh  Rock m ale chicks from  
a com m ercia l hatchery w ere p laced on ex 
perim ent w hen  they w ere two days old 
and fed  the experim en ta l diets fo r  either 
14 or 21 days. Th e chicks w ere housed in  
e lectrica lly  heated, therm ostatica lly con
trolled battery brooders w ith  raised w ire 
floors, and g iven  fe ed  and w a ter ad 
lib itum . Th e  chicks w ere group-weighed 
at w eek ly in tervals. Th e body w e igh t data 
w ere subjected to analysis o f variance and 
d ifferences am ong treatm ent m eans w ere 
detected by D uncan ’s m u ltip le range test.

Th e  basal diets fo r  use in  the ch ick and 
hen studies are given  in  table 1.

Colostom ized hens w ere prepared by the 
m ethod o f  A riyosh i and M orim oto ( ’5 6 ). 
Hens prepared in  this m anner in  our lab
oratory have lived  up to a year a fter the 
operation  and have continued to la y  eggs 
a fter a short pause fo llow in g  the opera
tion. Th e  hens used in  this study w ere 
approxim ately 9 m onths old and w ere 
colostom ized three weeks prior to beg in 
n ing these experim ents. Benzoic acid addi
tions to the diet w ere m ade at the expense

Received for publication October 10, 1962.
1 Ousterhout, L. E. 1959 Effect of chronic amino 

acid deficiencies on the survival time of chicks. Fed
eration Proc., 18: 540 (abstract).
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TABLE 1
Diets used in chick and hen studies

Chick
diet

Hen
diet

% %
Isolated soybean protein1 25.00 18.82
Cornstarch — 62.53
Glucose 61.15 —

Cellulose 3.00 3.00
Soybean oil — 5.00
Corn oil 3.00 —

DL-Methionine 0.60 0.16
Glycine 0.40 0.16
Mineral mixture 5.632 5.632
Vitamin mixture 1.222 1.222
CaC03 — 2.62
L-Arginine • HC1 — 0.86

1 ADM C-l Assay Protein, Archer-Daniels-Midland, 
Minneapolis.

2 Vitamin mix and mineral mix are the same as 
described by Nesheim et al. ( ’62).

o f glucose. Feed consum ption o f the hens 
was slightly restricted so that all con
sumed nearly  the same quantity o f feed  
each day. T o ta l urine collections w ere 
m ade from  each hen fo r  two or three con
secutive two-day periods. U rine samples 
w ere rem oved from  the collection  appara
tus tw ice daily and frozen . A  few  drops o f 
form aldehyde w ere added to preven t bac
teria l decom position  o f urine samples. A ll 
analyses w ere m ade on two-day urine co l
lections from  each hen.

For analysis, the urine collections w ere 
thawed, diluted to a conven ient volum e 
(u su a lly  700 m l)  and hom ogenized  in  a 
W ar in g  Blendor. Th e solids w ere a llow ed 
to settle and aliquots o f the suspension 
w ere taken fo r  analysis fo r  urea, creatine- 
creatin ine, free  and conjugated  ornithine. 
U rea  was determ ined by the urease 
m ethod o f Van  Slyke and Cullen ( T 4 ) ,  
and creatine by a m odification  o f the 
m ethod o f Taussky ( ’5 4 ). Free orn ith ine 
was determ ined by application  o f the acid 
n inhydrin  m ethod o f Chinard ( ’5 2 ) to an 
appropriate dilution  o f urine. Con jugated 
orn ith ine was determ ined by m easuring 
orn ith ine liberated fo llow in g  treatm ent o f 
the urine sample w ith  6 n  H 2S 0 4 fo r  9 
hours in  an autoclave at 25 pounds pres
sure.

Rad ioactiv ity  m easurem ents w ere m ade 
by d issolving 3.5 m g o f the isolated d i
benzoyl orn ith ine in  0.1 cc o f 1.0 n  am 
m onium  hydroxide in  a planchet. Even 
distribution w as achieved by p lacing a

disc o f lens paper in  the p lanchet and 
drying in  an oven  at 70 to 80 °C. Th e  
counting w as done in  a Nuclear-Ch icago 
gas-flow counter w ith  a m icrom il w indow  
in  place. A ll samples w ere counted at the 
same mass and no attempts w ere m ade 
to re late rad ioactiv ity  recovered  to dose 
since the isolation  was not quantitative.

The dibenzoyl orn ith ine w as isolated 
from  filtered  urine by ac id ify in g  the f il
trate to pH  1 to 2 w ith  HC1. A fte r  18 
hours, the supernatant w as decanted and 
the crystals w ere washed three tim es w ith  
hot w ater on a sintered glass filter. Th e 
crystals w ere dissolved in  dilute N H 4OH 
in  a volum e o f 200 cc, decolorized w ith  
charcoal, filtered  and reprecip itated  by 
ac id ify in g  the solution. Th e crystals w ere 
collected, washed w ith  hot w ater and re
crystallized several tim es from  ethanol 
until the m eltin g  point was constant and 
agreed w ith  literature values fo r  d iben
zoyl orn ith ine (182  to 1 8 4 °C ).

RESULTS

A  prelim inary experim ent indicated that 
d ietary leve ls o f 1, 2 and 3%  o f benzoic 
acid depressed grow th rate o f chicks in  a 
m anner lin early  re lated to benzoic acid 
concentration. On the basis o f these re 
sults a d ietary leve l o f 1.5% o f benzoic 
acid was chosen fo r  fu ture studies since 
this leve l depressed grow th but did not 
appear to cause the ch ick undue distress.

Th e results o f a series o f experim ents 
conducted to determ ine w hether various 
am ino acids would reverse the grow th 
depression caused by benzoic acid are 
sum m arized in  table 2.

In  experim ent 1, 1.5% o f benzoic acid 
m arkedly depressed grow th rate o f chicks. 
Th e depression in  grow th caused by ben
zoic acid was considerably less w hen  ar
gin ine or orn ith ine w as added to the diet. 
G lutam ic acid did not in fluence the grow th 
depression caused by benzoic acid feed ing. 
A rg in in e and glu tam ic acid did not im 
prove grow th o f chicks fed  diets w ithout 
benzoic acid. Th e  argin ine and orn ith ine 
levels used w ere equal m olar and w ere 
calcu lated to supply sufficient orn ith ine to 
con jugate w ith  the benzoic acid used. Th e 
glu tam ic acid leve ls used w ere equal m olar 
and two tim es the m olar leve ls  o f arg in ine 
and orn ith ine used.
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The results o f  experim en t 2 are also 
shown in  table 2. Leve ls  o f orn ith ine and 
argin ine fed  w ere the sam e as in  experi
m ent 1. Th e glycine leve l was equal m olar 
w ith  the added leve ls  o f arg in ine and or
n ith ine. G lycine had no e ffect on the 
grow th depression caused by benzoic acid 
feed ing , w hereas orn ith ine and argin ine 
again  partia lly  overcam e the detrim ental 
effects o f benzoic acid.

Th e first tw o experim ents ind icated  that 
additional arg in ine or orn ith ine reversed 
part, but not all, o f  the grow th  depression 
caused by benzoic acid  feed ing . A n  addi
tional experim en t was conducted to deter

m ine w hether all o f  the growth-depressing 
effects  o f a slightly low er leve l o f  benzoic 
acid could be reversed by argin ine. The 
p lan  and results o f  this experim en t are 
shown in  table 3.

Growth o f chicks fed  1% o f benzoic 
acid  was less depressed than by the 1.5% 
used in  the first experim ents. Chicks fed  
0.88%  o f arg in ine plus benzoic acid grew  
nearly  as rap id ly  as those rece iv in g  the 
basal diet. H igh er leve ls o f arg in ine w ere 
not m ore e ffective. In  the absence o f ben
zoic acid, the 1.76% o f L -arg in ine-H C l 
was slightly growth-depressing, possibly 
because the chloride leve l o f the diet was

TABLE 2
Effect of various amino acids on growth depression caused by benzoic acid

Treatments Avg wt, 
2 weeks1

Multiple
range
test2

Experiment 1
gm

Basal 189 a
- fl.5 %  benzoic acid 125 c
+  1.5% benzoic acid+1.36%  L-arginine-HCl 158 b
+  1.5% benzoic acid+1.1%  L-ornithine • HC1 158 b
+  1.5% benzoic acid +  0.87% glutamic acid 126 c
+  1.5% benzoic acid+1.74%  glutamic acid 132 c
+  1.36% L-arginine-HCl 177 ab
+  1.74% L-glutamic acid 187 a

Experiment 2
Basal 195 ab

+  1.5% benzoic acid 127 e
+  1.5% benzoic acid+1.36%  L-arginine-HCl 153 cd
+  1.5% benzoic acid+  1.1% L-omithine-HC1 169 c
+  1.5% benzoic acid +  0.48% glycine 136 de
+  1.36% L-arginine-HCl 192 b
+  1.1% L-ornithine ■ HC1 198 ab
+  0.48% glycine 214 a

1 Weights represent an average of 3 replicate groups of 8 chicks each/treatment.
2 Means not followed by same letter are significantly different 

— Duncan’s multiple range test (Federer, ’55).
at the 1 %  level of probability

TABLE 3
E f f e c t  o f  le v e ls  o f  a r g in in e  a n d  'L -p r o l in e  o n  g r o w th  d e p re s s io n  c a u s e d  b y  b e n z o ic  a c id

Treatment Avg wt, 
2 weeks1

Multiple
range
test2

gm

Basal 198 a
+ 1  % benzoic acid 169 b
+  1% benzoic acid+  0.88% L-arginine-HCl 192 a
+  1% benzoic acid+1.36%  L-arginine-HCl 186 ab
+  1% benzoic acid + 1.76% L-arginine-HCl 183 ab
+  1% benzoic acid +  0.70% L-proline 171 b
+1.76%  L-arginine-HCl 180 ab
+  0.70% L-proline 194 a

1 Weights represent an average of 3 replicate groups of 8 chicks each/treatment.
2 Means not followed by same letter are significantly different at the 5 %  level of probability 

— Duncan’s multiple range test (Federer, ’55).
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too h ig h . T h e  L -p ro lin e  w a s  in e ffe c t iv e  in  
o v e rc o m in g  th e  g ro w th  d ep ress io n  caused  
b y  fe e d in g  1 %  o f  b e n zo ic  ac id .

A n  additional experim en t was con
ducted to determ ine the e ffect o f argin ine 
on the grow th depression caused by feed 
in g  h igh  levels o f phenyla lan ine and tyro
sine. It  was considered possible that feed 
in g  la rge excesses o f these am ino acids 
w ou ld result in  the urinary excretion  o f 
m etabolites that m ay be con jugated  w ith  
orn ith ine; also that argin ine m igh t have 
an e ffect on the grow th  depression caused 
by these am ino acids. Th e results o f an 
experim ent to test this hypothesis are 
shown in  table 4. DL-Phenylalanine de
pressed grow th m ore than L-tyrosine at 
the levels fed . Chicks rece iv in g  the basal 
d iet supplem ented w ith  phenyla lan ine and 
argin ine grew  s ign ifican tly  faster than 
those fed  the d iet con ta in ing phenyla la
n ine alone. H ow ever, this im provem ent 
in  grow th  rate was re la tive ly  sm all com 
pared w ith  the e ffect o f arg in ine on ben
zoic acid  tox icity observed in  the previous 
experim ents. There w as no significant 
e ffect o f arg in ine on the grow th  depres
sion observed in  chicks fed  the basal diet 
supplem ented w ith  L-tyrosine.

Th e experim ents described above in d i
cated that only argin ine or orn ith ine could 
partia lly  overcom e the grow th depression 
caused by feed in g  benzoic acid to chicks. 
Th is suggested that argin ine w as the 
source o f orn ith ine fo r  con jugation  w ith  
benzoic acid and that orn ith ine w as not 
synthesized from  glu tam ic acid or proline.

T o  establish fu rther the source o f  or
n ith ine fo r  con jugation  w ith  benzoic acid 
and to supplem ent the nutritional data 
obtained, an experim ent w as conducted 
w ith  C14-labeled glucose and argin ine. T w o

colostom ized hens w ere each in jected  in- 
traperitoneally w ith  46 uc o f L-arginine-1- 
C14 and tw o colostom ized hens w ere each 
in jected  in traperitoneally  w ith  138 uc o f 
un iform ly  labeled C14 glucose. Th e  hens 
w ere fed  the basal diet shown in  table 1 
fo r  10 days prior to the in jection  o f rad io 
active compounds. Shortly a fter the rad io
isotopes w ere  given, 1 gm  o f benzoic acid 
was g iven  to each hen ora lly  in  a ge latin  
capsule. Tw enty-four-hour urine co llec
tions w ere m ade and the dibenzoyl orn ith 
in e isolated and rad ioactiv ity  determ ined. 
Th e  two samples o f d ibenzoyl orn ith ine 
from  the hens rece iv in g  the labeled a rg i
n ine had a specific activ ity  o f 28,600 and 
23,400 count/m in/m g, respectively. Es
sentia lly no activ ity  was observed in  the 
d ibenzoyl orn ith ine isolated from  hens 
g iven  the rad ioactive glucose. Th is  in d i
cates that the hen does not possess a m et
abolic pathw ay to synthesize orn ith ine 
from  glucose.

A dd itiona l studies w ere conducted w ith  
colostom ized hens to obtain  data on the 
quantitative aspects o f  the e ffect o f ben
zoic acid feed in g  on argin ine m etabolism . 
M easurem ents w ere m ade on urinary ex 
cretion  o f “bound” orn ith ine o f hens fed  
the basal d iet and then on the same hens 
fed  the basal d iet supplem ented w ith  2%  
o f benzoic acid or 2%  o f DL-phenylala- 
nine. Th ree  hens w ere used in  the series 
in  w h ich  benzoic acid was studied and 
three w ere used in  the series w here phenyl
a lanine w as studied.

Th e data fo r  these experim ents are in 
cluded in  table 5. Except w here indicated, 
the data represent averages o f analyses on 
three separate two-day urine collections. 
Th e data ind icate that con jugated  orn ith 
in e excretion  o f hens fed  the basal diet

TABLE 4
Effect of arginine on the toxicity of phenylalanine and tyrosine

Treatment Avg wt, 
2 weeks1

Multiple
range
test2

gm
Basal 358 a

- ¡ - 3 %  DL-phenylalanine 216 b
+  3% L-tyrosine 260 c
+  3% DL-phenylalanine +  1 .6 5 %  i^arginine-HCl 244 c
+  3% L-tyrosine +  1.65% L-arginine-HCl 273 c

1 Weights represent an average of 3 replicate groups of 8 chicks each/treatment.
2 Means not followed by same letter are significantly different at the 5 %  level of probability 

— Duncan’s multiple range test (Federer, ’55).
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TABLE 5
Effect o f benzoic acid and OL-phenylalanine feeding on excretion of conjugated ornithine

Hen
no.

Conjugated 
ornithine 
excreted/ 

48 hr

Urea
excreted/ 

48 hr
Creatine — 
creatinine/ 

48 hr

Conjugated 
ornithine 
excreted/ 

48 hr

Urea 
excreted/ 

48 hr
Creatine — 
creatinine/ 

48 hr

mmole mmole mmole mmole mmole mmole
Basal Basal +  2% benzoic acid

1 0.40 6.51 0.36 11.70 11.54 1.10
2 0.76 12.01 0.87 11.76 11.43 1.34
3 0.56 9.00 0.80 9.14 9.83 0.92

Average 0.57 9.17 0.68 10.87 10.93 1.12

Basal +  2% DL-phenylalanine
4 0.611 10.841 0.661 0.88 10.60 1.07
5 0.68 8.62 0.61 0.93 9.75 0.70
6 0.96 5.71 0.69 1.18 6.83 1.08

Average 0.75 8.39 0.65 1.00 9.06 0.95
1 Average of determination on 2 consecutive 48-hour urine collections. All other values in table are averages 

of determinations on 3 consecutive 48-hour urine collections.

was very  low . Based on calcu lated argin 
ine intake over the collection  period, only 
about 2%  o f the ingested  argin ine could 
be accounted fo r  in  this w ay, assum ing 
the only source o f the orn ith ine w as ar
gin ine. W h en  benzoic acid was fed , h ow 
ever, con jugated  orn ith ine increased m ark
edly, and based on  calcu lated argin ine 
intake, about 40%  o f the ingested  argin ine 
w ou ld  be requ ired to provide the urinary 
orn ith ine found.

Th ere  w as a slight increase in  conju 
gated orn ith ine excretion  fo llow in g  phenyl
a lan ine feed ing . Th is  increase is o f doubt
fu l s ign ificance and the data indicate that 
little  orn ith ine con jugation  o f m etabolites 
occurs fo llow in g  ingestion  o f excess phenyl
alanine.

In  the acid n inhydrin  m ethod used fo r  
orn ith ine determ ination , lys ine w ill also re 
act to g ive some in te r fe r in g  color. U rine 
samples from  hens g iven  benzoic acid 
w ere acidified, and the resu lting precip i
tate treated w ith  6 n  HC1 fo r  9 hours at 
25 pounds pressure in  an autoclave. A fte r  
rem ovin g  the hydroch loric acid, the hydro
lyzed  samples w ere chrom atographed in  a 
tertiary butanol, fo rm ic  acid and w ater 
(7 0 :1 5 :1 5 )  system  on W hatm an  no. 1 
filter paper. O rn ith ine w as the on ly am ino 
acid observed on the chrom atogram s. L y 
sine could not be detected in  the hydrolys
ate even  though the system  w as shown 
to separate lysine and orn ith ine.

Data obtained in  studies o f  urea and 
creatine-creatin ine excretion  o f colosto-

m ized  hens rece iv in g  benzoic acid are 
sum m arized in  table 5. Th e  excretion  o f 
these com pounds was m easured because 
orn ith ine can be derived from  arg in ine as 
a result o f  breakdown o f arg in ine to urea 
and orn ith ine or by transfer o f the guan- 
id ino  group to glycine to fo rm  guanidino 
acetic acid. A lthough  the creatine-creatin 
ine and urea excretion  o f hens rece iv in g 
benzoic acid increased com pared w ith  the 
same hens fed  the control diet, this in 
crease is not equ iva lent to the increase in  
orn ith ine excretion. Th e  urea excretion  
by these hens was quite h igh  even  in  the 
absence o f d ietary benzoic acid. Since 
the argin ine leve l o f  the hen  d iet was 
quite h igh, sufficient argin ine m ay have 
been broken down to urea and orn ith ine 
to supply sufficient orn ith ine to con ju 
gate w ith  benzoic acid w ithou t a fu rther 
increase in  urea excretion.

DISCUSSION

Th e data presented above ind icate that 
d ietary arg in ine is probably the source o f 
orn ith ine in  the fo w l fo r  con jugation  w ith  
arom atic acids such as benzoic acid. A p 
parently pathways fo r  orn ith ine synthesis 
from  glu tam ic acid, proline or glucose pre
cursors do not exist in  the dom estic fow l.

Th e studies on orn ith ine excretion  by 
colostom ized hens fed  benzoic acid in d i
cates that a sizeable am ount o f  the 
ingested  arg in ine m ay be used fo r  con
ju gation  w ith  ornith ine. Based on feed
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consum ption records, percen tage o f ben
zoic acid fed , calcu lated arg in ine intake, 
and orn ith ine excretion , our data indicate 
that about 60%  o f the benzoic acid dose 
was excreted  as the orn ith ine conjugate. 
Th is  ca lcu lation  assumes that only d iben
zoy l orn ith ine was excreted and no m ono
benzoyl ornith ines. B a ldw in  et al. ( ’5 9 ) 
found by isotopic procedures that 25 to 
43%  o f an ingested  benzoic acid dose was 
excreted as the orn ith ine con jugate by 
hens. Possibly the h igher values w ere ob
tained in  these studies because o f  the 
h igher argin ine content o f the diets used.

A lthough  argin ine requ irem ents can be 
increased by feed in g  benzoic acid, nor
m a lly  arg in ine needs should be a ffected  to 
a n eg lig ib le  extent by orn ith ine synthesis. 
In  the absence o f d ietary benzoic acid, 
con jugated  orn ith ine excretion  w as very 
small.

M cG ilverv  and Cohen ( ’50) showed that 
orn ithuric acid synthesis occurred in  hen 
k idney but not in  the liver. B a ldw in  ( ’3 6 ) 
suggested m any years ago that the m ain  
fu n ction  o f  arginase in  the hen kidney 
was to supply orn ith ine fo r  detoxication.

Lysine has been shown to be converted 
to the 4,4 '-diam inolysuric acid on reaction  
w ith  p-am inobenzoic acid in  ch icken k id
ney slices by E fim ochk ina ( ’5 1 ). In  the 
same studies, DL-proline or L-glutam ic 
acid w ou ld not fo rm  benzoic acid con ju 
gates, but argin ine, citru lline and N 5- 
benzoyl-DL-ornithine did g ive  rise to or
n ithuric acid in  k idney slices. Th is  data 
w ou ld be in  agreem ent w ith  evidence 
obtained in  the present report. A lthough 
E fim ochk in a  produced a lys ine conjugate 
in  in  v itro  experim ents, no conjugated 
lysine w as dem onstrated in  urine samples 
studied in  our experim ents.

A lthough  feed in g  benzoic acid to chicks 
apparently caused a slight argin ine defi
c iency, none o f the outward m an ifesta 
tions o f am ino acid defic iency w ere 
present. Characteristic poor fea th erin g  is 
genera lly  observed w ith  argin ine defi
c iency in  young chicks, but in  the experi
m ents reported here fea th erin g  w as not 
a ffected  by benzoic acid feed ing , and 
except fo r  poor grow th  the appearance o f 
the chicks was norm al.

SUMMARY

Th e source o f ornith ine fo r  con jugation  
w ith  benzoic acid in  the chicken w as in 
vestigated. Th e  grow th depression caused 
by feed in g  benzoic acid to chicks could be 
partia lly  reversed by d ietary additions o f 
orn ith ine and argin ine but not by g lycine, 
proline, or glu tam ic acid. In  studies w ith  
colostom ized hens, dibenzoyl orn ith ine iso
lated from  urine o f hens that received  
in traperitoneal in jections o f L-arginine-1- 
C 14 was h igh ly  radioactive, whereas no 
rad ioactiv ity  was observed in  dibenzoyl or
n ith ine isolated from  hens rece iv in g uni
fo rm ly  labeled glucose-C14. Excretion  o f 
orn ith ine from  hens rece iv in g 2%  o f d ie
tary benzoic acid was high, am ounting to 
nearly  40%  o f d ietary argin ine equivalent.

These studies show that the ch icken  is 
apparently unable to synthesize orn ith ine 
and that d ietary argin ine is the source o f 
orn ith ine fo r  con jugation  w ith  benzoic 
acid.
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Vitamin Stability in Diets Sterilized for 
Germfree Animals* 1

D. R. ZIMMERMAN a n d  B. S. WOSTMANN
Lobund Laboratory, Department of Biology, University of Notre Dame, 
Notre Dame, Indiana

Diets used for germfree animals must be 
autoclaved rigorously to insure complete 
absence of viable bacteria and bacterial 
spores. To this date, the most practical 
method of sterilization has been to auto
clave with steam. In the Lobund Labora
tory diets are routinely autoclaved at 17 
pounds steam pressure (123°C) for 25 
minutes. Linder these conditions a number 
of changes may take place in the chemi
cal composition of the diets. Luckey et al. 
( ’55) reported vitamin retention data sub
sequent to sterilization of diets for germ- 
free animals which demonstrated con
siderable loss of thiamine and lesser losses 
of other selected B vitamins.

The purpose of the work reported here
in was to reinvestigate the retention, after 
autoclaving, of a number of vitamins in 
three stock diets used at the Lobund Lab
oratory. Preliminary investigations had 
demonstrated improved thiamine retention 
when water had been added to the diet 
prior to autoclaving. This observation was 
verified by the present studies and in prin
ciple extended to other water soluble vita
mins and vitamin A.

EXPERIMENTAL
Thiamine, riboflavin, vitamin B6 and 

calcium pantothenate stabilities were de
termined in L-356, L-462 and L-473E5 —  
three formulas routinely used at the Lo
bund Laboratory. L-356 (Larner and Gil
lespie, ’57) is a semisynthetic, L-462 
(Wostmann, ’59) a more practical-type 
diet for rats and mice. L-473E5, a diet fed 
to rabbits and guinea pigs, is an adjusted 
modification of diet L-462. All diets are 
described in detail in table 1.

Portions of each of the above formulas 
were mixed with distilled water to obtain 
samples containing 100, 80, 60, 40, and

20% of air-dried feed (solids). Samples 
containing 60, 40 and 20% solids were 
placed in refrigerator trays to a depth of 
approximately 0.75 inch, whereas the 100 
and 80% solids samples were made into 
packs 0.75 X 5 X 5 inch by wrapping in 
cheese cloth following by Kraft paper. 
Three sterilization runs, each containing 
a replication of the above samples, were 
then conducted under the following condi
tions: 20 minutes of vacuum (approxi
mately 22 inches) without heat (in  the 
jacket), followed by a 25-minute period 
with 17 pounds steam pressure (123°C). 
Subsequent to completion of the three 
sterilization runs, the comparable samples 
from each run were combined and stored 
at —20°C until assayed.

For thiamine, vitamin B6 and riboflavin 
analysis, duplicate extracts were prepared 
by refluxing samples with 0.1 n  hydro
chloric acid for one hour, whereas distilled 
water was used in place of hydrochloric 
acid to prepare duplicate pantothenic acid 
extracts. The above conditions were know
ingly inadequate for complete extraction of 
bound vitamins, but they were considered 
adequate to remove the added crystalline 
vitamins. These added vitamins supplied 
the majority of the total vitamins. The 
relative loss of the added vitamins after 
sterilization was of primary interest. The 
extracts were adjusted to approximately a 
pH of 5, filtered through Whatman no. 40 
paper, and stored in brown bottles at 
—20°C until assayed. Thiamine was de
termined fluorometrically as thiochrome
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T A B L E  1

Composition of diets

Constituent Diet
L-356

Diet
L-462

Diet
L-473E5

Casein, gm

a m o u n t/  
100 gm

2 0 1

a m o u n t /  
100 g m  

52

a m o u n t/  
100 g m  

5
Lactalbum in, gm — 1 0 . 5 1 0 . 5
Rice flour, gm 58.5 — _
W hole wheat flour, gm — 32 32
Yellow corn meal, gm — 34 13
Rolled oat groats, gm — — 21
W hole milk powder, gm — 10.5 10.5
Liver powder, gm 2 2 2
Yeast extract, gm 2 — —

A lfa lfa  m eal, gm — 2 2
Corn oil, gm 5 — _
Powdered cellulose,3 gm 5 — —

Salts, gm 5 1.8 3.8

Ascorbic acid, mg 200 _ _
Thiam ineH C1, mg 6 3 3
Riboflavin, mg 6 1.5 1.5
N icontinic acid, mg 5 2.5 2.5
Nicotinam ide, m g 5 2.5 2.5
Ca pantothenate, mg 30 15 15
Choline chloride, mg 200 100 100
Pyridoxine-HCl, mg 2 1 1
Pyridoxam ine dihydrochloride, mg 0.4 0.2 0.2
Biotin, mg 0.1 0.05 0.05
Folic acid, mg 1 0.5 0.5
p-Am inobenzoic acid, mg 5 2.5 2.5
i-Inositol, mg 100 — 50
Vitamin Bi2 ( 0 . 1 %  trituration) in m anitol, mg — 12.5 12.5
Cornstarch, mg 217.5 108.75 58.75
Fat-soluble vitamins

Vitamin A cone., natural ester form , IU 800 800 800
Vitamin D,4 IU 100 100 100
Vitamin E, m ixed tocopherols, mg 150 37.5 37.5
d.l a-tocopheryl acetate, mg — 10 10
Vitam in K 3, m enadione, mg 10 10 10
Corn oil to make a total in  gm 2 2 2

C aC 03, gm 1.500 5005 500
CaHPOi, mg 275 — —
K2HPO4, gm 1.125 — —
N a.H P 04, mg 1000 — —
NaCl, mg 250 300 550
K acetate, m g — — 900
Mg acetate, m g — — 950
KI, mg 3.75 4.5 4.5
M gS04-7H20 , mg 375 450 450
M nS04-H»0, mg 62.5 57.7 57.7
F e(C 6H50 7)2, mg 375 450 450
CuS0 4-5H20 , mg 19.2 22.4 22.4
CoCl2-6H20 , mg 2.5 3.0 3.0
Z nS 04-H20 , mg 5 3.8 3.8
NaF, m g — 1.5 1.5
N a2B4(V 1 0 H 2O, mg 2.5 3.0 3.0
M0O3, m g 3.7 3.0 3.0
A1K (S04) 2-12H20 , mg — 4.5 4.5

pH Before sterilization6 6.1 5.5 5.8
pH After sterilization6 6.0 5.6 5.8

1 Labco, The Borden Company, New York.
2 Technical — 30-mesh, National Casein Sales, Chicago 20.
3 Cellophane Spangles, Microfiber, Inc., Pawtucket, Rhode Island.
4 Delsterol, E. I. Du Pont de Nemours and Company, Wilmington, Delaware.
5 Added separately. , .
6 Mixture of one part air-dried diet to 4 parts of water.
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TABLE 2
Effect of steam sterilization on B vitam in stability in  Lobund diets at graded moisture levels

Treatment Diet L-356 Diet L-462 Diet L-473E5

% solids % retention ßg/gm % retention 
Riboflavin

ng/gm % retention ß g/gm

Raw1 100.0 33.7 ±0 .82 100.0 20.8 ±0.1 100.0 22.6 ±0.3
SS3 1004 94.4 31.8 95.2 19.8 88.1 19.9
SS 80 95.5 32.2 96.2 20.0 93.8 21.2
SS 60 95.3 32.1 96.6 20.1 96.5 21.8
SS 40 92.0 31.0 96.2 20.0 94.7 21.4
SS 20 93.8 31.6 93.3

Pyridoxine

19.4 92.0 20.8

Raw 100.0 21.2 ±  1.3 100.0 12.0±0.3 100.0 14.0 ±0.4
SS 100 83.0 17.6 68.3 8.2 64.3 9.0
SS 80 90.6 19.2 69.2 8.3 78.6 11.0
SS 60 90.6 19.2 76.7 9.2 80.7 11.3
SS 40 91.5 19.4 79.2 9.5 92.8 13.0
SS 20 97.2 20.6 85.0

Thiamine

10.2 98.6 13.8

Raw 100.0 52.4 ±1.6 100.0 27.4 ±0.5 100.0 34.2 ±  1.9
SS 100 11.8 6.2 24.7 6.7 9.4 3.2
SS 80 31.5 16.5 39.8 10.9 42.1 14.4
SS 60 37.0 19.4 58.4 16.0 52.6 18.0
SS 40 42.4 22.2 56.6 15.5 59.1 20.2
SS 20 65.5 34.3 61.3

Calcium pantothenate

16.8 62.6 21.4

Raw 100.0 385 ± 3 100.0 194 ± 6 100.0 218 ± 6
SS 100 72.7 280 59.8 116 53.2 116
SS 80 81.0 312 65.5 127 76.6 167
SS 60 88.6 341 77.3 150 81.7 178
SS 40 85.7 330 79.4 154 90.4 197
SS 20 92.7 357 81.4 158 95.0 207

1 Raw indicates fresh nonsterilized diet.
2 SD.
3 SS designates steam-sterilized.
4 Indicates percentage of solids in diet.

according to a modification of the method 
by Bouman ( ’48), described by Wöst
mann and Knight ( ’60). Vitamin B6 was 
assayed microbiologically with Saccharo
myces carlshergenisis (ATCC 9080) (Hur
ley, ’60), riboflavin fluorometrically (AOAC, 
’60) and calcium pantothenate microbio
logically with Lactobacillus plantarum 
(ATCC 8014) (AOAC, ’60). In two sepa
rate series with diet L-462, vitamin A and 
carotene were determined colorimetrically 
by the AOAC ( ’60) methods for mixed 
feeds. Dry matter was determined by dry
ing feed samples at 100 to 105°C for 24 
hours.

The data were treated by analysis of 
variance. In this way variances due to 
experimental treatments and analysis tech
nique were removed from the error vari
ances. Standard deviations were calculated

from the error variances and are presented 
in the tables.

RESULTS AND DISCUSSION

The experimental data concerning the 
B vitamins are summarized in table 2. 
Vitamin content is expressed as micro
grams per gram of air-dried feed and as 
percentage recovery or retention.

In the air-dried diets (100% solids) 
thiamine destruction was extensive (75 
to 90% of initial level), followed in order 
of increasing stability by calcium panto
thenate, vitamin Be and riboflavin. This 
order of stability was the same in each of 
the three formulas. Furthermore, in air- 
dried diets the destruction of each of the 
above vitamins was greatest in L-473E5. 
This diet is very similar to L-462, except 
for the addition of potassium and mag
nesium as the acetate salts.
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Water additions to the air-dried diets 
prior to autoclaving improved the stability 
of the above B vitamins, with the exception 
of riboflavin which was not affected. In 
general, the greatest improvement in sta
bility was obtained from the smallest addi
tion of water. However, each increasing 
moisture level further improved vitamin 
retention. Diet L-473E5, which showed the 
greatest losses of thiamine, calcium pan
tothenate and vitamin B6 in sterilized air- 
dried diet, also demonstrated the greatest 
benefit in improved vitamin stability with 
water additions.

The effect of autoclaving diet L-462 at 
graded moisture levels on the retention of 
added vitamin A and naturally occurring 
carotene was investigated in a second ex
periment. These data are summarized in 
table 3. There was only moderate destruc
tion of vitamin A and carotene in the air- 
dried autoclaved diet. Graded water addi
tions appeared not to change the vitamin 
A retention materially. However, in the 
case of carotene, there was a definite trend 
of decreasing retention with increasing 
moisture content —  an effect directly op
posite to that noted with the B vitamins.

The mechanism by which water addi
tions to the diets protect some B vitamins 
is at this time unknown. That 3 out of 4 
of the B vitamins studied demonstrated 
this response indicates some common, gen
eral mechanism. The results presented 
here suggest agreement with the observa
tions of Waibel et al. ( ’54). These workers 
observed improved retention of thiamine 
in a purified diet when stored in an area 
of high relative humidity as opposed to a 
lower humidity. They had demonstrated

that the strongly hygroscopic dibasic po
tassium phosphate contributed greatly to 
the thiamine instability in their diets. 
Kandutsch and Baumann ( ’53) had ear
lier postulated that thiamine destruction 
takes place in the aqueous film on food 
particles and that oxygen is the destructive 
agent. The high salt concentration in 
these water layers, in which the value of 
the pH does not necessarily parallel that 
measured in a dilute diet suspension (table 
1), might be instrumental in this process. 
Waibel et al. ( ’54) also claimed that de
struction took place in the aqueous film 
and suggested that the protective effect 
of diet storage at high humidity may be 
due to a dilution of the aqueous phase 
surrounding the food particles. Protection 
of other B vitamins by increasing moisture 
content might possibly be explained by 
similar mechanisms.

The retention of vitamin A in sterilized 
L-462 is in agreement with the data of Rey- 
niers et al. ( ’50), who recovered approxi
mately 80% of the original vitamin A from 
a semisynthetic diet after similar sterili
zation procedures. Water additions to the 
diet had no observable effect on vitamin 
A stability. An explanation for the appar
ent detrimental effect of water in the diet 
on carotene stability is not known by the 
authors.

On many occasions, steam sterilization 
of air-dried diets has given rise to prob
lems, as anticipated earlier (Wostmann, 
’59). The margin between absolute sterility 
and over-sterilization characterized by im
paired performance of the animal appears 
small with these diets. Experience at this 
laboratory has shown that reproduction in

TABLE 3

Effect of steam sterilization on vitam in A and carotene stability in Lobund diet L-462 
containing graded moisture levels

Treatment Vitamin A Carotene

%  solids %  reten tion IU /gm %  re ten tion u g/gm
R aw 1 100 1 6 .8±  1.32 100 2 .26±0 .14
SS3 100“ 84.4 14.2 93.8 2.12
SS 80 86.1 14.5 88.0 1.99
SS 60 88.9 15.0 83.2 1.88
SS 40 86.2 14.5 79.6 1.80
SS 20 81.3 13.7 69.0 1.56

1 Raw indicates fresh nonsterilized diet.
2 SD.
3 SS designates steam-sterilized.
4 Indicates percentage of solids in diet.
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germfree rats and mice decreases sharply 
at thiamine levels of 4 to 8 ug/gm diet 
(  after sterilization ) —  levels considered to 
be more than adequate for all normal re
quirements (Cuthbertson, ’57). Additional 
thiamine fed with the drinking water re
pairs this situation. The observation ap
pears to indicate the formation of one or 
more strongly inhibiting anti-metabolites 
during sterilization. The danger might be 
not so much in the loss of B vitamins 
during sterilization, as in their transfor
mation to structurally closely related anti
metabolites. Increases in moisture con
tent of the diet, therefore, would not only 
increase recovery of these vitamins after 
sterilization, but would also reduce the 
formation of interfering products.

SUMMARY

Three diets used routinely in the Lobund 
Laboratory, containing graded additions of 
water were steam-sterilized and then ana- 
lized for thiamine, vitamin B6, calcium 
pantothenate and riboflavin. In a separate, 
similar experiment diet L-462 was steri
lized and analyzed for vitamin A and caro
tene.

Vitamins, rated in the order of increas
ing stability in autoclaved air-dried diets, 
were as follows: thiamine, calcium panto
thenate, pyridoxine, vitamin A, carotene 
and riboflavin. Graded additions of water 
to the air-dried diets progressively im
proved the apparent stability of thiamine, 
pyridoxine and calcium pantothenate, had 
little effect on vitamin A and riboflavin 
stability, and decreased the stability of 
carotene.
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Nutritive Value of Marine Oils
I. MENHADEN OIL AT VARYING OXIDATION LEVELS, WITH 

AND WITHOUT 'ANTIOXIDANTS IN RAT DIETS* 1'2

A. A. RASHEED, J. E. OLDFIELD, J. KAUFMES a n d  R, 0 . SINNHUBER
Departments of Anim al Science and Food Science and Technology, 
Oregon State University, Corvallis, Oregon

Certain marine or vegetable oils when 
fed to experimental animals have caused 
various types and degrees of abnormali
ties. Restricted growth (Anglemier and 
Oldfield, ’57); reduced efficiency of feed 
utilization (Oldfield and Anglemeir, ’57); 
deposition of soft fat susceptible to oxida
tion (Barnes et al., ’43; Lea, ’53); and 
incidence of steatitis or “yellow fat dis
ease” in mink (Lalor et al., ’51), pigs 
(Davis and Gorham, ’54), cats (Coffin 
and Holzworth, ’54) and rats (Mason et al., 
’46) are among symptoms reported.

Although marine oils have been used as 
dietary sources of some essential nutrients 
(especially vitamins A and D) for humans, 
farm animals and fowl, they have seldom 
been used as the sole or major lipid com
ponent of diets. However, certain ani
mals, notably mink, consume high fish 
diets and thus may derive considerable of 
their energy supply from fish oils. Men
haden and perhaps other marine oils, are 
commercially available in quantities which 
would allow such use and constitute a 
significant potential source of energy. Due 
to their high degree of unsaturation, fish 
oils pose problems of instability which 
affect both palatability of the diet and 
quality of the animal product (Brown, 
’31). There is evidence that many of 
these problems are oxidative in nature 
(Barnes et al., ’43; Johnson, ’56; Matsuo, 
’61) and that antioxidants may be useful 
means of protection.

The studies reported herein were con
cerned with the preparation of marine oils 
for feeding and the consequent effects on 
laboratory rats. Three separate experi
ments were conducted. The first utilized 
menhaden triglyceride fraction (M TG )3 
separated from the oil by molecular distil

lation. The triglyceride was used at three 
widely different levels of oxidation. The 
second experiment tested the effectiveness 
of antioxidants added to previously oxi
dized clay-bleached4 menhaden oil, and the 
third followed a similar pattern using a 
fresh oil. Evaluation of the quality of both 
diet and animal body lipids was made by 
the thiobarbituric acid (TBA) procedure 
of Sinnhuber and Yu ( ’58). This proce
dure determines malonaldehyde, which is 
formed in lipid peroxidation (Zalkin and 
Tappel, ’60).

To obtain a clear definition of the prob
lems involved, oxidative levels consider
ably higher than those generally encoun
tered in edible marine oils were used.

EXPERIMENTAL

Experiment 1. Four groups of 10 male 
albino rats each were used. The rats were 
caged individually and fed for a 21-day 
period on diets composed as shown in 
table 1. The various B-vitamins were 
weighed out in quantities listed and made 
up to one gram with starch. The MTG was 
oxidized in closed glass containers under a 
slight positive oxygen pressure in the light 
at room temperature and in this way, 
successive aliquots having TBA numbers5 
of 9, 519, and 1082 and with peroxide

Received for publication October 10, 1962.
1 Technical Paper no. 1588 Oregon Agricultural 

Experiment Station, Corvallis.
2 Carried out under Contract no. 14-17-0001-352, 

U.S.D.I. Bureau of Commercial Fisheries. Apprecia
tion is tendered M. E. Stansby and staff, Fisheries 
Technological Laboratory, Seattle, for counsel and 
assistance in conducting this project.

3 Prepared at the Fisheries Technological Labora
tory, U.S.D.I., Seattle, Washington. The product may 
be referred to as being free from nonsaponifiable 
materials and polymers.

4 Clay bleaching is a process utilized for removal 
of odors, free fatty acids and pigments from the oil. 
Charcoal is also used with the clay in this process.

5 TBA number = mg malonaldehyde/1000-gm sample.
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T A B L E  1

Composition of basal diet

gm
Cornstarch 644
Fibrin, beef, washed 180
Menhaden triglyceride (M TG ) 100
Glucose 6
Salt mix1 40
B-vitamin mix 10
Cellulose, wood, purified 20

Total 1000

B-vitamin
mix
mg

Thiamine 0.6
Riboflavin 1.2
Pyridoxine 0.4
Niacin 5.0
Ca pantothenate 4.0
Inositol 100.0
Choline Cl 200.0
p-Aminobenzoic acid 2.5

ß9
Biotin 1.0
Folic acid 1.0
Cyanocobalamin 1.0

1 Jones and Foster ( ’42).

values (POV) of 2, 125 and 310 were ob
tained. These were used in diets for 
groups 1-2, 1-3 and 1-4 respectively. 
Diet 1—1 contained 10% of non-antioxi
dant treated lard replacing the MTG.

The prepared oils were measured out in 
appropriate daily aliquots and stored in 
vials at — 10°C to prevent changes in their 
oxidation levels. Each day the MTG or lard 
was mixed with other dietary ingredients 
and immediately placed before the ani
mals. Refused feed was recorded daily and 
the feed dishes were thoroughly cleaned 
prior to refeeding. Animal weights and 
feed consumption were determined weekly. 
After 21 days on experiment the animals 
were killed with ether and samples of 
blood, fat, liver and kidney tissues were 
removed for further study.

Experiment 2. Six groups of 4 each 
male and female rats were established, and 
the animals individually fed rations for
mulated as shown in table 1 but having 
clay-bleached menhaden oil substituted at 
a 15% level. This oil replaced the MTG 
used in experiment 1, plus 5% of the corn
starch in the basal ration. The clay- 
bleached menhaden oil was oxidized in a 
manner analogous to that used with the 
MTG. Samples having the following char

acteristics were prepared: (a ) low oxida
tion level; POV, 2.6, TBA, 35.3; (b ) me
dium oxidation level; POV, 15.5, TBA, 
48.8; (c )  high oxidation level; POV, 61.0, 
TBA, 162.0. A lard-supplemented diet was 
fed as a control to lot 2-1. Lots 2-2, 2-3 
and 2-4 received diets containing the low, 
medium and high oxidation levels of oils, 
respectively. Lots 2-5 and 2-6 received 
the highly oxidized oil plus the in vivo 
antioxidants, dl-a-tocopheryl acetate or 
1,2-dihydro-6-ethoxy, 2,2,4-trimethylquino- 
line (ethoxyquin),6 respectively. The a-to- 
copheryl acetate was added at the level of 
0.0044%, and the ethoxyquin was added 
at the level of 0.0125% in the diet. Stor
age and incorporation of the oil in the diet 
and general feeding practices were simi
lar to those in experiment 1. After 100 
days on experiment the rats were killed 
with ether and samples of blood, brain, 
fat, heart, kidney and liver tissues were 
removed for further study.

Experiment 3. Four groups of 10 male 
rats each were used. The animals were 
individually fed ration formulas similar to 
those described in experiment 2, but using 
clay-bleached menhaden oil (POV, 3.0; 
TBA, 86.0) from the stock previously used 
in experiment 2, and substituting casein 
for beef blood fibrin. Lots 3-1 served as 
the control group and received 15% lard 
instead of the oil. Lot 3-2 received 15% 
of unprotected menhaden oil while lots 
3-3 and 3-4 received the same amount of 
oil with either a-tocopherol or ethoxyquin 
added. Further experimental oxidation of 
the oil was not carried out in this experi
ment. The antioxidants were premixed 
with the daily aliquots of oil prior to freez
ing and storage at levels of 0.005% and 
0.0125% of the total diet, respectively. 
Care of the animals and assembly of data 
were carried out as previously described. 
The experiment lasted 6 weeks.

RESULTS

Experiment 1. Body weights and feed 
consumption data are presented in table 2. 
Growth performance was similar in groups 
1-1 and 1-2 which were fed lard and 
fresh MTG, respectively. Groups 1—3 and 
1-4, fed medium and highly oxidized MTG

6 Ethoxyquin (Santoquin) is a product of the 
Monsanto Chemical Co., St. Louis, Missouri.
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TABLE 2
Performance o f rats fed menhaden triglyceride (M T G ) ration

Group diet 
description

Body weights Feed consumption

Start•
Week Mean Week Mean

1 2 3 Gain 1 2 3 Intake
g m g m gm g m g m g m g m g m g m

1-1 Lard 73 91 108 115 42 64 69 68 201
1-2 Fresh MTG 70 87 108 121 50 60 65 69 194
1-3 Medium oxidation MTG 73 80 99 108 35 54* 64 64 183
1-4 High oxidation MTG 73 71** 80** 94* 21* 46** 48** 53* 146**

♦Indicates significant difference from control (1-1 ) group (P  <  0.05). 
** Indicates significant difference from control (1-1 ) group (P  <  0.01).

TABLE 3
Effect of menhaden triglyceride on liver and kidney weights, hemoblogin and hematocrit levels

Average ___________ AveIage_________

Liver wt Kidney wt Hemoglobin

gm % l g m gm /100 m l
1-1 4.11 3.57 1.04 0.90 15.4 32.6
1-2 5.35** 4.44 1.13 0.94 13.0** 33.2
1-3 4.88* 4.51 1.09 1.01 13.3** 33.6
1-4 4.40 4.40 0.97 1.03 13.6** 34.3

1 % of total body weight.
* Indicates significant difference from control (1-1 ) group (P  <  0.05). 

** Indicates significant difference from control (1—1) group (P  <  0.01).

showed correspondingly lower gains as the 
level of oxidation was increased. Statis
tical significance was reached in compari
son with the control (lard) diet only in 
the case of the highly oxidized MTG ration 
(group 1-4); however, gains with the 
fresh MTG-supplemented diet (group 1—2) 
were consistently greater (P  < 0.01) than 
those on the highly oxidized MTG and 
overall mean gains with the same diet 
(1 -2 ) were significantly (P <  0.05) greater 
than those fed the medium oxidized MTG 
mix. Feed consumption was generally di
rectly related to gains except that the lard- 
fed group ate slightly more than the group 
fed fresh MTG. Again, there was no sig
nificant difference in feed consumption 
between the lard-fed and fresh MTG-fed 
groups. Both of these groups (1-1 and 1-2) 
ate significantly more than group 1-4 
which received the highly oxidized MTG.

The weights of certain organs are re
corded, along with blood characteristics, 
in table 3. Livers tended to be larger in all 
groups fed MTG than in the lard-fed group, 
regardless of state of oxidation of the tri
glyceride. This is further emphasized when 
percentages that liver weights make up of 
total body weights are calculated. Similar

observations apply to kidney weight:body 
weight percentages. Blood from rats fed 
MTG was significantly lower in hemo
globin than that from lard-fed rats. Dif
ferences among the 4 groups with respect 
to hematocrit were not significant.

Lipid peroxidation using the TBA pro
cedure to measure malonaldehyde, deter
mined on liver and kidney tissues taken 
from all animals at necropsy as well as 
on 24-hour collections of urine and feces 
from single randomly chosen animals from 
each group, are presented in table 4. The 
TBA numbers of liver and kidney tissues 
reflect the oxidation level of the dietary 
fat. Values were lowest in rats fed fresh

TABLE 4

Thiobarbituric acid (TB A ) number1 o f certain 
tissues and excreta of rats fed menhaden 

triglyceride (M TG )

Group
Tissues Excreta

Liver Kidney Urine Feces

l - i 1.97 3.42 0.0 0.0
1 - 2 1.73 5.61 14.0 61.6
1-3 4.40 8.24 115.0 232.0
1-4 6.83 11.60 2 0 1 . 0 589.7

1 TBA number = mg malonaldehyde/1000-gm sample.



MTG and lard and increased as trigly
cerides of increasing rancidity were fed.

The TBA numbers for 24-hour collec
tions of feces and urine also reflect the 
condition of the oils fed. Based on the 
amounts of urine and feces voided, the 
following total excretions of malonalde- 
hyde have been calculated: 0.0 for group
1—1; 0.1063 mg for group 1-2; 0.5214 mg 
for group 1-3; and 0.4010 mg for group 
1-4. The higher excretion from group 1-3 
than from group 1-4 (highly rancid MTG) 
probably reflects the considerably higher 
food intake by the former (table 2).

Experiment 2. Average body weights 
of male and female rats at 4-week inter
vals are presented in table 5. Values re
corded are average weights of not less than 
three rats per group. Groups were dropped 
from experiment when only two rats sur
vived. Mortality was higher among the 
males than the females.

From the first interval (table 5) body 
weights of all groups fed fish oil, except 
group 2-6, tended to be lower than those 
in the lard-fed control group (2 -1 ). Pro
tection was afforded by ethoxyquin, but 
not by di-a-tocopheryl acetate, under the 
conditions of the experiment. Differences 
were statistically significant (P  <  0.05) 
between groups fed the most highly 
oxidized oil (group 2-4) and the control 
or ethoxyquin-treated groups. The dl-a- 
tocopheryl acetate added to the already 
highly oxidized oil had little protective ef-
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feet among the females at the level used. 
Group 2-5 females were significantly 
lighter than the controls.

The growth-depressant effects of the less- 
highly oxidized oils became more apparent 
during the 5- to 8-week period when 
weights of all rats receiving unprotected 
fish oils were significantly lower than those 
of the controls. Mortalities commenced 
during the 5- to 8-week period also and 
were apparently influenced by the oxida
tion level of the oil; occurring first in the 
highly oxidized oil lot (2 -4 ), next on the 
medium oxidation level (group 2-3) and 
so on (table 6). A sex difference in mor
tality rates is evident, the males being 
more frequently affected. The growth and 
mortality patterns established during the 
first two intervals were extended through 
the third. Feed consumption data are 
presented in table 7.

KAUFMES AND R. O. SINNHUBER

TABLE 6

Mortalities and abnormal fat coloration1 of rats 
fed menhaden o il at various oxidation levels

Groups
Experimental interval Total

mor
tality1-4

weeks
5-8

weeks
9 weeks — 

end of trial

2 - 1 ____ ____ — 0

2 - 2 w — y y y 4
2-3 — y y y y yy y 7
2-4 y y — y y yyy 7
2-5 — w y 2

2 - 6 — — W 1

i Each letter represents one mortality; w = white 
fat, y = yellow fat.

TABLE 5
Average body weights at 4-week intervals for rats fed menhaden o il at various oxidation levels

Experimental interval
Groups 1—4 weeks 5-8 weeks 9-12 weeks

Males Females Males Females Males Females

2-1 Lard
gm
186

gm
149

gm
257

gm
195

gm
283

gm
215

2-2 Low oxidation oil 171 133 170* 143** — 135**

2-3 Medium oxida
tion oil 159 136 163* 152* — 139**

2—1 High oxidation oil 122* 108* — 134** — —

2-5 High oxidation oil 
+  vitamin E 164 97* 227 150** 231* 154**

2-6 High oxidation oil 
+  ethoxyquin 192 143 253 180 248 202

* Indicates significant difference from control (2—1) group (P  <  0.05). 
** Indicates significant difference from control (2—1) group (P  <  0.01).
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TABLE 7

Average weekly feed intake for male and female rats fed menhaden oil 
at various oxidation levels

Groups
1—4 weeks 5-8 weeks 9- 1 2  weeks

Males Females Males Females Males Females
gm gm gm gm gm gm

2-1 276 265 316 300 332 271
2-2 260 237 233* 204** 190* 193*
2-3 247 238 227* 216** — 204*
2-A 2 0 0 * 187* — 204** — 168**
2-5 251 190* 310 248 285 223*
2-6 304 258 326 281 324 265

* Indicates significant difference from control group 2 - 1  (P  <  0.05). 
** Indicates significant difference from control group 2—1 (P  <  0.01).

TABLE 8

Effects of menhaden oil and antioxidants on rat weight gains

Group Initial
wt

Wt gain at weekly intervals
1 2 3 4 5 6

gm gm gm gm gm gm gm
3-1 Lard 58.4 86.7 115.1 138.7 175.6 219.6 289.4
3-2 Fresh oil 58.8 80.4** 89.8** 102.5** 125.3** 140.4** 169.0**
3-3 Oil +  vitamin E 59.8 89.1 110.1 133.1 171.5 211.0 250.6
3 ^ Oil +  ethoxyquin 58.4 87.8 107.3 131.7 167.2 203.3* 236.2*

* Average weights significantly different from those of lard group (P  <  0.05). 
** Average weights significantly different from those of lard group (P  <  0.01).

Feed consumption by the control (2 -1 ) 
and the ethoxyquin-treated oil (2 -6 ) 
groups was equal but higher than that of 
the other groups. The three groups fed 
the unprotected oils showed progressive 
and significantly lower feed intakes, the 
depression occurring first in the case of 
the most highly oxidized oil (group 2-4). 
The dZ-a-tocopheryl acetate did not improve 
feed intake, particularly among the fe
male rats, at the level used.

Before experiment 2 terminated, 21 out 
of the 48 rats involved had died. Obser
vations at necropsy showed that yellowish 
coloration of depot fat appeared about two 
weeks after feeding of the most highly 
oxidized oil commenced and slightly later 
with the oils of lower oxidation levels. 
Mortality rate was higher among groups 
fed medium and highly oxidized oils. 
Addition of the antioxidants to diets of 
groups 2-5 and 2-6 retarded pigmenta
tion of the depot fat and protected the ani
mals from early death. Data in table 6 
represent number of mortalities from each 
treatment group as well as depot fat color 
noted at necropsy.

Experiment 3. Data concerning body 
weights of the experimental animals at 
weekly intervals are listed in table 8.

Among the oil-fed groups, improved 
gains were afforded by the antioxidants, 
more so by the dZ-a-tocopherol than by 
ethoxyquin. Better performance was ob
tained with a-tocopherol in this study over 
that in experiment 2 (where the acetate 
form was used) possibly because of higher 
levels and because the chemical form in 
this latter case permitted some in vitro 
antioxidant activity.

Feed intake and efficiencies of feed con
version were calculated for the entire trial, 
and are included in table 9. Differences 
noted were consistent throughout the trial, 
and did not change from week to week. Net 
gains are listed for comparison. The aver
age absolute weights of livers, left kidneys, 
spleens and testes are listed in table 10 to
gether with the percentages that these 
organs make up of total body weight. Even 
though total body weights were less, the 
liver weights of rats fed menhaden oil pro
tected by antioxidants were significantly 
greater (P  <  0.01) than those of the con-
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TABLE 9
Relationship of weight gains and feed 

consumption by rats fed menhaden 
oil and antioxidants

Group Net
gain

Total
feed

intake

Feed
consumed/ 

gm gain

gm gm gm
3-1 201.8 606.0 3.02
3-2 108.7** 425.3** 3.95**
3-3 190.8 574.6 3.03
3^1 177.8** 577.7 3.26*

* Indicates significant difference from lard group 
3-1 at (P  <  0.05).

** Indicates significant difference from lard group 
3-1 at (P <  0.01).

trol group. In group 3-2 which received 
fresh oil, although the absolute liver weight 
was low, the percentage that liver repre
sented of total body weight was again 
elevated. Kidney weights were significantly 
affected only by the fresh oil diet (group 
3-2) in which case they made up a larger 
percentage of body weight. Spleen weights 
tended to follow the same pattern as livers, 
being heavier in all three oil-fed groups 
than those of controls. Testes weights in
dicated retardation of development in the 
fresh oil-fed group (3 -2 ). Lack of normal 
pigmentation of the upper incisors was 
also noted in this group.

Blood hemoglobin and hematocrit were 
determined and results are listed in table 
11. Values for the rats fed the fresh-oil 
diet were significantly lower than those 
for the control or ethoxyquin-protected oil 
diet groups (P < 0 .0 1 ). The di-a-tocoph- 
erol was effective against lowering of 
hemoglobin level, but not against depres
sion of hematocrit.

Liver characteristics, in terms of dry 
matter and ether extract contents and 
TBA values, are also included in table 11. 
There were no statistically significant dif
ferences among any of these items. Al
though considerable variation occurred in 
TBA values, all these were extremely low 
as compared with oxidized oils in the diets 
and were considered indicative of a low 
level of oxidation. There was no evidence 
of steatitis in any animals on this experi
ment.

DISCUSSION

Groivth. Evidence has been presented 
to indicate a difference in the growth re
sponse of rats to type, level and condition 
of lipid fed. Fresh menhaden triglyceride 
supported growth similar to that of lard 
when both were given at a 10% level in 
the diet for three weeks (table 2). Clay-

TABLE to

Effects of menhaden oil and antioxidants on organ weights

Group Body wt Liver Left kidney Spleen Testes
gm gm % gm % gm % gm %

3-1 260.4 10.12 3.88 1.010 0.389 0.60 0.23 2.66 1.02
3-2 169.0 9.66 5.76** 0.740** 0.439* 0.56 0.39** 1.82** 1.05
3-3 250.6 12.95** 5.19** 0.979 0.391 0.75* 0.30* 2.73 1.09
3-4 236.2 12.16** 5.17** 0.969 0.411 0.72 0.31** 2.61 1.11

* Indicates significant difference from lard group 3—1 (P  <  0.05). 
** Indicates significant difference from lard group 3-1 (P  <  0.01).

TABLE 11

Effects of menhaden oil and antioxidants on blood and liver

Group
Blood characteristics Liver characteristics

Hemoglobin Hematocrit D.M.1 E.E.2 TBA
no.3

% % % %
3-1 Lard 13.88 38.9 28.51 11.73 4.6
3-2 Fresh oil 10.78** 29.8** 27.10 8.25 9.2
3-3 Oil +  vitamin E 12.62 32.2** 27.96 9.28 4.04
3 ^ Oil +  ethoxyquin 13.33 35.3 27.48 10.42 5.1

1 D.M. indicates dry matter in liver homogenates.
2 E.E. indicates ether extract of dry liver samples.
3 TBA number = mg malonaldehyde/1000-gm sample.
** Indicates significant difference from control group or those fed ethoxyquin-protected oil diet
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bleached oil (POV, 2.6; TBA, 35.3) at a 
15% dietary level also supported growth 
similar to lard but only for 4 weeks fol
lowing which growth depression resulted 
(table 5). Slightly more oxidized clay- 
bleached oil (POV, 3.0; TBA, 86.0) failed 
to support growth equivalent to lard from 
the second week (table 8). These results 
are in agreement with previous observa
tions, at this station, of growth depression 
in pigs following feeding of 8.25% sardine 
oil in the diet (Anglemier and Oldfield, 
’57). However, normal growth was ob
tained with 5% menhaden oil (Oldfield 
and Anglemier, ’57). This difference of 
effect shown in experiments 1, 2 and 3 
may be due to the composition of the lipid 
used (pure triglyceride vs. clay-bleached 
oil) as well as to the degree of oxdiation 
and the level of the latter lipid. Clay- 
bleaching of the oil may have rendered it 
free from all natural tocopherols and 
could have contributed pro-oxidants (i.e. 
metals), therefore increasing its suscepti
bility to rapid oxidation when exposed to 
room temperature for the 24-hour feed
ing periods. It has been noted elsewhere 
(Buxton, ’42) that fish liver oils treated 
with activated carbon had a shortened in
duction period and an increased rate of 
peroxide formation.

As the degree of MTG oxidation in
creased, a corresponding decrease in 
growth rate became evident (table 2). 
Similarly, growth depression was obtained 
as the level of oxidation of the clay- 
bleached oil was elevated (table 5). There 
was also an increase in mortality rate, 
more so among the males than the females, 
which corresponded to the increased level 
of oxidation (table 6). Sex difference in 
rate of mortality may be due to the lower 
growth stress in females or to the higher 
content of vitamin E in the female rat as 
shown by Edwin et al., ( ’61).

Ethoxyquin was effective in preventing 
growth depression caused by highly oxi
dized oil (experiment 2; table 5). It was 
less effective, however, when added to the 
oil in experiment 3 where a beneficial re
sponse occurred during the first 4 weeks 
only (table 8). The level used was the 
same in both trials. This situation sug
gests that the rapidly oxidizing oil used in 
experiment 3 may have created a deficiency

of an essential metabolite, such as vitamin 
E, whose role was not filled by the syn
thetic antioxidant. Alternatively, it may 
mean that a higher antioxidant level was 
necessary to protect oils in earlier stages 
of oxidation than in later ones.

The a-tocopheryl acetate used in ex
periment 2 at a dietary level of 0.0044% 
was ineffective against growth depression 
caused by highly oxidized clay-bleached 
oil (table 5). This was partly due to its 
unavailability as an antioxidant in vitro 
prior to ingestion with the diet. Accord
ing to Ames’ tocopherol esters have no 
antioxidant activity until hydrolyzed to 
free the tocopherol, thus it could be as
sumed that oxidation levels above those 
established initially (POV, 61.0; TBA, 162) 
may have been reached during the period 
when the diet was before the rats. On the 
other hand, the di-a-tocopherol used in ex
periment 3 acted immediately as an anti
oxidant when mixed with the oil thus giv
ing both in vitro and in vivo antioxidant 
action. The higher level used (0.005% ) 
may have been an added advantage.

Feed intake. No difference in the feed 
intake due to the feeding of fresh MTG or 
lard was noted in the first short-term (3- 
week) experiment (table 2). When fresh 
clay-bleached oil was fed, however, feed 
intake was reduced suggesting the sus
ceptibility of this oil to oxidative rancidity 
during the period of exposure in the feed
ing pans. Sinnhuber7 8 has demonstrated the 
extent of oxidative changes in menhaden 
oil mixed with a synthetic diet which 
changed from an initial TBA value of 32.5 
to a value of 1220 over a 24-hour period 
at room temperature. Reductions in feed 
intake by pigs fed oxidized sardine oil 
have been reported (Anglemier and Old
field, ’57).

Addition of antioxidants to the oil (ex
periment 3; table 9) improved feed intake 
to a level only slightly below that of the 
lard-fed group of rats, and as shown in 
table 9, total feed intake in both protected 
groups was not significantly lowered from 
the control group. The a-tocopherol was 
more effective in improving efficiency of

7 Ames, S. R. 1957 Vitamin E (alpha tocopherol) 
in Poultry Nutrition: Recent Developments. Tech. 
Presentation no. 57-1. Distillation Products Industries, 
Rochester, New York, March.

8 Unpublished material, Department of Food Science 
and Technology, Oregon State University, 1961.
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feed utilization than ethoxyquin at the 
levels used. As the level of oxidation was 
increased in both MTG and clay- bleached 
oil there was a corresponding decrease in 
feed intake (tables 2 and 7).

Organ size. Evidence is presented in 
both experiments 1 and 3 indicating that 
feeding menhaden oil, either as a pure 
triglyceride or as a clay-bleached oil, led 
to liver hypertrophy (tables 3 and 10). 
The extent of this condition is evident 
when the percentages that liver weights 
make up of total body weights are com
pared (table 10). The degree of oxidation 
of the oil, and the type and amount of 
antioxidant used appear to influence the 
degree of hypertrophy. As the level of 
oxidation of MTG increased, there was a 
corresponding decrease in absolute liver 
weights (table 3).

Hypertrophy of the liver in rats fed 
menhaden oil was not due to alterations 
in the ratio of tissue components dry mat
ter content as well as ether extractable 
materials in liver homogenates showed 
only slight differences among the various 
groups (table 11). Kaunitz et al.9 however, 
have indicated that an increase in liver 
lipid content occurred as a result of feed
ing oxidized fat.

Hypertrophy of the kidneys was dem
onstrated when rats were fed clay-bleached 
oil but not MTG, and when the percentages 
that kidney weights make up of total body 
weights were compared. When compari
sons were on an absolute weight basis kid
neys from rats fed clay-bleached oil were 
smaller compared to those from lard-fed 
or protected-oil groups (table 10). In this 
study, the effect of antioxidants in over
coming the hypertrophic effect of men
haden oil was demonstrated. It was re
ported by Kaunitz ( ’60) that larger livers 
and kidneys were obtained from rats fed 
polymers of oxidized lard or cottonseed 
oil. An increase in kidney weights was 
also shown in swine fed polymerized men
haden oil (Oldfield and Anglemier, ’57).

Results of experiment 3 also demon
strated the hypertrophic effect of fresh oil 
on the spleen (table 10). The absolute 
weight of this organ was higher in both 
protected oil groups than in the control 
group, whereas this was not evident in 
the unprotected group because of the

relatively smaller size of animals. The 
hypertrophic effect was further demon
strated in all three oil-fed groups when the 
percentages that spleen weights make up 
of total body weight were compared with 
the unprotected group showing the highest 
values. This study also demonstrates some 
slight reduction by both antioxidants of 
the hypertrophic effect of the oil.

Development of the testes (normally late 
developing organs) was evidently retarded 
by feeding unprotected fish oil (table 10). 
This specific growth retardation may have 
its cause in an induced vitamin E defi
ciency. Retarded growth of testes in mice 
was demonstrated by Horikawa ( ’58) as a 
result of vitamin E deficiency. Damage to 
rat testes as a result of feeding rancid fat 
was also reported (Kaunitz, ’60).

Blood characteristics. Feeding men
haden oil or its triglyceride to rats led to 
a small but significant reduction in blood 
hemoglobin irrespective of the oxidation 
level of the oil (tables 3 and 11). Both 
antioxidants used in experiment 3 were 
effective, ethoxyquin more so than alpha 
tocopherol in preventing reduction of 
hemoglobin.

Rats fed MTG showed no significant 
changes in their blood hematocrit. Those 
fed clay-bleached oil, however, showed a 
significant reduction in hematocrit values, 
a condition which was effectively over
come by the use of ethoxyquin but not by 
a-tocopherol. Hematocrit values closely 
followed those of hemoglobin with respect 
to the effects of both the oil and the anti
oxidants (table 11).

It has been shown that low blood hemo
globin may result from decreased forma
tion of the pigment due to protein malnu
trition or iron deficiency (Follis, ’58), 
vitamin E deficiency (Indovina, ’51) or al
teration in the rate of transfer of ferric to 
ferrous iron (Anonymous, ’58). Rats re
ceiving the unprotected menhaden oil 
mixed with a vitamin E-free synthetic diet 
may have been exposed to some if not all 
of the above circumstances.

Incisor depigmentation. Depigmentation 
of the upper incisors was observed in rats

a j A a u m t z ,7---- --  - il. jonnson, ±5.
Puetzcr, G. B. Levy and E. Windholz 1955 Influence 
° 1  heated and aerated cottonseed oil on fat content 
of liver and kidney. Federation Proc., 14: 408
(abstract).
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fed the unprotected menhaden oil in ex
periment 3. A similar symptom has been 
observed by other workers who have related 
it to iron deficiency (Follis, ’58), low die
tary protein (Irving, ’58; Anonymous, ’59), 
and to deficiencies of vitamins A and E 
(Irving and Richards, ’39; Irving, ’42; 
Garton et al., ’52; Moore and Mitchell, 
’55; Golberg and Smith, ’60). In this work, 
the simultaneous lowering of hemoglobin 
and hematocrit levels is suggestive of low
ered availability of iron induced by a defi
ciency of vitamin E. Lewis et al. ( ’51), 
among others, demonstrated that the lat
ter may be occasioned by the presence of 
highly unsaturated fish oil in the diet.

Steatitis and malonaldehyde level. Mal- 
onaldehyde, which is measured by the TBA 
reaction, is indicative of the extent of 
lipid peroxidation. Malonaldehyde is only 
one carbonyl that results when polyun
saturated fats undergo autoxidation. This 
very reactive substance probably does not 
exist in the free state, but results from the 
action of TBA on lipid hydroperoxides or 
malonaldehyde derivatives.

Results obtained from these experi
ments indicate the effect of the oxidized 
lipid on the condition of liver lipids, depot 
fats and TBA values of excreta. Malon
aldehyde concentrations of certain tissues 
and excreta of the animals in experiment 1 
were directly related to the levels in the 
diet lipids (table 4). Although the ani
mals were apparently able to excrete most 
of the malonaldehyde, measurable levels 
accumulated in the liver and kidneys. 
These levels were not, however, indicative 
of any extensive oxidation. Subsequent 
experience has shown that this compound 
also accumulates in the blood, in which 
connection it may be a useful diagnostic 
criterion for oxidized oil effects. It seems 
probable that a causal relationship exists 
between malonaldehyde retained in the 
animal body and toxicity symptoms which 
developed. In experiment 3, TBA values 
for livers were similar to those obtained 
for rats fed medium and highly oxidized 
MTG in experiment 1 (tables 4 and 11).

An important observation in both ex
periments 2 and 3 was the effectiveness of 
the antioxidants at the levels used in pre
venting steatitis or “yellow fat” disease. 
In experiment 2, both di-a-tocopheryl ace

tate and ethoxyquin performed well in 
this respect. Since the oil was considerably 
oxidized initially in experiment 2 (POV, 60) 
and since the acetate form is inactive in 
vitro, it is obvious that the effect took 
place after ingestion by the animal. The 
consistent observation of yellow to brown 
fat deposits in the animals which died on 
experiment 2 (table 6) indicates the im
portance of steatitis in the syndrome of 
toxic effects due to ingesting oxidized oils. 
Steatitis has been shown to occur in many 
species of animals fed different types of 
oils, and has been effectively prevented by 
a-tocopherol and its esters, (Davis and 
Gorham, ’54; Gorham, et al., ’51; Lalor et 
al., ’51; Robinson and Coey, ’51).

SUMMARY

1. Pure triglyceride separated from 
fresh menhaden oil proved the equivalent 
of lard in supporting growth of laboratory 
rats when added to a semisynthetic basal 
diet at a 10% level. When experimentally 
oxidized in glass containers to high perox
ide levels (POV =  125 to 310) the trigly
ceride caused steatitis, enlarged livers and 
caused high levels of malonaldehyde in 
the blood and excreta of the animals.

2. Clay-bleached menhaden oil was 
shown to undergo extensive oxidation 
changes over a brief period (24 hours). 
Such “fresh” oil caused toxic symptoms in 
rats when fed at a 15% dietary level. 
Symptoms included anorexia, steatitis, 
lowered hemoglobin levels and death, and 
they became more extensive or severe as 
the level of oxidation of the dietary fat 
increased.

3. Antioxidants, ethoxyquin or a-tocoph
erol were effective in causing remission of 
most of the symptoms attributed to pres
ence of the oxidized fats in the diet. Con
siderable protection was obtained in vivo 
even after the oil had been allowed to 
oxidize (POV =  60;) however, most effec
tive protection was achieved when the 
antioxidants were added to the fresh oil. 
Differences were shown in antioxidant ac
tivity relating to the form of tocopherol 
and level used.

4. The nature of the metabolic changes 
resulting from feeding oxidized menhaden 
oil was discussed, and possible nutrient 
relationships involved are postulated.



332 A. A. RASHEED, J. E. OLDFIELD, J. KAUFMES AND R. O. SINNHUBER

LITERATURE CITED
Anglemier, A. F., and J. E. Oldfield 1957 Feed

ing of various levels of Pilchard (California 
sardine) oil to swine. J. Animal Sci., 16: 922.

Anonymous 1958 Factors affecting iron absorp
tion. Nutrition Rev., 16: 112.

----------  1959 Relation of vitamin E and pro
tein to incisor pigmentation. Ibid., 17: 251.

Barnes, R. H., W. O. Lundberg, H. T. Hanson 
and G. O. Burr 1943 The effect of certain 
dietary ingredients on the keeping quality of 
body fat. J. Biol. Chem., 149: 313.

Brown, J. B. 1931 The nature of the highly 
unsaturated fatty acids stored in the lard from 
pigs fed on menhaden oil. Ibid., 90: 133.

Buxton, L. O. 1942 Effect of carbon treatment 
on fish liver oils, vitamin A destruction and 
peroxide formation. Ind. Eng. Chem., 34: 
1486.

Coffin, D. L., and J. Holzworth 1954 Yellow fat 
in two laboratory cats: Acid fast pigmentation 
associated with a fish-base ration. Cornell Vet.,
44: 63.

Davis, C. L., and J. R. Gorham 1954 The 
pathology of experimental and natural cases 
of yellow fat disease in swine. Am. J. Vet. Res.,
15: 55.

Edwin, E. E., A. T. Diplock, J. Bunyan and J. 
Green 1961 The distribution of vitamin E 
in the rat and the effect of alpha tocopherol 
and dietary selenium on ubiquinone and 
ubichromenol in tissues. J. Biochem., 79: 91.

Follis, R. H. 1958 Deficiency Disease. Charles 
C Thomas Company, Springfield, Illinois.

Garton, G. A., T. P. Hilditch and M. L. Meara 
1952 The composition of the depot fats of a 
pig fed on a diet rich in whale oil. Biochem. 
J., 50: 517.

Golberg, L., and J. P. Smith 1960 Vitamin A 
and E deficiencies in relation to iron over-load
ing in the rat. J. Path. Bact., 80: 173.

Gorham, J. R., N. Boe and G. A. Baker 1951 
Experimental yellow fat disease in pigs. 
Cornell Vet., 41: 332.

Horikawa, M. 1958 Changes of the gonad 
glands of mice fed with natural foods devoid 
of vitamin E. Igaku Kenkyu (Acta Medica), 
28: 2465.

Indovina, I. 1951 Utilization of intravenously 
injected radioactive colloidal iron in rabbits 
with myopathy of vitamin E deficiency. Am. 
J. Physiol., 165: 352.

Irving, J. T. 1942 Enamel organ of the rat’s 
incisor tooth in vitamin E deficiency. Nature, 
150: 122.

----------  1958 The actions of alpha tocopherol
and protein upon the incisor tooth of the rat 
and influence of vitamin A upon alpha tocoph
erol activity. Brit. J. Nutrition, 12: 196.

Irving, J. T., and M. B. Richards 1939 Influ
ence of age upon the requirement of vitamin 
A. Nature, 144: 908.

Johnson, O. C. 1956 Chemical and nutritive 
changes in thermally oxidized edible fats and 
oils. Dissertation Abstr., 16: 1657.

Jones, J. H., and C. Foster 1942 A salt mix
ture for use with basal diets either low or 
high in phosphorus. J. Nutrition, 24: 245.

Kaunitz, H. 1960 Biological effects of rancid 
fats and their functions. Exp. Med. Surg., 18: 
59.

Lalor, R. J., W. L. Leoschke and C. A. Elvehjem 
1951 Yellow fat in the mink. J. Nutrition, 
45: 183.

Lea, C. H. 1953 Recent developments in the 
study of oxidative deterioration of lipids. 
Chem. Industry, p. 1303.

Lewis, E. W., Jr., and C. A. Elvehjem and E. B. 
Hart 1951 Studies on the nature of the nu
tritional deficiencies of wheat gluten meal. 
J. Nutrition, 43: 113.

Mason, K. E., H. Dam and H. Granados 1946 
Histological changes in adipose tissue of rats 
fed a vitamin E deficient diet high in cod liver 
oil. Anat. Rec., 94: 265.

Matsuo, N. 1961 Nutritional effects of oxidized 
and thermally polymerized fish oils. Symposium 
on foods: lipids and their oxidation, eds., H. W. 
Schultz, E. A. Day and R. O. Sinnhuber, The 
AVI Publishing Co., Inc. Westport, Connect
icut.

Moore, T., and R. L. Mitchell 1955 Dental 
depigmentation and lowered content of iron 
in the incisor teeth of rats deficient in vita
mins A and E. Brit. J. Nutrition, 9: 174.

Oldfield, J. E., and A. F. Anglemier 1957 Feed
ing of crude and modified menhaden oils in 
rations for swine. J. Animal Sci., 16: 917.

Robinson, K. L., and W. Coey 1951 A brown 
discoloration of pig fat and vitamin E defi
ciency. Nature, 168: 997.

Sinnhuber, R. O., and T. C. Yu 1958 2-Thio- 
barbituric acid method for the measurement 
of rancidity in fishery products. II. The quan
titative determination of malonaldehyde. Food 
Technol., 12: 9.

Zalkin, H., and A. L. Tappel 1960 Studies of 
the mechanism of vitamin E action. IV. Lipid 
peroxidation in the vitamin E-deficient rabbit. 
Arch. Biochem. Biophys., 88: 113.



Supplementation of Cereal Proteins with Amino Acids
IV. LYSINE SUPPLEMENTATION OF WHEAT FLOUR FED TO 

YOUNG CHILDREN AT DIFFERENT LEVELS OF PROTEIN 
INTAKE IN THE PRESENCE AND ABSENCE OF 
OTHER AMINO ACIDS* 1'2

R. BRESSANI, D. WILSON, M. BÉHAR, M. CHUNG AND 
N. S. SCRIMSHAW
Institute of N utrition  of Central America and Panama (IN C A P ), 
Guatemala, Central America

In a previous report (Bressani et al., 
’60) the effect of supplementing wheat 
flour protein with its limiting amino acids 
according to the FAO reference protein was 
studied in children using the nitrogen bal
ance technique. Compared with the essen
tial amino acid pattern of the FAO refer
ence protein (FAO, ’57), the order of the 
limiting amino acids in the wheat basal 
diet was: lysine, tryptophan, methionine, 
isoleucine, valine, and threonine.

The results obtained with these children 
(Bressani et al., ’60; Bamess et al., ’61) 
indicated clearly that lysine is the most 
limiting amino acid in wheat protein. The 
nitrogen retention values when lysine 
alone was added were considerably above 
those found when the basal diet was fed, 
although below those obtained with iso- 
proteic amounts of milk (Bressani et al., 
’60; Rosenberg et al., ’54). The addition 
of both tryptophan and lysine to the basal 
diet gave a slightly greater and more con
stant response.

Several reports (Bressani et al., ’58; 
Almquist et al., ’50; Becker et al., ’57; 
Grau, ’48; Brinegar et al., ’50) from experi
ments with animals have shown that the 
relative amounts of the essential amino 
acids required for maximal response in
crease with the percentage of protein in 
the diet. Similar studies in humans have 
not been reported. It seemed pertinent, 
therefore, to determine whether a basal 
diet of wheat, supplemented with both 
lysine and tryptophan in appropriate 
amounts, would give consistent nitrogen

retention values as high as those obtained 
with milk, and also whether the effect of 
a given amount of lysine per gram of 
nitrogen added to wheat flour is altered 
by the level of protein intake.

MATERIALS AND METHODS

The first experiment compared nitro
gen retention observed in two children fed 
isoproteic levels of milk, of wheat flour 
supplemented with lysine, and of wheat 
flour supplemented with other limiting 
amino acids. The second experiment in
vestigated the effect of adding different 
amounts of lysine to wheat flour at two 
levels of protein intake in 5 children. The 
age and weight of the children at the start 
of each experiment are shown in table 1.

The basal diet (in gm/100 gm) con
sisted of: wheat flour, 85; wheat gluten, 
7; glycine, 3; and cornstarch, 5. The test 
diets supplied the specified level of protein 
and a part of the calories which were ad
justed to the desired level by the addition 
of sugar and vegetable fat. The various 
amino acids were substituted for an equal 
amount of cornstarch, their nitrogen re
placing glycine nitrogen so that all the 
diets remained isonitrogenous, as well as 
isocaloric. Corrections for the d - form of 
the amino acids were made by doubling 
the amount added, except for DL-methio- 
nine which was assumed to be fully uti
lized. The amount of lysine was corrected

Received for publication September 15, 1962.
1 This investigation was supported by grant A-3811 

from the National Institutes of Health.
2 INCAP Publication 1-260.
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TABLE 1

Age and weight of children at start o f each experiment

Case
no.

Exp.
no. Age Weight Protein

intake
Calorie
intake

kg gm/kg/day kg/day
97 i 3 years,, 8 months 14.7 2 90
98 i 2 years,, 9 months 10.6 2 90
92 2 3 years,, 6 months 13.7 2 90

109 2 6 years,, 4 months 18.4 2 90
103 2 3 years,, 8 months 12.8 2 90
105 2 4 years,, 6 months 15.3 3 90
115 2 2 years, 11 months 9.0 3 100

for the hydrochloride molecule present. 
Amino acid contents and supplements are 
expressed as milligrams of amino acids 
per gram of nitrogen to facilitate compari
son with the amino acid pattern of the FAO 
reference protein.

In most instances, the diet was prepared 
for each three-day balance period and re
frigerated until all was used. The two food 
preparations were a gruel and a pudding of 
a thicker consistency. The children were 
fed both preparations three times a day, 
and a multivitamin and mineral mixture3 
was given daily. The basal diet contained 
101 mg of lysine/gm of nitrogen.

In experiment 1, the quantities of amino 
acids added to the basal diet were those 
needed to bring its essential amino acid 
pattern to that of the FAO reference pro
tein. In experiment 2, different levels of 
L-lysine-HCl were added to wheat flour so 
that the ratios of lysine-to-trytophan in the 
diet were 2/1, 3/1, 4/1, 5/1 and 6/1. 
The 6/1 lysine supplement gave a total of 
270 mg lysine/gm N, the amount con
tained in the essential amino acid pattern 
of the FAO reference protein.

In all trials weight either remained con
stant or increased slightly. Balance stud
ies were usually carried out with a two- 
day adaptation period followed by three 
3-day balance periods on each diet. At the 
end of each three-day balance period, the 
entire collections of urine and feces and 
samples of the diet were prepared for 
nitrogen analysis by the Kjedahl method.

Results for successive three-day periods 
on the same regimen are given as aver
ages; variation among periods was similar 
to that described previously for identical

procedures (Bressani et al., ’60). Values 
for individual three-day periods were used 
in the analysis of variance.

RESULTS 

Experiment 1
Table 2 presents the results with child 

PC-97, who was fed the basal wheat diet 
with additions of lysine, of lysine and tryp
tophan, and of a mixture of lysine, trypto
phan, methionine, isoleucine, valine, and 
threonine. Nitrogen intake was relatively 
constant, but the absorbed nitrogen tended 
to be slightly lower during the milk feed
ing period than when the wheat protein 
was fed. Nitrogen retention with the 
wheat basal diet supplemented with lysine 
alone was only slightly lower than with 
any of the amino acid mixtures or with 
milk.

Table 2 also shows the nitrogen balance 
results obtained with child PC-98, who 
received the wheat basal diet with different 
amino acid supplements. Nitrogen intake 
remained relatively constant throughout 
the study, whereas absorbed nitrogen was 
slightly higher with the wheat flour diets 
than with milk. Nitrogen retention was 
similar with both milk and wheat flour 
supplemented simultaneously with lysine, 
tryptophan, methionine, valine, isoleucine, 
and threonine at the specified levels.

Nitrogen retention was greatest with 
wheat protein supplemented with lysine 
and tryptophan followed by lysine alone, 
by lysine and valine, and by the basal diet 
in order of decreasing retention.

3 Gevral, donated by Lederle Laboratories, American 
Cyanamid Company.
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TABLE 2

Comparison of nitrogen balance results w ith m ilk and a wheat flour basal diet 
supplemented with amino acids

Diet
No. of 

balance 
periods

Nitrogen
Absorption RetentionIntake Fecal Urine

mg/hg/day % of intake % of intake
Child PC — 97

Milk 3 288 51 185 82.3 18.0
B asal +  L-ly sine • HC11 4 302 58 221 87.4 14.2
Basal +  amino acid mixture2 4 290 30 205 89.6 19.0
B a s al +  L-ly sine • HC1 +

dl-tryptophan3 3 295 44 194 85.1 19.3

Child PC —  98
Milk 2 329 51 209 84.5 21.0
Basal 3 338 49 260 85.5 8.6
Basal +  L-lysine -HC11 8 328 42 245 87.2 12.5
Basal +  amino acid mixture2 4 317 48 183 84.8 27.1
Basal +  L-lysine -HC1 +

DL-tryptophan3 4 328 37 224 88.7 20.4
Basal 3 320 43 236 86.6 12.8
B asal +  L-ly sine • HC1 +
DL-valine4 3 304 41 210 86.5 17.4

Milk 2 321 71 165 77.9 26.5

1 To give 270 mg lysine/gm N in diet.
2 To give 270 mg lysine, 90 mg tryptophan, 270 mg methionine, 270 mg isoleucine, 270 mg valine and 180 

mg threonine/gm N in diet.
3 To give 90 mg tryptophan/gm N in diet.
4 To give 270 mg valine/gm N in diet.

Experiment 2
Protein intake: 2 gm/kg/day. Table 3 

shows the nitrogen balance results ob
tained with each of the three children fed 
the wheat basal diet at a protein intake of 
2 gm/kg/day, supplemented with increas
ing levels of L-lysine-HC1. The supple
mentation to 162 mg lysine/gm N in the 
diet increased nitrogen retention above 
that observed with the basal diet alone. 
Higher levels of supplemental lysine failed 
to improve nitrogen balance significantly. 
Child PC-109 had a preliminary feeding 
of milk, which gave slightly higher balance 
results than those observed with the lysine 
supplemented wheat protein diet.

Protein intake: 3 gm/kg/day. Table 4 
summarizes the nitrogen balance results 
obtained from feeding each of three chil
dren the wheat basal diet at a protein 
intake of 3 gm/kg/day, supplemented with 
increasing levels of lysine. The basal diet 
gave low nitrogen balance values, but the 
supplementation to 162 mg of lysine/gm N 
again improved nitrogen balance. It was 
further increased in one child by the addi
tion to 208 mg lysine/gm N. In child

PC-105 this level of lysine gave nitrogen 
values similar to those observed during 
the initial treatment with milk.

Statistical analysis of lysine supplemen
tation results at the tivo levels. The anal
ysis of variance of the nitrogen retention 
data, expressed as percentage of nitrogen 
intake, shows a significant difference in 
the percentage of retention among the 
various lysine levels of supplementation 
studied (P  =  0.01). This difference can 
be ascribed to the increment in percentage 
of retention compared with that obtained 
with 101 mg lysine/gm N in the diet and 
was observed in all cases when lysine was 
added at the rate of 162 mg lysine/gm N 
in the total diet. Higher levels of lysine 
failed to produce significant additional in
creases in nitrogen retention. Since there 
is no statistical indication of either a lysine 
level X protein level interaction or a lysine 
level X child interaction, it can be con
cluded that within the range of protein in
take studied a uniformly high level of 
percentage of nitrogen retention was at
tained starting with lysine additions to the 
level of 162 mg of lysine/gm N.
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Effect of increasing levels of supplemental lysine on nitrogen retention o f children fed a wheat basal 
diet at a protein intake of 2 gm/kg/day (average of three 3-day balance periods)
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Nitrogen
Diet ----------------------------------  Absorption Retention

Intake Fecal Urine

Basal ( 101 mg lysine/gm N ) 1 
Basal +  lysine ( 162 mg lysine/gm 
Basal +  lysine (208 mg lysine/gm 
Basal +  lysine (260 mg lysine/gm

Basal ( 101 mg lysine/gm N )  
Basal +  lysine (162 mg lysine/gm 
Basal +  lysine (208 mg lysine/gm 
Basal +  lysine (260 mg lysine/gm 
Basal +  lysine (282 mg lysine/gm

Milk
Basal (101 mg lysine/gm N )  
Basal +  lysine ( 162 mg lysine/gm 
Basal+lysine ( 194 mg lysine/gm 
Basal +  lysine (208 mg lysine/gm 
Basal +  lysine (282 mg lysine/gm

mg/kg/day % of intake % of intake

Child PC —  92
325 47 274 85.5 1.2

N ) 322 45 227 86.0 15.5
N ) 313 49 211 84.3 16.9
N ) 301 54 191 82.1 18.6

Child PC — 103
330 44 269 86.7 5.2

N ) 335 44 244 86.9 14.0
N ) 322 52 239 83.8 9.6
N ) 320 54 222 83.1 13.7
N ) 317 36 224 88.6 17.9

Child PC — 109
312 68 201 78.2 13.8
325 34 270 89.5 6.5

N ) 328 27 264 91.8 11.3
N ) 313 29 241 90.7 13.7
N ) 318 27 258 91.5 10.4
N ) 331 29 272 91.2 9.1

1 Total lysine in diet.

TABLE 4

Effect o f increasing levels of supplemental lysine on nitrogen retention in children fed a wheat basal 
diet at a protein intake of 3 gm/kg/day (average o f three 3-day balance periods)

Diet
Nitrogen

Intake Fecal Urine
Absorption Retention

mg/kg/day % of intake % of intake
Child PC —  103

Milk 468 79 345 83.1 9.4
Basal (101 mg lysine/gm N ) 1 473 59 455 87.5 —8.7
Basal +  lysine (162 mg lysine/gm N ) 475 53 422 88.8 10.5
B as al +  lysine ( 208 mg lysine/gm N ) 495 65 379 86.9 10.3
Basal +  lysine (260 mg lysine/gm N ) 505 59 446 88.3 9.5
Basal +  lysine (282 mg lysine/gm N ) 493 52 384 89.5 11.6

Child PC —  105
Milk 482 77 341 84.0 18 8
Basal (101 mg lysine/gm N ) 495 66 400 86.7 5 9
Basal +  lysine (162 mg lysine/gm N ) 479 48 382 90.0 10 9
Basal +  lysine (208 mg lysine/gm N ) 488 47 385 90.4 11 5
Basal +  lysine (260 mg lysine/gm N ) 508 40 390 92.1 Ifi 8
Basal +  lysine (282 mg lysine/gm N ) 504 41 385 91.9 15.5

Child PC — 115
Basal (101 mg lysine/gm N ) 481 61 398 87.3 4 fi
Basal +  lysine (162 mg lysine/gm N ) 509 64 345 87.4 19 fi
Basal +  lysine (194 mg lysine/gm N ) 530 70 379 86.8 15 8
Basal +  lysine (208 mg lysine/gm N ) 533 59 400 88.9 18 9
Basal +  lysine ( 282 mg lysine/gm N  ) 509 60 363 88.2 16.9

i Total lysine in diet.
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DISCUSSION

The nitrogen retention results of the 
first experiment confirm the previous re
port of Bressani et al. ( ’60) that in young 
children the addition of lysine to a basal 
wheat diet brings about a marked increase 
in nitrogen retention. Nevertheless, the in
crease is lower than that observed from 
feeding isonitrogenous amounts of milk. 
The present results indicate that the addi
tion of lysine, tryptophan, methionine, iso
leucine, valine and threonine to the wheat 
basal diet in amounts called for by the 
pattern of the FAO reference protein 
(FAO, ’57) results in nitrogen retention 
values as high as those obtained with 
milk, or higher. They further show that, of 
the 6 amino acids added in these amounts, 
lysine and tryptophan together, added to 
wheat protein fed at intakes between 2 
and 3 gm of protein/kg of body weight, 
produce about 90% of the nitrogen reten
tions obtained with the same amount of 
milk protein.

Contrary to the results with a previous 
child (Bressani et ah, ’60) valine did not 
improve nitrogen retention beyond that ob
tained with lysine alone in the child given 
the tryptophan and valine combination in 
the present study. The deficiencies of 
methionine, isoleucine, and threonine in 
wheat flour are also minimal. As in the 
previous study by Bressani et al. ( ’60), the 
addition of the 4 amino acids to wheat 
flour supplemented with lysine and trypto
phan produced only a small response; 
nevertheless, the present experiments and 
those of investigators working with rats 
(Hutchinson et al., ’58; Bender, ’58; Rosen
berg et al., ’54; Ericson, ’60) suggest the 
need of these amino acids to obtain maxi
mal response with wheat flour protein.

One of the 6 children appeared to re
quire 194 mg of lysine/gm N in the diet 
for maximal retention rather than 162 mg. 
The higher figure is equivalent to 102 mg 
of lysine/kg of body weight, very close to 
the 103 mg of lysine suggested for children 
by Snyderman et al. ( ’59) on the basis of 
nitrogen balance studies in children one 
to two months of age, and higher than 
the figures reported by Nakagawa et al. 
( ’61) for children 11 years old.

The results suggest that when wheat 
is the only source and is fed at a level of
2.00 to 3.00 gm of protein/kg, the opti
mal quantity of lysine to be added to 
the diet is between 162 and 194 mg of 
lysine/gm N. Adding these quantities of 
lysine to those in the basal diet results in 
a lysine-to-tryptophan ratio between 3/1 
and 4/1, as proposed in the FAO refer
ence pattern. In a recent review on lysine 
in human nutrition, Jansen ( ’62) ex
pressed in several ways the lysine require
ments for man and rats observed by a 
number of investigators. Expressed as the 
relationship of lysine-to-tryptophan, most 
of the values were between 3/1 and 4/1.

That the maximal retention of nitrogen 
was obtained at a much lower level in the 
present studies helps to explain why the 
addition of L-lysine at a level of 270 mg 
lysine/gm N in the studies of Bressani 
et al. ( ’60) did not result in nitrogen re
tention values as high as those obtained 
with the lower level. It also suggests the 
reason that the addition of tryptophan to 
the higher levels of lysine supplementation 
improved balance; the higher additions of 
lysine probably caused tryptophan to be
come the first limiting amino acid for 
children. The addition of only 162 mg 
lysine/gm N to the diet was sufficient to 
balance the available tryptophan in the 
wheat flour. If larger amounts of lysine 
are supplied, other amino acids must be 
added to maintain favorable proportions 
among the essential amino acids. This 
appears to be a fundamental limitation in 
the use of the FAO or any other amino 
acid reference pattern.

In using any amino acid pattern for the 
evaluation of proteins, it is necessary to 
consider not only the adequacy of the 
amount of each amino acid per gram of 
nitrogen when others are present in op
timal quantities, but also the effect of 
excesses. This agrees with Rosenberg’s 
conclusion ( ’59) that the amino acid sup
plementation of a deficient protein gives 
an improved response only when it corrects 
the most limiting amino acid in such a 
way as to improve the balance or propor
tion among the other essential amino 
acids. Some of the amino acids may have 
little or no adverse effect on nitrogen utili
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zation when they exceed the quantity per 
gram of nitrogen recommended in the FAO 
reference pattern; others, such as methio
nine, valine, and leucine, when present in 
excess, may under some conditions pro
duce imbalances. An improvement in the 
present amino acid pattern concept would 
be to include upper, as well as lower, limits 
for each amino acid concentration per 
gram of nitrogen so that when used to 
evaluate foods or diets the pattern would 
warn of possible imbalances due to amino 
acid excesses, as well as adverse effects 
of deficiencies.

SUMMARY

In the first of two experiments using 
the nitrogen balance technique in children, 
it was shown that the addition of lysine to 
a basal wheat diet brings about a marked 
increase in nitrogen retention. Nitrogen 
retention values as high as or higher than 
those obtained with isonitrogenous feeding 
of milk were obtained by feeding a wheat 
basal diet supplemented with a mixture 
containing the FAO levels of lysine, trypto
phan, methionine, isoleucine, valine, and 
threonine. About 90% of the response, 
however, was found to be due to the com
bined lysine and tryptophan supplement.

In the second experiment, the effect of 
protein level of intake on the minimal 
lysine supplement to be added to wheat 
flour was studied in 6 children. Maximal 
retention of nitrogen was obtained with 
the addition of 162 to 194 mg lysine/gm 
of nitrogen to a basal diet fed at a rate of 
2 and 3 gm of protein/kg of body weight 
per day, respectively. Within the range 
of the protein fed, the amount of lysine 
per gram of nitrogen that must be added 
did not vary significantly with protein in
take.

The results demonstrate once again 
that it is necessary in amino acid supple
mentation studies to consider not only the 
adequacy of the amount of each amino 
acid, when others are present in optimal 
quantities, but also the effect of excesses 
of some amino acids. Maximal response 
is obtained only when a correction is made 
in the amount of the most limiting amino

acid in such a way as to improve the 
balance or proportion among the other 
essential amino acids. This is a funda
mental characteristic of the FAO or any 
other amino acid reference pattern.
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Further Studies of the Influence of Diet on 
Radiosensitivity of Guinea Pigs, with 
Special Reference to Broccoli and A lfalfa* 1

DORIS HOWES CALLOWAY, GORDON W. NEWELL,
W. K. CALHOUN a n d  A. H. MUNSON
Armed Forces Food and Container Institute, Chicago, Illinois, and 
Stanford Research Institute, Menlo Park, California

Confirmation of the observation of 
Lourau and Lartigue ( ’50) that supple
mentation of a bran and oats diet with 
cabbage decreases the radiosensitivity of 
guinea pigs, was reported by Duplan ( ’53) 
and Spector and Calloway ( ’59). The 
latter workers showed that the protective 
effect was not due to ascorbic acid and 
that supplementation with broccoli was 
also effective. Duplan stated that if the 
basal bran and oats diet was replaced by 
a balanced synthetic diet, identical results 
were obtained. However, examination of 
guinea pigs fed the bran-oats diet led Cal
loway and Munson ( ’61) to conclude that 
at least part of the observed response was 
due to improved nutritional status. Ac
cordingly, a series of tests were conducted 
in which various improvements of the 
diet were investigated. The data to be 
presented indicate that the radioprotective 
quality is shared by a number of plant 
materials; that this quality cannot be dem
onstrated in the presence of a purified 
casein diet; and that the protective agent 
in alfalfa is a water-soluble substance.

METHODS AND MATERIALS

The standardized assay procedure, de
scribed below, used by the two collaborat
ing laboratories, was followed except as 
otherwise noted. Young guinea pigs weigh
ing 250 to 350 gm were maintained for 
10 to 14 days with a basal diet consisting 
of 50% of field oats and 50% of wheat 
bran, supplemented with vitamin C by 
addition of 0.24% of sodium ascorbate to 
the dry diet or in the drinking water as
1.5 gm ascorbic acid plus 1.0 gm sodium 
bicarbonate/liter.2 Animals received in 
poor physical condition were discarded

during this standardization period. After 
standardization, the animals were divided 
at random into experimental groups of 
approximately 20 each and given various 
supplements for two weeks prior to, and 
for 30 days after, irradiation.

The purified diet used was patterned 
after the Reid and Briggs ( ’53) diet no. 13 
and was composed of: (gm/100 gm)
vitamin-free casein, 30; corn oil, 6.3; su
crose, 9.3; non-nutritive cellulose,3 15.0; 
glucose,4 7.8; potassium acetate, 2.5; mag
nesium oxide, 0.5; USP Salts XIV, 5.998; 
zinc carbonate, 0.002; cornstarch, 19.4; 
glycerine, 1.0; B vitamins in cornstarch,5 
1.0; fat-soluble vitamins in corn oil,6 1.0, 
and ascorbic acid, 0.2. The analyzed com
position of this diet, together with that of 
the bran-oats diet and of broccoli, is 
shown in table 1. Formulation of other 
supplements was based upon these com
positional data.

Received for publication September 20, 1962.
1 This paper reports research undertaken at the 

Armed Forces Food and Container Institute, U. S. 
Army QM Research and Engineering Command, and 
at the Stanford Research Institute under contract 
no. DA-19-129-qm-1547, and has been assigned no. 
2235 in the series of papers approved for publication. 
The views or conclusions contained in this report 
are those of the authors. They are not to be construed 
as necessarily reflecting the views or indorsement 
of the Department of Defense.

2 Groups were composed of either all males or equal 
numbers of males and females, as experience indi
cated there was no apparent difference in response 
due to sex. The adequacy of vitamin C supplementa
tion was established by measurement of whole blodd 
levels. Values obtained in 24 animals ranged from 
0.88 to 2.68 mg/100 ml, average 1.6 mg/100 ml.

3 Alphacel, Nutritional Biochemicals Corporation, 
Cleveland.

4 Cerelose, Com Products Company, Argo, Illinois.
5 Vitamins added/100 gm diet: (in mg) thiamine* 

HC1, 1.6; riboflavin, 1.6; pyridoxine-HCl, 1.6; Ca 
pantothenate, 4.0; niacin, 20.0; folic acid, 1.0; inositol, 
200.0; choline chloride, 200.0; a-tocopherol, 1.82; 
2 methyl-1-,4-naphthoquinone, 0.20; (in  /¿g) biotin, 
60.0; vitamin B12 , 4.0; (in IU ) vitamin A palmitate, 
1776; and vitamin D3 , 160.

6 See footnote 5.
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TABLE 1
Composition of basal diets and raw broccoli

Ingredient/100 
gm of diet

Purified
diet

Bran-
oats

Broccoli,
raw

Ingredient/100 
gm of diet1

Purified
diet

Broccoli,
raw

Moisture, gm 8.85 10.55 91.8 Calcium, gm 0.86 0 .11
Nitrogen, gm 4.02 2.08 0.37 Phosphorus, gm 0.73 0.069
Amino acids, gm Sodium, gm 0.172 0.062

Arginine 1.10 1.03 0.23 Potassium, gm 0.450 0.255
Cystine 0.082 0.208 0.030 Magnesium, gm 0.330 0.046
Methionine 0.732 0.192 0.037 Chlorine, gm 0.640 0.046
Cysteine 0.264 0.176 0.067 Fluorine, mg 2.1 0.1
Histidine 0.820 0.320 0.078 Bromine, mg 15.7 2.4
Isoleucine 1.59 0.52 0.11 Iodine, mg 0.57 0.24
Leucine 2.76 0.94 0.19 Zinc, mg 1.2 0.3
Lysine 2.46 0.65 0.20 Aluminum, mg 3.3 0.4
Phenylalanine 1.40 0.54 0.11 Manganese, mg 0.8 0.3
Tyrosine 1.39 0.42 0.08 Iron, mg 22.2 1.5
Threonine 1.26 0.79 0.13 Copper, mg 0.4 0.3
Tryptophan 0.369 0.275 0.045 Selenium, pg < 2 5
Valine 2.12 0.79 0.20 Molybdenum, /¿g < 1 0 25

Crude fat, gm 7.61 2.74 0.113 a-Tocopherol, mg < 2 2.0
Fiber, gm 15 12.6 1.3 ß-Carotene, mg — 0.820
Ash, gm 6.95 4.90 0.766 Thiamine, mg 0.733 0.098
Silicon, mg 5.15 347.0 1.71 Riboflavin, mg 1.54 0.180
Boron, mg <0.5 0.5 2.0 Niacin, mg 21.5 0.738
Sulfur, mg Pyridoxine, mg 1.59 0.18

Total 206 156 111 Ca pantothenate,
Organic 179 156 70 mg 6.52 1.33

Arsenic Folic acid, /lg 590 46
(as AS2O3), ng 6 36 12 Biotin, ng 76 8

Nickel, mg 1.7 1.7 8.3 Vitamin B 12, pg 0.87 NF
Choline chloride, mg 212 44
Inositol, mg 207 40

Para-aminobenzoic
acid, mg 1.0 NF2 NF

'Data on the composition of bran-oats with respect to these constituents were presented previously, (Cal
loway and Munson, ’61).

2 NF = None found.

Fresh vegetables and fruits were usually 
purchased locally and held under condi
tions appropriate for the product, for not 
more than 5 days. All alfalfa was from a 
single lot of high-protein, high-vitamin A 
(approximately 65,000 ag [3-carotene/100 
gm), dehydrated leaf meal, held under 
inert gas by the supplier.7 Fifty grams of 
raw materials were provided in a separate 
food cup. Percentage supplementation of 
the bran-oats diet was at the expense of 
the total diet. All mixed diets, basal or 
supplemented, were fed ad libitum.

The X-radiation was administered at the 
Argonne National Laboratories or at the 
USAF Radiation Laboratory, University of 
Chicago, using a General Electric Max- 
imar X-ray machine.8 Radiation factors 
were: 180 kv; 15 ma; no filtration added; 
21 to 22 r/min in air; 105-cm target dis

tance. Six animals were irradiated simul
taneously in a horizontal beam and repre
sentatives from each treatment were 
included in each exposure. Except where 
noted, animals were exposed to 400 r, 
half of the dose being applied to each side 
of the whole body.

At Stanford Research Institute, gamma 
radiation was administered from a 1600 
curie Co60 source, with filtration through 
0.95 cm of aluminum. Exposure rate was 
16 rad/min (ferrous sulfate dosimetry); 
total-body exposure dose was 350 rad, half 
of the dose being applied to each side of 
the body. Twenty animals, including rep
resentatives of each dietary treatment, 
were irradiated simultaneously.

7 Consolidated Blendors, Fremont, Nebraska.
8 We are indebted to Dr. D. E. Smith and Joseph 

Trier of Argonne National Laboratories and to Dr. 
K. P. DuBois of the USAF Radiation Laboratory for 
arranging radiation services.
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Animals were housed individually in 
suspended, screen-bottom cages in a con
trolled environment (26 ±  2°C). Body 
weight and food intake were recorded in
termittently throughout the experimental 
periods. The criterion from which the 
efficacy of any treatment was determined 
was percentage of mortality subsequent 
to irradiation.

PROCEDURE AND RESULTS

Series 1. Influence of vitamin A on 
radiosensitivity of guinea pigs fed bran 
and oats. The basal bran-oats diet is 
devoid of vitamin A and low in content 
of protein, riboflavin, calcium, sodium, 
and the halogens. Earlier studies (Cal
loway and Munson, ’61) revealed reduced 
hepatic levels of vitamin A in guinea pigs 
fed the deficient diet for as little as 2 to 
4 weeks, and gross pathologic changes 
associated in this species with deficiency 
of vitamin A. Therefore, experiments were 
carried out in which crude and refined 
sources of vitamin A were evaluated for 
ability to decrease the radiosensitivity of 
guinea pigs fed the deficient cereal diet. 
Several raw plant foods, providing nearly 
equal amounts of water and fiber but 
varying in content of [3-carotene, were 
tested as were dehydrated alfalfa leaf 
meal and certain dairy products. The vita
min A-free diet was fed to all animals 
during a two-week standardization period 
before introduction of the indicated sup
plements.

Data in table 2 relative to unsupple
mented, cabbage- and broccoli-supple
mented treatments which have been repli
cated many times in the course of these 
and earlier experiments, serve to indicate 
the extent of variance of the assay. Per
centage mortality 20 days after 400-r X- 
irradiation was 97 ±  5, 54 ±  17 and 42 ±  
16 for these respective groups. Both sup
plemented groups differ significantly from 
the unsupplemented (P  <  0.001), but not 
from each other. A few deaths occurred 
between post-irradiation days 20 and 30; 
30-day survivors have been maintained 
for an additional 6-week period without 
additional mortality. As is frequently the 
case with this species, some mortality was 
experienced among control non-irradiated 
animals: 5 to 20% of guinea pigs fed the

deficient diet and zero to 5% of these 
given vitamin A-contributing supplements. 
Radiation mortality values have not been 
corrected for this factor as there is no 
valid basis for determining whether a 
given death would have occurred in the 
absence of the superimposed stress.

All (3-carotene-containing vegetables and 
fruits exerted some beneficial effect. Mor
tality sustained 20 days after irradiation 
was about 30 to 50% of groups fed raw 
green vegetables or carrots.9 Dietary sup
plementation with 20% of dehydrated al
falfa reduced mortality to a very low 
level; no deaths occurred by the 20th day 
and only 19% of the group died there
after. Tomatoes and oranges supply less 
3-carotene and were less beneficial; the 
percentage mortalities were 62 and 78, 
respectively. Beets, apples, and white po
tatoes were essentially without effect.

Supplements providing pre-formed vita
min A showed no consistent effect on 
radiosensitivity. Although only 65% of a 
group given dry whole milk died by post
irradiation day 30, none of the groups fed 
fluid whole milk or butter survived. Per
centage mortality was reduced to 72 at 
20 days and 83 at 30 by daily peroral 
administration of vitamin A together with 
all vitamins incorporated into the Reid- 
Briggs diet 13, in the amount that would 
be contained in an average daily intake of 
20 gm of that diet.

To determine whether these responses 
were attributable to variation in amount 
or in type of vitamin A source used, 
guinea pigs were depleted of vitamin A re
serves, by preliminary feeding of the de
ficient cereal diet to induce a 20% reduc
tion of body weight; then they were 
provided graded amounts of vitamin A 
palmitate or of crystalline 8-carotene dur
ing the pre-irradiation period of two weeks 
and the post-irradiation period of 30 days. 
All animals continuously given the defi
cient diet following depletion succumbed 
within the period of observation, whether 
irradiated or not. However, exposure to

9 The low mortality (44% at 20 days) experienced 
when a supplement of carrots was given requires 
comment in view of the report of Duplan ( ’53) that 
cabbage promotes superior radioresistance in compari
son with carrots. In our single experiment with 
carrots, the vegetable of the cabbage family tested 
was mustard greens, supplementation with which 
resulted in only 12% mortality. Thus, our data indi
cate a similar trend.



DIET AND RADIOSENSITIVITY 343

TABLE 2
Radiosensitivity of vitam in A-depleted guinea pigs fed a basal diet of bran and oats plus 

ascorbic acid without vitam in A or with supplements varying 
in  vitam in A content (Series 1)

Supplement1 Mortality following irradiation
Day 20 Day 30

400 r X-radiation
% %

None 97±  5 (1 0 )2 99 ±  2
Cabbage 54± 17(9) 56± 17
Broccoli 4 2 ±  16(7) 42 ±10
Alfalfa leaf meal, 20% 0 19
Mustard greens 12, 50
Green beans 31
Lettuce 44
Carrots (root only) 44
Tomatoes 62
Oranges 78
Beets (roots only) 90 90
Apples 94
White potatoes 100 100
Dry whole milk, 20% 60 65
Fluid whole milk, vitamin D-fortified3 94 100
Butter, 10% 100 100
All vitamins4 72 83

350 rad Co“ -gamma radiations5
None6
Vitamin A palmitate, IU/100 gm6

100 100

1775 100 100
4775 95 95

14775
/3-Carotene, yg/100 gm'

95 95

2960 90 100
7960 90 90

24625 75 75
Alfalfa leaf meal, 20% 33 33

1 50 gm/day unless otherwise noted.
2 Figures in parentheses indicate number of separate tests included in mean and standard deviation.
3 400 IU/quart of pasteurized, homogenized milk.
4 Given once daily by mouth in amount supplied by 20 gm of Reid-Briggs Diet 13.
5 All animals included, in this group were standardized by feeding the vitamin A-free diet until 

20% of body weight was lost. See text.
6 3% of corn oil added as vehicle for supplements.

350 rad of gamma radiation shortened 
average survival time by 8 days. Not more 
than two non-irradiated animals per group 
died when given vitamin A or (3-carotene 
after depletion.

Radiation-induced mortality was 100% 
of those given 1775 IU of vitamin A/100 
gm of diet, the amount included in Reid- 
Briggs diet 13, and 95% of animals that 
received 4775 and 14,775 IU/100 gm (see 
table 2). Provision of 2960 or 7960 ug of 
3-carotene/100 gm of diet was equally 
ineffective. Mortality was 75% of the 
group given the extremely high level of 
(3-carotene, 24625 ag/lOO gm of diet (12 
times the average content of broccoli-sup
plemented diets and double that of the 
diet containing 20% of alfalfa). In the

presence of alfalfa, only 33% of the ani
mals died. Average survival time was 
equal in all supplemented groups and was 
extended about 5 days beyond that of the 
unsupplemented, irradiated group (12 to 
15 days vs. 8 days).

For brevity, neither food intake nor 
body weight of the large number of groups 
included in table 2 is given. It was ob
served that irradiation induced in all 
groups the same alteration in patterns of 
food intake. Food consumption decreased 
for a few days immediately following ex
posure, returned to near normal levels 
during the latent period of radiation sick
ness, and decreased again coincident with 
the major occurrence of death between 
the 11th and 15th days. Recovery was
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accompanied by steadily increasing food 
intake, attaining pre-irradiation values by 
the end of the third week.

Total caloric intake (basal plus supple
ment) was usually greater in groups given 
supplements. Consumption of the basal 
diet was approximately equal among all 
groups; that is, there was little compensa
tory decrease in basal food intake in the 
presence of supplementary food. Supple
ments contributed about 20% of the total 
caloric intake. However, variations in 
food intake bore no consistent relationship 
to survival. For example, intakes of 
groups fed beets or cabbage were approxi
mately equal but mortalities were 90 and 
54%, respectively.

Marked differences in growth were ob
served within and between experiments. 
Neither growth nor body weight were re
liable indicators of radiation resistance, al
though all effective supplements supported 
better weight gains than were achieved in 
the controls.

Series 2. Radiosensitivity of guinea 
pigs fed broccoli or alfalfa in conjunction 
with a purified casein diet. To determine 
whether improved nutritional status was 
the only factor responsible for enhanced 
radioresistance of guinea pigs fed the bran- 
oats diet with broccoli or alfalfa, these 
supplements were fed in conjunction with 
an adequate purified diet. The modified 
Reid-Briggs diet 13 served as the basal 
diet in this series, according to the same 
test plan used in series 1 : two-week stand
ardization with the basal diet followed by 
two-week pre-irradiation and 30-day post
irradiation periods with or without supple
ments.

Some difficulty was encountered in ac
ceptance of the synthetic diet despite 
gradual introduction by admixture with 
ground commercial feed. In two such ex
periments, mortality subsequent to 400-r 
X-irradiation was 62 to 67% of animals 
fed the basal diet alone and 56% of those 
given, in addition, 50 gm of raw broccoli 
daily. Of animals fed ground commercial 
guinea pig chow,10 supplemented with 
0.24% of sodium ascorbate, 50% died 
after irradiation.

Satisfactory food acceptance was a- 
chieved in a third experiment. After 
standardization, groups of 40 guinea pigs

were assigned the basal, unsupplemented 
diet or received, in addition, 50 gm of raw 
broccoli daily or 20% of alfalfa leaf meal 
incorporated into the basal diet at the ex
pense of cornstarch. All broccoli was pro
cured from a single producer in California 
and was shipped by air twice weekly with 
ice to assure freshness. Eighteen animals 
from each diet group were exposed to 
either 400 or 500 r of X-radiation.

Percentage mortaility of groups fed the 
basal diet alone, with broccoli and with 
alfalfa was, respectively: after 400 r, 22, 
39 and 11; after 500 r, 44, 61 and 28. 
Analysis of variance of proportions of ani
mals killed during the 30-day test (using 
arc sine transformation) showed both sup
plemented groups to differ significantly 
from the basal: i.e., higher mortality with 
broccoli and lower with alfalfa.

Body weight data, graphed in figure 1, 
show that animals given the basal diet 
alone or with alfalfa grew at an equal, 
slow rate of about 15 gm/week prior to 
irradiation, whereas the weight increment 
of the group fed broccoli was about double 
that. Following irradiation at either dose 
level, growth of both of the supplemented 
groups was superior to that of the control 
group. Food intake followed roughly the 
same pattern. Again, approximately the 
same amount of basal diet was consumed 
in the presence of the raw broccoli supple
ment as in its absence. Growth was not 
necessarily associated with resistance to 
radiation, as noted earlier, since the high
est mortality was sustained by the broc
coli group at both radiation levels.

Series 3. Radiosensitivity of cereal-fed 
guinea pigs given a mixture of pure 
materials with the same composition as 
broccoli, or given raw broccoli with al
falfa meal. The next experiment was de
signed to determine whether the radio- 
protective agent was a recognized sub
stance, by providing in chemically-pure 
form all of the constituents of broccoli 
shown in table 1. Forty-eight ingredients 
made up the “synthetic broccoli,” which 
matched the natural composition, except 
that only one-third of the sulfur was de
rived from organic sources and chloride 
was in excess due to unavoidable additions

10 Purina Guinea Pig Chow, Ralston Purina Com
pany, St. Louis.
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Fig. I Growth curves and ad libitum food intake of guinea pigs fed a purified casein diet, alone 
or with supplements of raw broccoli or dehydrated alfalfa, and exposed to 400 r of X-radiation. To 
aid comparison, amount of broccoli consumed is shown on a dry solids basis, as part of the total food 
intake (series 2).

from vitamins and amino acids (1.788% 
of dry solids instead of 0.56%). The 
L-form of amino acids was used except for 
isoleucine, phenylalanine, threonine and 
valine where racemic mixtures were used. 
Total nitrogen content was made up with 
glutamic acid and monosodium glutamate. 
Since accurate data on the composition of 
broccoli lipids and carbohydrates were not 
available, another plant oil, cottonseed, 
was selected as the source of the small 
amount of crude fat, and glucose11 and 
cellulose12 as carbohydrates. The basal 
bran-oats diet was supplemented with 1% 
of vitamin A-fortified com oil (1776 IU/ 
100 gm as palmitate) and 0.24% of so
dium ascorbate. This diet was fed to all 
animals during the standardization period 
and to the dietary control group thereafter.

Although dietary supplementation with 
either broccoli or alfalfa effectively de
creases the radiosensitivity of cereal-fed 
guinea pigs, there is no valid reason to 
assume that these protect by the same 
mechanism. If the mechanisms differ, 
combination of the supplements might 
prove more effective than either one alone. 
Therefore, crude supplements included in

this experiment were: raw broccoli, 50 
gm/day; 20% of alfalfa leaf meal; or 
10% of alfalfa plus raw broccoli, 25 gm/ 
day.

Mortality statistics are summated with 
others of this series in table 3. The group 
given only vitamin A gained the least 
weight before irradiation and sustained 
the most severe losses afterward. Radia
tion death occurred in 75% of this group, 
an improvement over that usually experi
enced in the absence of vitamin A. The 
diet containing synthetic broccoli was ac
cepted well and weight gain was improved 
over that of the control group, but mortality 
(95% )  was higher than in the control 
group. Of animals given alfalfa, 15% 
died after irradiation and 50% of those 
receiving broccoli. Only 10% of the group 
given the combined supplements suc
cumbed, indicating a possble synergism.

The combined influences of broccoli and 
alfalfa were then evaluated in animals 
subjected to 350 rad gamma irradiation. 
In 14 separate experiments, the 30-day 
radiation-induced mortality was 86 ±  i o %

11 Cerelose.12 A lp h a c e l .
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TABLE 3
Radio sensitivity of guinea pigs fed a basal diet of bran and oats plus ascorbic acid 

and vitam in A, supplemented with pure compounds, broccoli and 
alfalfa, or alfalfa fractions

Supplement1

Mortality 30 days 
following irradiation

400 r X ray 350 rad 
Co60-gamma

% %
Vitamin A palmitate, 1776 IU/100 gm 75,67 86 ±  10 ( 14 ) 2
Synthetic broccoli, 2 0 % 3 95
Broccoli, 50 gm/day 50 56,30
Alfalfa leaf meal, 20% 15,28 51 ± 16(13)
Alfalfa leaf meal, 10% 63
Alfalfa leaf meal, 5% 89
Broccoli, 50 gm/day +  alfalfa leaf meal, 20% 20
Broccoli, 25 gm/day +  alfalfa leaf meal, 10% 
Vitamin A, 1776 IU/100 gm +

10 28,25

d-a-tocopheryl acetate, 110 mg/100 gm 89
Hesperidin, 50 mg % 94
Coumesterol, 2.0 mg % 94
Water-soluble fraction of alfalfa I4 28 39,44
Water-insoluble residue of alfalfa II4 67 80, 75
Alfalfa fractions I +  II4 24 15
Alfalfa ash, 2.4% 72
Alfalfa ash, 4.8% 76

1 Supplements fed two weeks before and 30 days after irradiation. All diets included 0.24% of 
sodium ascorbate and 1% of corn oil. SRI diets (Co6p-series) also contained 11 mg/100 gm d-a-tocoph- 
eryl acetate. All animals received vitamin A during the two-week standardization period.

2 Figures in parentheses indicate numer of separate tests included in mean and s d .
3 Mixture of 48 ingredients matching broccoli composition given in table 1.
4 Weights of fractions equal to 20 gm of dry alfalfa were added to 80 gm of basal bran-oats diet.

of animals given the bran-oats diet sup
plemented with sodium ascorbate and vita
min A palmitate (see table 3). With in
clusion of 20% of alfalfa leaf meal, 
mortality was 51 ±16%  of 13 groups of 
guinea pigs. A single experiment showed 
63% mortality of a group given 10% of 
alfalfa meal and 89% of those given 5%, 
indicating dose-dependency.

In the first trial of the conjoint supple
ments, using 25 gm of broccoli and 10% 
alfalfa, synergism was again suggested. 
Mortality was 56 and 45% of the usual 
raw broccoli (50 gm), and alfalfa (20% ) 
groups, respectively, and 28% of the com
bined-supplement group. Essentially no 
such effect was noted in a second experi
ment, where 20 to 30% of mortality oc
curred in all groups.

Other substances found in plant mate
rials, that have been suggested to have 
relevance to radiation sensitivity, were 
also tested. Supplements to bran-oats diet 
in addition to vitamin A and sodium as
corbate were: (mg/100 gm) d-a-tocopheryl 
acetate, 110; the flavonoid hesperidin, 50; 
and coumesterol, the major estrogenic

compound found in alfalfa,13 2.0. As 
shown in table 3, none of these reduced 
the mortality of animals exposed to 350 
rad of gamma radiation.

Series 4. Radioprotective effect of al
falfa fractions in the cereal-fed guinea 
pig. Since the protective effect of broc
coli could not be matched by dietary sup
plementation with a comparable mixture 
of pure amino acids, vitamins and min
erals, isolation of the factor has been un
dertaken.14 Alfalfa leaf meal was selected 
as the starting material because it is reli
ably effective and is easier to handle and 
store than is fresh produce.

Alfalfa leaf meal was extracted with 
water for 4 hours and filtered, yielding a 
water-soluble fraction ( I )  and a water- 
insoluble pulp residue ( I I ) .  Fraction I

13 Dr. G. O. Kohler, Western Utilization Research 
and Development Division, USD A, kindly provided 
the crystalline coumesterol and assayed the alfalfa 
for its potency, found to be equal to 92 ppm of 
coumesterol.

14 Fractionation was carried out at the Quarter
master Research and Engineering Center Laboratories, 
Natick, Massachusetts, under the direction of Drs. 
Louis Long and Torsten Hasselstrom of the Pioneer
ing Research Division, and at the Stanford Research 
Institute under Dr. W. E. Skinner.



DIET AND RADIOSENSITIVITY 347

contained 20% of the original solids. How
ever, due to the addition of water in the 
extraction process, the weights of frac
tions equal to 100 gm of the dehydrated 
leaf meal were 55 gm ( I )  and 190 gm
(I I ) .  Therefore, supplementation repre
senting 20 gm of alfalfa meal required 
the addition of 11 gm of fraction I and 
38 gm of fraction II to 80 gm of the basal 
diet (bran and oats with sodium ascorbate 
and vitamin A palmitate).

Ash of alfalfa leaf meal, prepared by in
cineration in a muffle furnace, was tested 
at two levels of supplementations, 2.4 and 
4.8% of the diet.

The data, assembled from both labora
tories in table 3, show clearly that the 
agent which promotes survival following 
irradiation was completely retained in the 
water-soluble portions of alfalfa, and was 
absent from the insoluble residue and the 
ash.

Neither body weight nor weight of 
spleen, liver, kidneys, adrenals or gonads 
revealed any differences which appeared 
to correlate with survival potential. Growth 
prior to irradiation was superior in the 
alfalfa-fed group, but was essentially equal 
in all others.

DISCUSSION

Two hypotheses can be offered to ac
count for the responses observed. First, 
the bran-oats diet may impose a require
ment which does not exist in conjunction 
with the purified diet, either due to the 
presence of some substance detrimental 
to absorption or to a specific nutrient im
balance. Alternatively, an unrecognized 
essential substance may be provided by 
both green plant materials and some in
gredient of the purified diet.

Failure to provide protection against 
radiation injury by supplementation of a 
vitamin A-deficient diet with pure vitamin 
A and natural sources of the preformed 
vitamin was most unexpected. Prolonga
tion of survival time until death under 
these conditions suggests that the animals 
were in improved condition at the time of 
irradiation. Since damage to the intestinal 
tract is a cardinal effect of irradiation, it is 
possible that faulty absorption of vitamin 
A may be a post-irradiation complication. 
To accept this hypothesis, one must assume 
that less damage to the intestinal tract oc

curs in animals pre-fed the alfalfa supple
ment; or that the provitamin A of alfalfa 
is more readily absorbable or utilizable 
than is the pure vitamin; or both possibil
ities. Ershoff and Hernandez ( ’60) have, 
in fact, reported that alfalfa contains an 
unidentified water-soluble factor which 
improves utilization of endogenous vita
min A in the rat, as well as promoting ab
sorption of this nutrient.

Deficiency of vitamin A, either pro
longed or transient, has been shown to de
crease the radioresistance of rats (Ershoff, 
’52; Ershoff and Greenberg, ’53). How
ever, mortality among animals fed alfalfa 
following vitamin A depletion was as low 
as that noted in nondepleted animals, so 
the transient deficiency of vitamin A in 
this series appears to have introduced no 
significant confounding.

There is no indication that the radio- 
protective mechanism differs from the in
creased resistance to Salmonellosis result
ing from cabbage-feeding in the guinea 
pig.15 Certainly, an agent that promotes 
resistance to bacterial infection might be 
expected to increase survival following ir
radiation where bacterial invasion plays a 
prominent role. However, preliminary 
studies by O’Dell suggest that supplemen
tation with alfalfa does not influence re
sistance to Salmonella infection.16 17 18 Either 
the disease - resistance and radiation - re
sistance agents are different or alfalfa and 
the Brassicaceae protect against radiation 
injury by different mechanisms.

Our observations suggest that the radio- 
protective agent may not be identical with 
the guinea pig growth-stimulating factors 
described by others (Kohler et al., ’38; 
Cannon and Emerson, ’39; Ershoff, 
’5 7 )17,18 as the radioprotective activity is 
retained in a fraction that does not stimu
late growth, and growth stimulation occurs 
in the absence of a radioprotective effect 
with the purified diet. The distribution of 
the radioprotective agent appears to paral
lel that of the factor from lettuce or grass 
juice which is also water-soluble.

15 O’Dell, B. L „ D. P. Nabb and W. O. Regan 1960 
Effect of cabbage on growth and Salmonellosis in 
guinea pigs. Abstracts, Fifth International Congress 
on Nutrition, Washington, D. C., p. 26.

16 O’Dell, B. L., personal communication ( ’61).
17 Briggs, G. M. 1961 An unidentified growth 

factor(s) from plant sources for guinea pigs — an 
improved assay. Federation Proc., 20: 454 (abstract).

18 See footnote 15.
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SUMMARY

1. Whole-body exposure to X-radiation 
or Co'°-gamma radiation resulted in almost 
total mortality within 10 to 15 days among 
young guinea pigs fed a basal diet of bran 
and oats plus ascorbic acid. In confirma
tion and extension of previous observa
tions, it was shown that supplementation 
with alfalfa, broccoli, and other plant 
materials high in content of 3-carotene, 
for two weeks before irradiation and dur
ing 20 to 30 days after irradiation, con
sistently reduced mortality. Other cate
gories of foods showed marginal or no 
beneficial effects.

2. Supplementation of the bran-oats 
diet with pure vitamin A or 3-carotene ex
tended survival time but did not appreci
ably influence radiation-induced mortality.

3. Guinea pigs fed an adequate purified 
diet were more resistant to radiation in
jury than those given the bran-oats basal 
diet. Supplementation with broccoli or 
alfalfa did not consistently affect radio
sensitivity under these conditions.

4. The beneficial effect of supplementa
tion with raw broccoli could not be du
plicated by feeding a mixture of 48 chem- 
ically-pure ingredients patterned upon the 
composition of broccoli, in conjunction 
with the bran-oats diet.

5. The radioprotective agent in alfalfa 
is water-soluble and is destroyed upon 
ashing.
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Previous studies from this laboratory 
(Keys et al., ’60) showed that changes in 
the nature of the dietary carbohydrates 
produce significant changes in the con
centration of blood lipids in man. Diets 
containing carbohydrates of fruits, leafy 
vegetables and legumes produced lower 
serum cholesterol values than those con
taining equal calories supplied by sucrose 
and milk sugar. Addition of 15 gm of 
pectin to the daily diet produced a small 
but significant decrease of serum choles
terol concentration but an equal amount 
of cellulose had no such effect (Keys et 
al., ’61).

The present paper reports the results of 
two experiments designed to obtain infor
mation about the effects of glucose, su
crose and lactose on the serum lipid levels 
in man.

In the first experiment (experiment
AB) the blood lipids were studied under 
three different dietary conditions: (1 ) with 
a standard American diet; (2 ) with a 
similar diet in which part of the fat was 
replaced by sucrose; and (3 ) with a diet 
containing about two-thirds of the fat in 
the form of corn oil.

The second experiment (experiment
AC) was a comparison of the effects of 
sucrose, glucose and lactose on the blood 
lipids, as well as a comparison of these 
high sugar diets with a standard American 
diet, similar to that used in experiment 
AB.

GENERAL PROCEDURE

The subjects of experiment AB were 23 
male schizophrenic patients, long-time res
idents of Hastings State Hospital and clin
ically normal apart from their mental ill
ness. They ranged from 37 to 59 years of 
age. They were divided into 4 groups

matched with respect to serum cholesterol 
level in a common diet, age, relative body 
weight and psychiatric diagnosis. Each 
diet was given for three weeks. The diets 
given to each group in each period are 
shown in table 1. All the men ate the 
“controlled house diet” in periods 1 and 6. 
In periods 2 and 3 two of the groups were 
given the sucrose and corn oil diets alter
nately while the other groups were eating 
other experimental diets. Later in periods 
4 and 5 the rest of the men were given 
the sucrose and corn oil diets in the same 
switchback plan.

The same subjects in the same groups 
were used in experiment AC except for one 
replacement in group W  and one addition 
to group X to bring the number in each 
group up to 6. Period 6 of experiment AB 
was also considered to be period 1 of ex
periment AC. The diets given in the vari
ous periods to each group are listed in 
table 1.

The controlled house diet was a standard 
American diet providing about 35% of 
total calories from mixed fats. Seven 
menus were used in repeated cycles. All 
the raw foods were weighed before cooking 
and each batch of cooked food was divided 
into the required number of approximately 
equal portions and served. Meat, fish or 
eggs were served twice daily. Milk, bread 
and butter and coffee or tea were in every 
meal. Every day there were one serving 
of potatoes, two other vegetables, two 
fruits including usually one citrus fruit 
and one serving of hot or cold breakfast * 1 2

Received for publication October 18, 1962.
1 Aided by U. S. Public Health Service Research 

Grant H-4401 and by grants from the Minnesota 
Heart Association and the American Heart Associa
tion.

2 Visiting Research Fellow from Osaka University,
Japan.
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TABLE 1

Diets used in experiments AB and AC

Experiment 
and period

Group
W

Group
X

Group
Y

Group
Z

AB-l CHD1 CHD CHD CHD
AB-2 12 C2 18 C2 sucrose3 corn oil4
AB-3 18 C2 12 C2 corn oil sucrose
AB-4 corn oil sucrose 18 C2 12 C2
AB-5 sucrose corn oil 12 C2 18 C2
AB-6; AC-1 CHD CHD CHD CHD
AC-2 glucose5 sucrose glucose lactose6
AC-3 sucrose glucose lactose glucose
AC-4 lactose glucose sucrose glucose
AC-5 CHD CHD CHD CHD

1 CHD indicates controlled house diet.
2 12 C and 18 C: These diets contained the same basic part as the others fed in the same periods 

but the experimental supplement was a fat mixture in which the saturated fatty acids were either 
predominantly of 12 to 14 carbon atoms or of 16 to 18 carbon atoms (Grande et al., ’61). The data 
from these diets are not considered in this report.

3 Sucrose indicates low fat diet plus 233 gm sucrose.
4 Corn oil indicates low fat diet plus 100 gm corn oil.
5 Glucose indicates low fat diet plus 233 gm glucose.
6 Lactose indicates low fat diet plus 104 gm lactose plus 129 gm glucose.

cereal. Cakes or puddings were served 
once or twice a day.

The low-fat diet was a mixed diet pre
pared from low fat foods and differing 
from the controlled house diet mainly by 
having 900 Cal. less of fat. Butter was 
replaced by jelly, whole milk by skim milk 
and ordinary bread by a fat-free bread. 
The visible fat was trimmed from the 
meat. Servings of meat were reduced in 
size and a stew or casserole dish was 
served at the noon and evening meal. 
Puddings and cookies without fat were 
used. Salads were served with sweet-sour 
type dressings. Fruits and vegetables were 
used generously.

To the basic low-fat diet, supplements 
of approximately 900 Cal. were added. In 
the case of the carbohydrates these supple
ments were either 233 gm of sucrose, 255 
gm of glucose monhydrate3 containing 233 
gm of anhydrous glucose or a mixture of 
109 gm of milk sugar and 141 gm of glu
cose monohydrate.4 This last supplement 
was equivalent to 104 gm lactose plus 129 
gm of anhydrous glucose. The corn oil5 

supplement was 100 gm. These various 
supplements were incorporated into the 
food just before serving. The sugar sup
plements were added to drinks like fruit 
juice, coffee and skim milk or used on 
bread as a fruit flavored spread. The oil 
supplement was incorporated into the 
cooked cereal, mashed potatoes and cas
serole dishes.

The subjects were weighed twice weekly 
in night clothing after arising and urinat
ing, but before breakfast. If a man was 
gaining body weight, certain items of the 
standard serving were withdrawn from 
his diet. The most common withdrawal 
was bread followed in order by jelly, po
tatoes and fruit. In spite of these adjust
ments in experiment AB the men gained 
rather steadily, the average being a gain 
of 1.4 kg in the 6  periods. The man who 
gained most, 7.2 kg, had serum lipid 
changes parallel to those of the other men; 
hence his data were not discarded. The 
second highest gain was 3.5 kg. In experi
ment AC the average body weight change 
was a loss of 0.1 kg in 5 periods and the 
maximal change was a loss of 4.0 kg. 
This man’s blood lipid changes were simi
lar to those of the others and his data 
were retained.

Blood samples were taken before break
fast on two of the last three days of each 
three-week diet period and the serum was 
analyzed for total cholesterol. Equal vol
umes of serum from the two days were 
pooled for each man and the mixture was 
analyzed for lipid phosphorus and for 
“total fatty acids and cholesterol” by 
methods previously described (Keys et al., 
’60; Grande et al., ’61). Using these

3 Donated by Corn Products Company, Argo, Illinois, 
courtesy of Dr. D. M. Rathmann. The glucose was 
Cerelose 2001, a glucose monohydrate.

4 See footnote 3.
5 See footnote 3.
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methods serum triglycerides were calcu
lated from the values for total fatty acids, 
lipid phosphorous and total cholesterol on 
the assumption that 73% of the serum 
cholesterol was esterified.

FOOD ANALYSIS

The diets were sampled for analysis by 
collecting 7-day composites of one standard 
serving. In this way all of the 7 menus 
were included. The composite was stored 
in a deep freeze. At the end of the week 
the mass of about 14,000 gm was allowed 
to thaw, mixed and completely homog
enized in a gallon-size Waring Blendor. 
The weight of the total homogenate was 
measured and samples were taken for 
analysis.

Water was determined by heating to 
constant weight in a vacuum oven at 
60 °C with an absolute pressure of less 
than 0 . 1  atmosphere and a stream of dry 
nitrogen of about 50 ml/minute. Ash was 
determined by heating in air at 550°C to 
constant weight. Protein was determined 
by digesting a 4-gm sample with H2S04 

and a catalyst in a 500-ml Kjeldahl flask, 
followed by distillation of the ammonia 
from an aliquot in a micro-Kjeldahl still, 
collection of the ammonia in a measured 
portion of standard H2S04 and titration of 
the excess H2S04 with standard NaOH 
solution.

The fat was extracted by a modification 
(called S-2M) of the method described for 
feces by Soderhjelm and Soderhjelm ( ’49) 
which in turn is derived from a method de
scribed by Rose (1888) for dairy products. 
A glass-stoppered Mojonnier extraction 
flask6 made with a 25-ml lower bulb and 
1 0 0 -ml upper bulb was the most conven
ient apparatus for this method. Alter
natively a Rohrig ( ’05) tube can be used. 
The 4-gm sample of homogenate was 
placed in the Mojonnier flask, 0.2 ml of 
concentrated hydrochloric acid, 13 ml of 
ethanol (absolute or 95% ), 20 ml of ethyl 
ether and 2 0  ml of petroleum ether (any 
boiling point from 30 to 70°C) were added. 
After each addition the air was flushed out 
of the flask by nitrogen and the contents 
mixed gently. Finally the flask was in
verted repeatedly for 60 seconds and then 
allowed to stand 1 0  minutes or longer until 
the upper layer was completely clear. Most

of the upper layer was decanted into a 
250-ml Erlenmeyer flask. A mixture of 
5 ml of ethanol, 15 ml of ethyl ether and 
15 ml of petroleum ether was added and 
the extraction repeated. After a third such 
extraction the combined lipid extracts were 
evaporated on a water bath at a tempera
ture a little below the maximal boiling 
point of the petroleum ether with the as
sistance of a stream of nitrogen passing 
through the flask. The drying was finished 
by placing the flask in the vacuum oven, 
adjusted as described for the water deter
mination, for 5 minutes. A vial or flask 
of about 2 0 -ml capacity was prepared by 
heating for one hour or more at 1 0 0  to 
110°C, cooling in a desiccator and weigh
ing (including two tare vials for each set 
of samples). The extracted fat was dis
solved in 10 ml of petroleum ether. This 
fat solution was heated to boiling for a 
moment and poured through a filter made 
by forcing a small wad of absorbent cot
ton into the top of the stem of a small 
funnel. The filtrate was collected in the 
weighed vial. Most of the petroleum ether 
was evaporated from this vial by placing 
it in a water bath with a stream of nitro
gen as described above. The flask in 
which the extracted fat was contained was 
washed with petroleum ether twice more 
and the washings were passed through the 
filter in the same way. The solvent was 
evaporated completely and the vial and 
tares were carefully cleaned on the out
side and heated for 15 hours in the vacuum 
oven adjusted as before. They were cooled 
in a desiccator and weighed. In general 
the weights of the tares were different on 
the two occasions, presumably due to dif
ferences in moisture absorbed on the glass 
surface from the room air during the 
weighing process. The final weight was 
therefore corrected by subtracting from it 
the mean gain of the tares. The weight of 
fat was taken as the difference of weights 
after correction.

The phosphorus of the extracted lipid 
(fa t) was determined by dissolving it in 
petroleum ether (b.p. 60 to 70°C) remov
ing an aliquot containing 1  to 1 0  mg of 
lipid, evaporating this to dryness in a hard 
glass test tube, adding 1  ml of 60% per

6 Made in the University of Minnesota glassblowing 
shop following the ilustration published by Soder
hjelm and Soderhjelm ( ’49).
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chloric acid, oxidizing as described by 
Keys et al. ( ’60) and developing the color 
due to phosphorus as described by Grande 
et al. ( ’61). Phosphorus of the lipid was 
reported as “phosphorus third of phospho
lipid” by multiplying the weight of P by 
6.3. This is based on the assumption that 
the phospholipid calculation can be made 
as though it were lecithin with a molecular 
weight of 774 of which 196 is in the part 
of the molecule (the “phosphorus third” ) 
which contains the choline, phosphoric 
acid and one-third of the glycerol. The re
mainder of the lecithin molecule has prac
tically the same composition as triglyceride 
and this remainder was combined with tri
glycerides and reported as total glycerides.

For determination of total unsaponifi- 
able lipid, a sample of about 2 0 0  mg of 
lipid extract was used, usually the remain
der of the portion from which an aliquot 
had been removed for phosphorus deter
mination. This was transferred to a 120- 
ml carbonated beverage bottle. The sol
vent was evaporated by use of a hot water 
bath and a stream of nitrogen. To the 
bottle were added 2 ml of 33% KOH and 
8  ml of ethanol. The bottle was sealed 
with a Kel-F7 elastomer gasket under a 
metal cap and heated in an autoclave at 
2 atmospheres (15 p. s. i. g.) for three 
hours. The solution was transferred to a 
Mojonnier extraction flask, water was 
added to make the ethanol concentration 
50% and it was extracted three times 
with 15-ml portions of petroleum ether. 
After each petroleum ether portion was 
decanted it was washed in another Mo- 
jonnier flask by the same 25-ml portion 
of 0.5% NaCl in H20 containing 1 ml of 
ethanol. The washed petroleum ether ex
tracts were combined in a 50-ml Erlen- 
meyer flask and evaporated to dryness on 
a water bath using a stream of nitrogen. 
The flask was dried in the vacuum oven 
as described above for 30 minutes and 
weighed together with two tare flasks. A
9 -ml portion of petroleum ether was added 
and swirled in the flask, then poured out 
into a volumetric flask with care to leave 
any visible particles behind. This wash
ing was repeated twice with 6 -ml portions. 
The flask and tares were dried and 
weighed as before. The difference in 
weight after correction for change in

weight of the tare flasks was taken as 
unsaponifiable lipid. The total glycerides 
were calculated by subtracting the total 
unsaponifiable lipid and the phosphorous 
third of phospholipids from the fat (total 
lipid) of the food.

The determination of individual fatty 
acids by gas liquid chromotography (GLC) 
was done on a different sample of ex
tracted fat from that saponified in the 
autoclave because this treatment caused 
alkali isomerization of the diene fatty 
acids. A sample of 200 to 500 mg was 
sealed in a 1 2 0 -ml carbonated beverage 
bottle with 10 ml of methanol and 0.5 ml 
of concentrated sulfuric acid and was 
heated at 60 to 65 °C overnight. After add
ing an equal volume of water the solution 
was extracted with petroleum ether. The 
solvent was evaporated from the extract 
by heating it on a water bath and pass
ing nitrogen through the container.

The residue contained the fatty acids 
as methyl esters and the unsaponifiable 
lipids and was used for GLC. The GLC 
column contained 30% butanediol suc
cinate (Craig) polyester coated on acid- 
washed Celite, 60 to 80 mesh. The column 
was 6  mm in diameter and 150 cm long 
and was operated at 220 to 230°C with 
helium. A Beckman GC - 2 apparatus was 
used. The areas under the peaks, meas
ured with an integrator, were found to be 
proportional to the concentration of fatty 
acids with a maximal error of about 1 % 
of the total.

Before adoption of the present method 
(S-2M) of fat extraction from homoge
nized mixed diet samples, a procedure 
was tried which included vacuum drying 
(first in the frozen state and later at 
60°C), grinding with sand and extracting 
with ethyl ether in the Soxhlet apparatus. 
By this method more than 10% of the 
lipid failed to be extracted from the sam
ples used. A few homogenized lyophilized 
samples were analyzed by the method de
scribed for lipid extraction from tissues by 
Folch et al. ( ’57) which starts with ex
traction of the aqueous slurry by a mix
ture of chloroform and methanol. By this

7 Obtained as 0.040 inch sheets as Material VL- 
1101 M 4-849 from Vemay Laboratories, Inc., Yellow 
Springs, Ohio, or as 0.080 inch sheets as no. 458 black 
Viton from the West Company, Phoenixville, Pennsyl
vania.
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method the weight of lipid found de
pended on the procedure used to purify 
the extracted lipid. The weights of un- 
saponifiable lipid and of fatty acids found 
by the two methods were in good agree
ment (within 0 . 0 2  and 0 .2 % of total dry 
matter, respectively). The results indicate 
that the extraction of lipids is equal by 
both the S-2M and the Folch methods.

A modification of the S-2M method in
tended to hydrolyze the starches and pro
teins was tried. The sample in the extrac
tion tube was heated for 60 minutes in a 
boiling water bath in 7n  HC1. Celite filter 
aid, 1.5 gm, was added, the solution was 
cooled in an ice bath and the liquid was 
drawn off through a filter stick and dis
carded. The solids were washed with 
three portions of ice water, 5 ml each. 
Ethanol was used to wash the filter stick, 
thus returning all the lipids to the extrac
tion tube. The lipid extraction was con
tinued as described for method S2-M. The 
preliminary hydrolysis with HC1 did not 
increase the amount of lipid extracted. 
On the other hand, the total lipid was low 
(17.8 as compared to 20% ) and the fatty 
acids extracted were correspondingly low.

To test whether all the lipid had been 
extracted in method S-2M the aqueous 
slurry remaining at the end was adjusted 
to contain 1 2  ml of water and 2 2  ml of 
ethanol. One milliliter of 50% KOH was 
added and the mixture was boiled under 
reflux for 30 minutes. It was acidified by

adding 2 ml of 12n  HC1, diluted with 
8  ml of water and extracted three times 
with ethyl ether. The extracted lipids were 
weighed and found, in three trials, to be 
0 , 1 , and 2 % of the previously extracted 
lipid.

Finally, analyses were made of 54 lyo- 
philized mixed diet samples which had 
been independently analyzed in the Uni
lever Company laboratories, Rotterdam, at 
the request of the Netherlands Nutrition 
Committee.

In this independent method the lyophil- 
ized sample was boiled for 2 0  minutes in 
4n  HC1 presumably to hydrolyze and 
dissolve carbohydrate and protein compo
nents. It was then diluted and filtered. 
The insoluble matter was dried at 105°C 
and extracted with petroleum ether in a 
Soxhlet apparatus. The extracted lipids 
were dried and weighed. The lipid con
tent of the 54 lyophilized diet samples 
ranged from 12 to 30%. The mean differ
ence between methods in lipid found was 
0.03% and the two greatest differences 
were 1.5 and 1.0%. Since the S-2M 
method gave lipid yields as high as any 
known method its results were accepted 
as correct.

RESULTS

The analyses of the various diets ex
pressed as the average daily consumption 
of nutrients are shown in tables 2 and 3.

TABLE 2
Average daily consumption of calories and nutrients per man in experiment AB

CHD

Diet1
Sucrose Com oil

Total Calories3 2624 3127 2932
Carbohydrate, gm 332 593 321
Protein, gm 94 80 82
Total lipid, gm 102 48 146
P third of phospholipid,3 gm 1.2 0.5 0.6
Unsaponifiable lipid, gm 1.5 1.1 2.2
Total glyceride, gm 99 47 143

Calories from glycerides as
%  of total calories:

Total glycerides 34 13 44
Saturated 17 6 11
Monoene 14 6 14
Polyene 3 1 19

1 For description of diets, see footnotes to table 1.
2 See discussion for comment on the difference in caloric intake. .
3 Phosphorus of the lipid reported as “phosphorus third of phospholipid”  by multiplying the 

weight of P by 6.3; see text under Food Analysis section.
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TABLE 3
Average daily consumption of calories and 

nutrients per man in experiment AC

Diet1

CHD Sugar
diets

Total Calories 2563 29942
Carbohydrate, gm 323 571
Protein, gm 93 81
Total lipid, gm 1 0 0 43
P third of phospholipid,® gm 1 . 2 1.5
Unsaponifiable lipid, gm 1.5 0.7
Total glycerides, gm 97 41

Calories from glycerides
as %  of total calories:

Total glycerides 35 1 2

Saturated 17 5
Monoene 15 6

Polyene 3 1

1 For description of diets, see footnotes to table 1.
2 This figure applies to the sucrose diet. The caloric 

value of the glucose diet was 2949 Cal. and that of 
the diet containing lactose and glucose was 2974 Cal. 
These differences exist because anhydrous  ̂glucose has 
a caloric value 5% less than that of the disaccharides.

3 See footnote 3, table 2.

The mean serum lipid values corre
sponding to each of the three experimen
tal diets of experiment AB, are presented 
in table 4. The values for the controlled 
house diet were computed from the mean 
of the values for each subject in periods 
1 and 6 . The serum cholesterol level was 
highest with the controlled house diet, 
and lowest with the corn oil diet, with an 
intermediate value for the sucrose diet. 
All the cholesterol differences between the 
diets were highly significant. The serum 
phospholipid level followed the cholesterol 
level, except that it was relatively elevated 
with the sucrose diet. This is shown by 
the cholesterol: phospholipid ratios given 
in the table. The most striking difference 
was observed in the serum triglyceride 
level which was highest with the sucrose 
diet. All the triglyceride differences be
tween any two of the experimental diets 
were highly significant.

The results of experiment AC are sum
marized in table 5. The serum lipid values 
are shown in chronological order for the 
different experimental periods. No distinc
tion is made between the different sugars 
in this table. The mean serum cholesterol 
values were remarkably constant. There 
was a mean decrease of 33 mg/100 ml 
in the serum cholesterol level when the 
sugar diets were substituted for the con-
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trolled house diet. The cholesterol level 
showed no further changes for the follow
ing two sugar diet periods, and returned 
to the original value when the men were 
again fed the controlled house diet. In 
each sugar diet period 12 men ate the 
glucose diet, 6 the sucrose, and 6 the lac
tose diet. The average serum cholesterol 
difference of 33 mg/100 ml between the 
controlled house diet and the sugar diets 
was highly significant.

The serum phospholipid level showed 
only a small decrease of doubtful statis
tical significance when the men changed 
from the controlled house diet to the sugar 
diets. The lack of parallelism between 
the cholesterol and the phospholipid re
sponses is shown by the highly significant 
decrease of the cholesterol to phospholipid 
ratio.

Changing from the controlled house 
diet to the sugar diets produced a striking 
increase of the serum triglycerides. A cor
responding decrease was observed upon 
return to the house diet. The mean tri
glyceride difference between the house 
diet and the sugar diets was 71 mg/100 
ml or an increase of 55% above the level 
with the controlled house diet.

A comparison of the effects on the blood 
lipids of the various sugar diets used in 
experiment AC is presented in table 6. 
There are no significant differences be
tween the three sugar diets with respect 
to their effects on the serum cholesterol 
and phospholipids. Only the triglyceride 
difference between the sucrose and glu
cose diets (32 mg/100 ml) approaches 
statistical significance with a P value of 
0.04.

DISCUSSION
Grant and Fahrenbach ( ’59) have re

ported higher serum cholesterol levels in 
chickens and in rabbits fed diets contain
ing sucrose than in those fed diets con
taining glucose. This difference was very 
marked in the chicks fed a diet high in 
cholesterol (3% ) but no difference was 
observed when cholesterol was not added 
to the diet.

Wells and Anderson ( ’59) reported 
higher cholesterol levels in rabbits fed 
diets containing 29% of lactose and 
0.35% of cholesterol than in those fed 
similar diets containing sucrose. The ef-
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feet of dietary lactose in the rabbit was 
observed only at a given level of choles
terol in the diet (0 .35% ) and at this 
level a similar cholesterol-raising effect 
was produced by an antibiotic or by re
stricting the availability of feed to two 
or three 1-hour periods daily (Wells et al., 
’62). Combinations of these treatments 
did not produce additive effects on serum 
cholesterol.

In the rat Portman and co-workers ( ’56) 
observed that sucrose, glucose and fruc
tose as dietary carbohydrate have equal 
effects on the hypercholesterolemia pro
duced by cholesterol-cholic acid-contain
ing diets.

The results of the present experiments 
conform to expectations from previous ex
periments in this laboratory and as re
viewed elsewhere (Portman and Stare, ’59; 
Olson, ’59; Olson and Vester, ’60) in that 
serum cholesterol and phospholipids were 
extremely low with the com oil diet, mod
erate with the sugar diets and high with 
the diets rich in saturated fatty acids.

No significant differences in cholesterol 
level were observed between the three 
sugar diets used in experiment AC. This 
indicates that the cholesterol differences 
reported previously (Keys et al., ’60) be
tween diets rich in starch and other com
plex carbohydrates and diets containing 
sucrose and lactose are not related to the 
digestion products of the complex carbo
hydrates because starch is eventually 
broken down and absorbed as glucose, 
and no difference was found here between 
glucose and the other two sugars.

Recently Wells and Anderson8 reported 
a decrease of serum cholesterol in 4 young 
men when they changed from a lactose 
diet to a sucrose diet. Their lactose diet 
provided 160 gm of lactose/day and no 
switchback of the diets was made.

The most striking blood lipid change 
observed in these experiments was the 
marked increase of serum triglycerides 
observed with the sugar diets. In experi
ment AB the introduction into the diet 
of 261 gm of carbohydrate, of which 
about 233 gm was sucrose, with removal 
of 54 gm of dietary lipid, produced a mean 
increase in serum triglycerides of 50 mg/ 
100 ml ( s e  ±  15.4). No clear differences 
between the individual sugars were ob

served, but the observation reported in 
table 6 suggests that sucrose tends to 
produce higher triglyceride levels than 
glucose.

An increase in the concentration of tri
glycerides in the serum has been reported 
by others in experiments in which the 
amount of fat in the diet was sharply re
duced (and replaced by carbohydrate) 
(Hatch et al., ’55; Ahrens, ’57; Nichols 
et al., ’57). Antonis and Bersohn ( ’61) 
observed a similar effect in both Bantu 
and European men but the triglyceride 
level decreased as the high carbohydrate 
diet was continued. After 3 to 6 months 
the triglyceride level was as low or lower 
than with the high diet fat.

Apparently there is a slow adaptation 
to the diet which explains the fact that 
men habitually consuming low-fat, high- 
carbohydrate diets tend to have usually 
low serum triglyceride levels (Antonis and 
Bersohn, ’60). The present experiments, 
as well as those reported by all others 
except the Johannesburg group, were of 
too short duration to exhibit the phenom
enon found by Antonis and Bersohn. But 
even in the present experiment AC the 
mean serum triglyceride level made a sug
gestive but not statistically significant de
cline from a high of 207 in the first 
measurements after dietary fat reduction 
to 200 and 196 in successive three-week 
periods. The calorie intake was higher 
with the sugar diets than with the con
trolled house diets, the average difference 
being 431 and 503 Cal./day in experiment 
AB and AC, respectively. Such a differ
ence in calorie intake alone might be ex
pected to cause an increase in the serum 
cholesterol level unless there was a corre
sponding change in calorie expenditure. 
In experiment AB there was an average 
gain of 1.4 kg in body weight over a 
period of 12 weeks of eating the experi
mental diets which suggests that some 
but not all of the extra calorie intake was 
balanced by more energy expenditure. In 
experiment AC there was substantially no 
net change in body weight, indicating that 
calorie equilibrium was maintained.

8 Wells, W. W., and S. C. Anderson 1962 The 
effect of dietary lactose on the serum cholesterol 
level of human subjects. Federation Proc., 21 : 100 
(abstract).
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Under conditions of constant calorie 
intake and equal expenditure it is possible 
to predict the average serum cholesterol 
response to change in the proportions of 
total calories provided from fatty acid 
glycerides in the diet (Keys et al., ’57, 
’59). These conditions of constant cal
ories did not prevail in the present experi
ments but it is interesting to calculate the 
serum cholesterol changes that would be 
predicted for calorie equilibrium. The re
sults are given in table 7. The prediction 
equation agrees well with observation in 
the comparisons between the controlled 
house diet and the sugar diets, but for the 
corn oil diet the prediction overestimates 
the serum cholesterol level by 6 to 12 mg/ 
100 ml.

SUMMARY

In dietary experiments with 24 middle- 
aged men, sucrose, glucose and lactose 
were interchanged isocalorically with each 
other and with corn oil in a series of 
three-week periods and the changes in 
serum lipid concentrations were observed. 
Replacing 233 gm daily of glucose by su
crose gave no change in serum cholesterol 
or phospholipids and a mean increase of 
triglycerides of 32 mg/100 ml which was 
statistically of doubtful significance (P  =  
0.04). Interchanging 104 gm of glucose 
and lactose gave no changes in the serum 
lipids. When 100 gm of corn oil was re
placed by 233 gm of sucrose, serum cho
lesterol, phospholipids and triglycerides 
increased by 27, 40, and 87 mg/100 ml, 
respectively. The increase in serum tri
glycerides confirms the reports of others 
who have made observations in the first 
few weeks after beginning a low fat diet 
but disagrees with the observation of low

serum triglyceride levels in men eating 
low fat diets for many months or years. 
The differences in serum cholesterol levels 
of the men between sugar diet periods and 
periods of eating a typical American type 
diet with a high content of mixed fats, 
were predictable from the amounts of 
saturated and polyene fatty acids in the 
diets using the regression equation of 
Keys et al. ( ’59). Relative to the other 
diets the com oil diet gave a mean serum 
cholesterol level lower by 6 to 12 mg/ 
100 ml than that predicted from the equa
tion. A comprehensive method of analysis 
of homogenized mixed diets was described 
which includes modified methods for de
termination of total lipids and unsaponifi- 
able lipids and yields values for individual 
fatty acids in the diet.
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Linoleic esters of high purity have been 
shown to reduce the blood cholesterol 
levels of rats fed cholesterol with a diet 
containing a “saturated” fat such as hy
drogenated coconut oil (Hauge and Nico- 
laysen, ’59; Quackenbush and Pawlowski, 
’60 ) 3 or tallow (Peifer et al., ’60). How
ever, in each case the experiments were 
terminated too early to observe whether or 
to what extent the linoleate might influ
ence the development of vascular lesions.

In the present study we have observed 
the effects of 46 to 71 weeks of linoleate 
feeding at different levels, on vascular 
condition as well as on plasma and liver 
cholesterol. Also included are some ex
periments with natural fats and high dos
ages of vitamins A and E. A preliminary 
report has been presented.4

MATERIALS AND METHODS

The ethyl linoleate used in these experi
ments was 98% pure and essentially free 
from trans-components. Its detailed prop
erties have been described elsewhere 
(Quackenbush and Pawlowski, ’60). Two 
basal diets were used, a high-fat (20% ) 
diet and a low-fat (2% ) diet in which the 
ratio of all other nutrients to calories sup
plied as fat and carbohydrate was con
stant. The high-fat diet contained the 
following: (in  per cent) casein (ether- 
extracted), 18; cellulose,5 6 2.0; salts, 4.0; 
cholesterol (USP), 1.0;* sodium glycocho- 
late, 0.5;7 glucose,8 54.5; and fat, 20.0. 
Vitamins were added to meet the dietary 
needs, as described previously (Quacken
bush and Pawlowski, ’60). For the low-fat 
diet, glucose was increased to 76.5%, and 
all other dietary components except the 
steroids were divided by the factor 1.2.

Additions were made to the basal diets at 
the expense of glucose.

Weanling rats of an inbred Wistar strain 
were fed the diets ad libitum. In experi
ments 1 and 2, the rats were individually 
housed in wire cages. In experiment 3 
they were group-housed, 5 rats/cage. 
Blood was obtained in a heparinized syr
inge from ether-anesthetized rats by heart 
puncture in experiments 1 and 2 and from 
the tail vein in experiment 3.

The methods used in extracting liver 
lipids (Thompson et al., ’49) and deter
mining cholesterol (Sperry and Webb, ’50) 
have been described previously. Total liver 
lipids were determined gravimetrically.

The heart and aorta were removed and 
fixed in 10% formalin. Frozen cross sec
tions (20 u) were prepared of the top 
5 mm of the heart and at various levels of 
the aorta. Sections were stained with 
Sudan IV and counterstained in alum 
hematoxylin before examination. The 
term sudanophilia (S ) was used to indi
cate the appearance of stainable lipid in 
the intima or media, (or both) without evi
dence of proliferative changes. An athero
matous change (A )  was recorded for an 
increase in the number of endothelial or 
subintimal cells associated with a high 
content of sudanophilic material, some-
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1 Journal Paper no. 1899 of the Agricultural Experi

ment Station, Purdue University, Lafayette, Indiana.
2 Present address: Radioisotope Unit, V. A. Hospital, 

Madison, Wisconsin.
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times with a definite fibrosis in the subin- 
timal area.

RESULTS

In a preliminary experiment, 4 groups 
of 5 male rats were fed the basal high fat 
diet (20% hydrogenated coconut oil, 
HCO)9 containing 0.1, 0.2, 0.4, or 0.8% 
USP cholesterol and 0.5% sodium gly- 
cocholate. At the end of 4 weeks, average 
plasma cholesterol levels were 116, 213, 
422 and 674 mg/100 ml for the respec
tive dietary cholesterol levels. On the 
basis of these results a diet containing 
20% HCO, 1% cholesterol and 0.5% so
dium glycocholate was selected as the 
basal diet.

Experiment 1. Two groups, each con
sisting of 20 male rats and 20 or more fe
male rats, were fed the diets indicated in 
table 1. A third group of 15 male and 15 
female rats were fed a diet containing soy
bean oil (SBO)10 as the fat. Between the 
tenth and thirtieth weeks of treatment a 
few of the rats were bled and then killed 
to observe progress in plasma and vascu
lar developments. The remaining rats 
were then bled and killed at 31 and 40 
weeks as shown in table 1. The hearts and 
aortas were prepared for histological ex
amination.

Plasma cholesterol levels (table 1) were 
higher in females than males at all periods 
regardless of dietary treatment. Animals

receiving thiouracil had the highest levels; 
those receiving SBO, the lowest levels.

The most severe vascular changes oc
curred in those animals receiving the 
thiouracil supplement. On the other hand, 
very little vascular change was observed 
in those animals receiving SBO. After 40 
weeks, sudanophilia was observed in a 
few of the arteries examined.

Experiment 2. Nine groups of 10 male 
rats were fed the diets as indicated in 
table 2. After 46 weeks on the various 
regimens, the rats which remained were 
bled and killed. The aorta was opened 
longitudinally and stained with a saturated 
solution of Sudan IV in acetone-alcohol. 
The intimal surface was observed through 
a dissecting microscope and the percentage 
of the intimal surface involved in sudan- 
ophilic areas estimated. Portions of the 
heart and aorta were prepared for histo
logical examinations.

High plasma cholesterol levels and sub
stantial vascular changes were observed 
in rats receiving the polyunsaturated fatty 
acid-free basal diet (table 2). Plasma cho
lesterol and severity of lesions were mark
edly lower in rats fed either of the two 
levels of linoleate. High dietary levels of 
the vitamins A and E, fed separately or in 
combination, had no apparent effect on

9 Iodine value 4.5; contributed by Procter and 
Gamble Company, Cincinnati, Ohio.

10 Iodine value 125; contributed by Ralston Purina 
Company, Lafayette, Indiana.

TABLE 1

Effect of dietary fat, cholesterol and thiouracil on plasma cholesterol and atherosclerosis
in  male and female rats

Dietary treatment1
Sex Weeks Avg TPC2 No. of 

rats
%  with lesions3

HCO SBO TU S A

% % % m g/10 0 m l

20 0 0 M 31 557 4 75 50
F 31 917 4 100 100
M 40 579 7 100 100
F 40 736 10 100 100

20 0 0.05 M 31 1158 3 100 100
F 31 1605 5 100 100
M 40 596 11 100 100
F 40 957 17 100 100

0 20 0 M 31 148 2 0 0
F 31 365 2 0 0
M 40 196 6 33 0
F 40 401 8 62 12

1 HCO, hydrogenated coconut oil, I.V. 4.5; SBO, crude soybean oil, I.V. 125; TU, thiouracil. All 
diets contained 1% USP cholesterol and 0.5% sodium glycocholate.

2 Average total plasma cholesterol.
3 S, vascular sudanophilia; A, atheroma.
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plasma cholesterol or atherosclerosis in 
this experiment.

During the experimental period, dietary 
consumption averaged approximately 13 
and 17 gm a day/rat of the basal diet and 
the linoleate-supplemented diet, respec
tively.

In another experiment lasting 7 weeks, 
male rats were fed basal diets containing 
20% HCO and 20% SBO, each contain
ing 1% cholesterol and 0.5% sodium gly- 
cocholate. Vitamin A (3300 IU/rat/day) 
was administered orally by dropper, intra- 
peritoneally or mixed in the diet. No effect 
of vitamin A on plasma cholesterol levels 
was observed on any of the diets or routes 
of administration. In our experiments 
with the chick, in which no glycocholate 
was fed, similar massive doses of vitamin 
A had shown a hypocholesterolemic effect 
(Beeler et al., ’62). This effect of vita
min A was eliminated when glycocholate 
was fed to the chick. Perhaps vitamin A 
exerts its effect on cholesterol absorption, 
an effect which could be overcome by the 
powerful surface and complexing action 
of glycocholate.

Experiment 3. Caged male rats were 
fed the diets as indicated in table 3. Ini
tially, the lower level of linoleate was 0.09 
to 0.10% of the diets. At the 7th week 
these were increased to 0.14 to 0.15% 
because of poor growth in rats receiving 
these diets. This increased level produced 
satisfactory growth.

Blood was obtained from 5 animals fed 
each diet beginning after 4 weeks and 
from 5 different animals each week, until 
all had been bled. All animals were bled 
again during the 5-week period following 
their first bleeding. Additional blood sam
ples were obtained at the time of sacri
fice (table 3).

Plasma cholesterol reached peak values 
within 4 to 5 weeks in animals fed all 
diets. After a compensatory decline a rela
tively steady state was attained in about 
12 weeks. The peak values observed were 
a function of dietary fat and linoleate 
levels. With high fat diets the peak values 
were 880 mg/100 ml and 360 mg/100 ml 
for dietary levels of 0.15 and 2% linole
ate, respectively. With low fat diets the 
peak values were 490 mg/100 ml and 
325 mg/100 ml for dietary levels of 0.14 
and 2% linoleate, respectively. Rats re
ceiving high fat diets tended to attain 
steady states at higher levels of plasma 
cholesterol than those receiving low fat 
diets and a corresponding level of linole
ate. The data in table 3 indicate that a 
small amount of linoleate had a pro
nounced effect in lowering plasma cho
lesterol and inhibiting sudanophilic depo
sition over a long period in the life of the 
rat. Linoleate at the 2% level afforded 
almost complete protection from vascular 
degeneration during the 71-week period.

Total liver lipids and cholesterol (table
3) were significantly reduced by 2% levels

TABLE 2

Effects of linoleate, vitam in A  and vitam in E fed in  a 20% HCO diet on plasma cholesterol 
and atherosclerosis in  male rats at 46 weeks

Dietary treatment1
Avg TPC2 No. of %  with lesions3 S-grade4

EL V-A V-E rats S A of aorta

0 0 0
m g/10 0 m l  

535 6 100 100 22
0 330 0 538 5 100 80 29
0 0 1.0 535 5 100 100 24
0 330 1.0 705 5 100 80 21
0.5 0 0 168 9 33 0 1
0.5 330 0 176 9 67 22 1
0.5 0 1.0 136 9 67 0 2
0.5 330 1.0 163 10 60 0 1

10.05 0 0 171 10 80 0 2

'E L , ethyl linoleate; V-A, crystalline gelatine coated vitamin A in IU/gm of diet; V-E, dl-a - 
tocopherol in mg/gm of diet. All diets contained 1% USP cholesterol + 0.5% sodium glycocholate.

2 Average total plasma cholesterol.
3 S, vascular sudanophilla; A, atheroma.
4 Sudanophilic grade expressed as average percentage of intimal surface involved.
5 HCO was reduced to 10% to maintain the dietary fat level at 20%.
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TABLE 3

Effects of linoleate level in  low- and high-fat diets upon vascular lesion formation  
and plasma and liver cholesterol

Weeks Avg TPC1 No. of 
rats

% with lesions2 Liver lipids3
S A TL FC TC

0.14%  linoleate in low-fat diet4
26 260 5 60 0 9.1 2.1 28
49 191 4 50 25 12.6 2.9 43
57 165 3 100 33 10.1 4.2 39
71 149 8 100 38 12.8 4.5 46

0.15%  linoleate in  high-fat diet4
26 166 7 71 29 16.3 5.4 61
49 276 5 100 40 15.9 3.8 60
57 529 3 100 67 15.0 4.5 60
71 233 5 100 60 18.2 5.8 70

2.0% linoleate in  low-fat diets4
26 77 5 20 0 5.4 2.1 11
49 102 4 0 0 7.2 2.5 19
57 70 3 0 0 3.3 2.1 5
71 96 10 0 0 8.1 3.8 21

2.0% linoleate in high--fat diets4
26 80 5 0 0 7.3 2.5 12
49 177 5 0 0 7.0 2.4 17
57 185 4 25 0 6.0 2.4 11
71 119 3 33 0 6.8 2.6 14

1 Average total plasma cholesterol.
2 S, vascular sudanophilia; A, atheroma.
3 TL, total lipid as percentage of fresh liver; FC, free cholesterol in m g/gm ; TC, total cholesterol 

in mg/gm.
4 HCO was added to linoleate for a total of 2% in the low-fat diet and 20% in the high-fat diet.

of linoleate in low and high fat diets. 
These effects were most dramatic in ani
mals receiving the high fat diets. Liver 
lipid levels changed relatively little from 
the 26th through the 71st week.

DISCUSSION

Although data are presented in the 
tables only as a summary of the percent
age of animals with lesions, separate 
counts were made in each case for coro
nary arteries, ascending aorta, arch, and 
abdominal aorta. In almost every case 
the most extensive vascular changes were 
observed in the ascending aorta. The arch 
sometimes showed greater involvement 
than the abdominal aorta. The coronary 
arteries were least involved, in some cases 
showing comparative freedom from le
sions even though the ascending aorta 
had undergone substantial degeneration.

A high incidence of sudanophilic le
sions and other vascular changes was 
consistently associated with high plasma 
cholesterol levels. Hegsted et al. ( ’57)

have observed that vascular sudanophilia 
was proportional to the plasma choles
terol level in the rat. The data in table 3 
suggest that liver lipids and particularly 
total cholesterol in the liver may parallel 
vascular lesions even more closely than 
does plasma cholesterol. The liver accu
mulates large amounts of cholesterol when 
dietary linoleate is lacking (Quackenbush 
and Pawlowski, ’60). Using liver choles
terol as an index, one would deduce that 
0.15% linoleate is clearly a marginal level 
(table 3). The groups that received no 
dietary linoleate also showed, as early as 
the third week of the basal diet regimen, 
the typical EFA deficiency symptoms of 
scaliness of paws and tail along with 
growth retardation.

The present experiments indicate that 
a deficiency of polyunsaturated fat pre
disposes the rat to plasma cholesterol ac
cumulation and subsequent vascular de
generation. Other workers, using diets 
which were not so lacking in polyunsat
uration, have generally found it necessary
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to include a goitrogen in the diet to pro
duce vascular lesions (Fillios et al., ’56; 
Wilgram, ’59; Wissler et al., ’54). Thomas 
et al. ( ’59) have reported the goitrogen 
was not essential, but its omission from 
the diet lowered the incidence of infarcts 
in rats. The deficient rats under our con
ditions usually develop sudanophilia with
in 24 weeks after cholesterol feeding is 
begun. During this period there is a sub
stantial accumulation of plasma choles
terol, the maximum occurring at 4 to 5 
weeks, with a subsequent falling off at a 
slow rate. This accumulation of plasma 
cholesterol to peak values at the fourth 
or fifth week is of more than passing in
terest since experimental work is often 
done during the first 10 weeks of choles
terol feeding.

SUMMARY

Linoleate at 0.5 and 10% levels in a 
20% saturated fat diet gave good protec
tion against the formation of atheroma 
in male rats over a 46-week period but 
did not prevent the development of some 
sudanophilia. A 2% level of linoleate in 
low and high fat diets gave similar pro
tection for periods as long as 71 weeks. 
Linoleate at 0.14 and 0.15% dietary 
levels afforded partial protection. Soy
bean oil also evidenced partial protection 
against lesion formation. Neither vitamin 
A nor vitamin E at high levels showed any 
effect on plasma cholesterol or the devel
opment of vascular lesions.

Protective levels of linoleate were asso
ciated with low plasma cholesterol and 
fiver lipid levels. In one experiment the 
level of total fiver cholesterol appeared to 
be a better index of protection than total 
plasma cholesterol.
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The protein and amino acid require
ments of growing animals usually have 
been determined by the estimation of 
weight gain. This method is considered 
the most valid one, because normal growth 
can, in general, be correlated with increase 
of tissue protein, the primary constituent 
of body. It has been also shown, however, 
that the body composition differs with die
tary alterations; in some cases weight gain 
was more dependent on deposition of body 
fat than on increase of body protein 
(Mitchell, ’44; Allison, ’49, ’55; Beadles 
et al., ’33). It seemed worthwhile to make 
an approach to this problem not only by 
measuring weight gain, but also by fol
lowing aspects of protein metabolism in 
the body. For this purpose, the present 
authors investigated the relationship be
tween the growth rates and several liver 
enzyme activities of rats receiving various 
amounts and different types of protein.

A correlation was demonstrated previ
ously between the level of liver nitrogen, 
the rate of growth and the activities of 
certain liver enzymes such as xanthine 
oxidase and succinic dehydrogenase when 
the dietary casein level was varied. Both 
maximal growth and maximal activities of 
these enzymes were obtained in rats re
ceiving a 25% casein diet (Muramatsu 
and Ashida, ’62a). Therefore it seemed 
pertinent to determine whether a similar 
relationship between them may exist when 
other different kinds of dietary proteins 
are used. A number of reports have ap
peared in the literature on the lability of 
liver xanthine oxidase (MacQuarrie and 
Venosa, ’45; Miller, ’48, ’50; Westerfeld 
and Richert, ’49; Williams and Elvehjem,

’49; Litwack et al., ’50; Wainio et al., ’53; 
see Allison, ’55; Knox et al., ’56) and 
succinic dehydrogenase or succinic oxidase 
(Elson, ’47; Potter and Klug, ’47; Benditt 
et al., ’49; Bargoni, ’51; Millman, ’51; 
Wainio et al., ’53; Prigmore et al., ’55; 
Williams, ’61) in protein depletion. Zig- 
man and Allison ( ’59) and Allison et al. 
( ’61) have reported that the growth re
sponses of rats fed different dietary pro
teins of varying nitrogen intakes were cor
related with the responses of ribonuclease 
activity of liver and some other tissues.

In the present study, the influence of 
various levels of different dietary protein 
upon the weight gain and the activities of 
liver xanthine oxidase and succinic de
hydrogenase was investigated. The protein 
sources used were egg albumen, fish meal, 
soybean protein, wheat gluten, and casein 
supplemented with or without DL-methio- 
nine. It was found that when the activi
ties of liver xanthine oxidase and succinic 
dehydrogenase of rats fed different dietary 
proteins were plotted against the dietary 
level of protein, there was a general cor
relation with the growth curves plotted in 
a similar way. However, the correlation 
was greater with xanthine oxidase than 
with succinic dehydrogenase.

EXPERIMENTAL

Animals and diets. Male weanling rats 
of the Wistar strain were fed a basal diet 
containing 25% of casein until they at
tained a body weight of 55 to 60 gm. At
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1 Present address: Laboratory of Food and Nutri

tion, Department of Agricultural Chemistry, Shizuoka 
University, Iwata, Shizuoka-ken, Japan.
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that time, the animals were divided into 
groups each containing 5 animals. They 
were housed in individual cages in an air 
conditioned room maintained at approxi
mately 25°C, and received the experi
mental diets and water ad libitum. The 
experimental diets consisted of a protein- 
free ration, and various dietary proteins, 
each of which was fed at several levels. 
Following are the levels of the protein 
sources studied: (in per cent) egg albu
men,2 5 (4.0),3 10 (7.8), 15 (10), 20 (14) 
and 30 (20 ); fish meal,4 10 (8.2), 20 (16), 
25 (20), 30 (24), and 40 (31 ); soybean 
protein,5 10 (9.2), 20 (17), 30 (27), 40 
(35), and 50 (42 ); wheat gluten,6 10 
(7.4), 20 (15), 30 (21), 35 (23), and 
60 (40); and casein at the following levels: 
10 (8.4), 15 (12), 20 (17), and 25 (21), 
supplemented with 0.1, 0.2, 0.25 and zero 
per cent of DL-methionine, respectively. All 
diets contained 5% of sesame oil, 5% of

cellulose powder, 4% of salts mixture, 
1% of vitamin mixture (Muramatsu and 
Ashida, ’61), and a-potato starch to make 
100% each. Each rat received two drops 
of cod liver oil per week as a source of fat- 
soluble vitamins. Animals were weighed 
daily and were killed 15 days after being 
given the experimental diets.

Assay procedure. The livers were re
moved rapidly, weighed, and homogenized 
with 5 volumes of cold distilled water for 
one minute in a Waring Blendor at low 
speeds and filtered through two layers of 
surgical gauze. An aliquot of the filtrate 
was used for the enzyme assays and for

2 Commercial product (Kewpie Company), contain
ing 10.6% of nitrogen.

3 The value in parentheses represents the content 
of protein on the basis of Kjeldahl N x6 .25 (% ).

4 Defatted commercial Katsuobushi (slices of dried 
bonito meat), containing 12.3% of nitrogen.

5 Defatted Koritofu (food prepared from soybean 
protein), containing 12.6% of nitrogen.

6 Commercial product (Kurachi Starch Chemical 
Industry Company), containing 10.6% of nitrogen.

x 10Z L IV E R  XA N T H IN E

DIETARY PROTE IN L E V E L  (%)

Fig. 1 Effect of various levels of egg albumen on body weight, liver weight, liver xan
thine oxidase activity and liver succinic dehydrogenase activity of young rats. The protein 
levels are expressed on the basis of Kjeldahl N  X  6.25. The vertical lines through each 
point represent standard errors of means.
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the determination of nitrogen. The activ
ities of liver xanthine oxidase and succinic 
dehydrogenase were determined as de
scribed previously (Muramatsu and Ashida, 
’61, ’62a). The activity of xanthine oxi
dase was expressed as microliters of oxy
gen consumed per 60 minutes per gram 
of wet liver, and that of succinic dehydro
genase was expressed as milligrams of 
formazan per 30 minutes per gram of wet 
liver. Liver nitrogen was measured by the 
semimicro-Kjeldahl method and expressed 
as milligrams of nitrogen per gram of wet 
liver. The protein level in each diet was 
expressed on the basis of Kjeldahl N X 
6.25(% ).

RESULTS AND DISCUSSION

The response curves of body weight, 
liver weight, liver nitrogen, the activity of 
liver xanthine oxidase and that of liver 
succinic dehydrogenase in rats that re
ceived diets containing graded levels of 
egg albumen, fish meal, soybean protein

and wheat gluten over a period of 15 days 
are shown in figures 1 to 4, and the pro
tein levels required to reach each maximal 
value are summarized in table 1.

In the case of egg albumen (fig. 1), the 
maximal activity of liver xanthine oxidase 
was attained by feeding the 10% (based 
on N content)7 protein diet, but that of 
succinic dehydrogenase was attained by 
feeding the 14% protein diet. On the 
other hand, the maximal levels in growth, 
in liver weight, and in liver nitrogen were 
obtained in the group fed 8 to 10% egg 
albumen diet. Accordingly, the inflection 
point of the response curve of weight gain 
plotted against the protein level in the 
diet, i. e., the protein level at which the 
weight gain reached the maximal value, 
is in agreement with that of the value of 
the activity of liver xanthine oxidase plot
ted in a similar way. These results are

7 All values of the protein levels referred to below 
represent protein content on the basis of Kjeldahl 
N x 6.25( %  ).

DIETARY PROTE IN L E V E L  (%)
Fig. 2 Effect of various levels of fish meal on body weight, liver weight, liver xanthine 

oxidase activity and liver succinic dehydrogenase activity of young rats.
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Fig. 3 Effect of various levels of soybean protein on body weight, liver weight, liver xanthine 
oxidase activity and liver succinic dehydrogenase activity of young rats.

TABLE 1

M inim al protein level in  the diet needed for each maximal value of body weight, liver weight, 
liver xanthine oxidase activity and liver succinic dehydrogenase activity1

Body
wt

Liver
wt

Liver
nitrogen

Liver
xanthine
oxidase
activity

Liver
succinic

dehydrogenase
activity

Egg albumen 8-10 8-10 8-10 10 14
Fish meal 16 16 16 16 24
Soybean protein 17-27 27 27 35 35
Wheat gluten — — — — —
Casein2 20 20 20 20 20

'Protein level (N  x 6.25) required to reach each maximal value (% ).  
2 From the data of Muramatsu and Ashida ( ’62a).

similar to those observed in the rats fed 
the casein diet reported previously (Mura
matsu and Ashida, ’62a).

When rats were fed diets containing 
varying levels of fish meal protein (fig. 2), 
the inflection points of the response curves 
of body weight, liver weight, liver nitrogen 
and activity of liver xanthine oxidase were

observed at the 16% protein level, whereas 
the inflection point of the response curve 
of succinic dehydrogenase activity was ob
tained at about the 24% protein level.

In rats that received diets containing 
varying levels of soybean protein (fig. 3), 
the body weight increased as the level of 
soybean protein increased and the maxi-
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Z
x I 0

Fig. 4 Effect of various levels of wheat gluten on body weight, liver weight, liver xanthine oxi
dase activity and liver succinic dehydrogenase activity of young rats.

mal growth was obtained with the 17% 
or more soybean protein diets. The activ
ity of liver xanthine oxidase or liver suc
cinic dehydrogenase increased with each 
increase in soybean protein from zero to 
35% and then showed a plateau with a 
further increase in level of the dietary 
protein. With soybean protein, however, 
there was no such correlation between the 
growth rate and liver xanthine oxidase 
similar to that observed with other pro
teins, such as casein, egg albumen or fish 
meal. Furthermore, the maximal activity 
of liver xanthine oxidase or succinic de
hydrogenase obtained with soybean protein 
was approximately 500 or 2.0 units, re
spectively, which was the highest among 
the values obtained with all dietary pro
teins used in this study. The maximal 
activities of liver xanthine oxidase ob
tained with egg albumen, casein, and fish 
meal were approximately 400, 440 and 
330 units, respectively. The maximal ac
tivities of liver succinic dehydrogenase ob

tained with egg albumen, casein, and fish 
meal were approximately 1.3, 1.3 and 1.5 
units, respectively.

In rats fed increasing levels of wheat 
gluten (fig. 4), body weight, liver nitrogen, 
the activities of liver xanthine oxidase and 
liver succinic dehydrogenase increased in 
the order of the increasing protein content 
of the diet; accordingly the inflection 
points of these response curves could never 
be obtained even with the 40% protein 
diet. The activity of xanthine oxidase or 
succinic dehydrogenase obtained with the 
40% wheat gluten diet was 400 or 1.8 
units, respectively, which was equal to or 
above the maximal value of each enzyme 
in rats fed the egg albumen or casein 
diet, even though the maximal body weight 
in rats fed the former diet was still lower 
than in rats fed the latter diet. Whether 
the activity of these two enzymes observed 
in rats fed the wheat gluten diet repre
sents the highest value is questionable. It 
is not unreasonable to assume that the
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maximal values of these enzymes of rats 
that received a diet containing more than 
40% of wheat gluten may be higher than 
the maximal values of these enzymes from 
rats receiving diets of egg albumen or ca
sein, as observed in the case of soybean 
protein. Why the maximal levels of liver 
xanthine oxidase or succinic dehydrogen
ase of rats fed different dietary proteins 
differ from each other, what kind of phys
iological meaning these differences have, 
or whether these differences may be due 
to the effect of unknown substances con
tained in these protein preparations, are 
not known. Barrows ( ’58) and Barrows 
and Chow ( ’59) have demonstrated that 
the synthesis of specific tissue protein such 
as plasma cholinesterase in rats was stim
ulated by some unknown factors involved 
in the dietary protein preparations. Fur
ther information is needed to clarify the 
mechanism by which vegetable protein, 
such as soybean protein or wheat gluten, 
enhances the activities of liver xanthine 
oxidase and succinic dehydrogenase.

The results of this study described above 
lead to the suggestion that there appears 
to be a correlation between the growth 
rate and the activity of liver xanthine oxi
dase or succinic dehydrogenase in rats fed 
diets containing varying levels of different 
dietary proteins, except in the case of soy
bean protein. However, as shown in the 
results obtained in rats fed diets contain
ing egg albumen or fish meal (fig. 1 and
2), the correlations of the enzyme activity 
with the growth rate were higher in xan
thine oxidase than in succinic dehydrogen
ase. Namely, the minimal protein level in 
the diet needed for the maximal growth 
of rats may be correlated with that for 
the maximal value of liver xanthine oxi
dase, although not to as great a degree as 
for liver succinic dehydrogenase. The in
flection point of the response curve of the 
activity of liver succinic dehydrogenase 
plotted against the level of dietary protein 
was generally shifted to a higher protein 
level, as compared with that of weight 
gain or the activity of liver xanthine oxi
dase. The reason for the difference in be
havior of those two enzymes is obscure. 
The inflection points of the response curve 
of weight gain, liver weight, liver nitrogen 
and the activity of liver xanthine oxidase

of rats fed diets containing various pro
tein levels were correlated with the qual
ity of dietary proteins examined; as the 
quality of protein improved, the inflection 
point occurred at a lower level of dietary 
protein.

From these results, it would be expected 
that if rats received casein supplemented 
with methionine, which is the first limit
ing amino acid in this protein, the inflec
tion point of the response curve of the 
activity of liver xanthine oxidase, as well 
as that of the growth rate in rats fed this 
diet, may be shifted to the lower protein 
level as compared with that observed in 
rats fed diets containing casein without 
methionine.

The results presented in table 2 indicate 
that the supplementation of casein with 
DL-methionine shifted the inflection point 
of this response curve to the lower protein 
level, 12% ; namely, in the group that re
ceived the diet containing 12% of casein 
with DL-methionine, the maximal values 
of the growth rate and the activity of 
xanthine oxidase were already obtained 
(which were equal to those of rats fed 
diet containing 20% casein without me
thionine). In this case, it was also found 
that the minimal protein level required 
for the maximal growth was in agreement

TABLE 2

Effect of supplementation of m -m ethionine to 
casein diets on grozuth rate and liver 

xanthine oxidase activity of 
young rats

Casein
level1

Without
DL-methionine

With
DL-methionine2

Avg weight gain
% gm /15  days gm /15  days

8 46.5 ±  1.63 50.8 ±  2.93
12 57.2 ±  1.8 66.8 ±  3.5
16 63.4 ±  6.0 66.4 ±  0.4
20 66.2 ±  6.3

Liver xanthine oxidase activity
O2 filite r/ O 2  ¡ i l i t e r/

g m  w et l iv e r g m  w et l iv e r
8 208 ±33.2 196 ±30.7

12 295 ±22.2 425 ±51.6
16 355 ±34.5 383 ±26.4
20 387 ±27.4

1 Protein level based on Kjeldahl N x 6.25.
2 Percentage of DL-methionine supplementation at 

various levels of casein: 8% casein, 0.1% DL-methio
nine; 12% casein, 0.2% DL-methionine; 16% casein, 
0.25% DL-methionine.

3 se of mean.
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with that for the maximal activity of liver 
xanthine oxidase.

Litwack et al. ( ’52, ’53, ’54) demon
strated that a correlation exists between 
the nutritive value of dietary protein and 
activity of liver xanthine oxidase in rats. 
The present authors have also obtained the 
similar results (Muramatsu and Ashida, 
’62b). It was considered therefore that the 
activity of liver xanthine oxidase could 
possibly be utilized as a criteria not only 
for the quality of dietary protein, but also 
for the quantity of each dietary protein 
required for the maximal growth of young 
rats. However, this procedure has a lim
itation, because other factors besides pro
tein level and protein adequacy can influ
ence for the enzyme activity, as in the 
case of soybean protein.

Williams ( ’62) carried out a time study 
of changes in the liver succinic oxidase 
system of rats during a prolonged defi
ciency of dietary protein. It was observed, 
in this study, that succinic dehydrogenase 
activity decreased after 10 days followed 
by an increase to above normal after 
30 days. Accordingly, further study would 
be needed to determine what kind of 
changes in this enzyme activity may occur 
with time in rats fed diets containing vary
ing levels of protein.

Westerfeld et al. ( ’62) reported that the 
activity of liver xanthine dehydrogenase 
of chicks increased with each increase in 
the dietary protein level. The results re
sembled those obtained with liver arginase 
of rats (Muramatsu and Ashida, ’62a). 
That birds are uricotelic and rats are ureo- 
telic animals may be an explanation for 
the similar results between species.

SUMMARY

Growing rats were fed diets containing 
varying levels of egg albumen, fish meal, 
soybean protein, wheat gluten and casein 
supplemented with or without methionine 
for two weeks.

The influence of these variations of die
tary protein on growth rate, liver weight, 
liver nitrogen, the activity of liver xan
thine oxidase and that of liver succinic 
dehydrogenase was observed.

When rats received the different dietary 
proteins studied, except soybean protein, 
it was shown that the response curve of

liver xanthine oxidase or succinic dehydro
genase plotted against the protein levels 
in the diet was similar to those of growth 
rates, liver weight and liver nitrogen plot
ted in a similar way. The correlations of 
the enzyme activity with the growth rate 
were higher in xanthine oxidase than in 
succinic dehydrogenase. With soybean pro
tein, there was no such correlation be
tween the growth rate and the activities 
of these enzymes as compared with that 
observed with other proteins examined.

When rats were fed casein diets supple
mented with methionine, the minimal pro
tein level for the maximal growth and the 
maximal activity of liver xanthine oxidase 
was shifted from the 20% casein level to 
the 12% one.

Liver xanthine oxidase could be utilized 
as a criteria for the quantity of dietary 
protein required for the maximal growth of 
young rats. This procedure, however, has 
a limitation, because other factors besides 
protein level and protein adequacy can in
fluence the enzyme activity, as in the case 
of soybean protein.
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A Study of Some of the Conditions Affecting the Rate of 
Excretion and Stability of Creatinine in Sheep Urine* 1
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The effects of such factors as diet, ex
ercise, and sex upon urinary creatinine 
have been controversial for more than 55 
years. Folin ( ’05) stimulated considerable 
interest in this subject when he pointed 
out that the amount of creatinine excreted 
in the urine by a given individual receiv
ing a meat-free diet is a constant quantity, 
but that it may be different for other in
dividuals and wholly independent of the 
quantitative changes in the total amount 
of nitrogen eliminated.

Most of the research on this subject has 
been conducted on man or laboratory ani
mals and little specific information has 
been obtained with ruminants. Aside from 
marked dietary differences, there is also a 
considerable difference between the com
position of the urine of simple-gut ani
mals and that of ruminants which influ
ences the stability of creatinine. Dinning 
et al. ( ’49) pointed out that the loss of 
creatinine from steer urine could be pre
vented by reducing the pH to less than 6 
and by subsequent refrigeration.

Block and Schoenheimer ( ’39) and 
Block et al. ( ’41) using N 15-labeled crea
tine were able to demonstrate conclusively 
that dietary creatine can be converted into 
creatinine. Despite this, however, other 
investigations have demonstrated that the 
rate of urinary creatinine excretion is rela
tively independent of the intake of dietary 
creatine, as massive doses of creatine were 
required to increase significantly the uri
nary creatinine excretion of man (Folin, 
’05; Plimmer et al., ’09; Rose and Dimmitt, 
’16; Chanutin, ’26), dogs (Benedict and 
Osterberg, ’23), and rabbit (Meyers and 
Fine, ’13). The results presented by 
Borsook and Dubnoff ( ’47) which demon
strate that phosphocreatine is the immedi
ate precursor of creatinine and those of 
Walker (’60) suggesting that the regulation

of in vivo creatine synthesis is governed 
by the level of creatine in the muscles, 
help to explain these observations. On the 
other hand, absorbed dietary creatinine 
can be fully accounted for in the urine 
according to Maw ( ’48) and the experi
ments of other workers prove that at least 
80% of the dietary dose is recovered 
in the urine (Meyers and Fine, T3; 
Rose and Dimmitt, ’16; Block and Schoen
heimer, ’39).

The work of Dinning et al. ( ’49) with 
cattle has indicated that dietary creatinine 
is independent of the nitrogen content of 
the diet. Beard ( ’43) in a critical review 
of the metabolism of creatine and creati
nine reported that urinary creatinine is 
highly variable and is influenced by nu
merous dietary factors. Such claims have 
often arisen when workers have included 
the highly variable urinary creatine ex
cretion together with actual creatinine ex
cretion in their estimation of creatinine 
outputs. Failure to consider fully the pos
sible changes in the lean-body mass may 
also be involved. Thus, changes in creat
inine excretion which actually reflect 
changes in body composition may be at
tributed to the effect of diet per se.

This report summarizes a series of in
vestigations conducted to evaluate some of 
the conditions which may influence the 
rate of creatinine excretion and which 
would be of practical significance in ex
periments in which creatinine is to be 
used for the prediction of body composi
tion in animals.
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EXPERIMENTAL PROCEDURE

Experiments conducted. Three series 
of experiments were conducted: (1 ) In
one series, the effects of the length of the 
storage period, pH and temperature on the 
rate of decomposition of creatinine in 
sheep urine was studied; (2) in the second 
series, an investigation was made of the 
degree of recovery from the urine of exog
enous creatinine administered (a ) orally, 
(b ) via an abomasal fistula, and (c )  in
travenously, to sheep; and (3 ) in the third 
series, the effects of dietary level of pro
tein and energy on the urinary creatinine 
excretion rate of sheep were examined.

To study the influence of length of stor
age period, pH, and temperature on the 
rate of decomposition of creatinine, a 
pooled sample of freshly voided urine rep
resenting 18 sheep was obtained. The 
creatinine concentration was determined 
immediately in a sub-sample of pooled 
urine and aliquots of the remaining urine 
were subjected to the following treat
ments: (1 ) Of 5 aliquots of unacidified 
urine kept at 27 to 30°C, toluene was 
added to one sample, one sample was 
stored in the dark, and three samples were 
kept under ordinary room conditions; (2 ) 
five unacidified aliquots were stored at 
various temperatures ranging from 4 to 
39°C; and (3 ) six aliquots of the pooled 
sample were acidified to reduce the pH to
2.5 to 3.5 and stored at various tempera
tures ranging from zero to 39°C.

At intervals during a 5-month period of 
storage, the creatinine concentrations of 
these samples were determined to study 
the effects of the treatments imposed on 
the stability of urinary creatinine.

In the second series of experiments, the 
extent of recovery from the urine of exog
enous creatinine administered orally to 4 
sheep, via abomasal fistula to three sheep, 
and by intravenous (jugular vein) injec
tion to three sheep, was determined. This 
was done by comparing the average daily 
basal creatinine outputs during a pre
treatment and a post-treatment period 
with the average daily excretion of creat
inine during the treatment period (i.e., 
the period when creatinine was admin
istered). Daily doses of approximately 
1000 mg of creatinine were administered 
orally or abomasally in gelatin capsules.

For purposes of intravenous injection cre
atinine was dissolved in 0.1 N  HC1 at the 
rate of 1000 mg/25 ml of solution. A total 
of 7 doses were administered to each ani
mal during the first 7 days of 7- or 8-day 
urine-collection periods. The dose was 
administered at the beginning of each day. 
The last capsule (i.e., oral or abomasal 
administration) was introduced 48 hours 
before the termination of the urine col
lection for the treatment period, and the 
last injected dose was administered 24 
hours before the end of urine collection for 
the treatment period. Each treatment 
period was preceded by a pre-treatment, 
control period generally of 7-day duration 
and, in all except two cases, was followed 
by a post-treatment period usually of 7- 
day duration. The urine voided by each 
animal during each of the pre-treatment, 
treatment, and post-treatment periods was 
collected totally, and its volume and creat
inine content determined. The data ob
tained during the post-treatment period 
served to detect any possible carry-over ef
fects attributable to the treatments and to 
correct for long-term changes in the basal 
level of creatinine excretion.

In the third series of experiments the 
effects on the urinary creatinine output 
of changing abruptly and drastically the 
amounts of dietary protein and energy in
gested were determined. During a series 
of 7-day periods the following treatments 
were imposed: (1 ) A control diet of pel
leted, finely ground timothy hay was fed to 
two sheep (observations 1 and 2, table 1) 
at a level estimated to provide two times 
the amount of energy required for main
tenance, (2 ) a high-protein diet consist
ing of a mixture of pelleted alfalfa-leaf 
meal and linseed meal was fed to two 
sheep at a level computed to provide one 
times (observations 3 and 4, table 1) or 
two times (observations 5 and 6, table 1) 
the amount of energy required for main
tenance, and (3 ) starvation of 5 sheep 
(observations 7 to 11, table 1). Each 
treatment period was preceded, and fol
lowed, by a 7-day control period during 
which the pelleted timothy-hay diet was 
fed at the maintenance level. Five sheep 
were used in this series. Observations 1, 
5, and 10 were made with one animal; 2, 
3, and 11, with a second animal; 4 and 8,
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TABLE 1
Effect of level o f intake of protein and energy and of starvation on the rate of creatinine excretion

in the urine of sheep

Item of Control diet High-protein diet
Starvationinterest 2 x Maintenance Maintenance 2 x Maintenance

Observation no. 
Urinary creatinine, 

mg/day 
Pre-treatment

i 2 3 4 5 6 7 8 9 10 11

period1 744 690 652 1105 711 714 1012 1100 698 698 621
Treatment period2 
Post-treatment

813 659 690 1183 782 830 900 1092 632 595 618

period1 711 652 640 1175 747 746 975 1067 639 667 601

1 Control diet of pelleted timothy hay fed at the maintenance level of intake during 7-day period.
2 Experimental treatments imposed during 7-day periods.

with a third animal; 6 and 9, with a 
fourth animal; and observation 7, with a 
fifth animal.

On the dry basis, the control diet of 
timothy hay contained 13% and the lin
seed meal-alfalfa leaf meal diet contained 
22%, of protein. For a given animal, the 
daily intake of protein ranged from 91 gm 
in the pre- and post-treatment periods to 
286 gm in the periods during which the 
high-protein diet was fed at the twice- 
maintenance level.

The urine voided by each animal was 
collected daily, compounded for each 7- 
day period, and the composite sample rep
resenting the entire period was analyzed 
for creatinine.

Collection and sampling of urine. All 
sheep used in the experiments described 
above were confined in metabolism units 
permitting the separate and quantitative 
collection of urine. The collection funnels 
and pans were rinsed with approximately 
200 to 300 ml of water prior to collecting 
the urine once every 24 hours. In the sec
ond and third series of experiments, a suf
ficient amount of 4 N H2S04 was added to 
reduce the pH to 2.5 to 3.5. A 10% aliquot 
of the daily urine output was compounded 
for each animal and period. The composite 
samples were stored under refrigeration at 
zero to 4°C. In certain instances in which 
it was desirable to study the day-to-day 
variation in the excretion of creatinine, 
separate daily samples were taken during 
3- or 6-day periods and treated in the same 
way.

The treatment of the urine obtained from 
18 sheep and used in the first series of ex
periments is detailed above.

Determination of creatinine. Creatinine 
was determined by means of a colorime
tric method, using alkaline picrate and 
Lloyds reagent, as modified by Owen et al. 
( ’54). The urine was diluted so that a 
final concentration of 150 to 200 ug of 
creatinine/100 ml were contained in the 
solution read. Care was taken to adjust 
the temperature of the alkaline creatinine 
picrate to 19.5°C just prior to the meas
urement of its optical density. The optical 
density of the supernatant fluid was meas
ured with a Beckman DU model spectro
photometer at a slit width of 0.04 mm and 
a wavelength of 520 mu.

RESULTS AND DISCUSSION

Stability of urinary creatinine. In the 
first series of experiments the concentra
tion of creatinine in sheep urine as af
fected by the length of the storage period, 
temperature, and pH, was expressed as a 
percentage of the creatinine content of 
the urine determined immediately after 
collection.

The rate of loss of creatinine from 
urine stored at 27 to 30°C and at its 
normal pH (8.4 to 8.7) is shown in 
figure 1. These results demonstrate that 
the rate of decomposition of creatinine in 
normal sheep urine is rapid at usual sum
mer room temperatures; within 24 hours 
only 86% of the original creatinine con
tent remained in the urine, and within 
three weeks all traces of creatinine had 
disappeared. The addition to urine of tol
uene as a preservative or the storage of 
urine in the dark, both imposed at tem
peratures of 27 to 30°C, had no detectable 
effect on the rate of creatinine loss.
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Fig. 1 The rate of loss of creatinine from sheep urine stored at 27 to 30° C at its normal 
pH (8.4 to 8.7).

The rate at which creatinine decays in 
sheep urine increases with increasing tem
peratures. This is demonstrated in figure 
2 by the data obtained with normal urine 
stored up to 11 days at 4°, 15°, 28° and 
39°C. The concentration of creatinine 
was maintained without change over 10 
days in unacidified urine stored at 4°C.

Acidification of sheep urine to a pH of
2.5 to 3.5 had a marked influence on its 
creatinine content. The results of storing 
urine at this pH under temperatures of 
4°, 28°, and 39°C during a 5-month pe
riod are illustrated by figure 3. No change 
in the creatinine content of urine stored 
at 4°C was detected over the 5-month 
period. However, at 28° and 39° C, 
the apparent creatinine concentration in
creased steadily with increasing time of 
storage, reaching a value within 11 days 
at 39° C that was 170% of the original 
creatinine concentration. A similar result 
was obtained by autoclaving acidified 
urine samples at 15 pounds of pressure 
for 30 min. This appears to be the result 
of the conversion of creatine to creatinine 
and possibly of the conversion of even 
other substances into Jaffe-positive chro
mogens.

These results are of considerable prac
tical significance since they demonstrate 
that the loss of creatinine, even at usual 
room temperatures, can introduce a seri

ous source of variation in experiments 
conducted under varying environmental 
temperatures. Because of the conversion 
of creatine into creatinine under condi
tions of low pH and higher ambient tem
peratures, it is impractical to add acid to 
urine collection utensils before or during 
the collection process as is sometimes 
recommended. Therefore, a study was 
made of the extent of the loss of creatinine 
from unacidified urine after 24 hours of 
exposure to 4 temperatures ranging from 
4° to 39° C. The results of this study 
expressed as a percentage of the pre-treat
ment creatinine concentration are shown 
in figure 4. These data provided the basis 
for estimating the percentage of creati
nine remaining in the urine after 24 hours 
by use of the following equation:

Y =  100 — 0.01866X2; where,
Y =  percentage of creatinine remaining 

in unacidified sheep urine 24 hours after 
excretion, and

X =  mean temperature in °C between 
0° and 39°C.

Inter-day variation in urinary creatinine 
excretion. Before and during the second 
and third series of experiments a study 
was made of the day-to-day variation in 
the excretion of creatinine in the urine. 
In 9 trials of 3- or 6-day duration, the 
standard deviations of the daily mean out
puts ranging from 674 to 1487 mg of
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Fig. 2 The effect of temperature and storage time on the rate of creatinine loss from 
sheep urine stored at its normal pH (8.4 to 8.7).

Fig. 3 The effect of temperature and storage time on the creatinine concentration of 
urine stored at pH 2.5 to 3.5.

creatinine ranged from 35 to 85 mg. For 
these data the mean inter-day coefficient 
of variation in urinary creatinine output 
was 6.3%.

Effect of administered exogenous cre
atinine on the urinary creatinine excretion 
rate. The results of administering creat
inine to sheep orally, via abomasal fistula 
and by intravenous (jugular vein) injec
tion are summarized in table 2. By using 
the average of the creatinine outputs by 
each sheep during the pre- and post-treat

ment periods as the baseline, it was found 
that the average recoveries of the creati
nine administered by mouth, via abomasal 
fistula and intravenous injection were 3.5,
14.3, and 83.3% , respectively. (For sheep 
3 and 4, the pre-treatment creatinine out
put served as the baseline.)

The apparent increase in creatinine ex
cretion in response to oral administration 
lacked mathematical significance, where
as the increase effected by abomasal ad
ministration was significant (0.02 >  P>
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Fig. 4 Effect of temperature on the rate of decay of creatinine in sheep urine at its 
normal pH (8.4 to 8.7).

TABLE 2

Effect of exogenous creatinine administered orally, via abomasal fistula, and intravenously on the rate
of creatinine excretion in  the urine of sheep

Item of 
interest

Creatinine administered by:

Oral ingestion1 Abomasal fistula2 Intravenous injection3

Observation no. 1 2 3 4 5 6 7 8 9 10
Daily dose, avg,

mg/day 992 1003 1020 1009 990 1013 996 1000 1000 1000
Urinary creatinine,4 

mg/day
Pre-treatment period 1052 747 1138 1106 818 746 1086 640 1175 675
Treatment period 1090 820 1130 1162 941 896 1186 1479 2049 1487
Post-treatment period 1105 729 — — 714 753 1071 665 1179 700

Creatinine recovered,5 % 1.2 8.2 -0 .8 5.5 17.7 14.5 10.8 82.7 87.2 80.0

1 Increase in creatinine excretion not significant (P  >  0.1).
2 Increase in creatinine excretion significant (0.02 >  P >0.01).
3 Increase in creatinine excretion highly significant (P  <  0.01).
4 Creatinine output per day determined on composite urine samples representing 7- or 8-day periods.
5 The creatinine recovery (% )  was computed as follows:

' UCpn + UCp2t \UCt -(■
CD

. X 100; where,

UCt = urinary creatinine (mg/day) during treatment period 
UCpit = urinary creatinine (mg/day) during pre-treatment period. 
UCP2t = urinary creatinine (mg/day) during post-treatment period.
CD = creatinine dose (mg/day) administered during treatment period.
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0.01). The creatinine output effected by 
intravenous administration was highly sig
nificantly (P  <  0.01) greater than that 
during the control periods. No carry-over 
effects were detected as the result of im
posing any of the treatments.

In contrast to the observations made in 
these studies indicating that creatinine is 
not absorbed to any marked degree from 
the gut of sheep, absorption of creatinine 
to the extent of 80% in nonruminants 
was reported by Rose and Dimmitt (T 6 ), 
Block and Schoenheimer ( ’39) and Maw 
( ’48). The failure to recover orally ad
ministered creatinine in the present stud
ies appears to be attributable much less 
to the utilization and destruction of creat
inine by microorganisms in the rumen, 
reticulum and omasum than to poor ab
sorption per se. This is suggested by the 
observation that only 14.3% of the cre
atinine infused into the abomasum was 
recovered in the urine. In addition, the 
incubation of urine and creatinine solu
tions with washed suspensions of ruminal 
microorganisms at 39° C in a phosphate- 
buffered solution at a pH of 6.8 to 7.0 for 
60 hours did not result in greater losses 
of creatinine than the incubation of con
trol samples not containing microorgan
isms. On the other hand, creatinine incu
bated with crude rumen liquor was lost 
somewhat more rapidly. Although the lim
ited studies made of the degradation of 
creatinine by ruminal microorganisms 
were inconclusive, the evidence obtained 
also indicated that bacterial action is a 
less important cause of the low recovery 
of orally administered creatinine from the 
urine of sheep than is poor absorption 
from the gut.

It is also interesting that only 83.3% 
of the creatinine injected intravenously 
was recovered in the urine. Since creati
nine is not stored in the body and not 
excreted in any other form (Block and 
Schoenheimer, ’39; Block et ah, ’41), it is 
probable that the creatinine not accounted 
for may have been excreted from the body 
by some other route such as the saliva, 
the biliary system or at some other site 
in the digestive tract. It is known that the 
salivary and sweat glands normally ex
crete creatinine (Spector, ’56).

Effect of dietary level of protein and 
energy on the urinary creatinine excretion 
rate. During the course of the third series 
of experiments the abrupt increase in the 
intake of protein with or without an in
crease in energy intake imposed during
7-day periods resulted in an average in
crease in creatinine excretion of 9.8% 
more than the average daily output for 
the pre-treatment control period during 
which a pelleted, ground timothy-hay diet 
was ingested at the maintenance level of 
intake ( table 1). The increased creatinine 
output in response to increased intake of 
protein was mathematically significant 
(0.02 >  P >  0.01). It was found that the 
urinary creatinine output during the post
treatment control period immediately fol
lowing the periods of high-protein intake 
was somewhat higher than that during 
the pre-treatment control period for 3 of 
the 4 sheep, but the difference lacked 
statistical significance (0.2 >  P >  0.1).

The feeding of the control diet at the 
twice maintenance level did not have a 
consistent effect on the creatinine output 
of two sheep (observations 1 and 2, table
1). Also, as shown in table 1, the degree 
of increase in the output of creatinine by 
the sheep receiving the high-protein diet 
at the twice-maintenance level (observa
tions 5 and 6) was not different from that 
of the sheep receiving the same diet at the 
maintenance level (observations 3 and 4). 
These observations indicate that the in
take of energy between the maintenance 
and twice maintenance levels for short 
periods of time has very little, if  any, 
effect on the urinary creatinine output by 
sheep.

The fasting of 5 sheep resulted in an 
output of creatinine which was 7.3% 
lower on the average than that during the 
pre-treatment period when the pelleted, 
ground timothy hay diet was ingested at 
the maintenance level (observations 7-11, 
table 1). This difference approached sig
nificance at the 5% level of probability. 
The average output during the post-treat
ment period immediately following the 
7-day period of fasting was only 4.5% 
lower than that during the pre-treatment 
control period ( table 1), but the difference 
was highly significant (P  <  0.01). Fast
ing therefore resulted in a significant
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carry-over effect which was of similar de
gree, but of opposite direction, to that 
effected by the high-protein diet.

These results demonstrate that the basal 
excretion of creatinine can be modified 
at least to a small degree by abrupt, large 
changes in diet imposed during brief pe
riods of time. The carry-over effects pro
duced by these treatments suggest that 
the changes in the amount of creatinine 
excreted are in part the reflection of 
changes in the composition of the lean- 
body mass, although this might not ac
count fully for the changes in creatinine 
output. Also, the possibility exists that the 
results obtained in short-term experiments 
may be of a transient nature.

SUMMARY

Some of the factors affecting the stabil
ity and rate of excretion of urinary cre
atinine of sheep were studied with special 
reference to those conditions expected to 
have practical significance in investiga
tions in which creatinine is used in the 
prediction of body composition in rumi
nants.

Creatinine was found to be unstable 
and to decay rapidly at the normal pH 
(8.4 to 8.7) of sheep urine under tem
peratures ranging from 15 to 39°C. How
ever, no loss of creatinine occurred during 
a 5-month period when urine was stored 
at its normal pH but at 4°C. The storage 
of urine acidified to a pH of 2.5 to 3.5 and 
held at a temperature of 28 or 39°C re
sulted in a progressive increase in creat
inine concentration with increasing time 
of storage.

The average rates of recovery from 
urine of creatinine administered orally, 
via abomasal fistula and by intravenous 
injection were 3.5, 14.3, and 83.3%, re
spectively. In contrast to nonruminants 
for which urinary recovery of orally ad
ministered creatinine is as high as 80%, 
the sheep was not found to absorb exog
enous dietary creatinine to any appreci
able degree. Microbial utilization or de
struction of creatinine in the stomach 
compartments of the sheep is thus only 
partly responsible for the poor absorption 
of creatinine. Since 16.7% of the intra
venously administered creatinine was not 
recovered in the urine, it is indicated that

a significant fraction of creatinine may 
be voided from the body via such routes 
as the sweat, saliva and the digestive 
tract.

Abrupt, large increases in the protein 
intake resulted in increased outputs of 
urinary creatinine. Starvation resulted in 
a reduction in urinary creatinine. The 
carry-over of these effects following the 
return of the animals to the control diet 
was sufficient to indicate that the changes 
in creatinine output were at least partly 
attributable to concomitant changes in 
body composition.
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Metta et al. ( ’59) reported that male 
but not female rats died of hemorrhage 
when fed a ration containing irradiated 
beef. The difference between the sexes, 
the authors thought, might be due to the 
effect of sex hormones. A preliminary 
experiment in this laboratory to reproduce 
hemorrhagic diathesis in rats of the Holtz- 
man strain showed their relative lack of 
susceptibility to hemorrhage.

In the present report the results of ex
periments designed to investigate the dif
ference between two strains of rats (Holtz- 
man and Sprague-Dawley), and the effects 
of stilbestrol and testosterone on the oc
currence of hemorrhagic diathesis are 
reported.

MATERIALS AND METHODS

The diet consisted in per cent of ground 
nonirradiated or irradiated (5.58 mega
rads) beef,3 (total solids), 35; starch 35; 
sucrose, 19; cod liver oil, 1.5; wheat germ 
oil, 0.5; salt mix, 4; and vitamin mix, 5. 
The salt mixture used was either salt mix 
446 or USP XIV. The composition of the 
vitamin mixture was: (in milligrams)
thiamine-HC1, 50; riboflavin, 50; pyridox- 
ine-HCl, 50; Ca pantothenate (dextrorota
tory), 400; nicotinic acid, 200; and (in 
grams) p-aminobenzoic acid, 1; inositol, 
2; choline chloride, 20; and glucose,4 
976.25. The rats were fed ad libitum 
fresh feed being provided three times per 
week in jars that had been thoroughly 
cleaned with detergent. Water was avail
able at all times.

The rats were kept singly in cages with 
raised wire-screen bottoms at 26 to 27°C. 
Males were castrated at 4 weeks of age.

After a recovery period of one week, the 
rats were allotted to treatments at random.

Two studies were undertaken. In the 
first, 30 weanling male Holtzman and 
32 Sprague-Dawley rats were used to in
vestigate the relative resistance to hemor
rhage. The experiment was designed to 
compare the effect of salt mix USP 14 
with that of salt mix 446, used previously 
by Metta et al. ( ’59), and to investigate 
variation resulting from allotting the rats 
to the experiment on the day of their 
arrival, feeding a commercial laboratory 
ration5 for two days before putting them 
on experiment. Whether the difference 
was due to the use of a different strain of 
rat, or whether it resulted from adding 
vitamin K to the vitamin mix by mistake 
was also investigated. To find out the 
latter, a new batch of vitamin mix was 
prepared to compare with the old vitamin 
mixture.

Since mortality rate was not signifi
cantly affected by salt or vitamin mixes, 
or by the rats whether they were put on 
experiment on the day of arrival or later, 
the data of each strain were pooled and 
compared. Blood samples from 12 Holtz-
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man and 16 Sprague-Dawley rats were 
obtained by cardiac puncture for the de
termination of prothrombin time (Quick, 
’38). The rats were anesthetized with 
ether before taking the blood samples.

In the second study, two experiments 
were performed. In experiment A, 7 cas
trated and 7 intact male weanling Holtz- 
man rats were allotted to each of three 
groups. The first group received no hor
mone treatment. A diethylstilbestrol di
propionate pellet6 weighing not less than
13.6 mg and not more than 14.6 mg con
taining 10% binder was implanted under 
the skin of each rat. Each rat in the third 
group was implanted with a testosterone 
propionate pellet7 weighing 10.3 to 16.2 
mg and containing 10% binder. The skin 
over the pellet was massaged frequently 
to break any connective tissue which might 
have formed around the pellet, interfer
ing with absorption of the hormone. A 
fourth group consisted of 7 intact Holtz- 
man rats fed a commercial laboratory 
ration. The experimental period was 75 
days. The feed eaten by each rat was 
recorded for a period of 64 days. At the 
end of the experiment, the rats were killed 
and the weights of the testes and of the 
seminal vesicles and prostates were re
corded. Three rats from each group were 
bled each week to determine prothrombin 
times. In the beginning, pentobarbital so
dium8 only or in combination with ether 
were used as an anesthetic. Later, only 
ether was used for this purpose.

In experiment B of the second study, 8 
intact and 8 castrated male weanling 
Sprague-Dawley rats were allotted to each 
of two groups. The first group, which re
ceived no hormone treatment, also con
tained 7 intact Holtzman rats. Each rat 
in the second group had been implanted 
subcutaneously with a diethylstilbestrol 
propionate pellet (13.5 to 14.8 mg). Each 
rat in the third group received 1 mg of 
testosterone9 in 0.1 ml of corn oil subcuta
neously once a week. A third group con
sisted of 8 intact and 10 castrated Sprague- 
Dawley rats and 8 intact Holtzman rats. 
All rats in the first three groups were fed 
the irradiated beef ration. A fourth 
group consisted of 8 Sprague-Dawley rats 
fed a ration containing nonirradiated beef. 
The experimental period was 42 days.

Three rats from each group were bled 
for prothrombin-time determinations each 
week. Ether was used to anesthetize the 
animals before the blood samples were 
taken. Rats were weighed individually 
every week. In no case was coprophagy 
prevented. At the end of each experiment, 
the rats were killed with pentobarbital so
dium and examined for signs of internal 
hemorrhage.

Prothrombin times longer than 20 sec
onds were considered to be abnormally long 
and suggestive of hemorrhage. Any rat 
dying of hemorrhage, or that died after 
bleeding, whose prothrombin time was 
longer than 20 seconds was recorded un
der “death due to hemorrhage.” Rats that 
died of the anesthetic or died after bleed
ing, with prothrombin times less than 20 
seconds, were considered to have suc
cumbed accidentally; thus, when the mor
tality data were calculated, these rats were 
excluded from consideration. The data 
were subjected to arcsine (angular) trans
formation before statistical analysis. The 
mortality rate, whenever stated, pertains 
to the analysis after angular transforma
tion. The statistical method was the 
method of least squares.

In calculating the percentages of pro
longed prothrombin times, only abnor
mally long times (longer than 20 seconds) 
were considered. If a clot was not formed 
within two minutes, the test was stopped 
and prothrombin times of these samples 
were classified as longer than two min
utes. Because the prothrombin times do 
not follow the normal distribution curve, 
the data were transformed into pro
thrombin rates (reciprocal of prothrombin 
times, sec-1) for statistical analysis. In 
the text, the prothrombin rates are ex
pressed as 1000/second.

Rats that died before the time of record
ing their final body weights were excluded 
in comparing the growth and feed effi
ciency.

RESULTS

In study one, the mortality was 58% 
for Sprague-Dawley rats significantly (P  <

6 Wick and Fry, Indianapolis, Indiana.
7 The Upjohn Company, Kalamazoo, Michigan.
8 Nembutal, Abbott Laboratories, North Chicago, 

Illinois.
9 Delatestryl, Squibb, New York.
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0.01) higher than the 22% for Holtzman 
rats. Four of 77 blood samples from Holtz
man rats showed prothrombin times longer 
than 20 seconds as compared with 23 of 
91 from Sprague-Dawley rats, a highly sig
nificant (P < 0 .0 1 ) difference. The aver
age prothrombin rates of Holtzman and 
Sprague-Dawley rats were 80 and 64, 
respectively.

To observe the effect of strain with time 
( fig. 1), prothrombin rates were compared 
only in those rats (7 from each strain) 
that survived and whose prothrombin rate 
data were complete for 6 consecutive 
weeks. The rates of the two strains at the 
third week were significantly (P  <  0.05) 
different. This was also true of the aver
ages of the prothrombin rates of approxi
mately 12 and 16 plasma samples per 
week from Holtzman and Sprague-Dawley 
rats, respectively. A decrease in pro
thrombin rate at three weeks was also 
observed by Barnes and Fiala ( ’59) in rats 
fed a vitamin-K-free diet, but there was an 
additional decrease at 6 weeks.

During the first bleeding of experiment 
A (study 2) 5 rats (one intact, two cas
trated, one intact plus stilbestrol, and one 
castrated plus stilbestrol) died as a result 
of the pentobarbital sodium. During the 
second bleeding, one rat (castrated plus 
testosterone), and at the time of the third 
bleeding 4 rats (one castrated and three 
castrated plus stilbestrol) died following 
administration of pentobarbital sodium. 
The high rate of death from pentobarbital 
sodium was due perhaps to the decreased 
amount of the anesthetic required to pro
duce the proper plane of anesthesia in the 
stilbestrol-treated rats.

Because of the high rate of deaths (10 
of 63), a lower dose of pentobarbital so
dium was used and the anesthesia was 
completed with ether. Later only ether was 
used. Only 9 rats (2 % ) died from anes
thesia or from cardiac-puncture when 
ether was used. A 25% loss due to bleed
ing accidents in control animals has been 
reported by other workers (Mogenson and 
Jaques, ’57).

Fig. 1 Changes in the average prothrombin rates of those Holtzman and Sprague-Dawley 
rats whose prothrombin rates were available for the first 6 consecutive bleedings. Solid line 
indicates Holtzman strain rats; broken line, Sprague-Dawley strain.
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The mortality due to hemorrhage in 
Holtzman rats was 15% and zero; of 
Sprague-Dawley rats, 75 and 38% , among 
intact and castrated rats, respectively 
(table 1). The decreased mortality re
sulting from castration was masked by 
treating the rats with hormones. Stilbestrol 
completely prevented death due to hemor
rhage in both strains and the effect was 
highly significant (P < 0 .0 1 ). Testo
sterone significantly increased (P  <  0.05) 
the number of deaths in both strains of 
rats. Analysis of the data from all groups 
indicated that the Sprague-Dawley rats 
were significantly (P < 0 .0 1 ) more sus
ceptible than the Holtzman rats to death 
from hemorrhage. No death occurred 
among rats fed a commercial laboratory 
ration or a ration containing nonirradiated 
beef.

Castration increased the prothrombin 
rates from 83 to 89 and 75 to 79 in 
Holtzman and Sprague-Dawley rats, re
spectively (table 1), but this was not statis
tically significant. Castration also de
creased the percentage of plasma samples 
with prolonged prothrombin times. There 
was a suggestion that stilbestrol lowered 
(P  <  0.05) the prothrombin rate. Only 
3% of plasma samples from stilbestrol- 
treated rats had prolonged prothrombin 
times. Testosterone reduced the pro
thrombin rates very significantly (P  <  
0.01) in the two strains. Testosterone 
caused an increase in the number of pro
longed prothrombin times in the plasma 
samples of Holtzman rats. The Sprague-

Dawley rats had consistent and signifi
cantly lower (P  <  0.05) prothrombin rates 
than the Holtzman rats. The percentages 
of plasma samples with prolonged pro
thrombin times were higher in Sprague- 
Dawley than in Holtzman rats. The aver
age prothrombin rate of 25 plasma sam
ples from rats fed a commercial labora
tory ration was 88 (range 70 to 104) and 
of 29 samples from rats fed a ration con
taining nonirradiated beef was 86 (range 
56 to 104).

The Holtzman rats gained significantly 
more (P  <  0.01) body weight in 33 days 
than Sprague-Dawley rats (table 2). Stil
bestrol depressed the normal growth of 
the rats very significantly (P < 0 .0 1 ). 
This effect of stilbestrol interacted signifi
cantly (P  <  0.05) with strain, the depres
sion being 4.45 ±  0.205 gm body weight 
gained/day in Holtzman as compared with 
3.78 ±  0.205 gm in Sprague-Dawley rats. 
Castration and testosterone had no effect 
except that testosterone increased the body 
weight gained (P  <  0.05) in the orchiec- 
tomized rats. The effect of testosterone 
on the occurrence of hemorrhage appeared 
independent of growth, there being no 
difference in body weight gained between 
the castrated group and the intact or in
tact-plus-testosterone groups, but the mor
tality rate was lower in the castrated than 
the other two groups.

There was no significant difference be
tween the weight gained or feed efficiency 
of castrated and intact rats (table 3). 
Stilbestrol significantly depressed growth

TABLE 1
Effect of stilbestrol and testosterone on mortality, prothrombin rate (1000/sec) and the percentage of 

plasma samples with prolonged prothrombin times

Treatment
Rat Hormone

Mortality
Prothrombin time

Holtzman1 Sprague-Dawley1
Holtzman1 Sprague-

Dawley1 No.
samples

% Pro
longed Rate No.

samples
% Pro
longed Rate

Intact none 2/132 6/8 44 5 83 ± 3 3 17 24 75±4
Castrated none 0/4 3/8 27 0 89 ± 4 18 11 79 ± 4
Intact stilbestrol4 0/6 0/7 26 4 76 ± 4 15 7 73 ±  5
Castrated stilbestrol4 0/2 0/8 23 0 75±4 14 0 74 ± 5
Intact testosterone5 4/14 7/8 42 21 71 ± 3 12 17 68 ± 5
Castrated testosterone5 2/7 6/9 27 11 85 ± 4 18 22 62 ± 4

1 The mortality and rate differences between Holtzman and Sprague-Dawley rats are significant at the 1 and 
5% levels, respectively.

2 No. rats died/no. rats per group, after excluding those which died of accidents.
3 se of mean.
4 Stilbestrol effects on mortality and rate were significant at 1 and 5% level, respectively.
5 Testosterone effects on mortality and rate were significant at 5 and 1% levels, respectively.
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TABLE 2
Average in itia l body weight and the effect of hormones on body weight gained by two strains of rats

Treatment Holtzman strain1 Sprague-Dawley strain1

Rat Hormone No.
rats2

Initial
wt Wt gain3 No.

rats
Initial

wt Wt gain4

gm gm gm gm
Intact none 12 109 160±4.55 4 101 126 ±  7.8
Castrated none 4 109 168 ±7.8 5 96 137± 7.0
Intact stilbestrol6 6 122 18 ±  6.47 8 98 15 ±  5.57
Castrated stilbestrol6 3 114 9 ±9.0 8 98 15± 5.5
Intact testosterone 10 108 167±4.9 1 102 120 ±15.6
Castrated testosterone8 4 112 196 ±7.8 3 96 141 ±  9.0

1 Strain effect significant (P <  0.01).
2 Rats which died of accidents excluded.
3 Weight gained for first 33 experimental days.
4 Weight gained for first 31 experimental days.
5 se o f mean.
6 Stilbestrol effect significant (P <  0.01).
7 Interaction between strain and stilbestrol significant (P <  0.05).
8 Testosterone effect on castrated rats significant (P <  0.05).

TABLE 3
Effect o f stilbestrol and testosterone on feed efficiency,1 average weights of testes and o f seminal 

vesicles plus prostate of Holtzman rats fed irradiated-beef ration for 75 days

Treatment No.
rats2

Avg wt 
gained2

Feed
efficiency,

gain/intake2
Testes

Seminal
vesicles

and
prostateRat Hormone

gm gm gm
Intact none 3 287 0.181 3.37 2.16
Castrated none 4 244 0.168 — 0.04
Intact stilbestrol3 6 54 0.059 0.424 0.17
Castrated stilbestrol3 2 32 0.043 — 0.19
Intact testosterone5 4 288 0.180 1.164 3.76
Castrated testosterone5 4 3066 0.194 — 3.90

1 Weight gained calculated from 0 to 75 days, feed consumption from 11 to 75 days.
2 Rats that died of accidents excluded.
3 Stilbestrol effects on body weight gained, on feed intake, on weight of testes and of seminal vesicles plus 

prostate significant (P <  0.01).
4 Difference between the effects of stilbestrol and testosterone on testes weights significant (P <  0.01).
5 Testosterone effects on the weight of testes and of seminal vesicles plus prostate significant (P <  0.01).
6 Testosterone effect on weight gained by castrated rats significant (P <  0.05).

(P < 0 .0 1 ). Stilbestrol reduced feed in
take and significantly depressed (P <  0.01) 
feed efficiency. Whether stilbestrol re
duced feed intake and affected growth in
directly or vice versa cannot be determined 
from these data. The effect of estrogenic 
substance is perhaps due to inhibition of 
the anterior pituitary gland (Reece et al., 
’39). Growth depression was induced in 
female rats with natural estrogens but not 
with stilbestrol without lowering the feed 
intake was reported by Meites ( ’49). In 
this study, however, the growth rate of 
paired control animals paralleled those of 
diethylstilbestrol-treated animals. Sullivan 
and Smith ( ’57) also reported that the 
growth rate was identical in control rats 
whose feed intake was restricted to the 
amount eaten ad libitum by male rats re

ceiving estradiol benzoate. The data of 
these workers showed that voluntary re
striction of feed intake was chiefly re
sponsible for negative nitrogen balance 
and reduced growth in rats receiving estra
diol or stilbestrol.

Testosterone significantly increased (P < 
0.05) body weight gained by castrated rats 
but had no effect on feed consumption. 
The administration of testosterone to in
tact male rats had no effect on body weight 
gained or feed efficiency.

Stilbestrol significantly decreased (P  <  
0.01) organ weights (table 3), which in
dicates an interference with the develop
ment of the testes, seminal vesicles and 
prostate. Since the testes did not develop 
properly, it may be assumed that the ef
fect of stilbestrol on seminal vesicles and
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prostates was mediated by the pituitary 
gland. Testosterone increased (P < 0 .0 1 ) 
the weights of the seminal vesicles and 
prostates, but decreased the weights of the 
testes significantly (P < 0 .0 1 ). The aver
age weights of testes of intact rats treated 
with testosterone was 1.16 gm, as com
pared with 0.42 gm for rats treated with 
stilbestrol. The difference is highly sig
nificant (P < 0 .0 1 ). Since the stilbestrol 
pellet, on the average, contained 334 
umoles of diethylstilbestrol dipropionate 
as compared with 347 nmoles of testo
sterone propionate in a testosterone pro
pionate pellet, stilbestrol was more active 
than testosterone in inhibiting the secre
tion of gonadotrophins by the pituitary. 
These conclusions also apply to secretion 
of the growth hormone by the anterior 
pituitary because stilbestrol, but not testos
terone, had a detrimental effect on growth.

Castration interfered with the develop
ment of seminal vesicles and prostates, but 
its effect was masked by stilbestrol and 
testosterone. The effect of these hormones 
was significantly greater (P < 0 .0 1 ) in 
castrated than in intact rats. Analysis of 
data correlating organ weights with body 
weight gains revealed that the effects of 
the hormones on seminal vesicles and 
prostates were not related to the growth of 
the animals, in accord with the basic con
cepts of endocrinology.

DISCUSSION

The results presented here indicate sig
nificantly lower resistance of Sprague- 
Dawley than of Holtzman rats to the fac
tors that cause prolonged prothrombin 
time, hemorrhage and subsequent death. 
A factor might be the amount of vitamin 
K or other nutrients in the diets fed the 
mothers, thus influencing the vitamin K 
reserves of the pups. Richardson ( ’60) 
did not observe a significant susceptibility 
to hemorrhage in pups from mothers that 
received a diet low in vitamin K. When 
vitamin A was restricted in the diets of 
lactating females, internal hemorrhages 
occurred frequently in the nursing pups 
(Doisy et al., ’60). Information obtained 
from the Sprague-Dawley and Holtzman 
companies precluded a relative lower level 
of vitamin A in the Sprague-Dawley diet

as a factor in the lower resistance of 
Sprague-Dawley rats.

Holtzman rats were more susceptible to 
hemorrhagic diathesis than were Texas 
A & M rats (Richardson, ’59) and Sprague- 
Dawley rats were more susceptible than 
St. Louis University strain of rat (Doisy, 
’61) when fed rations containing irradiated 
beef. The mode of action of stilbestrol in 
preventing hemorrhagic diathesis is not 
clear. Paolucci et al.10 reported shortened 
prothrombin times in male rats fed a 
vitamin-K-deficient diet 6 hours after the 
injection of estrogen.

An increase of fibrinogen, prothrombin, 
and factor V with the increase of gesta
tional estrogen was observed by Alexander 
et al. ( ’56). Johnson ( ’57) observed an 
increase of prothrombin and factor V, and 
a decrease of antithrombin following estro
gen administration. Reduction of the pro
longed clotting time in dogs, after expo
sure to radiation, was observed following 
estrogen administration (Michaelson, cited 
by Roberts, ’61). No change in the vari
ous blood coagulation factors was ob
served in man by Borchgrevink et al., 
( ’60), Kudish et al. ( ’60) or McGovern et 
al. ( ’61). Roberts ( ’61) cited the unpub
lished data of Helen Glueck who observed 
an increase in factor V with estrogen.

No change in prothrombin and factor V 
was observed up to one hour after intra
cardiac administration of estrogen11 to 
orchiectomized rats fed commercial lab
oratory chow by Malhotra and Reber.12 
These data conform with the results of Mel
lette and Leone ( ’60a) in intact and cas
trated female rats fed a ration containing 
nonirradiated beef. Malhotra13 reported 
that estrogen administration did not affect 
the prothrombin rate of rats fed a ration 
containing 2.79-megarad irradiated beef, 
but increased in those that received the 
5.58-megarad irradiated beef. In the 
former, the rates were normal even with
out estrogen treatment, but were lower in

10 Paolucci, A. M., P. B. Rama Rao and B. C. 
Johnson 1961 Relationship of estrogen and vitamin 
K in the rat. Federation Proc., 20; 452 (abstract).

11 Premarin, Ayerst Laboratories Incorporated, New 
York, New York.

12 Malhotra, O. P., and E. F. Reber (unpublished) 
Effect of estrogen “premarin” on prothrombin and 
factor V of rat.

13 Malhotra, O. P. 1962 Hemorrhagic diathesis in 
rats: Effect of strain, estrogen, testosterone, vitamin 
K and methionine. Ph.D. thesis. University of Illi
nois, Urbana.
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the corresponding groups of the latter, 
suggesting that estrogen overcame defec
tive coagulation, but had no effect when 
the prothrombin rate was normal. Mel
lette and Leone ( ’60b) did not observe any 
appreciable effect on fibrinogen level of 
rats fed an irradiated-beef ration and re
ported that fibrinogen was not implicated 
in hemorrhagic diathesis.

Since testosterone did not influence body 
weight gain but increased mortality and 
prolonged the prothrombin times, it may 
be assumed that the effect of testosterone 
on the occurrence of hemorrhagic dia
thesis was independent of growth. Mal- 
hotra and Reber’s14 work substantiate this 
conclusion. Mellette and Leone ( ’60a) re
ported that testosterone decreased the fac
tor V level in rats fed either control or 
irradiated-beef ration. No effect of testo
sterone on prothrombin levels was observed 
in rats receiving control diets, but there 
was an indication that testosterone fur
ther lowered the prothrombin level in rats 
fed irradiated beef.

The protective effect of estrogen and the 
detrimental effect of testosterone might 
partly be explained by the effect of these 
hormones on the adrenal cortex. Because 
the mechanism of hemostasis is complex, 
it may be possible that the sex hormone 
effects were mediated directly as well as 
indirectly through the adrenals.15

SUMMARY

Thirty Holtzman and 32 Sprague-Dawley 
weanling male rats were used to determine 
differences between strain susceptibility to 
hemorrhagic diathesis. Mortality was 58% 
for Sprague-Dawley rats, significantly 
higher (P  <  0.01) than 22% for Holtzman 
rats. The average prothrombin rate, 50 
for Sprague-Dawley rats at the end of the 
third week was significantly lower (P  <  
0.05) than 83 for Holtzman rats. Pro
thrombin rates are expressed as 1000/ 
second. Four of 77 Holtzman and 23 of 
91 Sprague-Dawley plasma samples had 
prolonged prothrombin times, a highly sig
nificant difference (P < 0 .0 1 ).

Sixty-four Holtzman and 58 Sprague- 
Dawley rats were used to evaluate the ef
fects of castration, stilbestrol and testo

sterone on the incidence of hemorrhagic 
diathesis. Sprague-Dawley rats were sig
nificantly less resistant (P < 0 .0 1 ) to 
hemorrhagic disease than Holtzman rats. 
Stilbestrol completely prevented hemor
rhages and subsequent deaths (P  <  0.01), 
but testosterone increased both (P  <  0.05). 
The effect of testosterone was independent 
of growth.

Sprague-Dawley rats had lower pro
thrombin rates (P  <  0.05) than Holtzman 
rats. There was a suggestion that stil
bestrol decreased the prothrombin rates 
(P  <  0.05), and testosterone decreased 
them significantly (P  <  0.01).

Stilbestrol decreased body weight gains 
(P < 0 .0 1 ), its effect being greater on 
Holtzman than on Sprague-Dawley rats 
(P  <  0.05). Holtzman rats grew more 
rapidly than Sprague-Dawley (P < 0 .0 1 ). 
Stilbestrol significantly depressed (P  < 
0.01) body weight gain and feed consump
tion of Holtzman rats. Testosterone in
creased growth (P  <  0.05) in orchiectom- 
ized rats but had no effect on feed intake.

Stilbestrol decreased the weight of sem
inal vesicles, prostates and testes (P  <  
0.01). Testosterone increased the weight 
of seminal vesicles and prostates (P  <  
0.01) but decreased the weight of testes 
(P  <  0.01). The effects of sex hormones 
were significantly (P < 0 .0 1 ) greater in 
castrated than in intact rats, and were 
independent of growth.

Stilbestrol was more potent than testos
terone in inhibiting the secretion of 
gonadotrophins and somatotrophic hor
mones by the pituitary.
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Effect of Amino Acid Imbalance on Nitrogen Retention
II. INTERRELATIONSHIPS BETWEEN METHIONINE, VALINE, 

ISOLEUCINE AND THREONINE AS SUPPLEMENTS 
TO CORN PROTEIN FOR DOGS’’2

RICARDO BRESSANI
Institute of N utrition  o f Central America and Panama (IN C A P ), 
Guatemala, Central America

Several investigations carried out in 
man (Truswell et al., ’61; Scrimshaw et 
al., ’58; Bressani et al., ’58c) and animals 
(Mitchell et al., ’32, ’52; Sauberlich et al., 
’53; Hogan et al., ’55) have indicated that 
corn proteins are partially deficient in 
both lysine and tryptophan. Reports by 
Sauberlich et al. ( ’53), Benton et al. ( ’55) 
working with rats, by Truswell et al. ( ’61) 
experimenting with adult humans and by 
Scrimshaw et al. ( ’58) and Bressani et al. 
( ’58c) using children have indicated that 
corn proteins are also limited to a minor 
degree in isoleucine. Gillespie et al. ( ’58) 
and Sure ( ’53) carried out studies of 
threonine as a supplement to com pro
teins, and, although no improvement in 
the nutritive value of com of high protein 
content was obtained, it was suggested that 
threonine might be on the border line of 
deficiency in corn proteins.

In the studies of Scrimshaw et al. ( ’58) 
and of Bressani et al. ( ’58c), the amino 
acid pattern of the basal lime-treated corn 
diet was compared with that of the Food 
and Agricultural Organization reference 
pattern ( ’57). This comparison suggested 
that the basal diet was limited in the fol
lowing amino acids: tryptophan, lysine, 
methionine, valine, isoleucine and threo
nine. The results indicated that the addi
tion of sufficient amounts of lysine and 
tryptophan required to bring the amino 
acid intake up to the level called for by 
the reference pattern resulted in marked 
improvement in nitrogen retention. The 
addition of the indicated amount of me
thionine, however, brought about a de
crease in nitrogen balance in every child 
tested. This trend apparently could be 
reversed by supplementation with isoleu

cine as a result of which retention became 
strongly positive. The addition of valine 
also appeared to have a negative effect on 
nitrogen retention, whereas the addition of 
threonine gave doubtful results; in one 
balance period it was negative, and in 
another a positive effect was apparently 
produced.

This report presents results of experi
ments made to study the above described 
effects of supplementation of corn pro
teins with isoleucine, valine, methionine, 
and threonine so that they would conform 
to the FAO amino acid reference pattern.

MATERIAL AND METHODS
Young growing mongrel dogs were used 

in 4 series of experiments. Three males 
and 4 females two months of age were 
used, respectively, in the first and fourth 
series, and 3 males and 2 female dogs four 
months of age were used in the second 
and third series, respectively.

A corn-protein basal diet contained: 
(in per cent) lime-treated com (Bressani 
et al., ’58a) 60; com gluten,3 20; mineral 
mixture (Hegsted et al., ’41) 2; hydrogen
ated vegetable fat, 10; L-lysine-HCl, 0.56;4 
DL-tryptophan 0.20;s sucrose 4.24; cod 
liver oil, 1.0; and glycine, 2. The diet was 
further supplemented with 3 ml/100 gm of 
a vitamin solution (Manna et al., ’53). The 
essential amino acid content of the lime- 
treated corn and of the corn gluten were 
determined by microbiological methods

Received for publication September 24, 1962.
1 This investigation was supported by grant A-3811 

from the National Institutes of Health.
2 INCAP Publication 1-261.
3 Kindly supplied by Dr. E. L. Powell, American 

Maize Products Company, Roby, Indiana.
4 Kindly supplied by DuPont de Nemours, Wilming

ton, Delaware.
5 See footnote 4.
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TABLE 1
Amino acid composition of lime-treated corn, corn gluten and of basal diet1

Amino acid
Lime-
treated
com

In 60 gm 
lime- 

treated 
corn

Com
gluten

In 20 gm 
corn 

gluten
Amino acid 

total
Amino acid 
basal diet

FAO
pattern

% mg % mg mg mg/gm N mg/gm N
Isoleucine 0.40 240 2.15 430 670 2232 270
Leucine 0.87 522 10.09 2018 2570 847 306
Lysine 0.26 156 1.01 202 358 1192 270
Methionine
Cystine

0.17
0.08 150 1.08

0.60 336 486 1622 270
Phenylalanine
Tyrosine

0.34
0.35 414 4.01

3.01 1402 1816 605 360
Tryptophan 0.048 28 0.21 42 70 232 90
Valine 0.43 258 2.50 500 758 253 270
Threonine 0.28 168 2.03 406 574 1912 1803

1 To calculate the level of amino acid to add, the difference between the level from the basal diet and 
that from the FAO pattern was multiplied by 3, which is the nitrogen content of the basal diet.

2 Deficient amino acids in basal diet.
3 Level for threonine in the FAO reference pattern was increased to 270 mg/gm N in this study.

(Bressani et al., ’58b). Table 1 shows the 
essential amino acid content of the lime- 
treated corn, of the corn gluten and of 
the basal diet, indicating also the deficient 
amino acids in the basal diet used for the 
study. The levels of lysine and tryptophan 
to be used in this diet were determined by 
comparing the content of these amino 
acids in the lime-treated corn and the com 
gluten with those of the FAO amino acid 
reference pattern. The same procedure 
was used in calculating the valine, meth
ionine and isoleucine to be added to the 
basal diet. The amount of threonine to 
be added was calculated on the basis of 
270 mg threonine/gm of nitrogen, rather 
than on the 180 mg/gm N basis of the 
FAO pattern. All the amino acids were 
added to the basal diet to replace an equal 
weight of sugar and the nitrogen of the 
amino acids replaced glycine nitrogen, 
making all the diets isonitrogenous and 
isocaloric. Corrections were made for the 
d - enantiomers, isoleucine, valine, and 
threonine, by doubling the quantity found 
to be limiting when compared with the 
FAO reference pattern. Dogs appear to 
utilize the d l - form of methionine as well 
as the l - form (Stekol, ’35). The basal 
diet contained 18.8% crude protein.

The nitrogen balance technique was 
used to measure the effect of the addition 
of all 4 amino acids. In the first, third and 
fourth series of experiments, the animals 
were fed around 6.5 gm of protein/kg a 
day; in the second, the protein level was 
about 4.5 gm/kg a day. Each diet was

tested for three consecutive 4-day periods. 
When the dietary treatment was changed, 
a two-day adjustment period was allowed.

The animals were fed at 8.00 a m  and
4.00 p m  throughout the experiment and 
were weighed daily before the first feed
ing. The diet, divided into two equal parts, 
was made into a thick gruel by adding hot 
water. Feces and urine were collected 
twice a day and stored at 4°C. Urine was 
collected with 1 cm3 of concentrated acetic 
acid. At the end of each 4-day balance 
period, the feces were weighed and homo
genized and the urine volume measured. 
Samples of both were taken for nitrogen 
analysis by the Kjeldahl method. A suffi
cient quantity of the diet was prepared for 
the entire dietary treatment, and three 
samples were analyzed for their nitrogen 
content, the values to serve as a basis for 
the nitrogen balance calculations.

RESULTS

Table 2 summarizes the nitrogen bal
ance results observed in the first experi
ment consisting of 5 successive dietary 
treatments. At the beginning of the ex
periment, in which the relationships among 
methionine and threonine, and methionine 
and isoleucine were studied, the dogs 
weighed 3.10, 3.12 and 5.19 kg. When 
the dogs were fed the basal diet, the aver
age nitrogen retention, calculated as per
centage of the nitrogen intake, was 28.6% . 
The addition of 0.32% DL-methionine (270 
mg methionine/gm N in diet) decreased
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TABLE 2
Interrelationship between methionine and threonine and methionine and isoleucine as measured by

nitrogen balance of dogs1

Diet
Order

in Nitrogen
which

fed Intake Fecal Urine Absorbed Retained

Basal i
m g/kg/d ay  

1111 ±  172
m g/kg/d a y  

265 ±4 3
m g/kg/d a y  

526 ±  25
%  o f  in ta k e  
76.0 ±  4.0

%  o f  in ta k e  

28.6± 2.6
Basal +  DL-metliionine 2 975 ±  10 261 ±4 4 493 ± 5 7 73.5±4.3 22.8 ±3 .5
Basal +  DL-methionine +  

DL-threonine 3 969 ± 9 197 ±4 0 463 ±1 6 79.8 ±4 .0 32.0 ±3 .4
Basal -f- DL-methionine 4 928 ±1 0 157 ±  13 541 ±1 3 83.0 ±  1.4 24.7 ±1 .4
B asal -f DL-methionine +  

DL-isoleucine 5 927 ± 4 186 ±2 5 434 ±2 0 79.9±2.7 32.9 ±  1.9
Basal 6 787 ±  14 131 ±1 2 442 ±  12 83.3± 1.4 27.3 ±1 .3

1 Average, 3 balance periods of 4 days each (3 dogs).
2 s e  of mean.

TABLE 3
Interrelationship between valine and isoleucine and valine and threonine as measured by

nitrogen balance in dogs1

Diet
Order

in Nitrogen
which

fed Intake Fecal Urine Absorbed Retained

Basal i
m g/kg/d ay  

713 ± 1 6 2
m g/kg/d a y

115±9
m g/kg/d a y  

358 ±1 2
%  o f  in ta k e  

83.7 ±1 .3
% o f  in ta k e
33.6 ±  1.7

Basal -f- DL-valine 2 711 ±  19 100 ± 6 423 ±  19 85.7 ±1 .0 26.3 ±1 .7
B asal +  DL-valine +  

DL-isoleucine 3 740 ±  18 93 ± 6 384 ± 8 87.4 ±  0.6 35.5 ±2 .0
Basal +  DL-valine 4 689 ±  14 98 ± 6 413±  11 85.7 ±  0.9 25.8 ±0 .9
Basal +  DL-valine +  

DL-threonine 5 628 ±4 3 77 ±  6 354 ±1 9 87.6±0.6 30.2 ±2 .4
Basal 6 534 ±5 7 74 ± 7 288 ±  28 85.8 ±0 .7 31.1 ±2 .4

1 Average, 3 balance periods of 4 days each (3 dogs).
2 se of mean.

the retention of nitrogen, but when 0.48% 
DL-threonine (270 mg threonine/gm N in 
diet) was added, in the presence of methi
onine, retention increased above the basal 
value.

The addition of DL-methionine alone 
again decreased the nitrogen retention 
while the addition of both DL-methionine 
and 0.28% DL-isoleucine (270 mg isoleu- 
cine/gm N  in diet) increased the nitrogen 
balance to 32.9% of the nitrogen intake. 
A return to the basal diet fed at the end of 
the series resulted in a nitrogen balance 
of 27.3% . The changes in weight followed 
closely the changes and variations in nitro
gen retention. The average weight gain 
for the three animals during this experi
mental period was 3.56 kg.

Table 3 shows the results of the second 
experiment in which the effect of valine 
supplementation was studied. The initial 
weights of the three dogs were 6.44, 7.11

and 4.14 kg. Using the basal diet, the aver
age nitrogen retention for these animals 
was 33.6% of the nitrogen intake. The 
addition of 0.10% DL-valine (270 mg 
valine/gm N in diet) decreased nitrogen 
balance to 26.3%, and adding isoleucine 
in the presence of valine returned retention 
to approximately the basal value. Valine 
addition alone then decreased nitrogen 
balance as before, but retention was in
creased to 30.2% by adding threonine to 
valine. During the last period the basal 
diet gave a nitrogen balance of 31.1%. 
Two dogs did not consume the diet com
pletely, and therefore, the intake of nitro
gen was decreased. As in the first series, 
weight changes followed closely the reten
tion of nitrogen. The animals gained an 
average of 2.0 kg during the entire experi
mental period.

Table 4 shows the results of the third 
series of dietary treatments. The two dogs
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TABLE 4
Effect of adding threonine and isoleucine to a corn protein diet supplemented with lysine and 

tryptophan on nitrogen balance in dogs1

Diet
Order

in
which

fed

Nitrogen

Intake Fecal Urine Absorbed Retained

mg/kg/day mg/kg/day mg /kg /day % of intake % of intake
Basal i 1011±62 261 ±29 497 ±32 74.2 ±2.8 25.0±3.6
Basal +  DL-threonine 2 975± 13 261 ±21 504 ±12 73.2 ±2.1 21.5 ±  1.7
Basal 3 947 ± 5 199 ±20 448 ±12 79.0±2.1 31.7±2.6
Basal +  DL-isoleucine 4 956 ± 6 215± 17 489 ±18 77.5 ±  1.8 26.3 ±2.1

1 Average 3 balance periods of 4 days each (2 dogs).
2 se of mean.

TABLE 5
Interrelationship between methionine, valine, isoleucine and threonine as measured by

nitrogen balance in  dogs1

Diet
Order

in Nitrogen
which

fed Intake Fecal Urine Absorbed Retained

B a s a l i
m g/kg/d ay  
1196 ±472

m g/kg/d a y  
230 ±  23

m g/kg/d a y  
669 ±31

%  o f  in ta k e
80.9 ±  1.7

% o f  in ta k e  

24.9 ±2.3
B a sa l +  D L-m eth ion in e 2 1184 ±48 300 ±  34 643 ±22 75.4 ±1.7 20.6 ±1.6
B a s a l +  D L-m eth ion in e  

+  D L-valine 3 1073 ±100 296 ±33 578 ±28 73.2± 1.8 19.1 ±2.1
B a s a l  +  D L -m eth ion in e  

+  D L -va lin e  
+  D L-th reon ine 4 1022 ±46 299 ±41 531 ±15 71.9±2.4 18.7±2.0

B a s a l  +  D L-m eth ion in e  
+  D L-valine 5 1000 ±33 271 ±34 541 ±30 73.8 ±2.0 19.6±2.7

B a s a l  +  D L-m eth ion in e  
+  D L-valine  
+  D L-iso leuc ine 6 1052±40 223 ±25 527 ±20 79.4 ±1.5 29.1 ±1.4

B a sa l +  D L-m eth ion in e  
+ D L-va lin e 7 963 ±33 229 ±24 496 ±14 76.7 ±1.6 24.9 ±1.6

B a s a l  +  D L-m eth ion in e  
+  D L-va lin e  
+  D L-iso leuc ine  
+  D L-threon ine 8 988 ±30 213±20 455 ±  10 78.6 ±  1.4 32.3 ±1.0

1 Average, three balance periods of 4 days each (4 dogs).
2 se of mean.

weighed 5.42 and 4.64 kg, respectively, at 
the start of the experiment. The addition 
of threonine or of isoleucine to the basal 
corn protein diet supplemented with lysine 
and tryptophan, decreased nitrogen bal
ance. The animals gained an average of 
1.73 kg in 48 days.

The results from the fourth experiment 
shown in table 5 combined the procedures 
of previous series. The intial weights of 
the animals were 4.17, 3.57, 3.06 and
2.05 kg. With the basal diet the animals 
retained an average of 24.9% of the nitro
gen intake. When DL-methionine was 
added, nitrogen retention decreased and 
the addition of DL-valine in the presence

of methionine further decreased nitrogen 
retention to 19.1%. Threonine addition 
or omission in the presence of methionine 
and valine had no effect. The addition of 
isoleucine in the presence of valine and 
methionine increased nitrogen retention 
to 29.1% of the nitrogen intake. Methi
onine and valine addition again decreased 
nitrogen retention, although not to a 
marked degree. When all 4 amino acids 
were added, nitrogen retention reached the 
highest value of the series. The 4 animals 
gained an average of 6 kg during the ex
perimental period. The weight gains with 
each dietary treatment followed closely the 
changes in nitrogen balance.
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DISCUSSION

The results presented in this paper 
agree with those obtained by Scrimshaw et 
al. ('58) and Bressani et al. ( ’58c) in ex
periments with children fed lime-treated 
corn protein diets. As with the children, 
methionine addition to the basal diet, 
which contained the levels for lysine and 
tryptophan in the FAO reference pattern, 
decreased nitrogen retention. Valine, 
which lowered nitrogen balance in the 
present experiments with dogs, gave simi
lar results in the previous studies in chil
dren. The decrease in nitrogen retention 
resulting from the single addition of both 
methionine and valine indicates that other 
amino acids are more limiting in the corn 
basal diet. Apparently, the protein in the 
diet used in this study already contained 
adequate amounts of both methionine and 
valine, making supplementation with 
them unnecessary. Their addition may 
have caused an amino acid imbalance 
(Harper, ’57-58). The same appears to 
be true also for isoleucine and threonine, 
although the decreasing effect of these two 
amino acids was not as large, as with me
thionine and valine. Similar observations 
for isoleucine and threonine using growth 
tests with rats were reported by Rosenberg 
et al. ( ’60).

The results indicate that both isoleucine 
and threonine are capable of counteracting 
the adverse effects of excessive amounts 
of either methionine or valine. Isoleucine 
was the more effective, since it also cor
rected the imbalance caused by the addi
tion of methionine and valine together, 
whereas threonine increased nitrogen re
tention of only one of these amino acids 
at a time. In general, threonine appeared 
to be more effective in correcting the effect 
of excess methionine than that of added 
valine; isoleucine was equally effective 
with either.

Although no direct metabolic relation
ship between threonine and methionine 
has been identified, Harper ( ’57—58) has 
reported amino acid imbalances involving 
threonine when using low casein diets 
which were consequently low in methio
nine. Benton et al. ( ’56) reported amino 
acid imbalances due to excessive leucine 
or valine. Corn protein is known to have 
an unusually high ratio of leucine to the

structurally related isoleucine; and it has 
been suggested that this increases the iso
leucine required for the optimal growth of 
rats (Sauberlich et al., ’53; Benton et al., 
’56; Harper et al., ’55). The present re
sults may explain the reason that corn 
protein has sometimes been reported to be 
limiting in threonine (Sure, ’53; Rosen
berg et al., ’60). Although com protein 
is not deficient in either of these two 
amino acids, some samples of corn may 
contain larger amounts of leucine, meth
ionine and valine, and require more iso
leucine and threonine to improve their 
nutritive value.

When the levels of amino acids in the 
protein of the basal diet are compared 
with those of the same amino acids in the 
FAO pattern, the order of limitation after 
lysine and tryptophan is: methionine, iso
leucine, valine and threonine. The results 
of this study indicate, however, that iso
leucine is the first limiting amino acid once 
the lysine and tryptophan needs are sup
plied, followed by threonine, methione and 
valine. This suggests that the proportions 
among the 4 amino acids are probably 
satisfactory as an increase in nitrogen 
retention occurred when all 4 were added 
simultaneously in the amounts of 270 mg 
of each amino acid/gm N in the diet.

SUMMARY

Comparison of the amino acid pattern 
of a corn protein diet with that of the 
amino acid pattern of the FAO reference 
protein indicated that, after lysine and 
tryptophan, methionine, isoleucine, valine 
and threonine were limiting in this order. 
The results of the present study show that 
the addition of methionine and valine to 
give corn protein the proportions of these 
amino acids contained in the FAO refer
ence protein decreases nitrogen retention, 
in dogs when lysine and tryptophan have 
already been added. The adverse effect of 
methionine and valine, added singly or in 
combination, can be corrected by using 
the FAO indicated levels of isoleucine, 
whereas 270 mg of threonine/gm of nitro
gen in the diet is capable of counteracting 
only either one of these amino acids added 
singly.

These results indicate that contrary to 
the conclusion from comparison with the
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FAO reference protein, the order of the 
limiting amino acids in a corn protein 
diet, after lysine and tryptophan, is: iso
leucine, threonine, methionine, and valine. 
Nevertheless, the simultaneous addition 
of all 4 amino acids to the diet supple
mented with lysine and tryptophan gave 
higher nitrogen retention values than 
those observed with lysine and tryptophan 
supplementation alone, suggesting that 
the proportions of the 4 amino acids are 
satisfactory, when added in the amounts 
of 270 mg of each amino acid/gm of ni
trogen in the diet.
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