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AB STR AC T Histidine-U-14C  and threonine-U-14C were used in tracer quantities to 
compare the effect of histidine imbalance on their metabolic behavior. Three groups 
of rats (six rats per group) were fed basal, histidine-imbalanced, and corrected diets. 
T w o  rats from each group were killed 2, 4 and 6 hours after feeding each diet. 
Radioactivity was determined in expired COo, urine and feces as well as in protein 
and nonprotein fractions of rat tissues. The experiment was done twice, once with 
histidine-U-l4C, and once with threonine-U-14C  to permit comparison between the be
havior of limiting and nonlimiting amino acids in the imbalanced diet groups and 
their respective control groups (basal and corrected). Radioactivity losses from histi
dine in expired CO», urine and feces, and its incorporation into lipid fractions were 
lower in rats fed the imbalanced diet. The corresponding losses and incorporation 
values for threonine were higher. After 6 hours, radioactivity values in the TCA- 
soluble fractions of the tissues of rats fed the imbalanced diet containing labeled 
histidine were significantly lower than those of the control groups; in the protein 
fractions the reverse was true. Nonlimiting threonine behaved in an opposite manner. 
Radioactivity in both histidine and threonine isolated from hydrolyzed liver protein 
of the imbalanced diet groups was increased. However, significant differences in re
tention efficiency and efficiency of utilization of these amino acids were demonstrated; 
both parameters were higher for histidine and lower for threonine in the imbalanced 
diet groups. These results indicate enhanced protein synthesis, and validate Harper’s 
hypothesis (1, 2) that the limiting amino acid is utilized with higher efficiency in 
protein synthesis subsequent to ingesting imbalanced amino acid mixtures.

The term amino acid imbalance was ad
vanced and used to describe dietary amino 
acid patterns which result in depressed 
food intake and retarded growth. Allevia
tion of these effects could be achieved 
by adding small amounts of the most 
limiting indispensable amino acids in the 
diet (1 , 2 ) . To put the imbalance phe
nomenon in epidemiological terms; the 
causative agent is known and the symp
toms are already established, but the se
quence of events that leads to the develop
ment of these symptoms is unknown. Many 
investigators have directed their efforts to 
understanding and clarifying these events, 
and many hypotheses have been put for
ward and tested. The most promising hy
pothesis was proposed by Harper (1 )  and 
Harper et al. (2 ) . In addition, they sug
gested short-term experiments to study the 
biochemical changes observed in tissues 
of protein-depleted rats after feeding an 
imbalanced diet, and to clear the contro
versy over the efficiency of utilization of 
the most limiting amino acid.

The following experiments were de
signed mainly to study the metabolic 
bases for the gross effects of amino acid 
imbalance in very short-term studies. In 
addition, the efficiency of utilization of 
the limiting and nonlimiting indispensable 
amino acids was evaluated.

The metabolic behavior of histidine-U- 
14C was studied and compared when used 
in tracer quantities and fed to rats in 
basal, histidine-imbalanced and corrected 
diets with 10, 15 and 15% protein levels, 
respectively. Also, data were obtained to 
clarify the effect of imbalance on the 
metabolic fate of the indispensable and 
nonlimiting amino acids. Threonine was 
studied as an example of the response of 
a nonlimiting essential amino acid in ex
periments where threonine-U-14C was added 
to the same basal, histidine-imbalanced 
and corrected diets and fed to rats. These
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experiments are closely related and com
plementary to the studies reported by 
Hartman and King (3 ) . They tested this 
particular imbalance system using 15N  
labeled histidine.

M A T E R I A L S  A N D  M E T H O D S  

In these experiments the excretory pat
terns of the animals in urine, feces and 
expired air were measured, and quanti
tative recovery of ingested isotope was 
achieved. For this purpose, special metab
olism cages were designed and assembled. 
One-quart wide-mouth Mason jars were 
used as chambers. The animal was placed 
in this chamber on a floor made of 0.64- 
cm stainless steel screen supported by 
transverse glass rods glued to the jar 
walls with epoxy resin. Below the floor 
was a fine window screen to separate the 
feces from the urine. The latter was col
lected in the bottom of the chamber. Fixed 
near the mouth of the jar and at the lower 
part of the chamber is a piece of metal 
sheet to function as a food waste collector 
preventing contamination of urine with 
spilled food. The rear of the cage was 
covered with black paint to provide the 
rats with dark shelter during the day. 
Four holes were bored in the cap. Three 
of these were located in a row across the 
top. Each was 7 mm in diameter to ac
commodate aluminum tubes for water and 
for the inlet and outlet air. The fourth 
hole was located in the center being 2.5 cm 
in diameter, to function as an inlet to the 
feeder cup where the diet under investiga
tion could be placed (fig. 1). The chamber 
was supplied with air from which moisture 
and C 0 2 had been removed by passage 
through soda lime column packings. The 
air was drawn through the metabolism 
chamber and then bubbled through the 
alkaline-absorption tower where expired 
C 0 2 was trapped for subsequent radio- 
tracer analysis. The expired air was ex
pelled through the suction pump. A bank 
of 12 cages was operated as a system. Each 
cage was provided with its separate alka
line-absorption tower, and drew its input 
air from a main supply line which had 
three inlets guarded with three soda lime 
column packings. The air was circulated in
to the system by the negative pressure cre

ated by the suction pump. Muffling of 
pump noise was achieved by attaching cot
ton baffles to the inlet and outlet of the suc
tion pump. Behavior of the animals in 
these cages was tested by feeding 20%  
casein diets for 7 days, and it was found 
satisfactory.

The composition of the chemically de
fined diets used in these experiments was 
developed and tested in our laboratory 
based on the work of Sauberlich (4 , 5 ). 
Tables 1 and 2 show the composition of 
the purified amino acid mixtures used in 
the various diets and the composition of 
the basal, histidine-imbalanced and cor
rected diets. Uniformly labeled histidine or 
threonine was added to the different diets 
to provide about 3 uCi/g diet ingested.

Male weanling rats of the Sprague-Daw- 
ley strain, weighing about 50 g, were used. 
Rats were placed individually in the me
tabolism cages supplied with water ad 
libitum and were fed the basal diet twice 
a day for a 1-hour interval for 10 days. 
This period served to train the animals 
to consume all their daily food in these 
two intervals and to condition them to 
the new environment and the purified 
diets.

Thirty-six rats were grouped according 
to weight into 18 groups. Each of the basal, 
imbalanced and corrected diets, labeled 
either with histidine or threonine was of
fered to three groups after a 12-hour 
starvation period. The diet was removed 
after 1 hour. Two rats were killed after 
2-, 4- and 6-hour intervals.

Before the rats were killed, they were 
weighed and anesthetized with chloroform. 
Blood was collected by heart puncture. 
Following this, intestinal tract, liver, kid
neys and left gastrocnemius muscle were 
removed rapidly; they were weighed and 
homogenized in 10% (w /w ) trichloro
acetic acid solution (T C A ). The intestinal 
tract was washed of its contents with 
physiological saline before weighing and 
homogenization. The well-formed feces in 
the lower part of the intestinal tract and 
cecum contents were combined with the 
collected feces and homogenized, mea
sured and centrifuged. The supernatant 
was stored for 14C determination. After 
killing, the urinary bladder was emptied,
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Fig. I Detailed picture of metabolism cage.

and its contents were added to the ex
creted urine; all the urine was diluted 
and stored.

The tissues were processed and prepared 
for counting by centrifuging the homog
enates. The supernatants were decanted, 
and the protein-containing pellets were 
washed twice with hot TCA solution (85  
to 9 0 °) . The washings were combined and 
saved.

Protein-containing pellets were sus
pended three times in hot 95%  ethanol

followed by three extractions with warm 
(40 to 4 5 °)  1 :1  ether-acetone mixture, 
then dried.

One-hundred-milligram portions of the 
dried protein fractions were autoclaved 
with 6 N  HC1 for 20 hours (1 2 1 °, 15 lb / 
in2). The hydrolysates were filtered and 
stored for counting except those of liver 
samples. Liver protein hydrolysates were 
divided into two portions; one portion 
was stored for later estimation of the total 
count, while the other portion was brought
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TABLE 1
C om position  o f  pu rified  am ino acid  m ix tu re  u sed  

in  various diets

Basic
amino acid 
mixture 1

Imbalancing 
amino acid 
mixture 2

g/kg 9/kg
L-Alanine 3.00
L-Arginine-HCl 4.00 4.00
L-Aspartic acid 3.00
L-Asparagine • H 2O 3.00
L-Cystine 1.50 1.50
L-Glutamic acid 20.00
I,-Glycine 2.00
L-Histidine-HCl 2.50
L-Leucine 10.00 10.00
L-Isoleucine 7.50 7.50
L-Lysine-HCl 9.25
L-Methionine 4.00 4.00
L-P h enylal anine 3.25 3.25
L-Proline 2.50
L-Serine 2.50
L-Threonine 3.75 3.75
L-Tryptophan 2.50 2.50
L-Tyrosine 4.00 4.00
L-Valine 7.00 7.00
N a H C O s 8.00 3.20

Total weight, g 103.25 50.70

1 Represents quantities used in  the 10%  basal diet.
2 E ssential am in o a cid  m ixture  added to create the 

im balance .

to dryness and prepared for running 
through an amino acid analyzer2 using 
the procedure described by Spackman et 
al. (6 )  and Moore et al. (7 ) . The effluent 
fractions corresponding to the labeled his
tidine or threonine peaks were collected 
separately and saved for counting to esti

mate the amounts of intact amino acid 
incorporated into liver protein.

One-fourth milliliter of blood plasma 
from each rat was mixed with 5 ml 10%  
TCA solution and centrifuged. The pro
tein-containing pellet was washed twice 
with 2.5 ml TCA solution and the TCA 
fractions were combined and saved. The 
protein-containing pellet was autoclaved 
with 5 ml 6  n  HC1 for 20 hours (121°, 15 
lb /in 2), filtered, and saved.

The carcass was treated in the same 
way for later counting. Also, the upper 
gastrointestinal tract contents were ho
mogenized, measured, and 5 ml of the 
homogenates were autoclaved with 5 ml 
concentrated HC1.

One-gram portions of the different diets 
were dissolved in 10 ml of 6  N  HC1 and 
autoclaved as described before. Carbon-14 
analysis of the samples was carried out 
in a liquid scintillation spectrometer.3 One- 
tenth or two-tenths milliliter of the aqueous 
samples was dispersed in 15 ml of liquid 
scintillator composed of 0 .4%  2,5-diphen- 
yloxazole and 0 .01%  l,4-bis-[2-(5-biphen- 
yloxazolyl)]-benzene in a solvent consist
ing of 20%  ethanol in toluene. Dry C 0 2 
displaced from 1 ml of alkaline solution 
was trapped in 2 ml Hyamine hydroxide 
solution and dispersed in 15 ml of liquid 
scintillator system. Internal standards of

2 B eckm an Instrum ents, Inc., S pinco D iv ision , Palo 
Alto, C alif.

3 Tri-Carb, P ackard  Instrum ent C om pany, Inc.,
D ow ners G rove, 111.

TABLE 2
D iet com p osition  1

Ingredient Basal Imbalanced Corrected

9/kg 9 /kg g /kg
Basic amino acid mixture 2 103.25 103.25 103.25
Imbalancing amino acid mixture 2 — 50.70 50.70
L-Histidine-HCl — ___ 2.5
Vitamin sucrose mixture 3 50.00 50.00 50.00
Salt mixture 4 50.00 50.00 50.00
Choline chloride 2.00 2.00 2.00
Corn oil 100.00 100.00 100.00
Alpha-tocopherol 0.23 0.23 0.23
Oleum percomorphum 0.50 0.50 0.50
Sucrose 694.02 643.32 640.82

1 E ach  gram  provides about 3 ¡ i d  o f  h istid in e  U-14C or threon ine LM4C.
2 See table 1 fo r  com position .

. 3 This m ixture prov ided  the fo llo w in g  quantities o f  v itam in s : ( in  m illig ram s) fo lic  acid , 2.0; 
v itam in  B i2, 0 .05 ; n ia cin , 29.0 ; ca lc iu m  pantothenate, 35.0 ; th iam ine HC1, 7.0; r iboflav in , 7.0; 
p y r id o x in e • HC1, 14.0; b iotin , 0 .6 ; m enad ion e, 6 .0 ; and m yo-inositol, 1000.0.

4 Salt m ixture o f  Salm on, W . D. (1 7 ) .
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14C-benzoic acid of known absolute dis
integration rate were used to determine 
the quenching and counting efficiency of 
each sample.

Total food intake and the amount ab
sorbed were determined for each rat from 
the data obtained. In addition, excretion, 
loss and incorporation of the labeled amino 
acid under investigation into the protein 
of various tissues and their corresponding 
acid-soluble and lipid fractions were esti
mated and compared for the three diet 
groups and for each of the times of killing.

R E S U L T S  A N D  DI SC US SI ON

The presentation will be divided into 
three parts: A ) Histidine-U-14C metabolic 
studies; B) threonine-U-14C metabolic 
studies; and C) comparison and general 
discussion.

The following points are worth mention
ing and should be considered throughout 
the rest of this report: 1) the histidine 
and threonine experimental diets contain 
the same isotope concentration (about 3 
uCi/g diet); 2 ) the specific activity of the 
respective amino acids is different in the 
three experimental diets. The histidine 
ratio is 1 :1 :2  in the basal, histidine-im
balanced and corrected diets, respectively, 
whereas the threonine ratio is 1 :2 :2 ; 3) 
most of the data are derived from the 
analysis of the isotope rather than the 
labeled amino acid per se; 4 ) each value 
is the average from two rats per time in
terval and is expressed as disintegrations 
per minute (dpm ) per gram wet tissue 
per gram diet absorbed; 5 ) comparison 
between imbalanced groups and their re
spective controls (basal and corrected 
groups) is always based on the fraction 
or percentage of the amino acid in the 
diet that was absorbed and converted to 
protein or found in the tissue fluids; and
6 ) estimates of total muscle mass (5 0 %  
of the body weight) and total blood plas
ma volume (4 .04%  of the body weight)
(8 )  were used in deriving the percentage 
distribution of radioactivity in the different 
fractions of muscle and blood plasma.

A. Histidine-U-14C metabolic studies. 
Shown in table 3 are the data describing 
the total recovery of the absorbed radio
activity from histidine-U-14C and its per-
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centage distribution in protein and non
protein fractions of the different tissues, 
as well as the total losses of radioactivity 
through expired C 0 2, urine and feces. All 
recovery values were above 9 8 .5 % . In 
experiments of this nature, high recovery 
values are essential and prerequisite for 
the validity of the results and their inter
pretations. The total amounts of radio
activity lost through expired C 0 2, urine 
and feces in addition to those found in 
the lipid fractions of the imbalanced 
groups resembled more or less those of 
the basal control groups, and were less 
than those of the corrected groups. These 
results indicated that the overall losses 
of the limiting amino acid through these 
channels were not elevated, and did not 
support the thesis that ingestion of im
balanced diets causes significant catabolic 
losses of the most limiting amino acid
(9 ) . The rest of the data in table 3 and 
figure 2 portray the general trends ob
served in all the tissues examined. Higher 
isotope retention into protein of all tissues 
of the imbalanced groups was accom
panied by a concomitant depression in the 
isotope concentration of the TCA-soluble 
fractions. These trends were established as 
early as 2 hours after the experimental 
diets were fed.

The set of curves in figure 3 i, ii and iii 
shows the change with time of radioactiv
ity retained in the different fractions of 
liver (the most metabolically active tis
sue), as contrasted to muscle (the least 
active tissue), and blood plasma which 
is the transport medium of amino acids 
from liver to the different body organs. 
The values were calculated as disintegra
tions per minute per gram tissue or milli
liter blood plasma per gram diet absorbed.

Liver data (fig. 3 i) indicated that the 
radioactivity level in the lipid fraction of 
the imbalanced groups was significantly 
less after 6 hours compared with its re
spective control groups. On the other 
hand, radioactivity in the TCA-soluble 
fractions of the groups receiving the three 
different diet treatments tended to decrease 
with time. The values, however, were sig
nificantly less for the imbalanced groups 
even at the 2-hour interval. The incorpo
ration of radioactivity into liver protein

Fig. 2 Percentage of absorbed histidine-U-14C 
dose retained into all the TCA-protein precipi
tates (—  •  — ) and TCA-soluble fractions
(. . . £ .... ) after feeding basal (B), histidine-
imbalanced (I), and corrected (C) diets.

fractions of the imbalanced groups was 
significantly higher than in their respec
tive control groups at all time intervals. 
Although radioactivity values indicated 
that higher ratios of the labeled histidine 
were retained in liver protein fractions of 
the imbalanced groups, one must remem
ber that larger amounts of histidine were 
retained in liver protein fractions of the 
corrected groups.

Examination of muscle data (fig. 3 ii) 
showed that 14C incorporation into muscle 
protein was always higher, favoring the 
imbalanced groups. Significant differences 
were demonstrable between the imbalanced 
and basal controls at the 2- and 4-hour 
intervals and only after 6 hours when 
compared with the corrected controls. The 
TCA-soluble fractions of the imbalanced 
groups, however, showed significantly 
lower values of radioactivity after 6 hours. 
This is in marked contrast to the early 
significant differences observed in liver. 
Radioactivity values of the muscle lipid 
fractions for the imbalanced groups were 
lower than their respective control groups. 
Significant depression was only observed,
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however, between the imbalanced and 
corrected groups.

Blood plasma data (fig. 3 iii) indicated 
that radioactivity values of plasma protein 
fractions from animals fed the imbalanced 
diet were significantly higher than their 
respective controls at all time intervals. 
The depression in radioactivity content of 
plasma TCA-soluble fractions of the im
balanced groups was significantly less 
after 6 hours compared with the basal 
groups. This significant depression, how
ever, became evident after 4 hours on 
comparing the imblanced with the cor
rected groups.

Detailed information about the incorpo
ration data of the kidney and gastroin
testinal tract fractions is found in the 
doctoral thesis.4 Both tissues showed pro
nounced effects similar to those of liver.

These results agreed with the previous 
reports which indicated that enhanced in
corporation of the limiting amino acid into 
protein, with its rapid disappearance from 
the peripheral circulation and the tissue 
fluids, are the result of ingesting im
balanced diets (2 , 4, 1 0 -1 3 ).

Data in table 4 provided additional evi
dence that the improvement in retention 
efficiency of the limiting amino acid is 
accompanied by an increase in the amounts 
of intact histidine utilized in protein syn
thesis. The ratio of intact histidine re
tained into liver protein fractions of the 
basal and corrected groups corresponded 
closely to the ratio of histidine found in 
the respective diets. Furthermore, though 
the amounts of intact histidine incorpo
rated into liver protein fractions of the 
control groups were decreasing with time, 
a reverse trend was evident in the im
balanced groups (i.e., increased incorpora
tion of intact histidine with time). This 
can be considered additional evidence of 
improved efficiency of utilization of the 
most limiting amino acid and enhanced 
protein synthesis due to the imbalance.

Table 5 projects in detail the isotope 
losses through expired C 0 2, urine and 
feces. Although these losses were rela
tively small, interpretation of the trends 
observed was necessary. This was because 
some previous reports had exaggerated 
the role of these losses and considered

them as predisposing causes in the adverse 
effects noticed in the imbalance situa
tions (9 , 14). The data indicated that the 
amounts of 14C 0 2 expired by the imbalanced 
groups were significantly less than their 
respective controls after 4 hours. The 
amounts of radioactivity excreted in urine 
and feces by the imbalanced groups, how
ever, tended to be higher than their re
spective basal groups, and significantly 
lower than the corrected groups. These 
results disagreed with the report by Floren
tine and Pearson (9 )  and supported the 
conclusions by Wilson et al. (1 5 ) , Harper 
and co-workers (2 , 13) and Hartman and 
King (3 )  that these catabolic losses did 
not play a decisive role in the imbalance 
phenomena.

B. Threonine-U-uC metabolic studies. 
Threonine was selected to study the effect 
of the histidine imbalance system on the 
metabolic behavior of nonlimiting indis
pensable amino acids. This choice was 
based on the report by Ellison and King
(4 )  that threonine is the second most 
limiting amino acid in the basal diet. 
Under this condition, its relative efficiency 
of utilization should be higher than the 
rest of the indispensable amino acids. 
Consequently, any significant deviation in 
threonine utilization due to the imbalance 
should strongly support the thesis that 
normal metabolic behavior of the non
limiting amino acids is disturbed in ani
mals fed imbalanced diets.

The percentage distribution and recov
ery of radioactivity in rats fed basal, 
histidine-imbalanced and corrected diets 
labeled with threonine-U-14C are shown in 
table 6. The values were calculated using 
the same parameters previously followed 
in histidine metabolic studies. Examina
tion of the data indicated clearly that sig
nificant disorders in threonine metabolism 
were evident. The high recovery values 
led to no other interpretations except the 
one already mentioned. Total radioactivity 
losses through expired C 02, urine and 
feces were elevated for the imbalanced 
groups and reached 10% after 6 hours. 
This supports the thesis that catabolism

4 Soliman, A-G. M. 1967 Metabolic derangements 
in response to ingestion of imbalanced amino acid 
mixtures. Ph.D. dissertation Virginia Polytechnic 
Institute, Blacksburg, Virginia.
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Figure 3-i

Fig. 3 (i-iii) Change with time of radioactivity retained in the different fractions of 
liver (i), muscle (ii), and blood plasma (iii) after feeding basal (B), histidine-imbalanced 
(I), and corrected (C) diets labeled with histidine-U-14C. Each value is the average from 
two rats and calculated as: disintegrations per minute per gram fresh tissue per gram diet 
absorbed. Protein fraction (--- • --- ); TCA-soluble fraction ( —  lipid frac
tion (. . • .... ). a, difference between control and imbalance is statistically significant
(P <  0.05); b, difference between control and imbalance is statistically significant (P <  0.01).

Figure 3-ii
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Figure 3-iii

TABLE 4
M icrogra m s and p ercen ta g e  in corp ora tion  o f  in ta ct h istid ine-U -14C in to  liver p ro te in  fra ction s

Diet
Hours after feeding

2 4 6

Basal
% in ta c t1 p.g 2 

96.2 83
% in ta ct1 jig 2 

94.6 75
% intact 1 

94.0
lia 2
76

Imbalanced 97.0 87 94.0 85 92.0 96

Corrected 89.1 131 95.6 144 84.8 141

1 Percentage of radioactivity found in histidine per 1 g wet tissue weight.
2 Values represent micrograms incorporated into 1 g wet tissue weight.

TABLE 5
T ota l ra d ioactiv ity  from  h istid ine-U -14C in  exp ired C O 2, urine and  fe c e s  1

Time
intervals Basal diet Imbalanced diet Corrected diet

hr
CO2 2 

4 
6

82,155 ±  1,800 a 
142,575 ±  9,790 a 
213,767 ±20,478 a

147,341 ±13,789 2 
115,495 ±  5,270 
170,636 ±  1,550

66,643 ±  
180,127 ±  
485,876 ±

8,954 a 
7,798 » 

17,860 »

Urine 2 
4 
6

32,519 ±  6,041 
72,346 ±  4,549 
94,392 ±  9,880 b

47,086 ±  9,534 
105,795 ±13,600 
180,559 ±  5,800

94,483 ±  
188,919± 
183,401 ±

2,300 a 
1,490 a 
9,184

Feces3 2 
4 
6

6,298 ±  561 a 
17,618 ±  3,500 a 

105,050 ±10,887

3,258 ±  535 
35,140± 2,012 
55,636 ±  416

7,756 ±  
68,504 ±  

115,584 ±

460 a 
4,653 a 
9,193 a

1 E ach  va lue is the average from  tw o rats and ca lcu la ted  as disintegrations per m inute resu lting 
from  the absorption  o f  1 g o f  diet.

2 M ean ±  s e m .
s For feces , it m ust be recogn ized  that the data s im ply represent the am ount o f  isotope recovered 

w ithout sp ec ify in g  w hether the isotope com es fro m  recyclin g  or from  fa ilu re  to absorb, 
a D ifferen ce  betw een con tro l and im b a la n ce  is statistically significant (P  <  0 .05 ). 
b D ifferen ce  betw een con tro l and im ba lance  is statistically  sign ificant (P  <  0 .0 1 ).

of nonlimiting indispensable amino acids 
is increased in response to ingestion of 
imbalanced amino acid mixtures. The low 
percentage of the isotope incorporated into

lipid fractions can be explained by the 
fact that metabolic degradation of threo
nine does not yield ketogenic bodies as 
readily as leucine, isoleucine, tyrosine and
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phenylalanine. These amino acids are also 
found in excess in the imbalanced mixture 
and are catabolized simultaneously. In 
addition, threonine utilization in the syn
thesis of other nonessential amino acids 
may be another reason for the observed 
low values in the lipid fractions. More 
evidence supporting this will be provided 
later.

It is evident from the rest of the various 
tissue data (table 6 ) and the retention 
values (fig. 4 ) that utilization of threonine 
in protein synthesis was lowered and that 
the levels of radioactivity in the TCA- 
soluble fractions were altered and showed 
significantly higher values in response to 
the imbalance.

Figures 5 i, ii and iii provided detailed 
information about the average distribution 
ratios of radioactivity in the different frac
tions of liver, muscle and blood plasma at 
different time intervals after feeding the 
experimental diets labeled with threonine- 
U-I4C. It is evident that radioactivity levels 
in TCA-soluble fractions of all the tissues 
examined were significandy higher for the 
imbalanced groups. Except for liver, pro-

Fig. 4 Percentage of absorbed threonine-U-14C 
dose retained into all the TCA-protein precipi
tates (— - 0 ---) and TCA-soluble fractions
(. . . • .... ) after feeding basal (B), histidine-
imbalanced (I), and corrected (C) diets.
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tein fractions of muscle and blood plasma 
of the imbalanced groups showed lower 
incorporation values when compared with 
their respective controls. On the other 
hand, the metabolically active tissues be
haved differently. Liver protein fractions 
of the imbalanced groups showed higher 
incorporation values at the three time in
tervals on comparison with the respective 
control groups. However, from the kidney 
and intestinal data (found in the doctoral 
thesis) 5 the incorporation values into pro
tein fractions of the former tissue were 
higher than the basal groups whereas the 
latter tissue resembled muscle in its be
havior. If one considers the actual counts 
as presented in figures 5 i, ii and iii, to
gether with threonine concentration in 
the imbalanced diet, it becomes clear that 
higher net retention of threonine occurred 
while its efficiency of utilization was de
creasing. Additional support for this state
ment is evident from the data in table 7 
which show the percentage incorporation 
of intact threonine in liver protein frac
tions. Despite the fact that the amounts 
of intact threonine were still higher in 
the groups receiving imbalanced diet, the 
percentage ratio of intact threonine in
corporated into the protein fractions was 
very low and reached about 50%  after 
6 hours. In addition, these results clearly 
indicated that threonine was used in the 
synthesis of other deficient amino acids, 
namely, the dispensable ones. Further
more, the elevation in the amounts of 
threonine incorporated into liver protein 
fractions of the imbalanced groups (table
7 ), and the corresponding elevation noticed 
before in the amounts of histidine (table
4 ) provided clear-cut evidence of enhanced 
protein synthesis due to ingestion of im
balanced diets.

Table 8 summarizes the radioactivity 
losses through expired C 0 2, urine and 
feces. Contrary to the observations noted 
in histidine studies, radioactivity from 
threonine in C 0 2 expired by the imbalanced 
groups tended to increase with time and 
were significantly higher than their re
spective controls. Urine and fecal data in
dicated that there were no significant dif
ferences between the imbalanced groups 
and their respective controls, and that

these losses were proportional to threonine 
content in the diets.

C. Comparison and general discussion. 
Since elucidation of the metabolic de
rangements in response to ingestion of 
imbalanced mixtures of amino acids was 
an important aspect of this investigation, 
due attention was paid to the controls 
used in these studies. Differences in ex
perimental design between this set of ex
periments and those of Harper and co
workers (2 , 13) and Hartman and King
(3 )  lie in the nature of the controls. In 
the present investigation the two control 
diets were combined. Control diet 1 (basal 
diet) contained the same histidine level, 
whereas control diet 2 (corrected diet) 
had almost the same protein content as 
the imblanced diet but supplemented with 
histidine to correct the imbalance. Under 
these tight restrictions, any significant dif
ference observed in the metabolic behavior 
of the limiting amino acid could be at
tributed only to the imbalance. Studying 
the metabolic behavior of threonine under 
the same conditions constitutes another 
control.

At this point, it is worthy to discuss the 
data in table 9 which provided further 
support to the thesis that altered free 
amino acid patterns of plasma and tissue 
fluids are due to the metabolic derange
ments that occurred after intestinal ab
sorption. The data confirm the earlier 
findings (1 -3 , 13, 16) that absorption is 
not hampered as a result of ingesting 
imbalanced amino acid mixtures. The 
values in the table indicated the percent
age of radioactivity absorbed at different 
time intervals after feeding histidine-U-14C 
and threonine-U-14C diets. Absorption was 
calculated as the difference between the 
amounts of radioactivity ingested and those 
recovered from the gastrointestinal tract. 
Differences between imbalanced and con
trol groups were statistically insignificant.

From the previous discussion of histi
dine and threonine metabolic studies it is 
evident that ingesting an imbalanced diet 
resulted in increased net retention of histi
dine (the most limiting amino acid) and 
a corresponding increase in the amounts 
of threonine retained. This provided clear

5 See footnote 4.
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Figure 5-i

Fig. 5 (i-iii) Change with time of radioactivity retained in the different fractions of 
liver (i), muscle (ii), and blood plasma (iii) after feeding basal (B), histidine-imbalanced 
(I), and corrected (C) diets labeled with threonine-U-14C. Each value is the average from 
two rats and calculated as: distintegrations per minute per gram fresh tissue per gram
diet absorbed. Protein fraction (---© --- ); TCA-soluble fraction ( —  .—  #• —  •—  ); lipid
fraction (. . . # .....). a, difference between control and imbalance is statistically signifi
cant (P <  0.05); b, difference between control and imbalance is statistically significant 
(P <  0.01).

Figure 5-ii
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Figure 5-iii

TA BL E 7
Micrograms and percentage incorporation of intact threonine-U-14C into liver protein fractions

Diet
Hours after feeding

2 4 6

Basal
% in ta ct1 tig 2 

91.5 107
% in ta ct1 tig2 

86.9 102
% in ta c t1 tig 2 

78.0 116

Imbalanced 60 180 48.0 160 52.3 152

Corrected 81.3 247 67.3 193 76.5 172

1 Percentage of radioactivity found in threonine per 1 g wet tissue weight.
2 Values represent micrograms incorporated into 1 g wet tissue weight.

TABLE
T ota l ra d ioactiv ity  from  th reon in e-U -14C

8

in  exp ired  CO2, u rin e and  fe c e s  1

Time
intervals Basal diet Imbalanced diet Corrected diet

hr
CO-2 2 

4 
6

45,276 ±  1,037 »  
51,512 ±4,926» 

169,061 ±3,278»

26,576 ±4,306 2 
125,001 ±3,358 
246,025 ±4,289

39,906 ±9,250 
92,506 ±1,475 » 

205,255 ±5,527

Urine 2
4
6

6,128 ±1,250 
18,410 ±  4,512 
20,495 ±9,580

5,979 ±  574 
11,919 ±  2,028 
25,943 ±2,800

7,773 ±  528 
13,599 ±  345 
19,559 ±3,630

Feces 2 
4 
6

6,559 ±  1,196 
10,594 ±  888 
47,995 ±  2,252 a

6,379 ±  715 
14,175 ±  2,901 
58,641 ±3,505

8,299 ±1,675 
32,744 ±7,649 
43,112 ±  8,223 »

1 Each value is the average from two rats and calculated as disintegrations per minute resulting 
from the absorption of 1 g of diet.

2 Mean ±  s e m .
a Difference between control and imbalance is statistically significant (P <  0.05). 
b Difference between control and imbalance is statistically significant (P <  0.01).

evidence of enhanced protein synthesis. 
The data in table 10, however, describe 
the retention efficiency of both amino 
acids. Retention efficiency of histidine was

higher in the imbalanced group after 6 
hours (94.63% ) compared with the basal 
and corrected control groups (93.91 and 
88.51%, respectively). The opposite be-
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TA BL E 9
P ercen ta g e  o f  absorbed  ra d ioactiv ity  a fte r  feed in g  

h istid in e U-14C or th reon in e  U-14C diets 1

Diet
Hours after feeding

2 4 6

Basal 41.3 68.9 86.5
Imbalanced 45.8 68.5 83.1
Corrected 41.0 52.5 90.2

i Each value is the average from four rats (two 
receiving histidine diet and two receiving threonine 
diet) calculated as percentage absorption =  

total radioactivity absorbed
IP !"• •"! • 7 3 X 100.radioactivity ingested

havior was apparent with threonine. After
6 hours the retention efficiency was 
90.04%  for the imbalanced group which 
was lower than the corresponding control 
groups (about 93%  ).

Incorporation data in the TCA-soluble 
fractions of the different tissues examined 
indicated that the levels of the free limiting 
amino acid (histidine) in plasma and tis
sue fluids of the imbalanced groups were 
severely depressed, while levels of the 
nonlimiting indispensable amino acid 
(threonine) were elevated. This leads to 
the only conclusion, that the efficiency of 
utilization of the most limiting amino acid

in protein synthesis is increased while that 
of the nonlimiting indispensable amino 
acid is decreased as a result of ingesting 
imbalanced amino acid mixture. Positive 
support for this conclusion is provided by 
the data in table 11. The efficiency-of- 
utilization values were calculated as the 
percentage ratio of radioactivity retained 
in the total protein fractions to that ab
sorbed. Variance analysis indicated that 
all the values of the imbalanced groups 
were significantly higher for histidine 
whereas threonine values were significantly 
lower than their respective basal and cor
rected control groups.

Since more studies were conducted on 
liver, this tissue will be used, together 
with the information about diet composi
tion found in tables 1 and 2, to explain 
the high incorporation values of threonine 
and the differences in the efficiency of 
utilization observed with both amino acids. 
If one considers the concentration of the 
two amino acids in the different diet treat
ments, it is obvious that histidine is the 
first limiting amino acid in the three diets. 
However, amino acid proportions in the 
basal diet are relatively best adjusted to

TABLE 10
R eten tion  e ffic ien cy  o f  h istid in e and  th reon in e  in  th e w h ole  a n im a l1

Diet
Histidine U-14C Threonine U-14C

2 hr 4 hr 6 hr 2 hr 4 hr 6 hr

Basal 98.18 96.51 93.91 96.66 96.09 92.54

Imbalanced 97.79 96.23 94.63 96.76 94.75 90.04

Corrected 97.51 93.61 88.51 95.94 94.08 93.97

1 Each value is the average from two rats and is expressed as percentage of the total radioactivity 
absorbed and recovered. Retention ̂ efficiency =

total radioactivity in all the different tissue fractions x ̂ qq 
total radioactivity recovered A

TA BL E 11
E fficien cy  o f  u tiliza tion  (E U ) o f  h istid in e and th reon in e  in to  p r o te in 1

Diet
Histidine U-14C Threonine U-14C

2 hr 4 hr 6 hr 2 hr 4 hr 6 hr

Basal 42.0 53.3 57.9 59.8 65.1 68.5

Imbalanced 47.1 58.3 68.8 48.9 57.0 62.1

Corrected 40.8 46.6 47.2 55.4 61.0 64.7

L Each value is the average from two rats and expressed as percentage of the total radioactivity 
radioactivity in the total protein 

radioactivity absorbedabsorbed. E U  = x 100.



M ETABO LIC DERAN GEM EN TS DUE TO IM B ALA N C E 2 6 9

meet the requirements for protein synthe
sis. In the corrected diet, histidine is still 
the apparent first limiting amino acid; 
another major limiting factor, but not 
immediately evident, is the very low con
tent of the dispensable amino acids. 
Consequently, some catabolic and syn
thetic processes must take place to pro
vide the adequate amino acid proportions. 
Surplus amounts of indispensable amino 
acids are used in these processes. The net 
result is low efficiency of utilization of the 
most limiting amino acid (histidine) and 
still lower depression in the efficiency of 
utilization of the other nonlimiting indis
pensable amino acids, as demonstrated by 
threonine in the corrected groups. In the 
case of the imbalanced diet, the interpreta
tion is still valid with respect to the sur
plus indispensable amino acids. This may 
account for the almost doubled incorpora
tion values of threonine into the protein 
fractions of the different tissues of rats 
fed the imbalanced diet. However, the 
behavior of the limiting amino acid is 
completely different. Instead of the ex
pected low efficiency there was a signifi
cant increase in its efficiency of utiliza
tion and the amounts of intact amino acid 
incorporated into protein. This explanation 
is supported by the data in tables 4 and 
7, and the similar observations reported 
for tryptophan imbalances when studied 
with labeled tryptophan (1 5 ).

It should be pointed out here that the 
results obtained using histidine-U-14C agree 
with and complement the previous 15N- 
isotope studies reported from this labora
tory (3 ) . This agreement indicates that 
the conclusions drawn from the isotope 
studies are valid and reflect the actual be
havior of the intact amino acid (limiting 
amino acid), and not an artifact due to the 
utilization and incorporation of the labeled 
degradation products from this amino 
acid.

At this point we feel the necessity to 
discuss an alternate interpretation of our 
results. The data may suggest that the 
increased rate of histidine or threonine in
corporation into protein due to imbalance 
may reflect a change in rate of protein 
synthesis, or a change in the specific activ
ity of the particular tissue-free amino acid

pool. This could be the case if histidine 
data provided in this report are considered 
alone. However, our conclusion that pro
tein synthesis is enhanced due to feeding 
an imbalanced diet is based on our results, 
and those found in the previous reports 
(3 , 4, 11, 13, 18) in which the histidine- 
imbalance system was studied. All reports 
indicate that histidine concentration and 
isotope levels from labeled histidine in 
free amino acid pools follow the same pat
tern. This was evident when acid-soluble 
fractions of various tissues and plasma 
of rats receiving the imbalanced and con
trol diets were examined. Accordingly, we 
do not believe that the difference between 
specific activity of free histidine in tissue 
pools of rats receiving the imbalanced 
and control diet reaches such a magnitude 
that it allows the interpretation of our re
sults in both ways.

Further support to the conclusion that 
protein synthesis is enhanced subsequent 
to ingestion of imbalanced diets is pro
vided by our threonine studies and by the 
report of Sanahuja and Harper (1 8 ) . This 
report showed that plasma levels of threo
nine were substantially elevated in rats 
receiving a histidine-imbalanced diet. The 
same behavior was demonstrated when 
radioactive threonine was used in our stud
ies. Since the trends of amino acid levels 
observed in plasma are reflections of the 
trends in the free amino acid pools of 
various tissues, one can conclude that 
specific activity of free threonine will be 
lower in rats receiving histidine-imbal
anced diets labeled with radioactive threo
nine. Consequently, one expects the 
amounts of labeled threonine incorporated 
into tissue proteins of rats receiving the 
imbalanced diet to be lower than their 
respective controls. The opposite behavior 
was evident from threonine data of liver 
protein fractions. In addition, the concur
rent increase in the amounts of labeled 
histidine and threonine incorporated into 
proteins (although the levels of histidine 
in tissue pools are low while the levels 
of threonine are high) is considered as 
sufficient evidence of enhanced protein 
synthesis.

So far these results confirm the hypo
thesis advanced by Harper and co-workers
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(1 , 2 ) that ingestion of imbalanced amino 
acid mixtures results in severe depression 
in the levels of the limiting amino acid 
in plasma and tissue fluids. This is severely 
aggravated by the increased incorporation 
and utilization of the limiting amino acid 
in protein. Consequently, the probability 
of subjecting the limiting amino acid to 
the action of the degrading enzymes is 
decreased. This is evidenced by the sig
nificant depression in the limiting amino 
acid catabolic products in the imbalance 
situation. Furthermore, these results agree 
with previous reports (2 , 3, 13) and show 
that retention efficiency and efficiency of 
utilization of the limiting amino acid are 
elevated, and that protein synthesis is en
hanced as a result of ingesting imbalanced 
amino acid mixtures. In addition, the data 
confirm the assumption that nonlimiting 
indispensable amino acids behave differ
ently— their retention efficiency and effi
ciency of utilization are lowered despite 
the fact that there is an increase in their 
net retention. The fact that these metabolic 
derangements occurred at very early times, 
while the food was still being absorbed 
from the intestinal lumen, renders its sup
port to the hypothesis that these disorders 
are the initial effects, and their metabolic 
consequences trigger an appetite-control- 
ling mechanism which results in depressed 
food intake and retarded growth.
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Effect of Dietary Magnesium and Fluoride on Bone 
Mineralization in Young Chicks ’'2'3

F R A N C I S  SPIERTO,4 J. C. R O G L E R  a n d  H. E. P A R K E R
D ep a rtm en ts o f  B ioch em istry  and  A n im a l S cien ce , P u rd ue U n iversity ,
L a fa yette , Indiana

A B STR AC T Tracer techniques were used to examine the reduced bone mineraliza
tion observed in young chicks fed diets elevated in both magnesium (4500 p p m )  and 
fluoride (800 ppm). The distribution of 45Ca 1 hour after injection of the isotope into 
a ligated intestinal segment was examined in 2-day-old chicks fed control and high 
magnesium plus high fluoride diets. Although no differences in intestinal absorption 
were observed, decreased femur uptake and increased plasma levels of 45Ca were found 
in the chicks fed the high magnesium plus high fluoride diets. At an early age (2 to 6 
days) chicks fed the high magnesium plus high fluoride diets incorporated less 45Ca and 
32P  into their femurs 4 hours after intraperitoneal injection w h en compared with 
chicks maintained on control, high fluoride or high magnesium diets. As a result of 
the reduced femur 45Ca incorporation, plasma 45Ca  levels were elevated in the high 
magnesium plus high fluoride group. At later ages (8 to 10 days) incorporation of 
injected 32P into femurs was not affected by dietary treatment, but 45Ca incorporation 
was elevated in the high magnesium plus high fluoride group. Analysis of plasma 
and soft tissues for calcium revealed no treatment differences at 4 days, but 45Ca 
levels in plasma 4 hours after intraperitoneal injection were elevated above control 
values at every age studied. Results of in vitro studies have suggested that bone from 
chicks in the magnesium plus fluoride group incorporate less 45Ca and 32P than bones 
from chicks in the other groups w h e n  incubated in plasma of chicks from the same 
treatment.

Previous work has demonstrated that a 
reduction in growth rate and bone mineral
ization resulted from feeding chicks diets 
containing elevated levels of magnesium 
and fluoride (1, 2). Gardiner et al. (1) re
ported that after 4 weeks on a high magne
sium plus high fluoride diet chicks display
ed a characteristic leg weakness in addition 
to decreased body weight and bone calcium 
and phosphorus levels compared with 
chicks fed control, high fluoride or high 
magnesium diets. Further study by Griffith 
et al. (2 )  revealed that the magnesium X 
fluoride inhibitory effects could be de
creased but not eliminated by increasing 
the calcium content of the diets from 1.0 
to 1 .5 % . Elevation of the dietary phos
phorus level from 0.7 to 1.0% was with
out effect in alleviating the detrimental ef
fects of the high magnesium plus high 
fluoride diet (1 ) . Using a practical diet 
Griffith et al. (3 )  demonstrated an increase 
in both total and diffusible plasma mag
nesium levels as a result of high mag
nesium treatment alone, but a further 
increase in total and diffusible plasma mag
nesium levels was obtained by fluoride

supplementation of the high magnesium 
diet.

The experiments reported here were de
signed to study further the effects of die
tary magnesium and fluoride treatment on 
calcium and phosphorus metabolism. With 
the aid of radiocalcium and radiophos
phorus, intestinal transport, bone incorpor
ation and in vitro bone uptake experi
ments were performed.

E X P E R I M E N T A L

Animals and diets. One-day-old Hub
bard White Mountain chicks were ran
domly assigned to four groups; they were 
banded and placed in electrically heated, 
wire-floored batteries. The semipurified * 1 2 3 4

R eceived  fo r  p u b lica tion  F ebruary 10, 1969.
1 Journal Paper no. 3605, P urdue A gricu ltu ra l E x

perim ent Station, L afayette, Ind iana . Supported in  
part by P u b lic  H ealth Service R esearch  Grant no. 
AM -04740 from  the N ationa l Institute fo r  A rthritis 
and  M etabolic Diseases.

2 Som e o f  these data w ere presented at the 52nd 
A n nu al M eeting o f  the Federation o f  A m erican  Societies 
fo r  E xperim ental B io logy, A tlantic C ity, N ew  Jersey, 
1968, Federation  P roc., 27: 312 (a b s tra ct).

3 R eprint requests should  be sent to H. E. Parker, 
B iochem istry D epartm ent, Purdue U niversity, L a
fayette 47907.

4 Present address: Veterans A dm inistration  H ospital, 
4801 L in w ood  B oulevard , Kansas City, M issouri.

J. N u t r i t i o n , 98 : 271-278. 271
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basal diet5 was found by analysis to con
tain 0 .058%  Mg and 0 .0001%  F. Magne
sium carbonate and sodium fluoride were 
used to prepare diets containing 0.08%  
supplemental fluoride (high fluoride), 
0.45%  supplemental magnesium (high 
magnesium) and 0 .45%  supplemental 
magnesium plus 0 .08%  supplemental fluo
ride (high magnesium plus high fluoride). 
The four diets and deionized water were 
supplied ad libitum.

In vivo isotope experiments. The me
tabolism of both 45Ca and 32P was studied in 
chicks which had been fed each of the four 
diets for periods ranging from 2 to 10 
days. One-half milliliter of an isotope solu
tion containing 1 nCi/ml of 45Ca and/or 
32Pi dissolved in 0 .9%  NaCl was adminis
tered intraperitoneally to the chicks. At 
various times thereafter, blood was drawn 
by cardiac puncture using heparin as the 
anticoagulant, and plasma was obtained 
after centrifugation. Immediately thereafter 
the animals were killed by cervical disloca
tion; the right femur was removed, freed 
of adhering tissue and weighed. In one 
experiment, samples of liver, heart and 
skeletal muscle were also removed, weighed 
and analyzed for total calcium, 45Ca and
3 2 p

Intestinal transport of 45Ca. To exam
ine the effect of dietary magnesium plus 
fluoride treatment on intestinal transport 
in 2-day-old chicks, an experiment similar 
to that described by Wasserman (4 )  was 
performed. Chicks were anesthetized by 
an intramuscular injection of pentobar
bital (30  m g/kg body weight). The ab
dominal cavity was opened and a segment 
of the duodenum ligated (3 .5  cm ). One- 
tenth milliliter of an isotonic saline solu
tion containing 1.27 nCi of 45Ca and 1500 
ppm of carrier Ca was injected into the 
ligated segment which was then placed 
back into the body cavity and the incision 
sutured with surgical clamps. One hour 
later blood was removed by cardiac punc
ture and the animal killed. The 45Ca con
tent of plasma, femur and the ligated 
intestinal section was determined.

In vitro uptake experiments. The in
corporation of 45Ca and 32P into bone frag
ments was examined in vitro by incubating 
femurs with plasma in the presence of the

radioisotopes. Blood from chicks which 
had been fed each of the four diets for 2 
days was taken by cardiac puncture with 
a heparinized needle and syringe and 
placed in ice-cold centrifuge tubes. Follow
ing centrifugation of the blood in a re
frigerated centrifuge 6 the pooled plasma 
from each of the four groups was trans
ferred to a chilled beaker. Five 2-ml 
aliquots of each of the pooled plasma sam
ples were added to 25-ml chilled Erlen- 
meyer flasks containing 100 ul of an iso
tonic saline solution containing 1 aCi each 
of 45Ca and 32P. To these flasks were added 
the fragments of a weighed femur which 
had been cut cross-wise in the middle and 
each end split longitudinally with a razor 
blade. The femurs were incubated with 
plasma obtained from the same group in 
a Dubnoff metabolic shaker 7 at 41°. After 
2 hours, the femur fragments were re
moved, washed three times with deionized 
water and analyzed for 45Ca and 32P.

Analyses. One milliliter of plasma was 
added to 10 ml of a solution containing 
4.4%  trichloroacetic acid (TCA ) and 
1.1%  La. After thorough shaking the pre
cipitated protein was removed by centri
fugation. One milliliter of the TCA super- 
nate was added to 15 ml of scintillator 
solution (5 )  and counted in a liquid scintil
lation counter.8 Counts were taken in 
two channels, and simultaneous equations 
as described by Okita et al. (6 )  were em
ployed to determine the amount of 45Ca 
and 32P in the sample. Another 1-ml ali
quot of the TCA supemate was taken and 
inorganic phosphate determined by the 
method of Allen (7 ) . Calcium determina
tion was made directly on the remaining 
TCA supernate by atomic absorption spec
trophotometry.9

Femurs and soft tissues were ashed 
overnight in a muffle oven at 600°. The 
ash was dissolved in 3 ml of 1 n  HC1, and

5 The percentage composition of the basal diet was : 
isolated soy protein, 30; corn oil, 5; cellulose, 3; 
DL-methionine, 0.50; glycine, 0.30; butylated hydroxy- 
toluene (25% ), 0.05; vitamin premix, 1.26; mineral 
mix, 4.41; glucose, as necessary to total 100%. The 
composition of the vitamin and mineral mixes is given 
in reference 2.

6 Ivan  Sorvall In c, N orw alk , Conn.
7 P recis ion  Scientific C om pany, C hicago, 111.
8 M odel 314 EV, P ackard  Instrum ent C om pany, 

D ow ners Grove, 111.
9 M odel 214, Perkin -E lm er C orporation , N orw alk , 

Conn.
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aliquots were taken for 45Ca, 32P and total 
calcium and phosphorus analyses by meth
ods described above.

Standard errors ( s e ) were calculated 
for all means and Student’s t test was ap
plied to determine significance of differ
ences between means.

R E S U L T S

The effect of supplemental magnesium 
and fluoride on growth rate and the devel
opment of the characteristic leg weakness 
was similar to that previously reported 
(1 -3 ). Supplemental magnesium alone 
did not alter growth rate; supplemental 
fluoride reduced growth rate slightly but 
the growth rate of chicks fed the high 
magnesium plus high fluoride diet was 
greatly reduced.

The effect of age and dietary treatment 
on femur calcium and phosphorus levels 
is illustrated in table 1. High dietary 
fluoride appeared to produce no anomalous 
effects on femur calcium or phosphorus 
content at any of the times studied. High 
magnesium treatment resulted in de
creased femur calcium levels at 1 and 2 
days; however, the greatest reduction was 
observed in the high magnesium plus high 
fluoride group at 2 and 7 days. In the 
combination group (high magnesium plus 
high fluoride) femur calcium and phos
phorus levels were lower than in the other 
three groups at both 2 and 7 days.

The effect of dietary treatment on femur 
incorporation of injected 45Ca and 32P is

shown in table 2. In the first part of the 
table, a dramatic reduction in isotope in
corporation can be observed in the com
bination group at 4 and 48 hours after in
jection. The data in the second part of 
table 2 show that a reduction in 45Ca and 
32P incorporation by the high magnesium 
plus high fluoride treatment is still appar
ent 6 days after injection.

The possibility that high magnesium 
plus high fluoride treatment may produce 
its effect on bone mineralization by inhibit
ing intestinal transport of calcium was re
jected on the basis of the data shown in 
table 3. Although decreased femur incor
poration of 43Ca and increased plasma 45Ca 
levels were observed in the combination 
group, the absorption of 45Ca was not re
duced in the magnesium plus fluoride 
group.

Presented in table 4 is the calcium con
tent of several soft tissues, plasma and fe
murs as affected by dietary treatment. No 
significant group differences were observed 
except for plasma and femur calcium levels 
which were reduced in both the magne
sium and magnesium plus fluoride groups, 
but the extent of the femur calcium re
duction was considerably greater in the 
combination group. These data clearly 
show that the magnesium X  fluoride in
hibitory effect is specific for bone.

The effects of age and dietary treatment 
on 45Ca and 32P incorporation into femurs 
are illustrated in tables 5 and 6. Con
sistent with the results in table 2, the data

TABLE 1
E ffe c t  o f  a g e  and  d ietary trea tm en t o n  fem u r  ca lciu m  and  ph osph oru s leve ls  1

Treatment
Element

Control High fluoride High magnesium High magnesium 
high fluoride

Calcium
Phosphorus

3.41 ±0.20 
1.87±0.11

1 day
3.10±0.04 
1.73 ±0.05

2.75 ±0.22 
1.63±0.14

3.00 ±0.07 
1.67±0.07

Calcium
Phosphorus

3.81 ±0.06 
1.50 ±0.03

2 days 
3.81±0.12 
1.72±0.11

3.30±0.09 ** 
1.49 ±  0.10

2.79± 0.11 ** 
1.31 ±0.05 *

Calcium
Phosphorus

4.63 ±0.13 
2.41 ±0.07

7 days 
4.55 ±0.52 
2.24 ±0.16

4.75±0.31 
2.17 ±  0.16

3.36 ±0.36 * 
1.69± 0.17 **

i Data are expressed as milligrams element per 100 m g  fresh bone weight. Average of 5 ±  s e .
* Significantly different from corresponding control group, P <  0.05.

** Significantly different from corresponding control group, P <  0.01.
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TA BL E 2
Femur 45Ca and 32P levels at various times after intraperitoneal injection of

45Ca and 32P in 2-day-old chicks
Treatment

injection Control High fluoride High magnesium High magnesium 
+  high fluoride

45Ca (%  d ose/ fem u r)
4 hours 3.86±0.12 1 4.08 ±0.14 3.71 ±  0.14 2.85±0.16 **

48 hours 4.97 ±  0.17 5.01 ±0.14 4.73 ±0.09 3.67±  0.44 *

45Ca (%  d ose/ fem u r)
4 hours 3.40±0.10 3.63 ±0.12 3.34±0.18 2.36± 0.24 **
6 days 3.31 ±0.28 3.58±0.17 2.72±0.18 2.39±0.15 *

3ZP (%  d ose/ fem u r)
4 hours 1.65 ±0.07 1.79 ±0.08 1.70± 0.12 1.19 ±  0.07 **
6 days 3.33 ±0.08 3.70± 0.12 * 3.07 ±  0.10 2.04±0.30 **

1 Average o f  5 ±  s e .
* Significantly different from corresponding control group, P <  0 .0 5 .  

** Significantly different from corresponding control group, P <  0 .0 1 .

TA BL E 3
E ffe c t  o f  d ietary  m a gn esiu m  and  fluoride trea tm en t on  th e  in testin a l tra n sp ort 

and  d istribu tion  o f  45Ca 1

Treatment Intestine Femur Plasma

% absorbed 2 % o f absorbed 
dose/femur

% o f absorbed 
dose/ml

Control 3 8 ± 5  3 3.62 ±0.30 1.01 ±  0.13

High magnesium-(-high fluoride 46 ± 8 2.48 ±  0.29 1.43 ±0.08 *

1 Calcium-45, 1.27 /¿Ci, was injected into a ligated section of the duodenum of chicks which had 
been fed the diets for 2 days. Analyses were performed 1 hour after injection.

(total cpm 45Ca injected into ligated section —
„ -D , , , , cpm 45Ca remaining after 1 hour uptake)2 Percentage absorbed =  — ^ — rr-̂ ---x 100.total cpm 43Ca injected into ligated section
3 Average o f  7 ±  s e .
* Significantly different from corresponding control group, P <  0.05.

TABLE 4
E ffec t  o f  d ietary m a gn esiu m  and  fluoride on  ca lc iu m  co n ten t o f  severa l tissues

in  th e 4-day-old  ch ick

Treatment
Tissue 1

Control High fluoride High magnesium High magnesium 
-4- high fluoride

Liver, p p m 70 ± 5  2 7 0 ±  5 62 ± 3 77 ±  10
Heart, p p m 62 ±  3 71 ±  7 52 ± 5 66 ± 3
Muscle, p p m 54 ± 4 5 7 ± 4 64 ±  6 55 ± 3
Plasma, p p m 11 0± 1 108 ± 2 1 0 2 ± 3 * 103 ± 1  **
Femur, % 3.68 ±0.07 3.80± 0.06 2.87± 0.07 ** 2.16± 0.06 **

1 Calculated on the basis of fresh weight.
2 Average o f  1 5  ±  s e .
* Significantly different from corresponding control group, P <  0.05. 

** Significantly different from corresponding control group, P <  0 .0 1 .

in table 5 show that dietary magnesium 
plus fluoride treatment inhibited the in
corporation of both 45Ca and 32P into the 
femurs of 2-day-old chicks. Different ef
fects, however, were observed with the 7-

day-old chicks. No significant treatment 
effects on 32P incorporation were observed 
at 7 days, and an actual increase in 45Ca 
incorporation occurred in the chicks fed 
the dietary magnesium plus fluoride for 7
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TA BL E 5
E ffec t  o f  age and d ietary  trea tm en t on  th e in corp ora tion  o f 45Ca and  3ZP in to  fem u rs  

4 hours a fter  in tra p eriton ea l in jec tio n

Days on 
treatment

Treatment

Control High fluoride High magnesium High magnesium 
+  high fluoride

45Ca (%  d ose/ fem u r)
2 3.70±0.12 1 3.52± 0.11 3.27 ±  0.17 2.36±0.11 **
7 4.90 ±0.08 4.83±0.13 4.89 ±0.09 6.18 ±0.42 *

3SP (%  d ose/ fem u r)
2 1.86 ±0.47 1.67±0.12 1.68 ±0.05 1.01 ±0.04
7 3.05 ±0.05 2.74±0.11 * 3.54 ±0.48 3.10 ±  0.19

1 Average o f  5 +  s e .
* Significantly different from corresponding control group, P <  0.05. 

** Significantly different from corresponding control group, P <  0.01.

days. A similar and more detailed study 
is displayed in table 6. When compared 
with the other three groups, the high mag
nesium plus high fluoride treatment re
sulted in decreased femur calcium and 
phosphorus levels at every day studied be
yond day 2. Femur incorporation of 45Ca 
was reduced at 2 days by the combination 
treatment and at 4 days by both the high 
magnesium and the high magnesium plus 
high fluoride treatments. At 8 and 10 days, 
however, 45Ca incorporation into femurs 
was higher in the combination group. Al
though these differences (table 6 ) were not 
statistically significant, significant differ
ences were observed in other trials not re
ported, and the difference at 7 days was 
statistically significant in the trial reported 
in table 5. The incorporation of 32P was 
reduced by the high magnesium plus high 
fluoride treatment at 4 and 6 days and was 
not elevated at the older ages. Although 
femur and body weight differences may 
influence the incorporation of the isotopes, 
the same relative differences were observed 
when corrections were made for differ
ences in body and femur weights.

In table 7 the effect of age and diet on 
plasma calcium metabolism is summar
ized. The most striking observation was 
the three-fold elevation in plasma 45Ca 
levels in the combination group at every 
age studied. This phenomenon was fur
ther studied, and the results are presented 
in figure 1. Here it is seen that the plasma 
45Ca levels remain elevated in the combina
tion group over the 2-day period studied.

The results of an experiment designed 
to examine the effect of dietary treatment 
on 45Ca and 32P uptake by femur slices in 
vitro are presented in table 8. After a 2- 
hour incubation period, there does appear 
to be decreased isotope incorporation in 
the high magnesium plus high fluoride 
group.

DI SC US SI ON

In accord with the in vitro results ob
tained by Goldenberg and Sobel (8 ) ,  the 
experiments reported here demonstrate in
hibition of bone mineralization by dietary 
fluoride in the presence of high levels of 
dietary magnesium. The results of the 
isotope studies are interpreted as follows. 
In the combination group, mineral deposi
tion into femurs is inhibited at an early 
age. This inhibition is demonstrated by a 
decreased femur uptake of injected 43Ca 
and 32P. Because of the reduction in femur 
45Ca, plasma 45Ca levels become elevated 
in the magnesium plus fluoride group. A  
similar reduction in incorporation of in
jected 45Ca into bone and an increase in 
plasma 45Ca levels have been observed in 
hypophysectomized animals (9 ) . After 
treatment for 6 to 8 days, the inhibitory 
effect of the high magnesium plus high 
fluoride treatment subsides.

The consistent observation of an in
creased incorporation of injected 45Ca into 
bones of chicks fed the high magnesium 
plus high fluoride diet for 7 to 10 days may 
have been caused by some compensatory 
mechanism which allows the poorly min
eralized bones to incorporate the injected
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TA BL E 6
E ffe c t  o f  age and  d ietary trea tm en t on  ca lciu m  and ph osph oru s co n ten t and  45Ca and  S2P 

in corp ora tion  in to  fem u rs  4  h ours a fter  in traperiton ea l in jec tio n

Treatment Ca 45Ca P 32P

mg/100 mg 
fresh  bone % dose/femur mg/100 mg 

fresh bone % dose/femur

2 days
Control 3.23 ±0.11 1 3.75 ±0.08 1.80± 0.30 1.75 ±0.06
High fluoride 3.37±0.13 3.85±0.14 1.49 ±0.11 1.71 ±0.06
High magnesium 
High magnesium +

3.34 ±0.11 3.48 ±0.20 1.51 ±0.08 1.75±0.10

high fluoride 3.24±0.18 2.44 ±0.47 * 1.64±0.19 1.43 ±0.30

4 days
Control 4.04 ±0.09 4.58±0.15 1.99 ±0.03 2.50 ±0.08
High fluoride 3.71 ±0.25 4.39 ±0.08 1.94 ±0.07 2.38 ±0.08
High magnesium 
High magnesium +

3.56±0.13 * 3.92 ±0.21 * 2.00±0.14 2.25 ±0.27

high fluoride 2.44 ±0.08 ** 3.89 ±0.34 1.50±0.14 * 1.59 ±0.24 **

6 days
Control 5.15±0.33 4.67 ±0.06 2.26± 0.14 2.73 ±0.09
High fluoride 4.97 ±  0.19 4.55±0.12 2.52 ±0.06 2.68 ±0.04
High magnesium 
High magnesium +

4.12 ±0.55 4.60±0.13 2.18±0.17 2.53 ±0.06

high fluoride 3.13±0.31 ** 4.83 ±0.28 1.67±0.12 * 2.27 ±0.14 *

8 days
Control 4.15 ±  0.41 4.88 ±0.15 2.56±0.05 2.96 ±0.21
High fluoride 4.97 ±0.20 4.34 ±0.35 2.58 ±0.06 2.52± 0.19
High magnesium 
High magnesium +

3.80 ±0.55 4.96±0.18 2.48 ±0.35 3.14±0.11

high fluoride 2.28 ±0.31 ** 5.50± 0.33 1.70±0.36 * 2.86 ±0.18

10 days
Control 5.14 ±0.62 5.42± 0.07 2.54 ±0.25 3.06±0.07
High fluoride 5.33 ±0.33 4.88 ±0.39 2.47 ±0.20 2.85 ±0.24
High magnesium 
High magnesium +

3.35 ±0.22 * 5.17± 0.17 2.51 ±0.42 2.92 ±0.03

high fluoride 2.57 ±0.50 * 6.16±0.38 2.09 ±0.05 3.14 ±0.33

i  Average o f  5  ±  s e .
* Significantly different from corresponding control group, P <  0.05. 

** Significantly different from corresponding control group, P <  0.01.

45Ca at a greater rate than the more cal
cified bones of the control group. The 
data on femur calcium levels, and the 
45Ca incorporation data appear to follow 
different trends in the older chicks, be
cause the femur calcium levels are influ
enced by factors affecting calcium deposi
tion in bone during the entire growth 
period, but the 45Ca incorporation data are 
influenced by factors affecting the deposi
tion only during the 4-hour incorporation 
period.

That increased mineral resorption is 
probably not responsible for the decreased 
femur calcium and phosphorus levels in the 
combination group is supported by the 
data in table 2. If an increased rate of

mineral resorption had occurred in the 
high magnesium plus high fluoride group, 
one might expect to find a decrease in 
femur 45Ca with an increase in time after 
injection. On the contrary, a slightly 
greater amount of isotope was present in 
the femurs of all four groups at 6 days 
compared with 4 hours after injection. 
Thus, it appears that increased mineral 
resorption is not an important factor in
volved in the magnesium plus fluoride in
hibition.

The possibility that impaired intestinal 
absorption of calcium is responsible for the 
decreased mineralization in the combina
tion group can be eliminated by consider
ing the data in table 3. Although 45Ca in-
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Fig. 1 Plasma 45Ca specific activity of various 
times following intraperitoneal injection in 2-day-
old chicks. Average of 5 ±  s e . Control, • ----- •;
high fluoride, 0 .......0  ; high magnesium,
A ------- A ;  high magnesium +  h igh fluoride,
A .......A -

corporation into femurs of birds in the 
high magnesium plus high fluoride group 
is inhibited, absorption of the isotope from 
the gut was not reduced. Similar to what 
was observed following intraperitoneal in
jection, reduction in femur incorporation 
of 45Ca in the high magnesium plus high 
fluoride group was accompanied by ele
vated plasma 45Ca levels. From these data, 
it may be concluded that the primary fac
tor involved in the magnesium X fluoride 
interaction is at the level of mineral uptake 
by bone.

The fact that plasma 45Ca levels in the 
high magnesium plus high fluoride group 
remained elevated for 2 days following in
jection is probably a reflection of decreased 
bone turnover in this group (fig. 1 ). These 
results may be related to the observations
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TABLE 8
E ffe c t  o f  d ietary  trea tm en t on  th e in corp ora tion  

o f  45Ca and 32P in to  bon e fra g m en ts  in  v itro  1

Treatment 45Ca 2 32P 2

% dose/g bone % dose/g bone
C ontrol 290 ± 8  3 171 ± 5  3
H igh  fluoride 284 ± 8 157 ±  6
H igh  m agn esiu m 269 ± 8 157 ± 4
H igh  m agn esiu m

+  h igh  fluoride 2 3 0 ± 6  ** 1 2 8 ± 4  **

1 B one fragm ents from  each  o f  the fo u r  groups w ere 
in cu bated  w ith  p ooled  p lasm a from  the respective 
groups fo r  2 hours at 41°. C hicks w h ich  h ad  been 
fe d  the diets fo r  2 days were used.

2 T he data represent the average fr o m  three experi
m ents; five ch ick s  per treatm ent w ere used in  each  
experim ent.

2 +  SE.
**  S ign ificantly  d ifferent from  corresp on din g con trol 

group, P <  0.01.

made by other workers (10, 11) that fluo
ride in tissue culture inhibits bone resorp
tion. Also, by analogy one may speculate 
that since magnesium deficiency results in 
symptoms characteristic of hyperparathy
roidism (1 2 ), i.e., hypercalcemia, hypo
phosphatemia and hyperphosphaturia, the 
combination treatment may result in 
an inhibition of parathyroid hormone ac
tivity. This might explain the failure of 
the elevated plasma 45Ca levels in the high 
magnesium plus high fluoride group to 
return to the levels observed in the control 
group.
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D O N A LD  L. SCH N EID ER a n d  H E R B E R T P. SARETT 
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Center, Evansville, Indiana

ABSTRACT N ew born  p igs w ere u sed  to com p are  the nutrition a l qua lity  o f  a re
cen tly  d eveloped  soybean  p rotein  isola te  (su p p lem en ted  w ith  m eth ion in e ) w ith  that 
o f  m ilk  protein  in  31-day studies. The p igs w ere fe d  liq u id  form u las w h ich  con ta in ed  
la ctose  as the sole carboh ydrate  and either 15%  soybean  protein  ca lories or 10, 15, and 
19%  m ilk  protein  ca lories. D ata fro m  the p igs fe d  the m ilk  form u las show ed that 
w eigh t ga in  and ca lor ic  e fficiency , and levels o f  h em oglob in , p lasm a protein , liv er  pro
tein , and  carcass prote in  w ere d irectly  related to protein  con ten t o f  the fo rm u la s ; liver  
g ly cog en  w as in versely  related to the leve l o f  prote in  in  the diet. W eig h t ga in , ca loric  
e ffic ien cy  and other data in d ica ted  that the protein  quality  o f  the soybean  isolate plu s 
m eth ion in e  w as app rox im ately  8 5%  that o f  m ilk  protein .

Y ou n g  baby  p igs w ere used  to com p are  the overa ll nutrition a l qua lity  o f  an  in fa n t 
fo rm u la  m ade fro m  the soybean  p rotein  isolate w ith  h itherto available in fa n t soybean  
form u la s  m ad e from  soybean  flour. D u rin g  a 2-w eek  pretest period , n ew born  p igs w ere 
fe d  m ilk  form u la s , either h igh  or low  in  p ro te in ; they w ere then fe d  the soybean  fo r 
m u las fo r  4 w eeks. In  p igs fe d  a low  protein  pretest fo rm u la , m arked  d ifferences  in  
overa ll n utrition a l quality  o f  the soybean  form u la s  w ere fou n d . T h e soybean  isolate 
fo rm u la  w as fa r  superior to the others. T h e p igs fe d  the h igh  protein  m ilk  form u la  
d u rin g  the pretest per iod  apparently h ad  good  protein  reserves and little  d ifferen ce  in  
grow th  p er form a n ce  w as fo u n d  on  the soybean  form u las. T he latter studies sh ow  the 
im p ortan ce  o f  p rote in  status o f  the test an im al in  short-term  n utrition a l studies.

Newborn pigs fed infant liquid milk- 
based formulas grow moderately well and 
provide useful data for evaluating the over
all nutritional value of these formulas (1). 
The present paper describes the use of the 
baby pig for evaluating the nutritional 
quality of infant soybean formulas. These 
studies were especially designed to assess 
the protein quality of a new soybean pro
tein isolate supplemented with methionine, 
and to compare the overall nutritional 
quality of an infant formula made from 
this isolate with those made from soybean 
flour.

Work of several investigators suggests 
that newborn 2 or very young pigs do not 
grow well on infant soybean formulas be
cause they lack the intestinal enzymes 
necessary to utilize either the crude soy
bean protein (2 , 3 ) or the carbohydrates 
(4 , 5) found in these formulas at an early 
age. Glucose may be used with isolated 
soybean proteins in feeding newborn pigs 
(6 , 7 ) , but since the milk of the sow con
tains lactose, the latter was used as the 
sole carbohydrate in the present studies 
comparing the protein quality of the soy
bean isolate with that of milk protein from 
the cow. Under these conditions, the soy

bean isolate was well utilized by the new
born pig, and the protein quality of the 
soybean isolate plus methionine was found 
to be approximately 85%  that of milk pro
tein.

In part 2 of the studies, to compare the 
nutritional value of the infant formula 
made from this soybean isolate with those 
of other marketed infant soybean formu
las, some of which contain sucrose and 
complex soybean carbohydrates, newborn 
pigs were first fed lactose-containing milk 
formulas for a 2-week pretest period to 
allow time for sufficient development of 
other intestinal enzymes. (Previous studies 
have shown that newborn pigs did not sur
vive when fed from birth a soybean isolate 
formula containing only sucrose as the 
carbohydrate.) 3 When the milk formula 
fed during the first 2 weeks was low in pro
tein, subsequent feeding of the four soy
bean formulas showed marked differences

R eceived  fo r  p u b lica tion  F ebruary 17, 1969.
1 Presented in  part at the W estern H em isphere 

N utrition  Congress II, San Juan, Puerto R ico , 1968.
2 Gehle, M. H. 1961 A ssay o f  hu m an  in fa n t diets 

w ith  “ d isease-free”  baby pigs. U npublished  M.S. 
thesis. U niversity o f  N ebraska L ibrary, L in co ln , 
N ebraska.

3 Schneider, D. L ., and H. P. Sarett, unpublished  
data.

J. N u t r i t i o n , 98: 279-287. 279
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in nutritional quality of the formulas; 
when the pretest formula was high in pro
tein, protein reserves were apparently in
creased and little difference in nutritional 
value of the soybean formulas was found.

E X P E R I M E N T A L

The animals used in these experiments 
were hysterectomy-obtained SPF (Specific 
Pathogen-Free) Hampshire-Yorkshire cross
bred pigs.4 The special facilities and tech
niques for handling the baby pigs and 
methods of analyses were reported previ
ously ( 1 ,8 ) .  Serum albumin was deter
mined by electrophoresis.5

Nutritional value of soybean isolate. 
Two 31-day studies (exps. 1 and 2 ) were 
conducted with a total of 27 pigs from four 
litters. Newborn pigs were distributed into 
groups on the basis of weight, sex, and 
litter. These groups were fed four specially 
prepared formulas with lactose as the 
sole carbohydrate. Three contained protein 
from cow’s milk at 10, 15, and 19% pro
tein calories, respectively (formulas 10M, 
15M, and 19M ), and one contained the 
soybean isolate 6 (supplemented with 8 mg 
DL-methionine/g protein) providing 15%  
of the calories as protein (formula 15S). 
Their proximate analysis is shown in table 
1. The milk protein formulas served as 
standards; formula 19M was used in only 
one study. Changes in protein content were 
made at the expense of lactose. The type 
of fat and levels of minerals and vitamins 
in these formulas were approximately the 
same as those in the infant formula made 
from the soybean isolate (formula C, ta
ble 1).

Comparison of infant soybean formulas. 
Two experiments were carried out (exps. 
3 and 4 ) . In experiment 3, newborn pigs 
were fed a pretest formula of concen
trated commercial milk-base infant for
mula which supplied only 10% protein 
calories and 1350 kcal/liter (formula A, 
table 1). At 17 days of age, 15 pigs from 
two litters were distributed into four 
groups on the basis of weight, sex, and 
litter, and fed the commercially available

4 Purchased from Pure-For-Sure, Flora, Ind.
5 Paper electrophoresis system, model R, Beckman 

Instruments, Inc., Fullerton, Calif.
6 Edi-Pro-N, Ralston Purina Company, St. Louis, Mo.
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infant soybean formulas, C, D, E, and F 7 
for 4 weeks (table 1). The caloric density 
of these formulas varied from 1300 to 1400 
kcal/liter. The mineral and vitamin con
tent of the four formulas differed some
what but on the basis of label claim, all 
were considered adequate for the pig.

In experiment 4, newborn pigs were fed 
a pretest formula of simulated sow’s milk 
containing 22%  milk protein calories and 
1150 kcal/liter (formula B, table 1). This 
formula gave good growth of baby pigs in 
previous studies (8 ) . At 14 days of age, 
20 pigs from three litters were distributed 
into four groups on the basis of weight, 
sex, and litter and fed the infant soybean 
formulas for 4 weeks as in the previous 
experiment.

R E S U L T S

Nutritional value of soybean isolate. 
The data from the two studies on formulas 
10M, 15M, and 15S were combined on a 
weighted means basis and used to estimate

the protein value of the soybean isolate. 
The data on formula 19M were from only 
one study, but fit well with the other data; 
the protein content of this formula ap
proaches the level in sow’s milk, i.e., 22%  
protein calories (8 ) .

Weight gains of the groups fed formulas 
10M, 15M, and 19M were markedly dif
ferent within 1 week and were significantly 
different by the end of the experiment ( ta
ble 2 ) . Weight gain of the group fed the 
soybean isolate formula 15S was signif
icantly lower than that found in the pigs 
fed the same level of milk protein, formula 
15M. When the weight gain data of the 
group fed the soybean isolate are compared 
with those of pigs fed the milk-based for
mulas, plotted on the basis of protein con
tent (fig. la ) , the 15% soybean protein 
calories are equivalent to 12.4% milk pro
tein calories. Thus, the isolate has 83%  of

7 The formulas studied were Prosobee and Sobee 
(Mead Johnson and Company, Evansville, Ind.)> 
Mull-Soy (The Borden Company, N e w  York), and 
Soyalac (Loma Linda Foods, Riverside, Calif.)»

TABLE 2
W eig h t ga in , fo o d  in ta ke, and  b lood  data o f  p igs  fed  m ilk  p ro te in  an d  soyb ea n  p ro te in  isola te

form u la s fo r  31 days (exp s . 1 and  2)

Formulas

10M 15M 19M 15S

No. of animals 6 7 6 8

Birth wt, kg 1.1 1.0 1.1 1.1

Cumulative wt gain, kg
Day 7 0.3 0.6 0.7 0.5
Day 14 0.6 1.4 2.6 0.8
Day 21 1.4 3.4 6.0 2.2
Day 28 2.7 6.5 9.9 4.5
Day 31 3.5± 1.4 1

GOr-(+ 1 
oCO 11.5±0.9 5.6± 1.4 2

31-day food consumption
Formula, liters 22.2 36.8 50.4 30.5
Formula, solids, kg 5.9 10.1 13.9 7.8
Grams gained per 1000 kcal 
Grams gained per

110 ± 1 4 155 ± 1 5 161 ± 9 143 ± 23

gram protein 4.4 ±  0.5 4.2± 0.5 3.4 ±0.2 3.7 ± 0.6

Blood data
Plasma protein, g/100 ml

15 day 3.4 3.7 4.5 4.0
31 day

Hematocrit, %
3.7±  0.9 5.0 ±  0.7 5.2 ± 0 4.3 ± 1.0

Birth 24.7 19.8 20.7 23.6
31 day

Hemoglobin, g/100 ml
33.7 ±  5.0 38.6 ±  6.5 44.4 ± 4 34.5 ± 4.3

Birth 7.6 6.6 6.3 7.6
31 day 9.4 ±  1.1 10.6 ±  0.7 13.0 ±  1 9.2 ± 1.2 2

1 SD.
2 P <  0.02 compared with formula 15M.
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the growth-promoting activity of milk pro
tein.

Total food intake increased as the level 
of protein in the formula increased, indi
cating the need of the faster growing pigs 
to consume more food (table 2 ) . Caloric 
efficiencies (gram gain per 1000 kcal) also 
improved with increased levels of protein 
in the formula (table 2 ) . The group fed 
the soybean isolate formula 15S gained 
143 g /1000  kcal, equivalent to that found 
with 13.4% milk protein calories, or 89%  
of the value with milk protein (fig. lb ) .

Two other measurements which show 
similar nutritional values for the soybean 
isolate are plasma and liver protein levels. 
Final (31 day) plasma protein levels in
creased as the level of protein in formulas 
10M, 15M, and 19M increased (table 2 ) ;  
the average for the group fed the 15% soy
bean isolate formula was 4.3 g /1 0 0  ml, 
equivalent to 12.3% milk protein calories, 
or 82%  of the value for milk protein (fig. 
lc ) . Similarly, total fiver protein levels 
reflected the level of protein in the milk 
formulas; observations with 15% soybean

WEIGHT GAIN

©

/
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Fig. 1 Comparison of nutritive quality of soy
bean protein isolate with that of cow’s milk pro
tein. In each graph the value found with 15 % 
soybean isolate protein calories (X) is used to es
timate the equivalent milk protein activity ( ).

isolate were equivalent to those with 
13.4% milk protein calories, or 89%  of 
the effectiveness of milk protein (table 3, 
fig. Id ).

Protein utilization (grams gained per 
gram protein) decreased with the higher 
levels of milk protein (table 2 ) . The differ
ence in protein utilization between the soy
bean isolate and milk protein fed at the 
same level of calories was not significant.

Final hematocrit and hemoglobin values 
in the groups fed the milk protein formulas 
were also related to the level of protein in 
the formulas; the values for the group fed 
the soybean isolate were nearer to those 
found with the milk formula containing 
10% protein calories (10M ) than to those 
with the formula containing 15% protein 
calories (15M , table 2 ).

Relative organ weights (grams per kilo
gram body weight) were affected by the 
level of protein in the formulas; heavier 
fiver, heart, and adrenal weights were 
found in the groups fed the lower protein- 
calorie formulas (table 3 ). This was ap
parently due to the fighter body weights 
of these groups, and indicated the prece
dence that organ development takes over 
growth. Organ weights in the pigs fed the 
soybean isolate formula (15S ) were quite 
similar to those found in the pigs fed the 
same level of milk protein (15M ).

In the fivers, the protein levels were di
rectly related to the protein level in the 
formulas as discussed above, and glycogen 
levels were inversely related to dietary pro
tein level (table 3 ) . Dietary protein level 
had little effect on fiver fat and ash levels.

Carcass protein levels increased as the 
level of milk protein increased, with con
comitant decreases in the levels of fat and 
ash (table 3 ) . Values found for the pigs 
fed the soybean isolate formula 15S fell 
between those fed the 10M and 15M for
mulas.

Comparison of infant soybean formulas. 
In the first of these experiments, newborn 
pigs were fed the low protein milk formula 
A during the 17-day pretest period (table
1). They gained only 1.8 kg (table 4 ) and 
apparently had low protein reserves based 
on observations with 10% milk protein 
(formula 10M ) in table 2. After 4 weeks 
(17  to 45 days of age) of feeding the four 
infant soybean formulas, weight gain and
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TABLE 3
Organ weight, liver and carcass composition of pigs fed milk protein and soybean protein 

isolate formulas for 31 days (exps. 1 and 2)

F orm ulas

10M 15M 19M 15S

No. of animals 6 7 6 8

Final body wt, kg 5.6 9.9 12.8 8.2
Organ weights

Liver wt, g 
Liver, g /kg body wt

220 
40.3 ± 4.6 1

332 
34.3 ± 5.4

352 
27.4 ± 3.3

288 
35.2 ± 1.9

Heart wt, g 
Heart, g /kg body wt

35.5 
6.6 ± 1.0

57.8
6 .0± 0.7

72.0 
5.6 ± 0.2

47.4 
5.9 ± 0.7

Kidneys wt, g 
Kidneys, g /kg body wt

38.7 
7.2 ± 1.1

74.9
7 .7± 0.9

98.2 
7.6 ± 0.7

59.8 
7.4 ± 1.2

Adrenals wt, mg 
Adrenals, m g/kg body wt

685
139 ± 55

945
103 ± 40

1034 
81 ± 13

792
105 ± .47

Liver composition
Solids, % 25.1 ± 1.3 25.0 ± 0.7 25.1 ± 0.6 24.0 ± 1.0
Fat, % 2.8 ± 0.3 3.3 ± 0.2 3 .7 ± 0.2 3.2 ± 0.3
Protein, % 12.6± 2.6 17.0 ± 1.6 18.8 ± 0.2 15.7± 2.1
Ash, % 1.3 ± 0.4 1.5 ± 0.3 1.4 ± 0.1 1.6± 0.5
Glycogen,% 7.7 ± 2.5 3.6 ± 1.8 1.3 ± 0.7 3.8 ± 2.3

Carcass composition 2
Solids, % 41.6 ± 6.1 41.1 ± 1.3 41.3 ± 2.4 39.2 ± 2.3
Fat, % 25.7 ± 6.6 24.5 ± 2.3 23.5 ± 2.8 23.0 ± 2.3
Protein, % 12.1 ± 0.5 14.1 ± 0.5 14.9 ± 0.4 13.1 ± 0.5 s
Ash, % 2.7 ± 0.4 2.0 ± 0.2 2.1 ± 0.3 2.3 ± 0.1 3

1 SD.
2 C arcass m in us gastrointestinal tract and  liver.
3 p  <  0.01 com p ared  w ith  fo rm u la  15M.

caloric efficiency (gram gain per 1000 
kcal) of the pigs fed formula C contain
ing the soybean isolate were significantly 
higher than those found with the other 
soybean formulas (table 4).

Protein utilization ranged from 1.9 to
3.5 g gained/g protein (table 4) with the 
highest values found on formula C. Since 
protein utilization increased on low protein 
formulas (table 2), the 3.5 g gained/g pro
tein with the 15% protein-calorie soybean 
isolate formula C must be considered su
perior to the 3.4 g gained on the 11% pro
tein-calorie formula F.

Final serum protein levels were also 
highest in the group fed formula C; the 
levels in the group fed formula F were 
significantly lower than those in all other 
groups, probably reflecting the lower pro
tein content of this formula (table 4). 
Serum albumin levels followed the same 
trend, but only the difference between the 
groups fed formulas C and F was signif
icant. Hematocrit and hemoglobin levels 
did not differ markedly, but values for the 
group fed formula E were lowest.

Differences in relative organ weights 
(table 5) were related to both level and 
quality of protein in the formulas. Except 
for relative liver weights of the group fed 
formula E, organ weights of the pigs fed 
formulas D, E, and F were higher than 
those of pigs fed formula C (table 5). 
Liver composition varied little in the four 
groups.

Carcass analysis showed little difference 
in levels of protein, fat, and ash in the four 
groups (table 5). Total protein in the car
cass of the group fed the soybean isolate 
formula C, however, was considerably 
higher than that of pigs fed the other for
mulas.

In experiment 4, the newborn pigs were 
fed simulated sow’s milk (22% protein 
calories) during the 14-day pretest period. 
They gained weight rapidly and presum
ably had good protein reserves (table 6). 
After the pigs received the four infant soy
bean formulas for 4 weeks (14 to 42 days 
of age), there were no significant differ
ences in weight gains as were found in ex
periment 3 (table 4). Caloric efficiency
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TABLE 4
Weight gain, food intake, and blood data of 17-day-old pigs fed infant soybean

formula products for 4 weeks (exp. 3)
Pretest p eriod  ( 17 d a y s ) F orm ula A

No. of animals 15

Birth wt, kg 1.2

17 day wt gain, kg 1.8±0.3 1

Formula consumed, liters 12.2

Test period (28 days)
Infant soybean formula products

c D E F

No. of animals 4 4 3 4

17 day wt, kg 3.0 3.0 2.9 3.0

17 to 45 day wt gain, kg 16.6 ± 1.9 10.9 ±  1.7 2 9.7 ±  1.6 2 7.7 ±  2.1 2

17 to 45 day food consumption
Formula, liters 92.5 85.7 83.6 61.7
Formula solids, kg 24.8 23.5 21.9 15.7
Grams gained per 1000 kcal 130 ± 1 2 98 ± 9 2 87 ± 1 2 2 90 ±11®
Grams gained per gram protein 3.5 ± 0.3 2.0 ± 0 .2 2 1 .9±  0.3 2 3.4 ±  0.4 3

Blood data
Serum protein, g / 100 ml

17 day 3.2 3.1 2.7 2.6
45 day

Serum albumin, g/100 ml
5 .0 ± 0.5 4 .6±0 .5 4.4 ±  0.4 3 .9 ±  0.1 4

17 day 1.2 1.2 1.0 0.9
45 day

Hematocrit, %
2.8 ± 0.3 2.7 ±0 .5 2.6 ±  0.3 2.2 ±  0.2 s

17 day 28.5 30.1 25.9 28.1
45 day

Hemoglobin, g/100 ml
36.6 ± 5.2 36.7 ± 2 .2 29.0 ±  3.1 6 35.0 ±  0.4

17 day 8.7 9.2 8.7 8.9
45 day 11.1 ± 1.6 11.3±0.7 9 .0 ±  0.8« 11.3 ±  0.3

1 SD.
2 P <  0.01 com pared  w ith  fo rm u la  C.
3 P <  0.01 com p ared  w tih  form u las  D  and E.
4 P <  0.05 com pared  w ith  other form u las. ' 
s P <  0.02 com pared  w ith  fo rm u la  C.
6 P <  0.02 com pared  w ith  form u las  D  and F.

(gram gain per 1000 kcal) of the soybean 
isolate (formula C), however, was consid
erably better than that of formulas D, E, 
and F. Protein utilization (gram gain per 
gram protein) was also better than found 
with formulas D and E and presumably 
with formula F based on dietary protein 
levels (table 6).

There were no significant differences in 
blood values, relative organ weights, or 
liver composition; these data are not 
shown.

Carcass composition varied considerably 
between the groups (table 6). In the pigs 
fed formulas E and F, levels of carcass 
solids and fats were significantly higher

and carcass protein somewhat lower than 
were found in the pigs fed formulas C and
D. Total carcass protein laid down in the 
group fed the soybean isolate (formula C) 
was considerably greater than in the other 
groups.

DISCUSSION
Reasonably good growth was obtained 

in colostrum-deprived newborn pigs fed 
the soybean protein isolate (plus methio
nine) formula with lactose as the carbo
hydrate. Somewhat similar results were 
obtained by other investigators feeding C-l 
assay soybean protein in a liquid formula 
containing glucose to newborn (7) and as
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TABLE 5

Organ weight, liver and carcass composition of 17-day-old pigs fed infant soybean formula products
for 4 weeks (exp. 3)

In fa n t soybean form u la  products

c D E F

No. of animals 4 4 3 4
Final body wt, kg 19.8 14.0 12.8 10.6
Organ weights

Liver, g
Liver, g/kg body wt

521
26.2 0.8 1

391
28.0 ± 1.12

330
25.9 ±2 1.2

296
28.4 2+2 3.4

Heart, g
Heart, g /kg body wt

97.9
4.9 0.3

84.5
6.1 2±: 0.6 2

79.1
6.2 2±2 0.3 2

62.7
6.1 2+2 1.0

Kidneys, g
Kidneys, g /kg body wt

112.3
5.7 2+2 0.8

121.6
8.7 0.9 2

105.2
8.3 2+22 0.5 2

62.5
6.0 2+2 0.9

Adrenals, mg 
Adrenals, m g/kg body wt

1270
64.5 ±16.4

1217
88.5 ±21.0

973
77.3 13.2

1022
99.7 ± 21.3 2

Liver composition
Solids, % 25.3 0.6 25.8 ± 0.8 25.7 2± 0.7 24.8 2+2 0.6
Fat, % 4.1 0.0 3 4.6 2+2 0.3 4.3 2+z 0.3 4.5 2±2 0.1
Protein, % 18.6 0.8 19.8 0.7 19.3 2*22 0.9 19.6 0.4
Ash, % 1.4 ±2 0.1 1.5 ± 0.0 1.5 2+2 0.1 1.4 2+2 0.1
Glycogen, % 1.3 ±2 1.1 0.6 ± 0.2 1.1 2+2 0.8 0.1 2+2 0.0

Carcass composition 4
Solids, % 50.4 ± 3.6 46.3 2±2 2.7 45.2 2±2 2,6 51.8 2+2 5.1
Fat, % 36.2 ± 4.8 30.8 2+2 3.2 29.3 2+2 3.6 37.7 2+2 6.8
Protein, % 11.9 2+2 1.4 13.4 ± 0.7 13.0 2+2 0.5 11.4 2+2 1.8
Ash, % 1.8 0.4 1.5 2±2 0.2 1.8 2±2 0.4 1.6 2+z 0.3
Total protein, g 2051 379 1547 '252 1373 ±194 1028 ±366

1 S D .
2 P <  0.05 com pared  w ith  fo rm u la  C.
3 P <  0.02 com p ared  w ith  form u las  D and F.
4 C arcass m in us gastrointestinal tract and liver.

a gruel to pigs a few days old (9). These 
studies show that with proper attention to 
carbohydrate and other nutrients in the 
formula, it should be possible to gain use
ful data about the quality of protein from 
sources other than milk in the newborn 
pig, the age most desirable for studies re
lating to the human infant.

The formulas used in these studies had 
a slightly higher caloric density than sow’s 
milk, but the levels of protein calories were 
below those required for maximum growth 
in the baby pig. Thus, the milk protein 
formulas provided a useful curve against 
which the nutritive value of the soybean 
isolate could be compared. All of the pa
rameters which were indicative of nutri
tive quality showed that the soybean 
isolate formula containing 15% protein 
calories was equivalent to approximately
12.3 to 13.5% milk protein-calorie formu

las, and indicate that the soybean isolate 
plus methionine has about 85% of the 
nutritive value of milk protein. In the rat 
it is 97% of the protein efficiency ratio 
(PER) value for casein (10).

The differences found with the formu
las containing the graded levels of milk 
protein suggest several useful parameters 
such as weight gains, plasma proteins and 
liver and carcass composition by which the 
baby pig can be used as a tool in evaluat
ing infant liquid formulas. The inverse re
lationship between liver protein and gly
cogen levels appears to be related to the 
quantity or quality, or both, of dietary 
protein and warrants further study. The 
reason for this inverse relationship is un
explained but may simply be a compensa
tory mechanism. Other investigators (11, 
12) have shown that the pig stores liver 
glycogen when fed low protein diets. Wid-
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TABLE 6
Weight gain, food intake and blood data of 14-day-old pigs fed infant soybean 

formula products for 4 weeks (exp. 4)

Pretest period (14 days) Formula B

No. of animals 20

Birth wt, kg 1.3

14 day wt gain, kg 2.4 ±  0.2 1

Formula consumed, liters 11.0

In fa n t soybean  fo rm u la  products
Test p eriod  (2 8  d a y s ) ---------------------------------------------------------------------------------------------------------------

C D  E F

No. of animals 5 5 5 5

14 day wt, kg 3.7 3.7 3.7 3.7

14 to 42 day wt gain, kg 12.7 ± 1.0 11.0± 3.3 12.2 ± 3.1 11.0 ± 1.5

14 to 42 day food consumption
Formula, liters 72.8 85.3 84.9 85.9
Formula, solids, kg 
Grams gained per

20.3 23.6 23.7 22.4

1000 kcal 
Grams gained per

123.0 ± 13.0 100.0± 7.0 2 109.0 ± 9.0 93.0 ± 11.0 2

gram protein 3.2 ± 0.3 2.1 ± 0.2 3 2.5 ± 0.2 3 3 .3 ± 0.1

Carcass composition 4
Solids, % 44.7 ± 2.8 44.5 ± 4.3 47.0 ± 2.4 2 55.4 ± 1.6 5
Fat, % 28.1 ± 3.7 28.3 ± 5.1 31.2 ± 2.7 42.3 ± 1.8 5
Protein, % 14.0 ± 0.5 14.3 ± 1.0 13.2 ± 0.8 11.8± 1.0 5
Ash, % 2.3 ± 0.3 1.9± 0.1 2.0 ± 0.4 1.7 ± 0.3

Total protein, g 1955 ±198 1697 ± 309 1722 ± 366 1434 ±155
1 SD.
2 P <  0.01 com pared  w ith  fo rm u la  C.
3 P <  0.01 com pared  w ith  form u la s  C and F.
4 Carcass m inus gastrointestinal tract and liver.
5 P <  0.01 com pared  w ith  form u la s  C and  D.

dowson (13) found that newborn pigs 
have higher levels of liver glycogen than 
usually found in most laboratory animals.

The differences between the observa
tions in the two studies on the infant soy
bean formulas demonstrate the effect that 
protein reserve status can have on subse
quent evaluation of formulas. The pig ap
pears to have the capacity to protect itself 
for some period of time against poor pro
tein nutrition (14). Thus, as found in pigs
(15) and also in rats (16), animals with 
limited protein reserves probably give a 
better estimate of protein quality than do 
protein-sufficient animals. Observations in 
pigs prefed the low protein formula are in 
agreement with protein efficiency values 
for these soybean formulas in the rat (10).

The superior nutritive value of the in
fant formula made with the soybean iso

late is due partially to the addition of 
methionine to the formula, but it may 
also be related in part to the removal of 
complex carbohydrate and other flatus- 
producing compounds found in soybeans 
(17,18).
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Bile Salt Enhancement of Riboflavin and Flavin 
Mononucleotide Absorption in Man * 1
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ABSTRACT The gastrointestinal absorption of riboflavin and flavin mononucleo
tide (FM N) was determined under control conditions and after oral administration 
of 600 mg sodium deoxycholate. When the bile salt is given prior to a 30-mg dose 
of riboflavin there is a 50 to 80% increase in total urinary recovery of apparent ribo
flavin. A similar, but less marked, enhancement is observed when the same dose 
of FMN is given with sodium deoxycholate. Urinary excretion data also suggest an 
unusually prolonged absorption of riboflavin in the presence of the bile salt. The 
possibility exists that the bile salt enhancement of riboflavin and FMN absorption 
may be due to changes in gastrointestinal motility or changes in the permeability of 
the gastrointestinal membranes to the transport of the vitamins, or both. Other 
possibilities are also explored.

Although the human nutritional require
ment for riboflavin has been recognized 
for some time, speculation still exists con
cerning the gastrointestinal absorption of 
this vitamin. Morrison et al. ( 1 ) have sug
gested that riboflavin is absorbed high in 
the human intestinal tract based upon 
the observation that peak urinary excretion 
values were obtained within 2 hours after 
oral administration of riboflavin in solu
tion or in sustained release form. Lane 
et al. (2 )  reported that the percentage of 
the administered dose of riboflavin re
covered in the urine (which reflects the 
percentage of dose which is absorbed) 
following oral administration, decreased 
with increasing dose. The latter observa
tion was confirmed by Stripp (3 ) , who 
also showed that not more than 14 to 18 
mg of riboflavin are excreted in the urine, 
independent of oral dose of riboflavin or 
flavin mononucleotide (FMN) when the 
dose exceeds 50 mg. More recently, Levy 
and Jusko studied the gastrointestinal ab
sorption of riboflavin (4 ) and FMN (5 ) in 
man and suggested the existence of a spe
cialized transport process for the vitamin 
in the upper region of the intestinal tract.

The absorption of several nutrients may 
be strongly influenced by bile salts, an 
important class of physiological surface 
active agents. Extensive research has in
dicated the importance of bile salts in 
lipid absorption (6 -8 ) . In addition, there

have been several studies implicating bile 
salts in the absorption of water-insoluble 
vitamins. These reports demonstrate that 
the absorption of vitamins A (9 -1 1 ), D 
(12 -14 ) and K (15 ) is enhanced by the 
presence of various bile salts.

Bates et al. (16 -1 8 ) have suggested, 
based on solubilization and dissolution 
studies of several water-insoluble drugs, 
that bile salts may influence drug ab
sorption by enhancing dissolution rate. 
Cavallito and O’Dell (19 ) studied the in
fluence of coadministration of sodium 
cholate and dehydrocholate on the pharma
cologic response to a quaternary hypoten
sive agent in dogs. In each case an 
apparent increase in drug absorption was 
suggested by the enhanced pharmacologic 
response. Davenport (2 0 ) reported that 
sodium taurocholate and natural bile 
markedly disrupt the gastric mucosal bar
rier in dogs as evidenced by changes in 
ionic fluxes. Studies with isolated intesti
nal segments have shown the influence of 
bile salts on nutrient (21 ) as well as drug
(2 2 ) transfer.
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A preliminary indication that bile salts 
may affect riboflavin absorption is the 
work of Onishi (23 ) who found that urso
deoxycholic acid significantly increases the 
absorption of esterified riboflavin as well 
as total riboflavin in excised dog intestine. 
The present study concerns the influence 
of an unconjugated bile salt, sodium de- 
oxycholate, on the absorption of riboflavin 
and FMN in man.

EXPERIMENTAL
Five, apparently healthy, male volun

teers, ranging in age from 24 to 29 years, 
served as test subjects. The urinary ex
cretion of riboflavin was followed after 
oral administration of riboflavin or FMN 
under the following experimental condi
tions: 1) riboflavin,4 30 mg, with and 
without 600 mg sodium deoxycholate5 
(four subjects); 2 ) FMN,6 equivalent to 
30 mg riboflavin, with and without 600 
mg sodium deoxycholate (five subjects); 
and 3) riboflavin, 5, 10, 20 and 30 mg 
with and without 600 mg sodium deoxy
cholate (one subject).

All subjects ingested the vitamin in the 
morning following an overnight fast. In 
studies involving administration of sodium 
deoxycholate, the bile salt was first dis
solved in 100 ml of water. Ten grams of 
an artificial orange juice concentrate7 
were added to the solution to mask the 
taste of the bile salt and the resulting 
colloidal dispersion was ingested 0.5 hour 
prior to ingestion of the vitamin. In con
trol studies, the equivalent amount of 
orange concentrate in 100 ml of water 
was administered 0.5 hour before the 
vitamin. Riboflavin or FMN was dissolved 
or partially dissolved 8 in 200 ml of water 
prior to ingestion.

Urine was collected immediately after 
ingestion of the vitamin and every half- 
hour for 2 to 3 hours thereafter, at hourly 
intervals for at least the next 4 hours, and 
then at convenient intervals up to 24 
hours. Where possible, on the day before 
the experiment a 24-hour control urine 
collection was made. At least two such 
collections were carried out in each 
subject. Glacial acetic acid (about 3 m l/ 
100 ml urine) was added to each urine

sample and the urine was immediately 
refrigerated (protected from light) until 
assayed within 24 hours after termination 
of urine collection.

Subjects were instructed to drink a suf
ficient quantity of water after each void
ing to maintain adequate urine volumes. In 
addition, the subjects were asked to avoid 
ingesting foods known to contain appreci
able amounts of riboflavin as well as any 
vitamin preparations and other drugs. No 
food was ingested until at least 2 hours 
after administration of the vitamin. All 
paired experiments (i.e., control versus 
sodium deoxycholate) were performed in 
a random manner and at least 1 week 
elapsed between experiments in any one 
subject.

Total riboflavin in the urine was deter
mined fluorometrically according to Levy 
and Jusko (4 ) , using a Turner fluoro- 
meter.9 Briefly, this method involves mix
ing 5 ml diluted urine with 1 ml of I n 
acetate buffer, pH 4.8. One milliliter of 
4% potassium permanganate and, subse
quently, 1 ml of 3% hydrogen peroxide 
are added. The fluorescence intensity of 
this solution is determined before and 
after reduction of riboflavin with sodium 
hydrosulfite. All data were corrected for 
blank values which averaged 0.5 m g/24 
hours of apparent riboflavin. Apparent 
riboflavin excretion was unchanged during 
the 24-hour period following the oral ad
ministration of 600 mg sodium deoxy
cholate.

RESULTS
The influence of sodium deoxycholate 

on the 24-hour total urinary riboflavin re
covery is summarized in table 1 and a 
representative plot is shown in figure 1. 
The control recovery values range from 
13 to 20% of the 30-mg dose, in agree-
4 Ruger Chemical Company, Long Island City, N. Y., 

lot no. 0069.
s Ma nn Research Laboratories, division of Becton, 

Dickinson and Company, N e w  York, N. Y., lot no. 
T3932

6 Hoffmann-LaRoche, Inc., Nutley, N. J., lot no. 
445016.

7 Tang, General Foods Corporation, White Plains, 
N. Y.

s Flavin mononucleotide is soluble in the quantity 
of water administered. Riboflavin has a water solubil
ity of about 12 m g / 100 ml at room temperature.
9 Turner fluorometer model 110, G. K. Turner Asso

ciates, Palo Alto, Calif.
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TA BL E 1
Total (24 hour) urinary excretion of riboflavin 1 

after oral administration of 30 mg riboflavin

Subject Control SDC 2
Ratio
(SDC/

control)

SF 20.2 30.2 1.50
WJ 13.5 22.5 1.67
MM 23.1 38.7 1.68
CN 15.0 26.7 1.78

1 Expressed as percentage of dose.
2 Sodium deoxycholate, 600 mg, administered 0.5 

hour before the vitamin.

Fig. 1 Cumulative amount of riboflavin ex
creted after oral administration of 30 mg ribo
flavin (subject W J). ( O )  Control; ( 0 )  sodium 
deoxycholate, 600 mg, administered 0.5 hour be
fore the vitamin.

ment with the values reported by Levy 
and Jusko (4 ) for fasting subjects taking 
the same dose in solution. When sodium 
deoxycholate was given prior to riboflavin 
there was a 1.5- to 1.8-fold increase in 
total urinary recovery. A similar, but less 
marked enhancement was observed when 
the same dose of FMN was given with 
sodium deoxycholate, as shown in table 
2 and figure 2.

The results were statistically analyzed 
by the method of paired comparisons using 
Student’s t test (24 ). Table 3 shows the 
comparisons made and the resulting levels 
of significance. Total recovery of riboflavin 
after oral administration of riboflavin or 
FMN with bile salt is significantly greater 
than the respective control values. Although 
urinary recoveries of riboflavin after oral 
administration of either riboflavin or FMN 
did not differ significantly from each 
other, there was a high level of signifi
cance between urinary recoveries after 
riboflavin with sodium deoxycholate and 
FMN with sodium deoxycholate.

TA BL E 2
Total (24 hour) urinary excretion of riboflavin 1 

after oral administration of flavin 
mononucleotide (FMN) 2

Subject Control SDC a
Ratio 
(SDC/ 

control )

LA 27.9 31.6 1.13
SF 24.5 26.2 1.07
WJ 11.3 16.5 1.46
MM 14.0 24.3 1.74
CN 14.9 18.5 1.24

1 Expressed as percentage of dose.
2 Dose equivalent to 30 m g  riboflavin.
3 Sodium deoxycholate, 600 mg, administered 0.5 

hour before the vitamin.

Fig. 2 Cumulative amount of riboflavin ex
creted after oral administration of FMN, equiva
lent to 30 mg riboflavin (subject W J). ( O )  
Control; ( ® )  sodium deoxycholate, 600 mg, ad
ministered 0.5 hour before the vitamin.
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Figure 3 shows a typical semilogarithmic 
plot of excretion rate of riboflavin as a func
tion of time after oral administration of 
riboflavin with and without sodium deoxy- 
cholate. Administration of riboflavin with 
sodium deoxycholate results in a marked 
increase in the peak excretion rate com
pared with control values. Similar results 
are observed after administration of FMN. 
The data in figure 3 also indicate a consid
erable shift in the peak excretion rate after 
bile salt administration. Peak excretion 
rate of riboflavin occurs within 1 hour after 
oral administration of riboflavin, but only

after about 2 hours when the vitamin is 
given with sodium deoxycholate. This shift 
is suggestive of a prolonged absorption of 
riboflavin in the presence of the bile salt. 
Shifts in peak excretion rates between con
trol and sodium deoxycholate experiments 
were not as evident after FMN administra
tion.

The decline in body levels of total 
flavins in the postabsorptive phase, as 
manifested by the decreasing excretion 
rates of riboflavin some time after adminis
tration, may be characterized by a rapid 
elimination and slow elimination phase, as

TABLE 3
Statistical analysis 1 of total urinary excretion of riboflavin after oral administration of 

riboflavin 2 or FMN 2 with and without sodium deoxycholate (SDC)

Comparison 1 versus 2 Level of 
significance

mean % of dose excreted
Ribofiavin(l) versus riboflavin-SDC(2 ) 18.0 29.5 p < 0.001
F M N (l) versus FMN-SDC(2) 18.5 23.4 p < 0.025
Riboflavin ( 1 ) versus FM N(2) 18.0 16.2 p > 0.1

Riboflavin-SDC( 1 ) versus FMN-SDC(2) 29.5 21.4 p < 0.025

1 Paired comparison using Student’s t test.
2 Dose equivalent to 30 mg riboflavin.

Fig. 3 Urinary excretion rate of riboflavin after oral administration of 30 mg riboflavin 
(subject W J). ( O )  Control; ( # )  SDC.
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noted in figure 3. The biexponential elimi
nation of riboflavin has been noted and 
discussed previously by Levy and Jusko
(4 ). In all experiments with FMN or 
riboflavin, with and without sodium de- 
oxycholate, the rapid elimination phase 
yielded half-lives of 0.5 to 2 hours, while 
the slow elimination phase yielded half- 
lives of 4 to 7 hours. Paired analysis of 
the half-life data clearly indicated that 
sodium deoxycholate had no significant 
effect on the elimination kinetics of ribo
flavin after the administration of either 
riboflavin or FMN. Hence, one may con
clude that differences in the excretion 
rate of riboflavin in the presence of sodium 
deoxycholate are the result of changes in 
the gastrointestinal absorption of the vita
mins when administered with the bile 
salt.

Figure 4 shows a dose-response-type 
plot of the total amount of riboflavin ulti
mately excreted in the urine after various 
oral doses of riboflavin, with and without 
sodium deoxycholate. It is evident that 
there is a considerably increased urinary 
excretion of riboflavin at all dose levels

when the bile salt is coadministered with 
the vitamin. It is also apparent that both 
curves tend to plateau as the dose in
creases. Levy and Jusko (4 ) have postu
lated that the latter phenomenon may be 
due to a specialized intestinal absorption 
process which is capacity limited.

DISCUSSION

In agreement with previous work (2 -5 ) ,  
the present results demonstrate that the 
percentage of administered dose of ribo
flavin which is absorbed after oral ad
ministration, decreases with increasing 
dose. This finding is consistent with the 
hypothesis that the absorption of riboflavin 
involves a specialized transport which is 
capacity limited (4 ). There is no evidence 
that renal excretion of riboflavin is satura
ble in the concentration range found in 
the present study (4 ). Furthermore, in 
the dose range employed, there is essen
tially quantitative urinary recovery of ab
sorbed riboflavin or FMN, as riboflavin 
(3, 4 ). It follows, therefore, that a Line- 
weaver-Burk-type plot of the reciprocal 
of the amount excreted versus the recipro-

Fig. 4 Total amount of riboflavin excreted as a function of oral dose of riboflavin 
(subject SF). ( O )  Control; ( © )  SDC.
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cal of the dose of riboflavin, should be 
linear (4 ). Evidence of this is shown in 
figure 5.

Dowd and Riggs (2 5 ), have noted that 
care must be taken in the interpretation 
of the usual Lineweaver-Burk-type plot 
since the double reciprocal plot offers the 
poorest estimate of the appropriate kinetic 
parameters. They propose that when deal
ing with values of “v” (which correspond 
to values of the amount recovered in the 
urine in the present study), where the 
error is unknown, it would be advan
tageous to plot “v” versus “v /S ” (where 
S corresponds to the administered dose) 
to obtain the best values of K,„ and V»ax. 
An analogous plot using the riboflavin 
data is shown as an inset to figure 5. 
Unweighted least square regression analy
sis of both lines yields values of 12.1 and
11.3 mg as the maximum amount of ribo
flavin which can be absorbed from the 
gastrointestinal tract of the fasting sub
ject, and values of 27 and 24.2 mg as

the dose which yields an amount absorbed 
equal to one-half of the maximum, using 
the double reciprocal plot and the “total 
amount excreted versus total amount ex
creted per dose” plot, respectively. The 
two types of plots yield values which are 
in excellent agreement and tend to con
firm the capacity-limited nature of intesti
nal riboflavin absorption. The urinary ex
cretion data obtained after administration 
of various doses of riboflavin with sodium 
deoxycholate yielded poor fits in Line
weaver-Burk-type plots.

Previous studies in this laboratory sug
gest a number of possible mechanisms by 
which sodium deoxycholate may influence 
riboflavin and FMN absorption. If the 
absorption of a material is limited to the 
upper gastrointestinal tract, as is the case 
for both riboflavin and FMN (1, 2, 4 ), 
then the residence time of the material 
at the absorption sites is a critical deter
minant of the total amount of drug which 
can be absorbed. Feldman et al. (26 )

Fig. 5 Lineweaver-Burk-type plot of the riboflavin urinary excretion data as a function 
of oral dose, as discussed in the text (subject SF). Inset shows an alternate method of 
plotting the data.
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and Feldman and Gibaldi (2 7 ) have re
cently shown that oral administration of 
sodium taurodeoxycholate and sodium de- 
oxycholate markedly inhibits gastric emp
tying and proximal intestinal transit in 
the rat. Similar effects in man would 
result in prolonged and more complete 
absorption of the coadministered vitamins. 
This possibility is consistent with the data 
obtained after oral administration of ribo
flavin as shown in figure 3. The plot 
clearly suggests that the absorption of 
riboflavin is prolonged in the presence of 
sodium deoxycholate as evidenced by the 
shift in peak excretion rate. Levy and 
Jusko (4, 5) have shown marked increases 
in riboflavin and FMN absorption upon 
administration after a standard meal, in 
contrast to the absorption observed in 
fasting subjects. They attribute this en
hancement to a decrease in gastric emp
tying due to the presence of food which

causes the vitamins to be in contact with 
optimum absorption sites in the proximal 
region of the intestinal tract for a longer 
period of time.

Changes in the permeability of the 
gastrointestinal membranes due to sodium 
deoxycholate may also account in part for 
the marked increases in the absorption of 
riboflavin and FMN. The effects of bile 
salts on membrane permeability have been 
studied extensively (20, 22, 26, 28, 29). 
The possibility that administered bile salts 
increase the permeability of the gastro
intestinal membranes to riboflavin is sup
ported by current studies in this labora
tory.10 Figure 6 shows a plot of the rate 
of transfer of riboflavin across the isolated 
everted rat intestine determined accord
ing to the method of Feldman and Gibaldi
(2 2 ), in the presence and absence of 
10 mM sodium taurodeoxycholate. A sig

10 Mayersohn, M., and M. Gibaldi, unpublished data.

Fig. 6 Mucosal-to-serosal riboflavin transfer across the everted intestine of the rat. 
( O )  Control; ( 0 )  sodium taurodeoxycholate, 10 m M . Mucosal solution concentration main
tained constant at 20 jug/ml riboflavin.
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nificant increase in the transfer rate of 
riboflavin in the presence of the bile 
salt is apparent.

In vitro studies 11 indicate that sodium 
deoxycholate can solubilize riboflavin in 
water. Approximately 156 moles of bile 
salt are required to solubilize 1 mole of 
riboflavin. Hence, the possibility must be 
considered that the detergent action of 
sodium deoxycholate simply enhances the 
solubility of riboflavin in the gastrointesti
nal tract as with certain fat-soluble vita
mins. Though FMN is considerably more 
water soluble than riboflavin, it must first 
be dephosphorylated, and then the re
sultant riboflavin may require further 
solubilization before absorption.

Another possible effect of sodium de
oxycholate could be on the intestinal mi
croflora. Yang and McCormick (30 ) 
present evidence to suggest degradation of 
riboflavin by the intestinal microorganisms. 
Inhibition of these microorganisms, for 
example by deoxycholate, may result in 
a larger fraction of drug absorbed.

A particularly interesting observation 
in the present study, which cannot be 
explained at present, is the difference in 
effect of sodium deoxycholate on riboflavin 
and FMN absorption. As shown in figures 
1 and 2, and table 3, the effect of sodium 
deoxycholate on riboflavin absorption was 
significantly greater than its effect on 
FMN absorption. Levy and Jusko (4, 5) 
present evidence which suggests that ribo
flavin and FMN are absorbed by the same 
specialized transfer process. There is ex
tensive evidence showing that FMN is 
rapidly and completely dephosphorylated 
to free riboflavin in the small intestine, 
which explains the similarity in the ab
sorption of riboflavin and FMN noted by 
Levy and Jusko (4, 5 ), and in the present 
study in the absence of bile salt. A possible 
explanation for the differences in absorp
tion between riboflavin and FMN in the 
presence of sodium deoxycholate may be 
the influence of the bile salt on the de- 
phosphorylating enzyme system. Uncon
jugated bile salts have been found to be 
very active inhibitors of a number of en
zyme systems in the intestine (21), and may 
also depress the conversion of the phos
phate ester to free riboflavin. A further

possibility which cannot be ruled out is 
that significant amounts of FMN may be 
excreted in the urine after administration 
of deoxycholate. This would be the situ
ation if a sufficient amount of bile salt 
reached the systemic circulation to inhibit 
dephosphorylation. Since the assay pro
cedure is not specific for riboflavin, the 
results would suggest a lower amount of 
“apparent” riboflavin than the true amount 
of total flavins.

LITERATURE CITED
1. Morrison, A. B., C. B. Perusse and J. A. 

Campbell 1960 Physiologic availability 
and in vitro release of riboflavin in sus
tained-release vitamin preparations. New 
Engl. J. Med., 263; 115.

2. Lane, M., J. L. Fahey, R. D. Sullivan and 
C. G. Zubrod 1958 The comparative 
pharmacology in man and the rat of the 
riboflavin analogue, 6,7-dimethyl-9(2'-ace- 
toxyethyl)-isoalloxazine,U-2112. J. Pharma
col. Exp. Therap., 122; 315.

3. Stripp, B. 1965 Intestinal absorption of 
riboflavin in man. Acta Pharmacol. Toxicol., 
22; 353.

4. Levy, G., and W. J. Jusko 1966 Factors 
affecting the absorption of riboflavin in 
man. J. Pharm. Sci., 55; 285.

5. Jusko, W. J., and G. Levy 1967 Absorp
tion, metabolism and excretion of riboflavin- 
5'-phosphate in man. J. Pharm. Sci., 56; 
58.

6. Dawson, A. M. 1967 Absorption of fats. 
Brit. Med. Bull., 23; 247.

7. Hofmann, A. F. 1966 A physiochemical ap
proach to the intraluminal phase of fat 
absorption. Gastroenterology, 50; 56.

8. Hofmann, A. F. 1963 The function of bile 
salts in fat absorption. The solvent proper
ties of dilute micellar solutions of conjugated 
bile salts. Biochem. J., 89: 57.

9. Greaves, J. D., and C. L. A. Schmidt 1935 
On the absorption and utilization of carotene 
and vitamin A in choledochocolonostomized 
vitamin A deficient rats. Amer. J. Physiol., 
I l l ;  492.

10. Olson, J. A. 1960 A requirement for 
sodium glycocholate in the intestinal con
version of /3-carotene to vitamin A in vivo 
and in vitro. Biochim. Biophys. Acta, 37; 
166.

11. Gagnon, M., and A. M. Dawson 1968 The 
effect of bile on vitamin A absorption in the 
rat. Proc. Soc. Exp. Biol. Med., 127: 99.

12. Greaves, J. D., and C. L. A. Schmidt 1933 
The role played by bile in the absorption of 
vitamin D in the rat. J. Biol. Chem., 102; 
101.

13. Taylor, N. B., C. B. Weld and J. F. Sykes 
1935 The relation of bile to the absorption 
of vitamin D. Brit. J. Exp. Pathol., 16; 302.

11 See footnote 10.



2 9 6 M . M A Y E R SO H N , S. F E LD M A N  AND M . GIBALDI

14. Heymann, W. 1937 Metabolism and mode 
of action of vitamin D. IV. The importance 
of bile in the absorption and excretion of 
vitamin D. J. Biol. Chem., 122: 249.

15. Quick, A. J., and G. E. Collentine 1951 
Role of vitamin K in the synthesis of pro
thrombin. Amer. J. Physiol., 164: 716.

16. Bates, T. R., M. Gibaldi and J. L. Kanig 
1966 Solubilizing properties of bile salt so
lutions. I. J. Pharm. Sci., 55: 191.

17. Bates, T. R., M. Gibaldi and J. L. Kanig 
1966 Solubilizing properties of bile salt so
lutions. II. J. Pharm. Sci., 55: 901.

18. Bates, T. R., M. Gibaldi and J. L. Kanig 
1966 Rate of dissolution of griseofulvin 
and hexoestrol in bile salt solutions. Nature, 
210: 1331.

19. Cavallito, C. J., and T. B. O’Dell 1958 
Modification of rates of gastrointestinal ab
sorption of drugs. II. Quaternary ammonium 
salts. J. Amer. Pharm. Assoc., Sci. Ed., 
47: 169.

20. Davenport, H. W. 1968 Destruction of the 
gastric mucosal barrier by detergents and 
urea. Gastroenterology, 54: 175.

21. Pope, J. L., T. M. Parkinson and J. A. Olson 
1966 Action of bile salts on the metabo
lism and transport of water-soluble nutrients 
by perfused rat jejunum in vitro. Biochim. 
Biophys. Acta, 130: 218.

22. Feldman, S., and M. Gibaldi 1969 Physio
logic surface active agents and drug ab

sorption. I. Effect of sodium taurodeoxycho- 
late on salicylate transfer across the everted 
rat intestine. J. Pharm. Sci., in press.

23. Onishi, N. 1956 Effect of ursodesoxy- 
cholic acid and adenosine on the intestinal 
absorption of riboflavin. Vitamins, 11: 479.

24. Snedecor, G. W., and W. G. Cochran 1967 
Statistical Methods, ed. 6. Iowa State Uni
versity Press, Ames, Iowa.

25. Dowd, J. E., and D. S. Riggs 1965 A 
comparison of estimates of Michaelis-Menten 
kinetic constants from various linear trans
formations. J. Biol. Chem., 240: 863.

26. Feldman, S., R. J. Wynn and M. Gibaldi 
1968 Effect of sodium deoxycholate on 
gastric emptying in the rat. J. Pharm. Sci., 
57: 1493.

27. Feldman, S., and M. Gibaldi 1968 Effect 
of bile salts on gastric emptying and in
testinal transit in the rat. Gastroenterology, 
54: 918.

28. Gibaldi, M., and C. H. Nightingale 1968 
Bile salt potentiation of pharmacologic ef
fects and drug uptake in goldfish. J. Pharm. 
Sci., 57: 1354.

29. Nightingale, C. H., H. J. Wynn and M. 
Gibaldi 1969 Effect of bile salt on drug 
absorption in goldfish. J. Pharm. Sci., in press.

30. Yang, C., and D. B. McCormick 1967 De
gradation and excretion of riboflavin in the 
rat. J. Nutr., 93: 445.



Effectiveness of Various Sources of Nonessential 
Nitrogen in Promoting Growth of Chicks Fed 
Carbohydrate-containing and "Carbo
hydrate-free" Diets * 1

RUTH RENNER
School of Household Economics, University of Alberta, Edmonton, 
Alberta, Canada

ABSTRACT Studies were conducted to compare the requirement of the chick for 
glutamic acid when fed “carbohydrate-free”  and carbohydrate-containing diets, and 
to determine the effectiveness of other sources of nonessential nitrogen in meeting 
this requirement. Results showed that either L-glutamic acid or L-aspartic acid could 
serve as the major source of nonessential nitrogen when nonprotein energy was 
supplied by either glucose or soybean oil; however, in the absence of dietary carbo
hydrate the requirement increased. In the absence of dietary carbohydrate when non
protein energy was supplied by soybean oil, diammonium citrate was less effective in 
promoting growth than L-glutamic acid or L-aspartic acid; DL-serine was still less 
effective, and DL-alanine and ammonium acetate almost completely failed to promote 
growth. The addition of carbohydrate to the diet markedly improved growth of chicks 
fed either diammonium citrate or ammonium acetate, but DL-alanine still failed to 
promote growth. Although DL-serine was more effective than DL-alanine, it was less 
effective than either L-glutamic acid, L-aspartic acid or diammonium citrate. Fur
ther studies showed that chicks fed a carbohydrate-containing diet in which L-alanine 
served as the major source of nonessential nitrogen grew at the same rate as chicks 
fed a similar diet containing L-aspartic acid, although slightly but significantly slower 
than chicks fed L-glutamic acid. The failure of chicks to grow when DL-alanine served 
as the major source of nonessential nitrogen in a carbohydrate-containing diet is due 
to the D-isomer.

Results of previous studies (1, 2) have 
shown that calories from fat can com
pletely replace calories from carbohydrate 
in the diet of the chick without altering 
growth rate. Since dispensable amino acids 
are derived from carbohydrate the ques
tion arose as to whether chicks fed car
bohydrate-free diets could synthesize them 
when given a source of nonessential nitro
gen, or whether they must be provided pre
formed in the diet. Because glutamic acid 
plays a key role in the synthesis of other 
dispensable amino acids, initially, studies 
were conducted to compare the require
ment of the chick for glutamic acid when 
fed carbohydrate-containing and carbohy
drate-free diets. Subsequently, experiments 
were conducted to compare the effective
ness of other sources of nonessential ni
trogen in meeting the requirement for 
synthesis of dispensable amino acids.

EXPERIMENTAL
Five experiments were conducted in 

which duplicate groups of 10 male Domi
nant White X White Plymouth Rock chicks 
were fed carbohydrate-free or carbohy
drate-containing diets in which nonprotein 
energy was supplied by soybean oil or 
a mixture of glucose and soybean oil, 
respectively.

The semipurified diets used in all ex
periments contained the constant dietary 
ingredients shown in table 1. The amino 
acid mixture was patterned after that of 
Dean and Scott (3) with the exception 
that glutamic acid was deleted from the 
mixture. When d l - forms of amino acids 
were used, the amino acids were included 
at twice the level recommended for the

Received for publication December 27, 1968.
1 Supported in part by a research grant from the 

National Research Council of Canada.
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TABLE 1
Composition of diets (exp. 1)

Carbohydrate

Containing “Free”

9 9
Constants

Amino acid mix 1 14.60
Soybean oil 15.00
Cellulose 2 5.00
Vitamin mix 3 0.51
Mineral mix 4 9.25
Antioxidant5 0.025
Chromium oxide 0.30

Variables
Glutamic acid 8.14 8.14
Cornstarch 47.18 —
Cellulose — 4.66
Soybean oil — 20.75

* A m in o  a cid  m ixture  supp lied : ( in  gram s) n-
lysine-H C l, 1.40; L-leucine, 1.20; DL-isoleucine, 1.60; 
DL-valine, 1.64; DL-m ethionine, 0.55; n-arg in ine 'H C l, 
1.33; i>histid ine*H Cl-H 20 , 0.41; DL-threonine, 1.30; 
L-tryptophan, 0.225; L-tyrosine, 0.63; n-cystine, 0.35; 
glycine , 1.60; L-proline, 1.00; and DL-phenylalanine, 
1.36.
2 Solka Floe SW-40-A, Brown Forest Products 

Limited, Montreal, Quebec, Canada.
3 Vitamin mixture supplied: (in milligrams per 100 

g diet) thiamine, 1.0; riboflavin, 1.0; Ca pantothenate, 
4.0; biotin, 0.04; pyridoxine, 2.0; niacin, 8.0; folacin,
0.3; menadione, 0.3; vitamin B 12, 0.005; choline chlo
ride, 220; inositol, 10; p-aminobenzoic acid, 0.2; 
ascorbic acid, 25; vitamin A  palmitate, 1000 USP 
units; vitamin D 3, 150 ICU; vitamin E  acetate, 3.31 IU; 
and chlortetracycline, 1.
4 Mineral mixture supplied: (in milligrams per

100 g diet) CaHP04-2H20, 4670; CaC03, 750; K H C 0 3, 
1900; NaHCOs, 1600; M n S 0 4 H 20, 33; FeS04-7H20, 33; 
M g S 0 4, 250; KI, 0.26; CuS04-5H20, 1.67; ZnC03, 11.5; 
C oC12*6H20, 0.17; N a M o 0 4-2H20, 0.76; and Na 2Se03, 0.022.
5 Ethoxyquin.

l- form, except for methionine. The min
eral mixture used was low in chloride, the
chloride requirement being met by the
hydrochlorides of the essential amino 
acids. Nonessential nitrogen was supplied 
by glutamic acid or by an isonitrogenous 
amount of some other substance or mixture 
of substances.

Carbohydrate-containing diets were for
mulated by the addition of starch to the 
constant dietary ingredients. Their carbo
hydrate-free counterparts were formulated 
by replacing starch isocalorically with 
soybean oil, using the values 4.21 and 
9.21 keal/g for the metabolizable energy 
content of starch and soybean oil, respec
tively. Extra cellulose was added to im
prove the texture of the carbohydrate-free 
diet. Because the carbohydrate-free diets 
do not total to 100, their content of non- 
essential nitrogen will be referred to as

the level present in the carbohydrate-con
taining diets from which they were de
rived.

All diets were high in energy. Calcula
tions indicated that they contained about 
24.7 kcal metabolizable energy/g protein 
in experiments 1, 3, 4 and 5, and 23.0 
kcal metabolizable energy/g protein in 
experiment 2. In some experiments, for 
comparative purposes a mixture contain
ing 93.8 parts soybean protein, 3.6 parts 
methionine and 2.7 parts glycine was sub
stituted isonitrogenously for the mixture 
of indispensable and dispensable amino 
acids.

The chicks were fed to 7 days of age 
the carbohydrate-free diet containing 24.7 
kcal metabolizable energy/g protein in 
which protein was supplied by the mixture 
of soybean protein, methionine and gly
cine, and nonprotein energy by soybean 
oil. They were then allotted on the basis 
of body weight to the experimental groups 
and fed the experimental diets to 14 days 
of age. The chicks were maintained in 
electrically heated, thermostatically con
trolled, battery brooders with raised wire- 
screen floors in a temperature-controlled 
laboratory. Feed and water were supplied 
ad libitum. Data on growth and feed con
sumption were obtained after 7 days on 
experiment. Feed wastage was determined 
daily.

RESULTS
Experiment 1 was designed to compare 

the requirement of the chick for glutamic 
acid when fed carbohydrate-containing and 
carbohydrate-free diets. Three levels of 
glutamic acid were fed, 8.14, 4.07 and 
0%. As the level of glutamic acid was re
duced, an isonitrogenous amount of am
monium acetate was added to maintain 
the calorie-to-nitrogen ratio constant.

Results summarized in table 2 show 
that in the absence of glutamic acid when 
nonessential nitrogen was supplied en
tirely by ammonium acetate, chicks fed 
the carbohydrate-containing diet grew, but 
at a significantly slower (P < 0.05) rate 
than when glutamic acid was present, 
whereas chicks fed comparable carbohy
drate-free diets failed to grow almost com
pletely in the absence of glutamic acid. 
The data indicate the requirement of the
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TA BL E 2
Effect of level of glutamic acid on growth of chicks fed diets with 

and without carbohydrate (exp. 1)

Source of 
nonessential N

W t  gain Nitrogen retention 1

Carbohydrate Carbohydrate
Glutamic

acid
n h 4

acetate Containing “Free” Containing “Free”

% % g /  d a y g  / d a y % %
8.14 — 12.0 2-° 9.6 «'d 84 c'd 88 d
4.07 2.24 11.0 a-8 7.2» 81 »■« 77 »
— 4.48 8.8« 0.8 a 79 »-« 27 a

Soybean protein 3 — 10.0 «'d 10.3 d 83 °-d 80»'«

1 (Gain in carcass protein, g/protein consumed, g) x 100.
2 Values are averages of duplicate groups. Values without a common letter in their superscript are 

significantly different.
a Dietary nitrogen supplied by a mixture containing 93.8 parts soybean protein, 3.6 parts methionine 

and 2.7 parts glycine in amounts to provide 16.9% protein.

chick for glutamic acid to be not greater 
than 4.07% when it is fed the carbohy
drate-containing diet, and between 4.07 
and 8.14% when it is fed the carbohy
drate-free diet.

In experiment 2, carbohydrate-free diets 
containing graded levels of glutamic acid 
ranging from zero to 10% were fed. Re
sults summarized in table 3 show that as 
in the preceding experiment, in the ab
sence of carbohydrate and glutamic acid, 
when nonessential nitrogen was supplied 
by ammonium acetate chicks failed to 
grow. Analysis of variance and application 
of Duncan’s multiple range test (4) to 
the data showed that chicks fed the diet 
containing 6% glutamic acid grew faster 
and consumed significantly (P < 0.05) 
more feed than chicks receiving 4% glu
tamic acid. These results indicate the

TABLE 3
Effect of level o f glutamic acid on growth of  

chicks fed “carbohydrate-free”  diets (exp. 2)

Source of 
nonessential N

W t  gain Feed
Glutamic

acid
n h 4

acetate
consumption

% % S/day g/day
10 — 8.4 >'« 9.8 «
8 1.05 8.6« 9.8«
6 2.09 8.3« 9.8«
4 3.14 6.4» 8.4 »
0

Soybean
5.23 1.0 a 4.3 a

protein2 — 9.9 d 11.1 d

1 Values are averages of duplicate groups. Values
without a common letter in their superscript are
significantly different.

3 Dietary nitrogen supplied by a mixture containing 
93.8 parts soybean protein, 3.6 parts methionine and 
2.7 parts glycine in amounts to provide 18.1% protein.

glutamic acid requirement to be approxi
mately 6% when chicks are fed carbohy
drate-free diets.

To determine the effectiveness of other 
sources of nonessential nitrogen in pro
moting growth of chicks fed carbohydrate- 
free diets, duplicate groups of chicks were 
fed diets in which nonessential nitrogen 
was supplied by L-glutamic acid, L-aspartic 
acid, diammonium citrate, DL-serine, dl- 
alanine or ammonium acetate (exp. 3). 
The level fed was 6% except in the case 
of ammonium acetate which was fed at a 
level of 5.2% . All diets were maintained 
isonitrogenous by the addition of ammo
nium acetate.

Analysis of variance and application of 
Duncan’s multiple range test ( 4 )  to the 
growth data (table 4 )  showed that l - 
aspartic acid was as effective as L-glutamic 
acid in meeting the requirement of the 
chick for nonessential nitrogen. Results 
showed, however, that diammonium ci
trate was significantly less effective (P < 
0.05), whereas DL-serine and DL-alanine, 
like ammonium acetate, could not serve 
as the sole source of nonessential nitrogen 
for chicks fed carbohydrate-free diets.

The results of a similar experiment 
(exp. 4 )  comparing the effectiveness of 
L-glutamic acid, L-aspartic acid, diammo
nium citrate, DL-serine, DL-alanine and 
ammonium acetate in promoting growth 
of chicks fed carbohydrate-containing 
diets are also summarized in table 4.  Be
cause results of experiment 1 indicated 
the requirement of the chick for glutamic 
acid in the presence of dietary carbohy-
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TABLE 4

Effect of source of nonessential nitrogen on growth and feed consumption when chicks are 
fed “carbohydrate-free”  and carbohydrate-containing diets

Source of 
nonessential N

Exp. 3 Exp. 4
“Carbohydrate-free” Carbohydrate-containing

Wt gain Feed
consumed Wt gain Feed

consumed
g/day g/day g/day g/day

L-Glutamic acid 1 8.1 2-' 10.3 d 9 .8 ' 18.1 b
L-Aspartic acid 1 8.1 0 9.9 d 11.4 ' 19.2 b
(NH4>2 citrate 1 5.4 b 8.6 c 9 .8 ' 18.6 b
DL-Serine 1 2.8 a 4.8" 5.0» 11.0 a
DL-AIanine 1 1.4 a 3.9 a 1.5 a 9.0 a
NH4 acetate 3 1.3 a 5.1 b 9 .6 ' 18.9 »
Soybean protein * — — 9.8 ' 19.2 b

1 Level of incorporation was 6 %  in experiment 3 and 4 %  in experiment 4. Diets maintained 
isonitrogenous by the addition of ammonium acetate.

2 Values are averages of duplicate groups. Values without a common letter in their superscript are 
significantly different.

3 Level of incorporation was 5.19% in experiment 3 and 4.19% in experiment 4.
4 See table 2, footnote 2.

drate to be not more than 4% , all sources 
were incorporated at this level. Ammo
nium acetate was added to maintain the 
same level of nitrogen in all diets.

Analysis of variance and application of 
Duncan’s multiple range test (4) to the 
data on growth and feed consumption in
dicated that glutamic acid, aspartic acid, 
diammonium citrate and ammonium ace
tate were equally effective in promoting 
growth and feed consumption of chicks 
fed carbohydrate-containing diets and sig
nificantly (P < 0.05) more effective than 
either DL-serine or DL-alanine. The observa
tion that ammonium acetate was as effec
tive as glutamic acid in promoting growth 
of chicks fed carbohydrate-containing 
diets was in contrast to results of experi
ment 1, which showed that ammonium 
acetate was less effective than a mixture 
of glutamic acid and ammonium acetate. 
The reason for this discrepancy was not 
apparent.

Comparison of the results of experi
ments 3 and 4 (table 4) also indicates 
that DL-serine is more effective in pro
moting growth of chicks fed carbohydrate- 
containing diets than carbohydrate-free 
diets. Whether this is due to the source 
of energy, or to the difference in level fed 
(4 against 6% ) awaits further study.

To determine whether the growth-de
pressing effect of DL-alanine was due to 
the racemic mixture fed or to the 
level in the diet, or both, chicks were fed

carbohydrate-containing diets in which 
nonessential nitrogen was supplied by iso
nitrogenous amounts of L-alanine, DL- 
alanine or a mixture of DL-alanine and 
ammonium acetate supplying one-half as 
much DL-alanine (exp. 5). For compara
tive purposes chicks were also fed diets 
in which nonessential nitrogen was sup
plied by L-glutamic acid, L-aspartic acid, 
asparagine and ammonium acetate. Data 
summarized in table 5 show that, as in 
experiment 4, chicks consumed less feed 
and faded to grow when DL-alanine served 
as the major source of nonessential nitro
gen. Analysis of variance and application 
of Duncan’s multiple range test (4 )  to 
the data on growth and feed consumption 
showed that chicks fed L-alanine as the 
major source of nonessential nitrogen grew 
at the same rate and consumed similar 
amounts of feed as chicks fed a compara
ble diet containing aspartic acid. In this 
experiment, both growth and feed con
sumption of chicks fed L-alanine were 
slightly but significantly lower than chicks 
fed L-glutamic acid. Thus, it can be con
cluded that the failure of chicks to grow 
when DL-alanine serves as the major 
source of nonessential nitrogen in a carbo
hydrate-containing diet is due to the d - 
isomer. The results also show that replac
ing 50% of the DL-alanine by an 
isonitrogenous amount of ammonium ace
tate reduced the growth-depressing effect, 
but chicks still grew less rapidly and con-
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TABLE 5
Effect of source of nonessential nitrogen on 
groivth and feed consumption ivhen chicks 

are fed carbohydrate-containing diets 
(exp. 5)

Source of 
nonessential N Wt  gain Feed

consumption
Variable Level

% g / d a y g / d a y

L-Glutamic acid 7.98 11.3 '*• 18.7 d-e
L-Aspartic acid 7.22 10 .8 18.0 '-d
Asparagine 3.58 10 .0 <*-' 18.0 c'a
DL-Alanine 4.83 0.9 * 6.4 a
DL-Alanine 2 2.42 4.7 b 1 1 .0 »
L-Alanine 4.83 9.2 '-d 16.2'
N H 4 acetate 4.18 7.8' 16.2'
Soybean protein 3 — 1 1 .6  B 20.3 •

1 Values are averages of duplicate groups. Values 
without a common letter in their superscript are sig
nificantly different.

2 Am mo ni um acetate (2.09%) added to maintain 
diet isonitrogenous.

3 See table 2, footnote 2.

sumed less feed than chicks receiving 
ammonium acetate as the major source 
of nonessential nitrogen.

That the growth depressing effect of 
DL-alanine cannot be overcome by deleting 
other D-amino acids from the diet was 
shown in subsequent studies2 in which 
DL-alanine was added to diets in which 
nitrogen was supplied by a mixture of 
soybean protein, glycine and methionine. 
Results showed that the addition of 2.42% 
DL-alanine to the diet depressed growth 
by 33%.

DISCUSSION
The observation that chicks fed carbo

hydrate-free diets were unable to use am
monium acetate as a source of nonessential 
nitrogen, but could use ammonium citrate, 
suggests that the effectiveness of ammo
nium salts as a source of nonessential ni
trogen depends on whether the anion is 
glucogenic or ketogenic. Because nones
sential amino acids are glucogenic in 
origin, this finding supports our previous 
observation (5 )  that the ability of the 
chick to synthesize carbohydrate precur
sors from triglycerides is limited.

Studies showed that the requirement of 
chicks for glutamic acid was increased 
when carbohydrate was deleted from the 
diet, thus giving additional support to the 
concept that the ability of the chick to 
synthesize carbohydrate from triglyceride

is limited. Since L-aspartic acid was just 
as effective as L-glutamic acid in meeting 
this requirement it can be concluded that 
the requirement is not specific. Whether 
L-alanine or L-serine would be as effective 
as L-aspartic acid and L-glutamic acid in 
promoting growth of chicks fed carbohy
drate-free diets was not determined.

The response of chicks fed carbohy
drate-containing diets to ammonium ace
tate as a source of nonessential nitrogen 
was variable. In experiment 4, it was found 
to be as effective as L-glutamic acid, l - 
aspartic acid and diammonium citrate, 
whereas in experiments 1 and 5, it was 
approximately 70% as effective as L-glu
tamic acid. The reason for this discrepancy 
was not apparent.

Results of experiment 4 (table 4) 
showed that with diets containing carbo
hydrate, diammonium citrate was as 
effective as L-glutamic acid in meeting 
the requirement of the chick for nones
sential nitrogen. This observation is in 
contrast to results recently reported by 
Scott et al. (6 ) who found that the iso
nitrogenous substitution of diammonium 
citrate for 10% L-glutamic acid reduced 
weight by 20%.

The observation that D-alanine, when 
incorporated in the diet at a level of 
1.21%, reduced feed intake and growth 
is in agreement with results reported by 
Adkins et al. (7 ). They found that the 
addition of 1.25% D-alanine depressed 
growth by about 50% . More recently 
Sugahara et al. (8 )  reported that D-alanine 
at the 1% level caused slight growth re
tardation.

Whether the decreased effectiveness of 
DL-serine as a source of nonessential ni
trogen is due to the D-isomer was not 
determined. Sugahara et al. (8 )  reported 
no growth depression when 1.90% d - 
serine replaced 1.90% L-serine in semi- 
purified diets containing crystalline amino 
acids as the sole source of nitrogen.

Greene et al. (9 )  observed growth de
pression when a mixture containing 
2.16% DL-alanine, 2.28% L-aspartic acid 
and 4.40% DL-serine was added to an 
amino acid diet containing 12.85% glu
tamic acid. They suggested that the

2 Unpublished data.
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growth-depressing effect might be due to 
an unfavorable ratio of essential amino 
acids to nonprotein nitrogen in the ration. 
Results of the present studies suggest that 
DL-alanine and DL-serine may have con
tributed to the growth depression.
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Relationship of Maternal Dietary Zinc during 
Gestation and Lactation to Development 
and Zinc, Iron and Copper Content 
of the Postnatal Rat1,2

MARION R. KETCHESON,3 GEORGE P. BARRON AND DENNIS H. COX
Division of Biological Health, College of Human Development, 
Pennsylvania State University, University Park, Pennsylvania

ABSTRACT High levels (0.2 and 0.5% ) of zinc were fed to adult female rats be
ginning at zero-day age of the fetus and continued to day 14 of lactation to study the 
development and iron, copper, and zinc status of zero- and 14-day-old postnatal rats. 
The results were compared with rats fed a basal diet containing 9 ppm zinc. Growth 
reduction, in terms of dry matter content, was characteristic of the zero- and 14-day-old 
young from mothers fed 0.5% zinc. Though no anatomical malformations were ob
served, the incidence of stillbirths was high in the 0.5% zinc group. Young from moth
ers fed 0.2% zinc were larger in body size than those from mothers fed the basal diet. 
Total zinc and concentration of zinc were elevated in zero- and 14-day-old young by 
both high zinc diets. Young from mothers fed 0.5% zinc contained higher levels of 
zinc than those from mothers fed 0.2% zinc. Bodies of newborn young from mothers 
fed 0.5% zinc contained significantly less total iron and concentration of iron, whereas 
the liver contained significantly more iron. At 14 days of age the whole animal and 
body of young from mothers fed 0.5% zinc contained significantly less total iron and 
concentration of iron. Liver iron in these young was lower than found in the liver of 
newborn, and total iron and concentration of iron in the liver were similar for all 
groups. Total copper and concentration of copper in the whole animal and body of the 
newborn rats were not altered due to treatment. Total copper and concentration of cop
per in the liver were significantly lower only in the newborn from mothers fed 0.5% 
zinc. After 14 days, total copper and concentration of copper were significantly lower 
in the whole animal, liver and body of young from mothers fed either zinc diet than 
in ycung from mothers fed the basal diet. In general, a larger reduction in copper oc
curred in the young from the 0.5% zinc treatment. Mothers fed 0.2% zinc gained more 
weight during gestation. Dietary treatments had no effect on body weights during lacta
tion. Livers of maternal animals fed excess zinc contained elevated zinc, and reductions 
in both iron and copper.

The effect of excess (0.2 and 0.4% ) 
zinc in the diet of the female rat on de
velopment and zinc, iron, and copper con
tent of the fetal rat has been reported (1). 
Variable degrees of resorption and retarda
tion of fetal development, but no external 
anatomical malformations, were observed 
in 15-to 20-day-old fetuses from mothers 
fed 0.4% zinc. The type of change and its 
severity depended upon the length of time 
mothers were fed 0.4% zinc. None of the 
manifestations was noted in rat fetuses 
from mothers fed 0.2% zinc. Concomitant 
with an elevation of the content of zinc 
in the fetuses from mothers fed 0.4% zinc 
were reductions in iron and copper levels 
similar to those reported (2—5) for the 
weanling and adult rat fed excess zinc. No 
elevation of zinc or change in iron was 
found in fetuses from mothers fed 0.2%

zinc, but the copper content was reduced. 
The present investigation was designed to 
study the effect of excess zinc in the diet 
of the rat during gestation and lactation 
on development and zinc, iron and copper 
contents of the postnatal rat.

EXPERIMENTAL PROCEDURES
Nulliparous albino rats,4 ranging in 

weight from 200 to 275 g, were individual-
R eceived  fo r  p u b lica tion  D ecem ber 19, 1968.
1 C ollege o f  H um an D evelopm ent R esearch  P u b lica 

tion  no. 253. A pproved  fo r  p u b lica tion  A ugust 23, 
1968, as paper no. 3468 in  the jou rn a l series o f  the 
P en n sy lvan ia  A gricu ltu ra l E xperim ent Station.

2 Supported in  part by P ub lic  H ealth  Service R e
search G rant no. HD-02103 from  the N ationa l Institute 
o f  C hild  H ealth  and H um an D evelopm ent.

s Subm itted to the G raduate School, P ennsylvania  
State U niversity, in  partia l fu lfillm en t o f  the require
m ents fo r  the M.S., 1968. Present address: 1615 Jules 
Poitras, St. Laurent, Q uebec, Canada.

4 CFE strain o f  Sprague-D aw ley rats obta ined  from  
C arw orth , N ew  City, N . Y.

J. N u t r it io n , 9 8 : 303-311. 303



304 M . R. KETCH ESON , G. P . BARRON AND D. H. COX

ly housed in galvanized wire cages and re
ceived feed and distilled water ad libitum. 
The composition of the basal diet was as 
follows: (in percent) casein,5 20; sucrose, 
62; cellulose,6 3; corn oil, 10; salt mix
ture,7 4; and vitamin mixture,8 1. Excess 
zinc diets were made by the incorporation 
of either 0.2 or 0.5% zinc as zinc oxide 
into the basal diet. Zinc content of the bas
al diet was 9 ppm.

Mating was performed as previously de
scribed (6). The day sperm were found in 
the vaginal smear was designated as day 
1 of gestation, and rats were randomly as
signed, 10 to each diet, to either a basal, 
0.2% zinc, or 0.5% zinc diet. Near the end 
of pregnancy, animals were observed fre
quently, and, in most cases, pups were de
tected shortly after birth and before they 
had suckled. Four pups from each litter 
were randomly selected and killed. Livers 
were excised and pooled, and the bodies 9 
were pooled for analyses. Milk was re
moved from the stomachs of pups that had 
suckled. The remaining young in the litter 
were reduced to six in number and re
turned to their mothers, which were con
tinued on their respective diets during lac
tation. At day 14 of lactation, mothers and 
pups were killed. Dry weights of liver, body 
and whole animal of the six pups were de
termined, and tissues of three pups were 
randomly selected for mineral analyses. 
Maternal livers were excised and rinsed 
with distilled water. Livers of pups were 
removed and pooled for analyses; bodies 
were analyzed separately. Therefore, the 
value for the whole animal10 is the mathe
matical sum of the determined values for 
body and liver.

All specimens were dried to a constant 
weight at 100°. With the exception of 14- 
day-old bodies, specimens were wet digest
ed with nitric and sulfuric acids. The 14- 
day-old bodies were ashed at 500° for 24 
hours. Ash was dissolved in 5 ml of 30% 
(v/v) hydrochloric acid, and made to the 
appropriate volume with distilled water. 
Samples were analyzed for zinc (7), iron, 
using the 1,10-phenanthroline method 
(8), and copper (9). Data were analyzed 
statistically by analysis of variance and 
Duncan’s (10) multiple range test.

RESULTS

Data illustrating the effect of excess 
dietary zinc during gestation and lacta
tion on litter size and dry weight of whole 
animal, liver, and body of postnatal rats 
at birth (zero-day age) and 14 days of age 
are presented in table 1. Values were not 
included for a control mother that had 
only four pups and for two animals fed 
0.5% zinc that had all stillborn animals.

Number of viable young per litter was 
not different between treatments. No ex
ternal anatomical malformations were ob
served. In addition to the stillborn animals 
found in the rats fed 0.5% zinc, four still
born animals were born to mothers fed 
0.2% zinc. Edema was a characteristic fea
ture of the stillborn animals from mothers 
fed 0.5% zinc, but not for those from 
mothers fed 0.2% zinc.

Dry weights of the whole animal and 
body of zero- and 14-day-old postnatal 
young from mothers fed 0.5% zinc were 
significantly less than those from mothers 
fed the basal or 0.2% zinc diets. Dry 
weights of the whole animal and body of 
zero-day-old young from mothers fed 0.2% 
zinc were significantly greater than young 
from mothers fed the basal diet. The aver
age weight of the 14-day-old animals from 
mothers fed 0.2% zinc was larger than 
those from mothers fed the basal diet, but 
the difference was not significant. No sig
nificant difference in liver dry weight was 
found between groups at birth. At 14 days, 
however, the liver dry weight of young 
from mothers fed 0.5% zinc was signifi
cantly less than that of young from moth
ers fed the basal or 0.2% zinc diets.

Data showing the total amount (micro
grams) and concentration (parts per mil-

5 V itam in -free casein , G eneral B iochem ica ls  Inc., 
C hagrin  Falls, Ohio.

6 A lph acel, N utrition al B iochem ica ls  C orporation , 
C leveland, Ohio.

7 Jones, J. H ., and  C. Foster 1942 J. N utr., 24: 
245 (ob ta in ed  from  N utrition al B iochem ica ls  C orpora
tion , C leve lan d ).

8 V itam ins in  cornstarch , am ount per k ilogram  diet: 
v itam in  A , 20,000 IU ; v itam in  D, 2200 IU ; ( in  m illi
gram s) ascorb ic  acid , 1017; vitam in  E as a -tocopheryl 
acetate, 485; inosito l, 110; ch o lin e  d ihydrogen  citrate, 
3715; m enad ion e, 49.6 ; p -am inobenzoic a cid , 110; 
n ia cin , 99.2; riboflav in , 22; pyrid ox in e-H C l, 22; thia- 
m m e-H C l, 22; Ca pantothenate, 66; b io tin , 0 .44 ; fo lic  
a cid , 1.98; and  v itam in  B 12, 29.7 fig (ob ta in ed  from  
G eneral B iochem ica ls  Inc., C hagrin  F a lls ).

9 In  this report, the term  b ody is used to m ean  the 
w h ole  an im al m inus the liver. W hole-an im al values 
are the m athem atical sum  o f  the determ ined values 
fo r  liver and body.

10 See footn ote  9.
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lion) on a dry weight basis of zinc, iron, 
and copper in the whole animal, liver, and 
body of zero- and 14-day-old young from 
mothers fed the various diets are tabulated 
in tables 2, 3, and 4.

Total zinc and concentration of zinc in 
the whole animal, liver, and body of new
born young from mothers fed either high 
zinc diet were significantly higher than 
those from mothers fed the basal diet. The 
whole animal and body of newborn ani
mals from mothers fed 0.5% zinc contain
ed a significantly higher zinc concentra
tion than those from mothers fed 0.2% 
zinc. Total zinc, however, was not higher. 
No significant difference in zinc content 
was found in the livers of young from 
mothers fed diets containing 0.2 or 0.5% 
zinc.

At 14 days, the whole animal, liver, 
and body of pups from mothers fed 0.5% 
zinc contained significantly more total 
zinc and a higher concentration of zinc 
than pups from mothers fed the basal 
diet. Whole animals and bodies of young 
from mothers fed 0.2% zinc contained 
higher total zinc and concentration of zinc 
than young from mothers fed the basal 
diet; only total zinc was significantly dif
ferent. Livers of young from mothers fed 
0.2% zinc contained a significantly high
er concentration of zinc, but not total zinc, 
than the livers of young from mothers fed 
the basal diet. Livers of pups from mothers 
fed 0.5% zinc contained significantly 
more total zinc and concentration of zinc 
than those of mothers fed 0.2% zinc.

No significant differences were found 
between treatments in total iron and con
centration of iron in the whole animal of 
newborn rats; however, the trend did in
dicate lower values in animals from moth
ers fed zinc. Bodies of young from moth
ers fed 0.5% zinc contained significantly 
less total iron and concentration of iron 
than those from the control group, and 
significantly less total iron than those of 
young from mothers fed 0.2% zinc. In 
contrast, the livers of newborn from moth
ers fed either high zinc diet contained 
significantly more total iron and concen
tration of iron than the livers of young 
from mothers fed the basal diet. Iron con
centration was significantly less in the 
bodies of young from the 0.2% zinc group
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compared with those from the basal group. 
Total iron was also less in the body, but 
the difference was insignificant.

At 14 days, the whole animal and body 
of young from the 0.5% zinc treatment 
contained significantly less total iron than 
those of animals from mothers fed 0.2% 
zinc or basal diet. No difference was found 
between the 0.2% zinc and basal groups. 
Based on concentration, the whole animal 
and body of postnatal animals from both 
experimental treatments contained signif
icantly less iron than those in the basal 
group. Instead of a high liver iron as ob
served for newborn animals in the experi
mental groups, total iron and concentra
tion of iron in the liver of 14-day-old young 
were similar for all groups.

No significant changes were found be
tween treatments in total copper and con
centration of copper in the whole animal 
and body of the newborn rat. Total cop
per and concentration of copper in the 
liver of young from the 0.5% zinc treat
ment were significantly less than in the 
liver of young from the basal or 0.2% 
zinc diets. No difference in liver copper 
was found between the newborn young 
from mothers fed 0.2% zinc and mothers 
fed the basal diet.

Total copper and concentration of cop
per were significantly lower in the whole 
animal, liver, and body of 14-day-old 
young from mothers fed either zinc diet 
compared with those from mothers fed 
the basal diet. The whole animal from 
the 0.5% zinc group contained significant
ly less total copper and the liver signifi
cantly less total copper and concentration 
of copper than the whole animal and liver 
from the 0.2% zinc group.

Changes in zinc and iron content in 
young between zero and 14 days of age 
were an increase in total and a decrease 
in concentration, irrespective of treatment. 
The largest increase in liver total iron oc
curred in young from mothers fed the bas
al diet. Change in liver copper content 
between zero and 14 days varied between 
treatments. Total copper increased about 
10-fold in the livers of young from the 
basal treatment, but only approximately
5- and 4-fold in the livers of young from 
the 0.2 and 0.5% zinc treatments, respec
tively. A more striking observation was

the absolute increase in liver copper. 
There was a change from 1.0 to 4.1 ug 
in the young from mothers fed 0.5% 
zinc compared with 2.7 to 28.9 ug in young 
from mothers fed the basal diet. Concen
tration of liver copper increased marked
ly in young from mothers fed the basal 
diet, but remained about the same in the 
liver of young from mothers fed the ex
cess zinc diets. Total copper increased and 
concentration of copper decreased in the 
body and whole animal between zero and 
14 days of age.

Data illustrating body weight, daily feed 
intake, and length of gestation period of 
maternal animals fed the various dietary 
regimens are tabulated in table 1. Values 
showing the amount of zinc, iron, and 
copper expressed as total (micrograms) 
and concentration (parts per million) on 
a dry weight basis in the maternal liver 
are shown in table 5.

No significant difference in maternal 
body weight was found between treat
ments at parturition and day 14 of lacta
tion, although weight of mothers fed 0.2% 
zinc was consistently higher at these times. 
Also, the young of these mothers were 
larger at birth and 14 days than those in 
the other groups. No loss in body weight 
of the mothers occurred during lactation. 
Slight variations between groups occurred 
in daily feed intake of the mothers; how
ever, the differences were not significant. 
Though the average length of gestation 
was about 1 day longer for the mothers 
fed the high zinc diets, the difference 
was insignificant.

Livers of maternal animals in both ex
perimental groups contained a significant
ly higher total zinc and concentration of 
zinc than livers of animals in the basal 
group. Total zinc and concentration of 
zinc were significantly higher in livers of 
animals fed 0.5% zinc than in the liver 
of animals fed 0.2% zinc. Significant re
ductions occurred in total iron and copper 
and in concentration of these minerals in 
the liver of animals fed the diets contain
ing additional zinc.

DISCUSSION
Nourishing the rat during development, 

from the embryo to weanling animal, is 
accomplished by intrauterine and mam-
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mary transfer of nutrients, through de
generating cells of the uterine epithelium, 
maternal blood via the allantoic and yolk- 
sac placentas, and milk. The kind and 
amount of nutrients available to the pre
natal and postnatal animal will neither 
be the same nor remain constant during 
gestation and lactation because the com
position of epithelial cells, the nutrients 
transferred via the placentas, and the 
composition of milk are influenced by the 
nutritional status of the mother. It is 
recognized that changes in nutrient avail
ability, owing to the nutritional status of 
the mother, during these stressful periods 
can cause subtle and marked anatomical 
and physiological alterations in the young.

Excess zinc (0.5% ) in the diet of the 
maternal rat beginning at day 1 of preg
nancy caused a diminution in body size 
(in terms of dry matter content) of the 
newborn and stillborn animals. No ex
ternal anatomical malformations were evi
dent. In previous work (1), the reduction 
in body size, the stillborn animals, and 
the lack of anatomical malformations were 
also observed for the 15- to 18-day-old 
fetus from mothers fed 0.4% zinc. Other 
than small body size, the 14-day-old post
natal rat from mothers fed 0.5% zinc did 
not develop additional change in their 
physical appearance. Of interest, zero- and 
14-day-old young from mothers fed 0.2% 
zinc had a larger body size than young 
from mothers fed the basal diet. This ob
servation would tend to indicate that the 
requirement for zinc during gestation and 
lactation is in excess of the 9 ppm of zinc 
in the basal diet.

Zinc content was higher in the new
born and 14-day-old animals from mothers 
fed either 0.2 or 0.5% zinc compared with 
young from mothers fed the basal diet. 
Although a high zinc content was noted 
in the 14-day-old young from mothers fed 
the diets containing excess zinc, there is 
apparently a limit in the amount of zinc 
that can be transferred across the mam
mary barrier. Miller et al. (11) reported 
that 1000 ppm dietary zinc gave the same 
concentration of zinc in bovine milk as 
did 2000 ppm. Irrespective of diet, total 
zinc was consistently higher in the 14-day- 
old young compared with the newborn. 
Spray and Widdowson (12) reported that
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there was an increase in body zinc of the 
rat during growth, and that a high pro
portion of this zinc was associated with 
skin and hair. This apparent high require
ment for zinc for synthesis of these epi
dermal structures is easily provided in 
milk, which is high in zinc (13).

At birth, a reduced iron content was the 
trend in the whole animal containing an 
elevated zinc content. There was a signifi
cant diminution in body iron but a signifi
cant increase in liver iron, and the value 
for whole-animal iron was the summation 
of these two levels. Similar results were 
found (1) for the 18-day-old fetus. High 
iron content in the liver with concomitant 
high zinc may be the result of reduced 
activity of liver xanthine oxidase, which 
is related to the release of iron from ferri
tin stores in the fetus (14). A reduction of 
the activity of xanthine oxidase was found
(15) in the adult rat fed excess zinc.

A significant reduction in iron content 
due to excess zinc was noted in whole 
animal and body at day 14 of postnatal 
age. Although liver iron was higher in the 
newborn from mothers fed zinc, indicating 
an aberration in iron utilization, at 14 days 
liver iron was similar in all groups, which 
suggests utilization. This is difficult to ex
plain if xanthine oxidase was being in
activated by zinc. Possibly other mechan
isms are involved in iron mobilization; 
for example, ceruloplasmin. Ceruloplas
min has been proposed (16) as being in
volved in promoting iron saturation of 
transferrin and possibly other iron-con
taining proteins and enzymes, and con
sequently the overall iron turnover in the 
body. However, the reduced activity of 
ceruloplasmin in rats fed excess dietary 
zinc 11 (17) makes the suggestion of its 
involvement tenuous. It should be empha
sized that since neither xanthine oxidase 
nor ceruloplasmin was completely inac
tivated in animals fed zinc, there exists 
the possibility of adequate activity to be 
effective in mobilizing iron. Finally, if the 
iron in the liver of the zero- and 14-day- 
old rats is in the form of ferritin, the ob
servation of an elevated liver iron in the 
newborn and subsequent release during 
the 14 days of lactation in rats with an 
elevated zinc content would tend to con
tradict the hypothesis (18) that zinc in

terferes with iron incorporation and re
lease from ferritin.

Other than the antagonism of zinc with 
iron and copper in tissues of the 
young during lactation, the low iron and 
copper contents found in the 14-day-old 
rat may be the result of less iron and cop
per in milk of mothers fed zinc. Reduced 
iron and copper content in the milk could 
be due to either zinc interfering with pas
sage of the minerals through the mam
mary barrier or a reduction in the iron 
and copper stores in the mother. In addi
tion, a reduction in the volume of milk 
could cause an overall diminution in daily 
intake of iron and copper.

Various factors can lower the volume 
of milk of the lactating animal. Pertinent 
to this study, Mueller and Cox (19) show
ed a reduction in milk volume by increas
ing the calcium content in the diet of the 
lactating rat. Miller et al. (11) reported 
no alteration in milk production of the 
lactating dairy cow fed 2000 ppm zinc. 
Reduction in the growth rate of young 
could be a sign of a reduction in milk 
volume. In this regard, the 14-day-old post
natal rat from mothers fed excess zinc 
contained less dry matter than those from 
mothers fed the basal diet. This difference 
may be a reflection of the small amount 
of dry matter at birth; however, the per
centage increase in dry matter was 1063, 
1005 and 922% for young from mothers 
fed basal, 0.2% zinc and 0.5% zinc diet, 
respectively. The small difference in in
crease in dry matter between animals fed 
the various diets does not appear suffi
ciently large to indicate an appreciable re
duction in milk volume.

Direct evidence concerning the level 
of iron and copper in the milk of mothers 
consuming excess zinc is not available. 
Though rat milk is high in iron compared 
with cow milk and human milk (20), 
and the level is maintained relatively con
stant during lactation (21), it is not high 
enough to maintain the body iron concen
tration found at birth (12). The amount 
of copper in rat milk is similar to that of 
iron (20), but there is a progressive de
crease in amount during lactation (21).

n  Lee, D. D., and  G. M atrone 1968 R estoration  
o f  serum  ceru lop lasm in  synthesis in  serum  o f  rats 
w ith  z in c in d u ced  copper deficiency . Federation  P roc., 
27: 482 (a b s tra ct).
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Hence, even during normal lactation the 
content of iron and copper in rat milk is 
low, and may be insufficient to adequately 
meet the growth demands of the postnatal 
animal. Consequently, a factor that could 
reduce the level of these minerals in milk 
would affect the level in the tissues of the 
young, and would adversely affect meta
bolic activities.

Rat milk normally contains a relatively 
high concentration of zinc and adequately 
provides for the production of fur and 
growth of the animal. Zinc is increased 
in milk of the bovine (11, 22) and porcine
(23) fed high levels of dietary zinc. This 
infers an elevation of zinc in the mam
mary tissue, and suggests the possibility 
of an interference with the normal metab
olism of iron and copper in the gland 
and their transfer to milk.

Since mothers fed excess zinc show 
signs of iron and copper deficiency, it is 
suggested that a decreased supply of these 
minerals is available for transfer to the 
milk. No data were found in the literature 
demonstrating an adverse effect of an 
iron deficiency in the maternal animal on 
iron content of the milk. Beck (24) noted 
that the copper content of milk from cows 
and ewes grazing copper-deficient pastures 
was considerably below the content in milk 
of animals fed normal diets.

No loss in body weight was found in 
mothers during 14 days of lactation. In 
contrast, Spray (13) reported a decline 
of nearly 20% in the body weight of rats 
during the 15-day postparturition period.
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Dietary Fat and the Inhibition of Hepatic 
Lipogenesis in the Mouse * 1

JOHN R. SABINE,2 HOPE McGRATH3 a n d  S. ABRAHAM3
Departments of Physiology-Anatomy and Nutritional Sciences, 
University of California, Berkeley, California

ABSTRACT We have examined the effects of dietary fat upon lipogenesis from 
l-14C-acetate by slices of mouse liver, under two sets of conditions: a) a high fat 
diet (15% corn oil) was fed for 1 to 5 days, following zero, 1 and 2 days of fasting; 
and b ) corn oil, safflower oil, coconut oil, tricaprylin, tripalmitin, triolein, oleic acid 
and mineral oil (all at 10% of the diet) were fed for 3 days, with no prior fasting. 
Of the high fat diets only those high in linoleic acid suppressed fatty acid synthesis. 
Corn oil reduced fatty acid synthesis in nonfasted mice, and suppressed the usual 
“ adaptive hyperlipogenesis” found after fasting and refeeding. From this work, and 
that of others, it is now clear that any alteration in hepatic lipogenesis induced by 
the inclusion of fat in the diet will depend not only on the fatty acid composition 
of the fat, but also on the level in the diet, the length of time it is fed, the animal 
species and age examined, and on whether the studies are conducted in vivo or 
in vitro.

Since the early studies of Boxer and 
Stetten (1) and Bernhard and Steinhauser
(2), many workers have examined the 
effects of variations in diet upon subse
quent hepatic lipogenesis, both in vivo 
and in vitro. Recently this work has con
centrated upon two aspects: a) “meal
feeding” versus “nibbling,” i.e., intermittent 
periods of fasting and feeding as opposed 
to feeding ad libitum (3-7); and b) the 
so-called “feedback inhibition” of synthetic 
pathways, particularly of fatty acids (7— 
10) and of cholesterol (11-14).4

Chaikoff and his colleagues (10, 15, 16) 
have examined various aspects of “feed
back” inhibition of fatty acid synthesis,
i.e., the depression of synthesis of long- 
chain fatty acids following the feeding 
of a high fat diet. Their work (10) in
dicated that various fats, corn oil, vegetable 
oil, hydrogenated vegetable oil, lard, when 
fed for 3 days were equally effective in 
suppressing fatty acid synthesis from 
acetate by slices of rat liver. Our initial ob
servations with mice,5 however, suggested 
that at least in these animals different fats 
in the diet varied considerably in their 
ability to suppress fatty acid synthesis by 
liver slices. In the studies presented here 
we examined this problem further. Thus, 
we included in the experimental diets fats 
and triglycerides of predominantly differ

ent fatty acid compositions, so that we 
could obtain information as to possible dif
ferences between the particular fatty acids 
in their ability to influence hepatic fatty 
acid synthesis.

Allman and Gibson (17) have reported 
that dietary addition of corn oil or methyl 
linoleate, but not of methyl palmitate or 
methyl oleate, lowered within 2 days the 
high level of fatty acid synthesis observed 
in livers of mice that had been made 
deficient in essential fatty acids (by feed
ing for 18 days a diet containing 2% 
coconut oil as its only source of fatty 
acids). We observed the effects of feeding 
various fats without prior inducement of 
a deficiency syndrome, and the effects of 
refeeding after fasting. Jansen et al. (7) 
have recently reported similar work, but 
they measured lipogenesis from glucose
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fo r  C ancer R esearch , Inc.

2 Present ad d ress : D epartm ent o f  A n im al P hysio logy , 
W aite A gricu ltu ra l R esearch  Institute, U niversity o f  
A delaide, G len O sm ond, 5064, Australia.

3 Present ad d ress : B ruce L yon  M em oria l R esearch  
Laboratory , C h ildren ’ s H ospital M ed ica l Center, Oak
land , C aliforn ia .

4 G ould, R. G., and C. B. T aylor 1950 E ffect o f  
d ietary cholesterol on hepatic cholesterol synthesis. 
Federation  P roc., 9 : 179 (a b s tra ct).

5 U npublished  observations.

312 J .  N u t r it io n , 9 8 : 312-318.
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in vivo, rather than from acetate in vitro 
as we have done. Our results were es
sentially similar to theirs.

EXPERIMENTAL
Anim als and diets. Male mice of the 

C57 L/J strain were obtained at weaning.6 
They were housed at constant temperature 
and illumination in individual cages, with 
sawdust bedding, and when not receiving 
an experimental diet they were offered 
a commercial laboratory ration7 ad lib
itum. Water was freely available at all 
times.

The experiments were divided into two 
parts. In experimental series 1 we ex
amined the inhibition of hepatic fatty acid 
synthesis from acetate caused by feeding 
for 1 to 5 days a high fat diet (15% corn
oil) as opposed to a fat-free diet, and the 
effects of these two diets (table 1) when 
offered after either 1 or 2 days of fasting. 
In experimental series 2 we examined the 
effects on fatty acid synthesis of including 
in the diet, for 3 days, the following sub
stances: corn oil,8 safflower oil,9 coconut
oil,10 tricaprylin, tripalmitin, triolein, oleic 
acid and mineral oil. These were all in
cluded as 10% of the diet, replacing an 
equal weight of cellulose from the fat-free 
diet shown in table 1. All experimental 
diets were offered ad libitum, and we 
measured the amount eaten by each ani
mal.

In all cases the mice were killed between 
8:30 and 1 0 : 0 0  a m , and for those fasting

TABLE 1 
Diets

Ingredient
Composition

Fat free High fat
% %

Glucose 50 50
Casein 1 22 22
Salt mixture 2 6 6
Defatted liver 3 2 2
Vitamin B mixture 4 1 1
Cellulose 5 19 4
Corn o i l6 0 15
1 V itam in -free  casein , N utrition al B ioch em ica ls  

C orporation , C leveland, Ohio.
2 Salt m ixture  USP X IV , N utrition al B iochem ica ls  

C orporation .
3 Jayron pow der, V ioB in  C orporation , M on tice llo , 111.
4 H ill, R ., N. Baker and I. L. C haik off 1954 J. 

B iol. Chem ., 209 : 705 (see  ref. 3 5 ).
5 A lph acel, N utrition al B ioch em ica ls  C orporation .
6 M azola , C orn  P roducts C om pany, N ew  York , N . Y.

all food, but not water, was removed at the 
appropriate time prior to this.

Incubation procedures. The animals 
were killed by cervical fracture, and their 
livers quickly removed and placed into 
ice-cold, Krebs-Henseleit, bicarbonate buf
fer (18), pH 7.3. Tissue slices, approxi
mately 0.4 mm thick, were cut with a 
Mcllwain-Buddle tissue chopper (19). For 
experimental series 1 we used 200 mg of 
slices, with 2.0 ml of the Krebs-Henseleit 
buffer, containing 4.0 nmoles of potassium
l-14C-acetate. In experimental series 2 we 
used 100 mg of slices, 1.0 ml of buffer, 
and 2.0 nmoles of potassium l-14C-acetate. 
All incubations, in duplicate, were per
formed in glass, center-well flasks (20) 
fitted with self-sealing rubber serum caps, 
and were carried out under an atmosphere 
of 95% 0 2 and 5% C02. The flasks were 
shaken mechanically for 2 hours at 37°. 
Metabolism was stopped by injection, 
through the rubber cap, of either 1.0 or 
0.5 ml of 0.2 n  H2 SO4 . A previous report
(21) described in detail procedures for 
the extraction and counting of 14C-labeled 
C02, long-chain fatty acids and cholesterol.

RESULTS AND DISCUSSION
E ffects o f  dietary fat (1 5 %  c o m  oil), 

w ith and w ithout prior fasting. Figure 1 
shows the fluctuations in body weights 
and relative liver weights of mice that 
were fed the high fat and fat-free diets 
(table 1) for up to 5 days, following 
zero, 1 and 2 days of fasting. These ex
periments involved 64 mice. Just as Jan
sen et al. (7) had found, the animals 
receiving the high fat diet put on slightly 
more weight, and recovered weight more 
quickly after fasting, than did those re
ceiving the fat-free diet (fig. 1). These 
differences, though not statistically signifi
cant, probably reflect the higher caloric 
value of the high fat diet, since there 
were no appreciable differences between 
the amounts eaten of the two diets.

The conversion of l-14C-acetate to C02, 
long-chain fatty acids and cholesterol by

6 Jackson  Laboratory , B ar H arbor, Me.
7 P urina  L aboratory C how , R alston  P urina Com 

p an y, St. L ou is, Mo.
8 M azola, C orn Products C om pany, N ew  York, N . Y.
9 P acific V egetable Oil C orporation , R ich m on d , C alif.
10 Durkee Fam ous Foods, G lidden  C om pany, Berke

ley, C alif.
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Fig. 1 Effects of fasting and of dietary fat 
on liver and body weights of mice. C57 L /J  mice 
were fed either a fat-free or a high fat (15% 
corn oil) diet, with and without prior fasting. 
Body weights were calculated as a percentage 
of starting weight of each animal, liver weights 
as a percentage of body weight at killing. Each 
point represents the mean of all determinations. 
The study involved 64 animals.

liver slices from these animals is shown 
in figure 2. As was expected (4, 7, 8, 22, 
23) fasting caused a pronounced fall in 
hepatic synthesis of fatty acids.11 * * Refeed
ing with the fat-free diet brought about 
a great increase in synthesis, to a level 
well above that of the control value, i.e., 
the value found for animals on a stock 
ration. This increase is the “adaptive hy- 
perlipogenesis” described by Tepperman 
and Tepperman (3). Recovery of fatty 
acid synthesis, following 1 day of refeeding 
the fat-free diet after 2 days of fasting, 
was to about the same level as that found 
after a fast of 1 day. As seen in figure 1, 
the recovery of body weight on refeeding 
after fasting showed this same pattern.

In contrast to the fat-free diet, the high 
fat diet caused substantially lower levels

Fig. 2 Effects of fasting and of dietary fat 
on conversion of l-14C-acetate to C02, long-chain 
fatty acids and cholesterol by slices of mouse 
liver. C57 L /J mice were fed either a fat-free or a 
high fat (15%  corn oil) diet, with and without 
prior fasting. Liver slices were incubated, in 
duplicate, with l -14C-acetate, as described in text. 
Each point represents the mean of determinations 
on from 2 to 5 animals, with a total of 64 animals 
involved. Application of the t test revealed the 
following statistical significances for differences 
in levels of fatty acid synthesis between livers 
of animals on different diets: a) high fat versus 
fat free, at all time intervals, 5% or better; b ) 
stock ration versus 16-, 24- and 48-hour fasting, 
2% or better; c )  stock ration versus fat free, not 
significant; d ) stock ration versus high fat, 5% or 
better, except day 3; e ) fasting versus fat free, 
1% or better; and f )  fasting (48 but not 24 
hours) versus high fat, 2% or better.

of fatty acid synthesis, when offered both 
with and without prior fasting (fig. 2). 
Thus, the corn oil both caused a depression 
in synthesis from the control (stock ration)

ii In this paper “synthesis” of fatty acids or cho
lesterol refers to the incorporation by tissue slices
of the i4C of l-14C-acetate into fatty acids and cho
lesterol, respectively.
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level, and very greatly reduced the in
crease from the fasting level found with 
animals refed the fat-free diet. The experi
ments of Jansen et al. (7), when corn 
oil was fed for 3 days, showed the same 
results. In our experiments the difference 
between the effects of the fat-free and 
the high fat diets was clearly evident even 
after 1 day, and was more pronounced 
after 2 or more days. We have already 
reported (21) that the depression of fatty 
acid synthesis caused by feeding this high 
fat diet can be reversed within 3 days 
by feeding the fat-free diet.

In general, the changes in cholesterol 
synthesis (fig. 2) paralleled the changes 
in fatty acid synthesis— a fall on fasting, 
a great increase on refeeding with the 
fat-free diet and a much smaller increase 
with the high fat diet. In these experi
ments, and in those of Jansen et al. (7) 
with mice, the high fat diet suppressed 
cholesterol synthesis, whereas with rats 
Hill et al. (10, 15), using similar diets, 
found an increase in hepatic synthesis 
of cholesterol from acetate after feeding 
fat. We have no explanation of this, apart 
from a possible species difference. Many 
other workers have looked for a relation
ship between the rates of synthesis of 
fatty acids and of cholesterol in both rats 
and mice, but with conflicting results. 
Bortz (24) has recently discussed this 
work.

The changes in acetate oxidation (fig.
2) caused by the various dietary regimes 
may reflect some alteration in the overall 
operation of the acetate-activating and 
acetate-oxidizing enzymes of these livers. 
These alterations, however, do not appear 
to be of sufficient magnitude, nor con
sistently in the same direction, to account 
for the differences in lipogenesis.

E ffects o f  various vegetable oils, trigly
cerides, oleic acid and m ineral oil. Diets 
containing these substances (at 10%) 
were offered for 3 days, without prior 
fasting. Synthesis of fatty acids from 
acetate by liver slices was compared be
tween these animals and those receiving 
the fat-free diet. Table 2 shows that there 
were no significant differences between 
the intakes of the various diets, nor between 
the liver weights or body weights of the

animals eating these diets. Also, the ability 
of the liver slices to oxidize acetate was 
not appreciably altered by the various 
diets (table 2), indicating little or no 
significant changes in the operation of the 
acetate-activating and acetate-oxidizing en
zymes.

By comparison with the fat-free diet, the 
only diets to cause significant depression 
of fatty acid synthesis from acetate by 
the livers of these animals were those con
taining corn oil or safflower oil (table 2). 
The other substances tested, coconut oil, 
tricaprylin, tripalmitin, triolein, oleic acid 
and mineral oil, all failed to suppress fatty 
acid synthesis.

The major proportions of the various 
long-chain fatty acids found in the dietary 
fats and oils used in these experiments are 
shown in table 3. It would appear that 
linoleic acid (Cis )̂ in the diet may be of 
major importance in the “feedback” in
hibition of hepatic synthesis of fatty acids, 
since only those diets high in this fatty 
acid were effective in reducing fatty acid 
synthesis. This is in agreement with the 
work of Allman and Gibson (17) and 
Allman et al. (25) with rats and mice, but 
not with that of Tepperman and Tepper- 
man (26), Bottino et al. (27), Reiser et al.
(28) nor Bhattathiry (29), all of whom 
used rats. The Teppermans (26) reported 
that in experiments similar to ours, but 
with rats, saturated coconut oil was 
equally as effective as, or even better than, 
corn oil in reducing the incorporation of 
14C-acetate into long-chain fatty acids by 
liver slices, although the reduction in lipo
genesis was to about 50% of control 
values, compared with 13 to 22% in our 
experiments. Bottino et al. (27) found 
that with adult rats the inclusion in the 
diet of 15% tripalmitin, triolein or trilino- 
lein all greatly depressed the incorporation 
in vivo of 3H-acetate into carcass lipids. 
These workers, however, had fed the diets 
for 1 to 3 months, following a fat-free 
diet. Reiser et al. (28) found, also with 
rats, that triglycerides containing short-, 
medium- and long-chain fatty acids all 
depressed apparent hepatic fatty acid syn
thesis in vivo from 14C-acetate, although 
trilinolein and safflower oil were the most 
effective. These diets, however, contained
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TABLE 3
Fatty acid composition of dietary oils

Fatty 
acid 1

Percentage of total fatty acids

Coconut 
oil 2

Corn 
oil 3

Safflower
oil4

C8:0 5.2
CiO:0 5.6
Ci2:0 43.8
Ci4:0 20.8 0.5
Ci6:0 11.1 12.6 17.4
Ci6:l 0.1
Cl8;0 10.0 2.3 1.8
Ci8:l 3.5 28.5 10.0
Ci8:2 54.0 67.9
Ci8:3 2.5 2.4
C20:4 0.1

1 Number of carbon atoms ¡number of double bonds.
2 Analysis by courtesy of Dr. M. A. Williams, De

partment of Nutritional Sciences, University of Cali
fornia, Berkeley.

3 Determined by the authors, using gas-liquid 
chromatography following saponification (30% K O H  
at 90°) and formation of the methyl esters as pre
viously described (36).

4 Castor, W. O., H. Mohrhauer and R. T. Holman 
1966 J. Nutr., 89: 217 (see ref. 37).
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30% fat, and were fed for 2 weeks. Bhat- 
tathiry (29) found that at a dietary level 
of 10% both palm oil and olive oil (neither 
of which contains appreciable linoleic 
acid) depressed hepatic synthesis of fatty 
acids in vitro in weanling and adult rats, 
but not to the same extent as we are re
porting here for diets containing linoleic 
acid.

It has become increasingly clear from 
all this work that any alteration in hepatic 
lipogenesis subsequent to the inclusion of 
fat in the diet will depend not only on the 
fatty acid composition of the fat, but also 
on the level in the diet, the time for which 
it is fed, the animal species and age ex
amined, and whether the studies are con
ducted in vivo or in vitro.

Several years ago Bortz et al. (16) re
ported that the block in fatty acid synthesis 
caused by feeding fat was localized at 
the enzyme, acetyl-coenzyme A carboxylase 
(EC. 6. 4. 1. 2). Since that time many 
workers (30-32) have shown that this 
enzyme can be inhibited in vitro by adding 
long-chain fatty acids or fatty acyl-coA 
derivatives to the incubation medium. 
Recently Bortz (24) has shown an in
crease in the hepatic level of acyl-coA 
within 2 hours of feeding fat (com oil), 
with a concomitant reduction in fatty 
acid synthesis. This is strong evidence
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that the “feedback” inhibition of synthesis 
of fatty acids caused by feeding fat is due 
to an increased tissue level of acyl-coA, 
which in turn inhibits acetyl-coA car
boxylase. Taketa and Pogell (33) and Dor
sey and Porter (34), however, have re
cently argued strongly against ascribing a 
regulatory role in vivo to acyl-coA on the 
basis of its inhibitory effect on a wide 
range of enzyme systems.

There appears to be no ready explana
tion as to why, in our experiments, the 
various dietary fats differed in their ability 
to suppress fatty acid synthesis. As dis
cussed above, there is some evidence that 
linoleic acid may be important, or even 
essential, but this evidence is not conclu
sive. Because we did not measure the 
fatty acid composition of the livers, we 
are unable to say what effect the various 
fats and oils in the diet had on the relative 
proportions of the various fatty acids pres
ent in the tissue. The different diets could 
have differentially affected linoleate utili
zation or metabolism. It is also possible 
that the intestinal absorption of the fats 
varies, the “nonsuppressors” being ab
sorbed less. This would most certainly be 
the case with the mineral oil. We have no 
evidence for or against this point except 
to note that all diets were equally effective 
in maintaining body weight (table 2), so 
differential absorption, if present, may 
have been of only limited extent. Bortz 
and Lynen (30) have shown that different 
acyl-coA derivatives vary in their ability 
to inhibit acetyl-coA carboxylase, with the 
longer-chain ones generally being more 
effective. Different dietary fats possibly 
may vary in their ability to give rise to 
those acyl-coA derivatives that are most 
effective in suppressing fatty acid syn
thesis.
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ABSTRACT Rats have been raised on rations containing alpha-protein as the sole 
source of nitrogen, and growth and liver vitamin A levels have been observed as a 
function of the rate of methionine supplement in the presence and absence of DDT. 
Increasing the level of methionine supplement in increments from zero to 4 g/kg pro
duced a progressive increase in the growth of male rats. Females showed maximum 
growth when the methionine level was 1.0 g/kg. In the absence of added methionine 
DDT depressed growth, but at levels greater than 1.0 g/kg DDT stimulated growth. 
The level of vitamin A stored in the liver was depressed by feeding DDT, with the 
response being dependent on the level of methionine in the diet. The most pronounced 
reduction was observed with the unsupplemented ration, and the DDT effect was vir
tually eliminated when methionine was added at a level of 4 g/kg. A mechanism has 
been proposed for this interaction based on the action of DDT and methionine on the 
processes responsible for the absorption and transport of vitamin A.

Certain pesticides have been used so ex
tensively that they have become almost 
ubiquitous in the environment. Numerous 
allegations have been made as to the pos
sible consequences of general exposure to 
these substances; however, little evidence 
is available to substantiate or refute these 
statements. This impasse stems from the 
fact that it is difficult to evaluate the toxi
cological hazard of a long-term, low-level 
exposure to a chemical, taking all possible 
variables into account.

One variable which, to date, has received 
little attention in this regard is nutritional 
status and its possible interaction with a 
toxic stress. Phillips (1) has demonstrated 
that DDT can reduce the extent to which 
dietary vitamin A is stored in liver. Diel- 
drin produced a comparable effect when 
fed in a low protein diet (2). Although the 
chemical levels used in these diets were 
high relative to those observed in food
stuffs, such observations illustrate the po
tential effect of a chemical on nutritional 
status. Conversely, it has been observed 
that the vitamin A status of an animal can 
influence the toxicity of bromobenzene
(3). Thus, a toxic stress can influence 
nutritional status and, conversely, nutri
tional status can affect the response to a 
chemical.

In this laboratory we have chosen to 
explore the possible interaction between 
the nutritional stress of feeding poor qual
ity protein, a-protein of soy beans, and the 
toxicological stress of DDT exposure. This 
particular protein is deficient in the sulfur- 
containing amino acids, especially methi
onine. Rats were raised on a-protein rations 
with varying levels of methionine supple
ments and the effect of DDT on growth 
and liver vitamin A levels noted.

EXPERIMENTAL
Ration com position . The semipurified 

ration described in a previous publication
(4) was composed of 22% protein as 
a-protein,3 4 4% salts, 5% fat and 67% car
bohydrate. Adequate amounts of micro
nutrients were added as pure compounds
(4). Vitamin A was added as vitamin A 
acetate to give a level of 3000 ug/kg of 
ration. Analytical standard p,p'-DDT1 was 
incorporated into the ration, dissolved in 
the oil to give a level of 150 ppm. Supple-
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ments of DL-methionine were added at the 
expense of the protein.

E xperim ental design. This paper sum
marizes the results of two experiments 
varying only in the levels of methionine 
supplementation. In experiment 1 zero,
1.0, 2.0, and 4.0 g/kg were used; in experi
ment 2 zero, 0.5, 1.0, and 4.0 g/kg were 
used. Results of experiment 1 suggested 
that a supplement of 1.0 g/kg produced a 
significant response and hence the mini
mum level of methionine supplement was 
reduced in experiment 2. In both experi
ments these four ration levels were fed in 
the presence and absence of DDT, mak
ing a total of eight dietary groups in each 
study.

Eight (4 male and 4 female) 28-day- 
old weanling rats from our closed colony 
of Wistar rats were weaned to each of the 
experimental diets making a total of 64 
rats in each experiment. Rations were fed 
ad libitum. The animals were housed in 
individual cages, weighed weekly and ob
served for the incidence of any gross symp
toms of toxicity or nutritional stress. Food 
intakes were recorded in experiment 2. 
After 12 weeks the animals were killed and 
samples of liver tissue taken for analysis.

Analytical procedures. Vitamin A con
centrations in liver were determined using 
a spectrophotometric procedure with cor
rections for irrelevant absorption (5). Ab
sorption curves were determined with a 
spectrophotometer.5 The procedures used 
for statistical analysis have been described 
by Li (6).

RESULTS
Growth. Growth curves illustrating the 

influence of the methionine variable are 
given in figure 1. Lower levels of methio
nine resulted in a longer lag phase. Be
cause the growth rate in all dietary groups 
was essentially linear from 2 to 6 weeks 
after being placed on experiment, the 
weight gain over this period has been used 
to analyze the effects of the experimental 
variables.

The average weight gains for this time 
interval are listed in table 1. Statistical 
analysis has been conducted using obser
vations from those dietary groups common 
to both experiments. The level of methi
onine supplement was found to have a

Fig. 1 Influence of methionine supplements 
on the growth of male rats raised on rations con
taining 22% a-protein and 150 ppm DDT.

highly significant effect on growth rate, 
which observation is consistent with that 
of Barnes et al. (7) that this amino acid 
is limiting in soybean protein. In addition, 
both sex and DDT were found to interact 
in a significant manner with the methio
nine variable (table 2).

Male and female rats responded quite 
distinctly to increasing levels of methio
nine supplement. Males showed a progres
sive increase in growth rate with the in
creasing levels of methionine supplement, 
whereas female rats showed a maximum 
growth rate when the methionine was 
added at the rate of 1.0 g/kg. The DDT 
interaction stems from the fact that in the 
absence of a methionine supplement a de
pression in growth rate is observed, where
as a stimulation of growth is observed in 
the presence of higher levels of a methi
onine supplement. A stimulation of growth 
has been observed in other studies in this 
laboratory using comparable levels of DDT. 
It is of interest to note that 0.5 g methio- 
nine/kg of ration produced an increase in 
growth rate, but was not sufficient to over
come completely the deleterious effect of 
the DDT (table 1, exp. 2).

5 Cary Model 11, Cary Instruments, Monrovia, Calif.
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TABLE 1
E ffe c t  o f  m e th ion in e  su p p lem en t and D D T  on  g row th  —  avera ge w e ig h t gains (g )

from  2 to  6 w eek s

Methionine level (exp. 1) Methionine level (exp.2)
level 0 1.0 2.0 4.0 0 0.5 1.0 4.0

ppm g/kg g/kg g/kg g/kg g/kg 9/kg g/kg g/kg
Male 0 63 90 110 120 55 81 91 116

150 45 97 121 135 53 70 103 126

Female 0 62 70 61 56 61 65 74 73
150 52 82 77 70 50 59 76 70

TABLE 2
Methionine and sex, and methionine and DDT — 

interactions influencing growth rate — mean 
weight gain from 2 to 6 weeks

Methionine Sex D D T  level
level Male Female 0 150

9/kg
0 53 56

ppm
60

ppm
49

1.0 95 75 81 89
4.0 124 67 91 100

Least significant difference, 8 g (P —  0.05); and 
11 g (P =  o.01).

TABLE 3
DDT and methionine effect on average daily food 

intakes (g solids/day)

D D T
level

Methionine level

0 0.5 1.0 4.0

ppm g/kg g/kg g/kg g/kg
0 14.7 14.9 15.3 15.5

150 13.8 14.9 15.3 15.3

Least significant difference, 1.2 g (P =  0.05).

Only the methionine variable and, of 
course, sex were found to have a signif
icant effect on the average daily food in
takes calculated over the 12-week feeding 
period (table 3). Data from males and

females are combined and differences due 
to DDT and the methionine variable are 
listed. There is a suggestion that DDT re
duced food intake in the absence of the 
methionine supplement, but the difference 
observed was not statistically significant.

Liver vitam in A storage. The data fisted 
in table 4 summarize mean values for total 
fiver vitamin A as influenced by the level 
of methionine supplement and by the level 
of DDT. The data from each experiment 
were analyzed statistically and, in addi
tion, an analysis was made using observa
tions from those dietary groups common 
to both experiments. Sex produced no sig
nificant effect when “total fiver vitamin A” 
rather than “mass per unit of tissue” was 
used as an index of storage level; hence, 
this variable is not incorporated in table 4, 
the values for males and females being 
combined. Comparable relationships are 
observed when vitamin A levels are ex
pressed as mass per fiver per 100 g body 
weight.

From the results of experiment 1 it is 
apparent that DDT reduced the level of 
fiver vitamin A and that methionine added 
at the rate of 1.0 g/kg alleviated this con
dition somewhat. In the absence of DDT

TABLE 4
Influence of methionine and DDT on total liver vitamin A (mg/liver)

Methionine
level

D D T  level (exp. 1) D D T  level (exp. 2) D D T  level (composite)

0 150 0 150 0 150

g/kg ppm ppm ppm ppm ppm ppm
0 0.590 0.163 0.591 0.282 0.591 0.222
0.5 — — 0.723 0.318 — —
1.0 0.664 0.416 0.679 0.414 0.674 0.414
2.0 0.614 0.414 — — — —
4.0 0.614 0.607 0.907 0.838 0.763 0.723

Least significant difference,
P =  0.05 0.118 0.183 0.125
P =  0.01 0.158 0.244 0.166
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the level of vitamin A in the liver was in
dependent of the rate of methionine sup
plement. The data from experiment 2 were 
somewhat more variable and a significant 
effect of methionine on liver vitamin A was 
observed in the absence of DDT. In com
parison with experiment 1 a supplement 
of 4.0 g methionine/kg produced rather 
higher levels of liver vitamin A, other 
values being fairly comparable. In the 
presence of DDT, methionine had to be 
added at a level greater than 1.0 g/kg to 
produce a significant increase in liver vita
min A over that observed in the unsup
plemented group of animals. It was most 
significant, however, that in both experi
ments, DDT produced a marked reduction 
in the level of liver vitamin A, except 
when methionine was added at a level of
4.0 g/kg.

The analysis of composite data from 
both experiments indicated that in the ab
sence of DDT, increasing the level of me
thionine supplement from zero to 4.0 g/kg 
produced a 30% increase in the level of 
vitamin A in the fiver. Koyanagi and Oda- 
giri (8) have reported a similar response. 
In the presence of 150 ppm DDT the same 
change in dietary methionine produced a 
threefold increase in the level of fiver vita
min A. DDT produced a marked reduction 
in vitamin A storage except for the dietary 
group receiving the highest rate of methi
onine supplement. With the possible excep
tion of the unsupplemented groups, food 
intakes cannot be a factor in interpreting 
these results (table 3). These data would 
both confirm the observations of Phillips
(1) and at the same time introduce an
other factor — the methionine status of 
the animal — upon which the DDT re
sponse depends.

DISCUSSION
The fact that DDT depressed growth on 

an a-protein ration would suggest that 
DDT reduces the biological value of this 
protein, possibly by imposing some addi
tional demand for methionine, or interfer
ing with its utilization. In view of the 
complex nature of amino acid interactions 
and definition of protein values, such a 
conclusion would be somewhat premature 
and more intensive studies would be re
quired before any definitive statements

could be made concerning this interaction. 
The situation is complicated further by the 
fact that with higher levels of methionine 
in the diet DDT can stimulate growth.

To account for the DDT-methionine in
teraction as it influences vitamin A stor
age, one might postulate that methionine 
is required both for the detoxication of 
DDT and the storage of vitamin A. The 
additional demand imposed by the toxic 
stress could then limit the storage of vita
min A. This hypothesis, however, would 
not be consistent with our observation that 
an increase in the rate of methionine sup
plement also increased the amount of DDT 
and its metabolites stored in the fiver (9).

An alternative and more plausible hy
pothesis is that both DDT and methionine 
interact in some fashion in the absorption 
and transport of vitamin A. This process, 
recently reviewed by Roels (10) involves 
first the hydrolysis of the ester to the alco
hol, in which form it is absorbed into the 
mucosal cell and esterified with a fatty 
acid, predominantly palmitic acid. It is 
stored in the fiver in this form after trans
port via the lymphatics and the blood 
stream. The transfer of the vitamin A ester 
from the mucosal cell into the lymphatics 
is dependent on chylomicron formation
(11) and appears to be the limiting step 
in the absorption and transport of vitamin 
A (12). Chylomicron formation and subse
quent lipid transport depend on the synthe
sis of the required proteins in the intestine
(13), and ethionine — a methionine an
tagonist — inhibits lipid transport through 
this mechanism ( 14). Thus, limiting levels 
of methionine would be expected to influ
ence the formation of chylomicrons, and 
consequently, the transport of the vitamin 
A ester. Further experiments would be re
quired to establish if amino acids other 
than methionine would produce a compa
rable response.

At present it is not clear whether the 
vitamin A ester is carried in the chylo
micron in simple lipid solution or bound 
to some specific acceptor protein. The for
mation of such a complex may be neces
sary to protect the compound from break
down as has been postulated for vitamin A 
alcohol which is bound to a specific ac
ceptor protein in blood plasma (15). Gan
guly et al. (16) have suggested that the
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level of specificity observed in the absorp
tion of carotenoids and vitamin A might be 
explained by the formation of such com
plexes. Such a protein might be synthe
sized in the intestine and could also be 
dependent on the availability of methio
nine. DDT could affect the association of 
the vitamin A ester with the chylomicron 
or its binding to some acceptor protein.

The ability of some chemical to influ
ence vitamin A storage through such a 
mechanism would depend on its affinity 
for and effect on the acceptor system, with 
a response being observed only under con
ditions where the transporting system be
came limiting. Such a situation may be 
achieved either by the administration of 
high levels of vitamin A, or by reducing 
in some fashion the level of the acceptor. 
The former condition is illustrated by some 
of Phillips’ data (1) taken from rats which 
had been raised for 60 days on rations 
which contained 100 ppm of DDT (table
5). DDT produced a significant depression 
in liver vitamin A when a single oral dose 
of the vitamin was given and the rats killed 
24 hours later. Under these conditions the 
DDT response was more pronounced with 
the higher dosage of vitamin A. DDT had 
no effect on the storage of vitamin A when 
the two were fed concomitantly in the diet. 
In this instance the rats would be ingest
ing in small increments about 27 to 30 ug 
vitamin A a day, assuming a daily intake 
of 15 g of solids. With such a low rate of 
intake one could postulate that the level 
of acceptor system was not limiting even 
in the presence of the DDT and no effect 
on storage results. The reason that DDT 
produced an effect in our studies could be

TABLE 5
Influence of rate of vitamin A intake 

on DDT e ffe c t1

Total liver vitamin A, /¿g

D D T
level Single dose Concomitant

feeding

260 190 27

ppm ß9 ß9 M/day (est.)
0 35.4 11.0 169

100 11.4 6.7 165

Percentage
reduction 68 39 0

1 Phillips, W. E. 
Physiol., 41: 1793.

J. 1963 Can. J. Biochem.

attributed to a limiting level of the ac
ceptor system resulting from the protein 
stress. In addition the dietary level of vita
min A was somewhat higher, 3000 against 
1800 ag/kg.

Compounds other than DDT should be 
active if the interaction is not stereospe
cific. Thus, it is of interest to note that 
dieldrin also reduced the level of liver vita
min A, and that the response was more 
pronounced when the dieldrin was fed in 
a low protein diet (2).

Although other possibilities exist, the 
proposed mechanism can account for pres
ent experimental data. Kinetic studies in 
rats with lymph duct fistulas are needed 
to confirm the basic hypothesis. Also, in
formation is required on the nature of the 
association of vitamin A ester with chylo
microns, and how DDT might affect such 
a system.

One must reserve judgment on the pub
lic health implication of this interaction 
pending the completion of further experi
ments designed to define the minimum 
effect levels of DDT as they are influenced 
by protein nutrition.
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ABSTRACT Lactate dehydrogenase (LDH) (EC. 1.1.1.27) was present in five 
isozymic forms in rat epididymal adipose tissue from rats fed a complete diet; LDH-I 
(most anodal electrophoretically) was present in low concentration. Thiamine de

ficiency resulted in a reduction of specific activity (units per milligram soluble protein) 
of total LDH, but a marked increase in LDH-I and LDH-II. Feeding thiamine-deficient 
rats a complete diet restored the LDH-isozyme distribution pattern to control character
istics. The shift in LDH-isozyme distribution pattern with thiamine deficiency was 
suggestive of an increase in the activity of the gene responsible for the synthesis of 
the H subunit.

Recent work from this laboratory (1) 
demonstrated that lactate dehydrogenase 
(LDH) (EC. 1.1.1.27) was present in five 
isozymic forms in rat epididymal adipose 
tissue, with LDH-I (most anodal elec
trophoretically) present in lowest concen
tration in normal rats. The relative dis
tribution of the five LDH isozymes was 
significantly altered by metabolic stress 
such as prolonged fasting (1) or diabetes.2 
Such variation in relative concentration 
of the LDH isozymes implies some type of 
selective control of enzyme synthesis. 
Since each isozyme is a tetramer com
posed of varying amounts of two polypep
tide subunits (H and M), one means of 
control of the concentration of the LDH 
isozymes would be through a regulation 
of the two genes which are responsible for 
the synthesis of the two polypeptide sub
units (2). The distribution pattern occur
ring during metabolic stress was shown 
to be due to an increase in the H subunit
(1). Since LDH catalyzes the reversible 
reaction between pyruvate and lactate, it 
was considered that the increase in pyru
vate associated with thiamine deficiency 
might be involved (by induction) in a 
change in the isozyme distribution of this 
enzyme. Van Eys (3) earlier showed that 
total lactate dehydrogenase was lowered 
in tissues from thiamine-deficient rats. The 
present paper reports the effect of thiamine 
deficiency in rats on the relative concen

tration in adipose tissue of the five iso
zymes of lactate dehydrogenase.

EXPERIMENTAL
Male albino rats of the Sprague-Dawley 

strain were maintained at a temperature 
of 21 to 22° and a relative humidity of 
40 to 45%. They were fed a commercial 
thiamine-deficient diet3 beginning at age 
32 days at which time they weighted 80 
to 90 g. Control animals were given a com
plete diet ad libitum. Animals allowed to 
recover dietarily from their thiamine- 
deficient condition were given the deficient 
diet to which had been added 44 mg thia- 
mine/kg diet. The rats were killed by de
capitation and exsanguination; they were 
always killed at 9 a m  to avoid possible 
diurnal variation in enzyme levels (4). The 
epididymal fat pad was removed in its
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and ca lc iu m  pantothenate, 3 .0 ; ( in  m illig ra m s) b iotin , 
20; fo lic  acid , 90; and  v itam in  B i2, 1.35.

J. Nutrition, 98: 325-329. 325
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entirety, freed of major blood vessels, 
weighed, and homogenized in a cooled 
Potter-Elvehjem homogenizer in 1 or 2 
volumes of 0.1 m  KH2P04—NaOH buffer, pH
7.5. The homogenate was centrifuged at
27,000 X  g for 30 minutes at 4°. The 
supernatant fraction was assayed for pro
tein content (5) and total LDH activity, 
and used as source material for the elec
trophoretic separation of the LDH iso
zymes.

Horizontal cellulose acetate electro
phoresis was used to determine the LDH 
isozyme distribution pattern. The electro
phoretic separation was conducted for 140 
minutes at 200 v in barbital-sodium barbi
tal buffer, pH 8.6, ionic strength 0.075; 
the system was maintained at 8°. The 
LDH isozyme activity positions were vis
ualized using nitroblue tetrazolium as a 
final electron acceptor (6) during an in
cubation of 30 minutes. The intensity of 
the activity bands was estimated using a 
recording electrophoresis densitometer, 
and quantitated by planimetry. Individual 
isozyme activity was expressed as a per
centage of total (five isozymes) LDH ac
tivity.

Total LDH activity was measured by 
estimating the disappearance of DPNH at 
340 mu in a double-beam recording spec
trophotometer. The reaction mixture con
tained the following in a final volume of 
3 ml: 0.29 mmole KH2P04-Na0H (pH
7.5), 16.5 X  10-2 nmoles sodium py
ruvate, 0.39 umole DPNH and 20 ul of the 
enzyme solution. The final concentration 
of the enzyme was such that the reaction 
was linear with time over the period meas
ured. A unit of LDH activity was defined 
as the amount of enzyme which causes 
an initial rate of oxidation of 1 mumole 
DPNH/minute under the conditions speci
fied at 25°.

RESULTS

While on the thiamine-deficient diet, 
the rats in the experiments began to lose 
weight 14 days after the beginning of the 
diet. Because it was considered that suffi
cient epididymal adipose tissue for con
duct of the desired assays was not obtain
able from rats of 120 g or less body weight 
they were given a complete ration on day 
14 for 1 day; thereafter, they again began

losing weight about 24 days after the 
initial beginning of the diet (fig. 1). Using 
body weight as a gross indication of the 
state of deficiency, the first estimation of 
epididymal adipose tissue lactate dehy
drogenase and its isozyme distribution 
pattern in “deficient” animals was made 
27 days from the initial feeding of the 
thiamine-deficient diet. Thereafter, similar 
assays were performed on two deficient 
and the appropriate control rat at 2-, 3-, 
or 4-day intervals to the end of the ex
perimental period (49 days from the initial 
feeding). The data were recorded for in
dividual rats. Thirty-eight days after the 
initial feeding of the deficient diet, at 
which time the animals showed severe 
deficiency symptoms, some of the rats were 
given a complete diet ad libitum. These 
rats were also used for adipose tissue LDH 
assay at several-day intervals for a period 
of 21 days.

The specific activity of adipose tissue 
total LDH relative to tissue soluble protein 
was not significantly different from that 
of control tissue during the first 30 days 
on the thiamine-deficient diet. Thereafter, 
the specific activity of the total LDH was 
significantly lower (P < 0.001), and re
mained low throughout the remainder of 
the feeding period, although there was a 
return toward the control levels near the 
end of the feeding period (fig. 1). Thia
mine-deficient rats which were returned 
to a complete diet recovered their adipose 
tissue total LDH in about 8 to 10 days, 
after which they were not significantly 
different from control rats in this regard.

The adipose tissue total LDH per unit 
of tissue weight increases during the 
period of thiamine deficiency and becomes 
highly significant (P < 0.005) after 35 
days on the deficient diet. This expression 
of data relative to adipose tissue weight 
is of little metabolic significance, since it 
reflects largely a change in tissue weight 
due to fat mobilization.

The adipose tissue LDH isozyme distri
bution pattern for rats on a complete diet 
is one in which LDH-I (H4) is present as 
only 5.4 ±  0.77% of the total LDH (table
1. fig. 2). In contrast, the adipose tissue 
LDH-I in rats that were fed a thiamine- 
deficient diet for 27 to 35 days was 12.7 
— 6.2% of the total LDH; in rats on the
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Fig. 1 Body weight and epididymal adipose tissue total LDH during the feeding of the 
thiamine-deficient diet. Method for assay of LDH is in the text. Horizontal shaded area is 
the mean ±  standard deviation for the adipose tissue total LDH in control rats receiving a 
complete diet. Vertical columns are the mean of at least two rats (four assays) for adipose 
tissue total LDH for rats on a thiamine-deficient diet, or those “refed” a complete diet for the 
period indicated after having been on the thiamine-deficient diet for 38 days.

thiamine-deficient diet for 38 to 47 days 
this value was 24.6 ±  5.9% of the total 
LDH. Both of the thiamine-deficient values 
were significantly different (P < 0.001) 
from the control value.

Rats that were fed a complete diet after 
having been on the thiamine-deficient diet 
for 38 days returned toward the control 
values as the complete-diet feeding con
tinued. Such rats, on the complete diet for 
8 to 10 days had 9.8 ±  3.8% LDH-I in 
their adipose tissue; those on the complete 
diet 13 to 21 days had 8.2 ±  3.0% LDH-I. 
The latter value is not significantly differ
ent from the control value.

LDH-II, which is a tetramer composed 
of three H subunits and one M subunit 
(HaM), was altered in adipose tissue of 
rats on a thiamine-deficient diet in a 
similar way to LDH-I, but to a lesser ex
tent. LDH-II in adipose tissue from rats 
fed a complete diet (control) was 22.6 
±5.3% of the total LDH; from rats fed 
a thiamine-deficient diet for 27 to 35 days
26.0 ±  5.5% ; from rats fed a thiamine- 
deficient diet for 38 to 47 days 34.4 ±

3.5%. The latter value was very signifi
cantly different from the control (P < 
0.001). Rats which were fed the com
plete diet after having been on the de
ficient diet for 38 days gradually returned 
to control concentrations of LDH-II. Such 
rats fed the complete diet for 13 to 21 days 
had 21.7 ±  3.8% LDH-II in their adipose 
tissue, a value nearly the same as that 
for control animals.

DISCUSSION

In the experiments reported, the obser
vation was made that on a tissue weight 
basis the protein and total LDH activity 
of epididymal adipose tissue rose during 
the early period of thiamine deficiency 
indicating a retention of the components 
relative to fat. The specific activity of LDH 
(units per weight of soluble protein) was 
unchanged during this period, denoting 
that any movement of LDH from the tissue 
was at about the same rate as other 
protein. With more extended deficiency 
(greater than 30 days on the deficient diet) 
the lower specific activity of LDH might
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Fig. 2 Percentage of total LDH as LDH-I in 
epididymal adipose tissue from thiamine-deficient 
rats. The method for assay of LDH-I and the feed
ing schedule are described in the text. Each col
umn represents the mean value of at least two 
rats, four assays.

be interpreted to mean that LDH was 
leaving the cell more rapidly than other 
proteins, or that it was being synthesized 
at a lower rate. The return to control levels 
of the specific activity of total LDH, 8 to 
10 days after deficient animals were al
lowed a complete diet, signifies a reestab
lishment of the normal protein and enzyme 
synthesis and degradation in the adipose 
tissue.

The assay (by electrophoresis) of the 
individual members of the LDH isozyme 
family allows more definitive information 
to be collected relative to alterations in 
adipose tissue LDH during a period of 
thiamine-free food intake. The increase in 
LDH-I provoked by thiamine deficiency 
suggests an increase in the activity of the 
gene responsible for coding of the H sub
unit relative to the gene coding for the M 
subunit. An increase in LDH-II (HSM) 
might also be expected if the gene for the 
H subunit were more active. The increase 
in LDH-I during thiamine deficiency was 
significantly different from the control 
value prior to meaningful body weight 
loss, indicating that the change in LDH 
distribution was an early result of the thi
amine deficiency. A shift in the distribu
tion of LDH isozymes toward LDH-I would 
serve to limit the production of lactate in 
the tissue, since LDH-I was shown to be 
inhibited by pyruvate (7). Thus, normally 
in the presence of LDH-I the pyruvate
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would be oxidized via the tricarboxylic 
acid cycle; however, the requirement for 
thiamine pyrophosphate of pyruvate de
hydrogenase would reduce the amount of 
pyruvate being oxidized, and provide for 
its accumulation and the subsequent de
rangement of numerous metabolic reac
tions. Alternatively, it is possible that in 
the onset of thiamine deficiency the pyru
vate accumulates early and serves as a 
type of inducing agent for the H subunit 
of LDH. This possibility is currently be
ing explored.
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ABSTRACT A complete, highly palatable, readily pelleted purified equine ration 
was developed. The ration consists of 16% vitamin-free casein, 40% glucose, 25% 
cornstarch, 13% alpha-cellulose, 1% fat, 2.4% dicalcium phosphate, 1% NaCl, 0.8% K 
and the following trace elements and vitamins: (in  ppm ) Mg, 390; Zn, 20; Mn, 26; 
Fe, 10; Cu, 5; Co, 1.5; I, 3.6; inositol, 400; choline, 240; niacin, 45; p-aminobenzoic 
acid, 22; thiamine, 15; riboflavin, 4.5; Ca pantothenate, 4.5; pyridoxine, 3.5; folic acid, 
2; and menadione, 0.37; (in  IU /kg) vitamin A, 4400; vitamin D2, 520; and vitamin E, 
44. This ration was consumed by suckling- and weanling-age foals in excess of 
25 g/kg body weight per day and resulted in 1 kg gain/day equivalent to nursing foals. 
Hematologic and other clinical parameters were maintained within normal ranges and 
the diet resulted in the passage of formed stools. The diet is believed adaptable to 
most equine nutrient requirement studies except selenium.

Studies to ease the paucity of equine nu
trient requirement data are dependent, in 
part, upon the availability of an acceptable 
functional complete purified equine ration. 
Such a ration could also facilitate use of 
the horse as a laboratory animal model for 
comparative pathophysiologic studies and 
have application in the postoperative di
etary management of certain equine sur
gical cases. A highly successful and ac
ceptable synthetic equine ration could 
even replace standard rations for pleasure 
horses housed under circumstances which 
discourage the use of natural feedstuffs.

This report pertains to the composition 
of a highly palatable, readily pelleted, com
plete purified equine diet developed over a
3-year period which permits growth equal 
to that of foals nursing dams, results in 
passage of formed stools with minimal 
odor and produces normal hematologic and 
clinical parameters.

EXPERIMENTAL
Forty-two orphaned foals of lighthorse 

conformation obtained at 1 to 10 days of 
age were utilized in the development of 
this ration. The performance data for the 
diet herein reported were obtained from 
16 foals fed the diet for 120 days. The 
foals were taught to drink a commercial 
milk replacer which was subsequently dis
pensed by an automatic foal feeder.3 The 
pelleted purified ration was made available 
to the foal upon its arrival. Within 2 to 3 
days the foals started eating the pellets

and the foals could be completely con
verted to the pelleted ration as the sole 
nutrient source by 21 days of age without 
growth impairment. Ad libitum feeding 
was practiced; the ration intake was calcu
lated daily and the foals were weighed 
three times weekly. Blood samples for 
hematologic and serum studies were ob
tained every 2 weeks. The foals were 
housed in individual, unbedded 3.66 m by 
3.66 m stalls, with concrete floors and 
walls and iron pipe, bull-pen-type doors. 
Molded plastic corner-feed troughs and gal- 
vanized-iron water pails were used. Exer
cise, unfortunately, was limited to that 
obtained in the stalls and while being 
weighed.

The ration was mixed in a 500-kg capac
ity horizontal mixer and pelleted in a com
mercial pelleting machine 4 using a 0.474 
cm by 5 cm die. Prior to incorporating with 
the more bulky components of the ration, 
the trace and minor elements were pre
mixed, the vitamins were mixed with wa
ter and absorbed into a small portion of 
the cellulose, and the cottonseed oil was 
also absorbed into a small portion of the

R eceived  fo r  p u b lica tion  F ebruary 18, 1969.
1 Supported in  part b y  a grant fro m  the G rayson 

F oundation , In c., and  published  w ith  the perm ission  
o f  the D irector o f  the A gricu ltu ra l E xperim ent Station, 
U niversity o f  Kentucky.

2 Present address: Departm ent o f  P athology, School 
o f  M ed icine , U niversity o f  N orth  C arolina, C hapel 
H ill, N orth  C arolina 27514.

3 Stowe, H. D. 1967 A utom ated orphan  fo a l  fe e d 
ing . Proc. 13th A nnu al C onvention  o f  A m erican  A sso
cia tion  E quine Practitioners, N ew  O rleans, L ou isiana.

4 M aster m od el CPM , C aliforn ia  Pellet M ills  C om 
pany, Folsom  and 14th Street, San F rancisco , C alif.
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cellulose. Three liters of water were used 
to incorporate the vitamins for a 500-kg 
mix and no further addition of water or 
steam was necessary to accomplish pellet
ing. In the absence of commercial pellet
cooling equipment, the pellets were al
lowed to cool and dry in 5- to 7.6-cm layers 
on a cement floor and subsequently placed 
in containers.

RESULTS
The composition of the ration found to 

meet the criteria for an acceptable purified 
equine ration is presented in table 1. This 
ration was consumed at the rate of 25.7 
±1.5  g/kg body weight per day with a 
concurrent water consumption of 72 ±
6.0 ml/kg body weight per day. Under the 
conditions of the experiment foals fed this 
ration gained 1.03 ±  0.09 kg/day and re
quired 2.61 ±  0.10 units of the ration per 
unit of gain during the 120-day feeding 
period.

The calculated quantities of vitamins 
consumed daily per kilogram body weight, 
based upon a ration intake of 25 g/kg body 
weight per day, are presented in table 2 
and are compared, when possible, with the 
National Research Council’s recommenda
tions (1). Each vitamin is supplied in ex
cess of the indicated requirements.

The hematologic data associated with 
the use of the purified ration are compared

in table 3 with values cited for some com
parably aged, naturally fed horses.

Selected electrolyte and clinical data ob
tained from foals being fed the purified 
ration are compared in table 4 with some 
values given in the literature for horses 
maintained under normal feeding condi
tions.

DISCUSSION
The emphasis in the development of this 

ration has been placed upon its early ac
ceptability by suckling-age foals, and upon 
foal performance equal to that expected of 
nursing foals which, according to Stowe
(11), approximates 1 kg/day during the 
suckling period.

It is believed that this ration is applica
ble to many specific equine nutrient re
quirement studies with the exception of 
selenium. The exception is due to the in
herent selenium content of the casein.

This ration has a calculated digestible 
protein content of 15%. A foal gaining 
1 kg/day and requiring 2.61 kg feed/kg 
gain would therefore consume 0.391 kg 
digestible protein per kilogram gain. This 
compares very favorably with the 0.405 kg 
extrapolated by Mitchell (12) to be the pro
tein requirement per kilogram foal growth.

Ideally, one ingredient should serve as 
the sole carbohydrate source in the ration. 
With the pelleting equipment available, 
however, a diet containing either glucose

TABLE 1
Composition of complete purified equine diet

kg a
Casein, vitamin free 16.00 Inositol 40.0
Glucose 40.00 Choline chloride 24.0
Cornstarch 25.00 Niacin 4.476
Cellulose 1 13.00 p-Aminobenzoic acid 2.200
Cottonseed oil 1.00 Thiamine-HC1 1.544
Dicalcium phosphate 2.40 Riboflavin -HC1 0.455
Sodium chloride 1.00 Calcium pantothenate 0.455
Potassium carbonate 1.415 Pyridoxine 0.356

Folic acid 0.207
9 Menadione 0.037

MgO 65.0 Vitamin A 2 1.760
ZnS04-7H20 8.8 Vitamin D2 3 0.110
MnS04-H20 8.0 Vitamin E 4 20.000
FeSOj * 7H20 4.5
CuS04-5H20 2.0 Total 100 kg
CoC12-6H20 0.6
KI 0.5
1 Solka Floe, Brown Company, Boston, Mass.
2 Two hundred fifty international units per milligram, 
s Five hundred international units per milligram.
4 Two hundred twenty-two international units per gram.
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TABLE 2
Calculated daily vitamin intake of foals fed the 

purified diet compared with National 
Research Council recommendations

Vitamin
Intake/kg body wt per day
Calculated Recommended

ß9 ß9
Thiamine 385 55
Niacin 1102 100
Riboflavin 118 44
Calcium pantothenate 135 40
Pyridoxine 88
p-Aminobenzoic acid 500
Folic acid 54
Inositol 10X103
Choline-chloride 6X  103
Biotin 93 X 10-6
Cyanocobalamin 6X  IO’ 7
Menadione 9

IU
Vitamin A 110 33
Vitamin D» 13 6.6
Vitamin E 1.1

or cornstarch as the sole carbohydrate por
tion presented difficult pelleting problems. 
The diet containing 65% glucose caramel
ized and burned in the pelleting die. The 
ration containing 65% cornstarch com
pacted so tightly and created so much fric
tion in the die that it was impossible to 
pellet. The ratio of glucose to cornstarch 
finally used in the ration was selected be
cause it imparted pelletability characteris
tics to the overall mixture.

Levels of cellulose in the diet between 
10 and 15% were tried at various periods 
during the development of this ration. Un
der the conditions of these investigations, 
an increase in the fiber content of the puri

fied diet beyond 13% resulted in the loss 
of stool formation. It is believed significant 
that 2- to 3-week-old foals readily accepted 
the pelleted, 13% cellulose ration as their 
sole nutrient source without growth im
pairment. The use of alpha-cellulose levels 
approaching the 24% level used by Teeter 
et al.5 * in mature horses was not attempted.

The young foal acceptance of this dry 
pelleted diet is of major practical signif
icance in orphan foal management; i.e., in 
a matter of days, almost any orphan foal 
can be converted from the frequent, tedi
ous, usually prolonged milk feeding regi
men to the free choice pelleted diet regi
men while maintaining normal growth. 
Such a program could well be considered 
in lieu of a nurse mare in any equine 
nursery.

The 1% fat content of this ration was 
established because reasonable growth and 
no essential fatty acid deficiency symp
toms had been observed in horses fed for 
1 to 2 years a 33% Torula yeast ration 
whose sole fat content was furnished by 
the 3% fat content of the yeast.

Feed grade dicalcium phosphate was 
utilized as a palatable, inexpensive source 
of calcium and phosphorus in a ratio ap
proximating 1.5:1. The calcium and phos
phorus intakes per kilogram gain are cal
culated at 16.9 and 11.3 g, respectively. 
These values compare very favorably with 
the requirements for 90- to 185-kg foals

5 Teeter, S. M., M. C. Stillions and W. E. Nelson
1967 Recent observations on the nutrition of mature
horses. Proc. 13th Annual Convention of American 
Association Equine Practitioners, N e w  Orleans, Louis
iana.

TABLE 3
Comparison of equine hematologic parameters associated with purified and natural diets

Parameter Purified
diet

Natural
diet Ref

Hemoglobin, g/100 ml 14.8 ±0 .3  1 12.9 Todd et al. (2 )
PCV, % 35.3 ±  1.1 39 Todd et al. (2 )
RBC, 10s/m m 3 9.2 ± 1 .2 12.8 Todd et al. (2 )
WBC, lOVmm3 
Neutrophils

8.8 ±0 .1 13.6 Todd et al. (2 )

Segmented, % 50.7 ±5 .2 49 Schalm (3 )
Bands, % 2.3 ± 0 .7 0.5 Schalm (3 )

Lymphocytes, % 44.3 ±8 .3 48 Schalm (3 )
Monocytes, % <  1 2 Schalm (3 )
Eosinophils, % <  1 4 Schalm (3 )
Basophils, % <  1 0.5 Schalm (3 )

1 SEM,
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TA BL E 4
Comparison of equine clinical parameters associated with purified and natural diets

Serum Diets
Refcomponent Purified Natural

Calcium, m g/100 ml 11.6 ± 1.2 1 9-13 Altman and Dittmer (4 )
Phosphorus, m g/100 ml 5.63 ± 0.23 3.1-5.6 Altman and Dittmer (4 )
Sodium, mEq/liter 133 ± 3.0 146-152 Altman and Dittmer ( 4 )
Potassium, mEq/liter 4 .42± 0.1 4.1—4.6 Bruning 2
Magnesium, mEq/liter 2.06 ± 0.01 1.6-2.5 Albritton (5 )
Copper, /ig/m l 2.13 ± 0.09 1.18-3.56 Stowe (6 )
Bicarbonate, mEq/liter 23.0 ± 0.7 23-29 Spector (7 )
Chloride, mEq/liter 86.6 ± 2.7 98-106 Spector (7 )
Total protein, g / 100 ml 7.3 ± 0.1 6.6-8.3 Spector (7 )
Cholesterol, m g/100 ml 90 ± 10 83-140 Kritchevsky (8 )
Bilirubin, m g/100 ml 1.43 ± 0.1 0.2—6.2 Cornelius et al. ( 9 )
Selenium, ¿ig/100 ml 6.26 ± 0.47 3.3-8.67 Stowe (10)
Iron, ,ag/ml 2.26 ± 0.2 1.78-2.96 Stowe 3
Alkaline phosphatase, 

KAU/100 ml 32.5 ± 1.0 20-48 Stowe 3
1 SEM.
2 Bruning, P. 1950 Potassium content of blood serum and cerebrospinal fluid in horses. Inaugural dis

sertation, University of Hanover, Germany.
3 Unpublished data.

listed by the National Research Council
Cu

stodies were not conducted relative to 
the optimal level of sodium chloride in this 
foal ration and perhaps the acceptability 
and performance of the diet could be main
tained with less than 1% NaCl. However, 
NaCl has a sparing action upon potassium 
and it is possible that the NaCl over and 
above the usual 0.5% level in purified diets 
may be so used.

The potassium content of this ration is 
calculated at 0.8% and in this particular 
combination of ingredients approaches the 
optimal level for maintenance of palat- 
ability, normal growth and clinical param
eters.6

The trace mineral content of this ration 
provides the following of each element: 
(in ppm) Mg, 390; Zn, 20; Mn, 26; Fe, 
10; Cu, 5; Co, 1.5; and I, 3.6. The mean 
intake of each of these elements per kilo
gram gain is calculated as follows: Mg, 
1017; Zn, 52; Mn, 74; Fe, 26; Cu, 13; Co, 
2.9; and I, 10 mg.

Pearson et al. (13) and Stowe (11) 
have reported impaired performance of 
synthetic equine rations containing less 
than 10% yeast. On the basis that the im
pairment was associated with B-vitamin 
adequacy, the B-vitamin content of this 
purified diet was calculated to be equiv
alent to that supplied by the yeast in a 
10% Torula yeast diet. The relatively high

level of inositol in the ration, therefore, is 
a reflection of the inherent high inositol 
content of Torula yeast and not necessarily 
an indication of a high inositol require
ment for the horse.

The hematologic data, while within re
spectable ranges for most purposes, sug
gest that foals fed this synthetic ration 
have a hyperchromic erythrocytopenia. Ap
propriate adjustment in the ration compo
nents affecting hematopoiesis appears in 
order providing packed cell volume (PCV) 
and the number of erythrocytes per unit 
volume could be elevated while at least 
maintaining hemoglobin levels.

With the exception of sodium and chlo
ride, the electrolyte and clinical data are 
within reported ranges for horses on nat
ural diets. However, because the serum 
sodium value minus the corresponding bi
carbonate and chloride values of foals fed 
the purified ration is 23 as compared with 
21 for naturally fed horses, an attempt to 
elevate serum sodium and chloride appears 
unwarranted.
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Effect of Restricted Energy and Protein Intake onAtherosclerosis and Associated PhysiologicalFactors in Cockerels 1,2
R. J. ROSE3 a n d  S. L. BALLOUN
Department of Poultry Science, Iowa State University of
Science and Technology, Ames, Iowa

ABSTRACT Practical or semipurified diets, with and without added cholesterol, 
were fed to growing cockerels to determine the effect of dietary energy or protein re
striction on systolic blood pressure, total serum cholesterol, total serum lipids, liver 
lipids and incidence of atherosclerosis in thoracic and abdominal aortas. The effect of 
dietary protein or energy restriction on systolic blood pressure was inconsistent. Vari
ations in blood pressure appeared to be associated more with body weight than with 
restriction of protein or energy as such. Serum cholesterol, serum lipids and liver lipids 
were markedly increased when cockerels were fed diets containing cholesterol. Each 
was increased by protein restriction and decreased by energy restriction. Without added 
dietary cholesterol, serum cholesterol was not significantly affected by protein or energy 
restriction. Serum lipids were significantly increased, and liver lipids were slightly 
increased, when birds were fed protein-restricted diets without added cholesterol. 
Atherosclerosis was more prevalent when the diets contained cholesterol, and more 
severe in the abdominal than in the thoracic aorta, regardless of dietary treatment. 
Protein or energy restriction affected atherosclerosis, especially in the thoracic aorta, 
most when the diets contained cholesterol. Incidence of atherosclerosis in the thoracic 
aorta was reduced in energy-restricted, and increased in protein-restricted birds.

The effect of altered nutritional status 
on atherosclerotic involvement and serum 
cholesterol concentration in the chicken 
has been the subject of several investiga
tions. One procedure used has been to re
strict the total dietary intake to a certain 
amount (66, 70 or 80% ) of that consumed 
by full-fed birds. This form of food re
striction had no effect on serum cholesterol 
concentration unless cholesterol was in
cluded in the diet. In one study, however, 
abdominal aortas from food-restricted 
birds showed less atherosclerosis than 
those from full-fed birds (1).

Nutrient restriction also has been ac
complished by withholding food for a 
given period, such as feeding birds every 
other day or once or twice each day (2-5). 
This form of restriction resulted in in
creased serum cholesterol levels and more 
severe aortic and coronary atherosclerosis 
when atherogenic diets were fed.

Other investigators have examined more 
specifically the effects of restricted pro
tein intake (6-16). When atherogenic 
diets were fed, amino acid inadequacies 
and lowered dietary protein levels led to 
increased serum cholesterol concentrations

and increased aortic and coronary athero
sclerosis.

In studies reported, the effect of calorie 
intake on serum cholesterol concentration 
and atherosclerosis has usually been con
founded with concomitant variations in 
dietary fat levels or restriction of other 
nutrients.

The present series of experiments was 
conducted to study the effects of dietary 
energy and protein restriction per se on 
atherosclerosis and associated factors in 
the adolescent cockerel.

EXPERIMENTAL PROCEDURE
Commercial broiler strain, male chick

ens were used in four experiments. One- 
day-old chicks were battery-reared and * 1 2 3
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received adequate nutrition and manage
ment until they were put on experiment. 
During the experimental period, birds were 
caged and fed individually in triple-decked 
units equipped with individual feeders and 
waterers. In experiment 1, four cockerels 
were used per treatment; in other experi
ments, six cockerels were fed each experi
mental diet.

Experimental diets presented in tables 
1, 2 and 3 were formulated and fed to 
provide the desired energy and protein 
restrictions without using large amounts 
of inert filler. Practical corn-soybean diets 
were fed in experiment 1, whereas semi- 
purified diets, based on glucose or sucrose 
and isolated soybean protein, were fed in 
experiments 2, 3 and 4.

TA BL E 1
D iet com p osition  (exp . 1)

Diet proportions

Ingredient 1 and 2 
(basal)

3 and 4 
( energy 

restricted)
5 and 6 
(protein 

restricted)
3 3 3

Corn, ground yellow 71.5 42.0 80.0
Soybean meal (50% ) 18.0 23.0 6.5
Fish solubles, condensed 2.0 2.0 2.0
Alfalfa meal, dehydrated (20% ) 2.0 2.0 2.0
Dicalcium phosphate 2.0 2.0 2.0
Oystershell flour 1.0 1.0 1.0
Premix C-20 1 1.0 1.0 1.0
Salt mix 2 0.5 0.5 0.5
Cellulose or cholesterol3 2.0 2.0 2.0

Total4 100.0 75.5 97.0
Protein, % 17.1 17.0 12.0
Energy, ME 5 kcal/kg 2963 2075 2974

1 Premix C-20 provides per kilogram diet: vitamin A, 7000 IU; vitamin D 3, 1000 ICU; vitamin E, 
10 IU; and vitamin B 12, 10 /j lg; and (in milligrams) vitamin K, 1; riboflavin, 5; pantothenic acid, 10; 
niacin, 25; choline, 450; ethoxyquin, 125; penicillin, 6.6; and streptomycin, 33.

2 Salt mix provides per kilogram of diet: NaCl, 4.25 g; and (in milligrams) Mn, 125; Zn, 3.3; Fe, 50; 
and Cu, 5.
s Two percent cholesterol replaced cellulose in diets 2, 4 and 6.
4 Diets 3 and 4 fed at 75.5% rate of diets 1 and 2. Diets 5 and 6 fed at 97.0% rate of diets 1 and 2.
5 Metabolizable energy.

TA BL E 2
D iet com p osition  (ex p . 2)

Ingredient
Diet

1 2 3 4
% % % %

Glucose 56.22 61.47 66.47 71.72
Isolated soybean protein 27.00 21.75 16.75 11.50
Soybean oil 5.00 5.00 5.00 5.00
Cellulose 3.00 3.00 3.00 3.00
Cholesterol 2.00 2.00 2.00 2.00
Mineral mix 1 4.78 4.78 4.78 4.78
Premix 2 1.00 1.00 1.00 1.00
Methionine 0.67 0.67 0.67 0.67
Glycine 0.33 0.33 0.33 0.33

Total 100.00 100.00 100.00 100.00
Calculated to provide: 

Protein, % 22.1 18.0 14.1 10.0
Energy, ME kcal/kg 3538 3529 3520 3509

1 Mineral mix provides per kilogram diet: (in grams) Ca, 11; P, 6; NaCl, 4.25; and K, 2; (in 
milligrams) Mn, 125; Zn, 51; Fe, 51; Cu, 5; and Mg, 660.

2 Premix provides per kilogram diet: vitamin A, 7920 IU; vitamin D 3, 594 ICU; vitamin E, 31 IU; 
(in milligrams) vitamin K, 2.2; thiamine, 6.6; riboflavin, 4.4; pantothenic acid, 13.9; niacin, 39.6; 
pyridoxine, 4.4; biotin, 0.13; folic acid, 0.88; p-aminobenzoic acid, 110; and ethoxyquin, 125; and 
inositol, 1.1 g; choline chloride, 1.87 g; and vitamin B 12, 13 /ig.
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TA BL E 3
Diet composition (eocps. 3 and 4)

Diet proportions

Ingredient
Exp. 3 Exp. 4

1 and 2 
(basal)

3 and 4 
(energy 

restricted)
1 and 2 
(basal)

3 and 4 
(energy 

restricted)
5 and 6 
(protein 

restricted)
9 9 9 9 9

Glucose 72.72 47.72 — — —

Sucrose — — 50.44 25.44 58.44
Isolated soybean protein 11.50 11.50 20.00 20.00 12.50
Soybean oil 5.00 5.00 5.00 5.00 5.00
Cellulose 1 4.00 4.00 4.00 4.00 4.00
Mineral mix 2 4.78 4.78 4.56 4.56 4.56
Premix 3 1.00 1.00 1.00 1.00 1.00
Methionine 0.67 0.67 0.67 0.67 0.67
Glycine 0.33 0.33 0.33 0.33 0.33

Total * 100.00 75.00 86.00 61.00 86.50
1 Cholesterol replaced 1% cellulose in diets 1 and 3 in experiment 3, and in diets 2, 4 and 6 in experiment 4.
2 Mineral mix provided per kilogram diet the same composition as listed in table 2, footnote 1.
3 Premix provided per kilogram diet the same composition as listed in table 2, footnote 2.
4 Experiment 3, diets 3 and 4 fed at 75% rate of diets 1 and 2. Experiment 4, fed at scheduled amounts 

of 86, 61 and 86.5% of consumption of similar aged, full-fed cockerels in previous experiments.

In experiments 1 and 3, birds receiving 
restricted diets were fed a quantity of 
feed determined by the amount of feed 
consumed by the birds fed the basal diet, 
expressed as a percentage of body weight. 
For experiment 2, isocaloric diets were fed 
ad libitum. In experiment 4, it was de
sirable to keep soybean oil and cellulose 
levels similar to those in previous experi
ments and still obtain the desired caloric 
content in the basal diet. This necessitated 
feeding an amount of feed, expressed as 
a percentage of body weight, according 
to a regimen calculated from feed con
sumption of cockerels of similar age in 
three previous experiments.

Feed allotments for each bird were 
weighed daily in experiments 1, 3 and 4, 
according to feeding regimens calculated 
each week from body weight and feed con
sumption data.

Birds were fasted 12 hours before blood 
samples were obtained from a brachial 
vein. Total serum cholesterol was deter
mined by an automated colorimetric pro
cedure.4 A simple turbidimetric method 
was used for total lipid determinations
(17).

Liver lipids were extracted on a Goldfisch 
extraction apparatus with a solvent mix
ture containing ethyl alcohol, ethyl ether 
and Skellvsolve-B, in a 5:5:1 proportion.

Aortas were dissected from the point 
where the aorta enters the heart to just 
below the iliac bifurcation, stripped of ad
hering tissues, and separated into thoracic 
and abdominal segments. After staining, 
each segment was visually scored 1 to 4 
by three individuals according to the 
amount of lipid stain and severity of 
lesions present.

Systolic blood pressure was measured 
indirectly as described by Nichols et al.
(18).

A completely randomized design was 
used in experiments 1, 2 and 3, whereas 
a randomized block design was used for 
experiment 4 (19). A least squares anal
ysis of variance designed for data with 
unequal subclass numbers (20) was used 
for experiments 1, 2 and 3; experi
ment 4 was analyzed by general analysis 
of variance. Duncan’s multiple range test 
was used where appropriate.

RESULTS
E xperim ent 1. Practical diets with and 

without added cholesterol were fed to 5- 
week-old cockerels for 12 weeks. Protein 
or energy intake was restricted to approxi
mately 70% of that provided by the basal 
diet.

4 Technicon Instruments Corporation 1964 Total 
cholesterol. Technicon Auto-Analyzer Methodology- 
Method File N-24, Technicon Instruments Corporation, 
Chauncy, N. Y.
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Body weight gains were greatly reduced 
when protein or energy intake was reduced 
(table 4). Although birds fed the nutrient- 
restricted diets had lower systolic blood 
pressures, differences were significant (P 
<0.05 and P<0.01) only for birds fed 
energy-restricted diets without and with 
added cholesterol, respectively.

Added dietary cholesterol increased (P 
< 0.05) serum cholesterol in birds fed 
basal and protein-restricted diet and, to a 
lesser extent, in birds fed the energy- 
restricted diet (fig. 1). Serum cholesterol 
was reduced (P < 0.05) when energy in
take was restricted, and was increased 
when protein intake was restricted in birds 
fed diets containing added cholesterol. 
Similar effects, but less pronounced and 
nonsignificant, resulted when cholesterol 
was not added to the diets.

Liver lipids were increased when diets 
contained added cholesterol. Protein re
striction, with and without added choles
terol, increased liver lipid concentration, 
whereas energy restriction resulted in only 
slight changes in liver lipid concentration.

Figure 2 illustrates the incidence of 
atherosclerosis in this experiment. Tho
racic and abdominal aorta scores were not 
significantly affected by protein or energy 
restriction when diets did not contain 
added cholesterol. Scores of both thoracic 
and abdominal aortas were increased sig
nificantly (P < 0.05 and P < 0.01) by the 
addition of cholesterol to basal and 
protein-restricted diets, respectively. When 
comparing birds fed diets with added cho
lesterol, energy restriction tended to re

duce, and protein restriction to increase, 
thoracic aorta scores.

E xperim ent 2. Isocaloric, semipurified 
diets containing 2% cholesterol and 22, 
18, 14 or 10% protein were fed to 9-week- 
old cockerels. Average daily protein intakes 
for the 10-week experimental period 
ranged from 10.3 to 5.5 g/day per kilo
gram body weight (table 5).

Weight gains decreased progressively as 
protein intake was reduced. Blood pressure 
was not significantly affected. Serum cho
lesterol levels were significantly greater 
(P < 0.05) for birds when protein intake 
was restricted to 6.5 or 5.5 g/day per 
kilogram body weight. The range of pro
tein levels used did not markedly affect 
the incidence of atherosclerosis in either 
aorta segment over the 10-week experi
mental period.

E xperim ent 3. Isonitrogenous, 10% 
protein, semipurified diets containing 
3520 or 2640 metabolizable energy (ME) 
kcal/kg were fed with or without 1% 
added cholesterol to 9-week-old cockerels. 
Data from this 6-month experiment are 
presented in table 6. Weight gains were 
reduced when calorie intake was reduced 
and when diets were supplemented with 
cholesterol. Mean weight gains of birds fed 
the lower energy, cholesterol-containing 
diet were very low primarily because of 
weight losses during the last 8 weeks of 
the experiment. Birds from this treatment 
had lower blood pressures than did birds 
on other treatments, but the differences 
were not significant at the 5% level.

TABLE 4
Effect of restricted protein or energy intake on cockerels fed practical diets 

with and without added cholesterol

Treatment Body 
wt gain

Avg data (12-week period)
SZ ^ c  Serum

cholesterolpressure
Liver
lipid

kg mm Hg mg/100 ml % i
Basal 2.31 146 146 15.0±1.96
Energy restricted 2 0.96 126 131 16.4 ±1 .87
Protein restricted 1.17 129 160 20.6 ±3 .39
Basal +  cholesterol 3 2.20 147 366 26.3±6.91
Energy restricted +  cholesterol 1.01 115 206 24.0±4.56
Protein restricted +  cholesterol 1.11 133 483 36.0 ±7.08

1 Dry weight basis.
2 Approximately 30% restriction for specified nutrient.
3 Two percent cholesterol.
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Fig. 1 Effect of energy or protein restriction 
on serum cholesterol levels of cockerels fed prac
tical diets with and without added cholesterol:
-------basa l;...........energy restricted;---------- • ---------
protein restricted. Diets with 2% added choles
terol: • -----------9  basal; 0 ..........•  energy re
stricted; • ----------  ■ -----------•  protein restricted.

Serum cholesterol and serum lipids were 
markedly increased (PC0.01) by added 
cholesterol at either energy level. Lower 
serum cholesterol values (P < 0.01) were 
obtained, and serum lipids were slightly 
reduced, when calorie intake was reduced. 
The levels of calorie intake in this experi
ment had no effect on serum cholesterol

or serum lipids when cholesterol was not 
added to the diets.

Liver lipids were increased in birds fed 
both energy intake levels when cholesterol 
was added, but to a much greater extent 
for birds fed the high energy diet. Liver 
lipids were decreased about 43 and 6% 
for birds fed the lower energy diet, with 
or without added cholesterol, respectively.

Figure 3 shows the degree of athero
sclerosis in cockerels fed low protein diets 
at two energy levels. Thoracic and abdomi
nal aorta scores were much higher (P < 
0.01) for birds fed cholesterol. The magni
tude of increase for thoracic aortas, how
ever, was much less for birds with the

Fig. 2 Effect of energy or protein restriction 
on aorta scores of cockerels fed practical diets 
with and without 2% added cholesterol. ER 
(energy restricted); PR (protein restricted).

TA BL E 5
Effect of varied protein intake on cockerels fed isocaloric, semipurified diets 1

Protein level Avg data (10-week period)

Diet Daily Body Systolic
blood

pressure
Serum Aorta score

intake wt gain cholesterol A2 x 3

% g /kg body 
w tp er  day kg mm Hg mg/100 ml

22 10.3 2.05 159 380 2.6 2.3
18 8.5 1.98 160 434 2.2 2.5
14 6.5 1.84 170 570 2.7 2.3
10 5.5 1.62 163 543 2.7 2.7

1 All diets contained 2% cholesterol.
2 Abdominal aorta segment.
3 Thoracic aorta segment.
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TA BL E 6

Influence of calorie intake on cockerels fed isonitrogenous, low protein 1 semipurified diets 
with and without added cholesterol

Treatment Daily _______________Avg data (24-week period)
calorie
intake,4
M EM E  a Added 

cholesterol 3
Body 

wt gain
Systolic
blood

pressure
Serum

cholesterol
Serum
lipid

Liver
lipid

kcal/kg kcal/kg 
body w t kg mm Hg mg/100 ml g/100m l %  5

3520 — 145 1.99 149 208 1.34 14.4 ±2.39
2640 — 119 1.31 150 204 1.33 13.5 ±  1.71
3520 + 155 1.72 147 886 2.74 45.2±6.03
2640 + 117 0.61 135 658 2.54 26.0 ±6.38

1 Ten percent protein.
2 Metabolizable energy.
3 One percent cholesterol.
4 Average daily intake values for 24-week experimental period. 
3 Dry weight basis.

3520 2640 3520 2640
No Cholesterol |% Cholesterol

Dietary Energy Level (M.E. kcal/kg)

Fig. 3 Influence of lowered calorie intake on 
aorta scores of cockerels fed isonitrogenous (10% 
protein), semipurified diets with and without 
added cholesterol.

lower energy intake. Severity of aortic 
atherosclerosis was not influenced by en
ergy intake differences in this experiment 
when diets did not contain added cho
lesterol. Aorta scores for birds fed high 
energy diets with added cholesterol were 
strikingly high. Aortas from this treatment 
were the most severely affected aortas 
noted in our laboratory to date.

E xperim ent 4. Energy and protein in
takes averaging 73.5 and 65.0%, respec
tively, of the intakes of birds fed the basal 
diet were obtained for cockerels fed semi-

purified diets with and without added cho
lesterol. Data from this 12-week experi
ment (starting at 11 weeks of age) are 
given in table 7. Weight gains were re
duced when any of the nutrient-restricted 
diets were fed, but to a much lesser extent 
in the protein-restricted group. Systolic 
blood pressure was higher (P < 0.01) in 
birds when protein intake was restricted 
and the diet contained added cholesterol. 
Energy restriction did not significantly 
affect blood pressure.

Cholesterol supplementation of all diets 
resulted in increased serum cholesterol 
(P  <  0.01). The high serum cholesterol 
followed the pattern noted in previous ex
periments. Restricted energy intake re
duced, and reduced protein intake in
creased, serum cholesterol concentrations 
when the diet contained added cholesterol. 
These relationships were significant (P < 
0.01). Serum lipid responses to dietary 
treatments were similar to those described 
for serum cholesterol, except that serum 
lipids were also increased by protein re
striction when diets did not contain added 
cholesterol.

Liver lipids were increased when cho
lesterol was added to the diet, but the in
crease was less for energy-restricted birds 
and greater for protein-restricted birds. In 
comparison with the appropriate basal 
diets, fiver lipids of energy-restricted birds 
were decreased 31% when diets contained 
added cholesterol, and 8% when diets did 
not contain added cholesterol. Liver lipids, 
however, increased 18% in protein-re-
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TABLE 7
Effect o f restricted energy or protein intake on cockerels fed semipurified diets with and

without added cholesterol

Avg data (12-week period)
Treatment Body 

wt gain
Systolic
blood

pressure
Serum

cholesterol
Serum
lipid

Liver
lipid

Aorta 
A i

score 
T 2

Basal
kg

1.62
mm Hg 

131
mg/100 ml 

178
g/100ml 

1.20
% «

17.7±2.6 2.1 l . i
Energy restricted 4 0.46 123 200 1.27 16.3 ±2 .5 2.8 1.2
Protein restricted 1.43 139 200 1.43 20.9 ±3 .2 2.3 1.1
Basal-(-cholesterol5 1.77 124 438 1.93 34.6 ±7 .6 3.9 3.3
Energy restricted +  

cholesterol 0.45 125 305 1.56 24 .0±2 .7 3.0 2.1
Protein restricted+  

cholesterol 1.48 144 770 2.40 40.7 ±2 .8 3.7 3.6
1 A bd om in a l aorta segm ent.
2 T h orac ic  aorta segm ent.
3 D ry w eigh t basis.
4 T w en ty -six  percen t energy and 35%  protein  restrictions w ere obta ined  fo r  the energy- and protein-restricted 

diets, respectively.
5 One percen t cholesterol.

stricted birds whether or not cholesterol 
was added to the diet.

When cholesterol was added to the diet, 
atherosclerosis was more prevalent (P < 
0.01) in thoracic and abdominal aorta 
sections, with the exception of abdominal 
aortas from energy-restricted birds. Aorta 
scores were not significantly different when 
diets did not contain cholesterol. Energy 
restriction, however, resulted in signifi
cantly lower scores for thoracic aortas 
when diets contained added cholesterol.

DISCUSSION

As expected, restriction of dietary energy 
or protein intake reduced weight gains of 
cockerels. Energy restriction consistently 
resulted in lower weight gains than did 
comparable protein restriction. In experi
ment 4 (in which daily calorie intake 
average was 74% of that of birds fed the 
basal diet) body weights were barely main
tained, and further energy restriction 
would have resulted in continued weight 
loss. In the same experiment, however, 
body weights were readily maintained by 
birds whose protein intake amounted to 
65% of the protein consumed by birds 
receiving the basal diet. With this protein 
restriction, body weight gains were reduced 
only about 12 to 16% .

Overall, the effect of dietary energy or 
protein restriction on systolic blood pres
sure of cockerels appears inconsistent. This 
agrees with the results reported by Nichols

and Balloun (3), that dietary restriction 
had no significant effect on systolic blood 
pressure of cockerels, although blood pres
sure was consistently lower for birds fed 
a restricted-energy diet. Speers 5 reported 
that different dietary protein or energy 
levels affected systolic blood pressure in
consistently in laying hens. The energy and 
protein effects detected, however, were of 
the same nature as in the present study.

Most of the blood pressure differences 
in the present experiments were probably 
related to the lighter body weights of birds 
fed diets with nutrient restriction, since 
it has been reported that systolic blood 
pressure of cockerels is directly associated 
with body weight changes (21). The lower 
blood pressures observed for birds fed 
energy-restricted diets containing added 
cholesterol in both experiments 1 and 3 
cannot be explained entirely on the basis 
of body weight differences. However, this 
effect did not occur in experiment 4. A 
trend toward increased blood pressures for 
birds consuming less protein was observed 
in experiment 4 and, for one treatment, 
in experiment 2. This trend was evident 
even though the birds involved were 
slightly lighter than the birds fed the basal 
diet. The experiments reported here do not 
substantiate the conclusion of Nichols et

s G. M. Speers 1965 E ffect o f  protein  and  energy 
on  b lood  pressure and atherosclerosis in  the layin g  
hen . M. S. thesis, Iow a State U niversity o f  S cience  and 
T ech n ology , A m es, Iow a.
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al. (18) that dietary cholesterol increases 
systolic blood pressure in cockerels.

Serum cholesterol concentration was in
creased in birds fed diets containing cho
lesterol, regardless of the nature of the 
diet. Restriction of energy or protein in
take resulted in opposite responses of 
serum cholesterol concentration for birds 
fed cholesterol-supplemented diets.

Low protein intake markedly increased 
serum cholesterol. This effect of decreased 
protein intake was greater when semi- 
purified diets were fed than when practical 
diets were fed.

On the other hand, low energy intake 
resulted in decreased serum cholesterol 
levels. The magnitude of the serum cho
lesterol response to energy restriction was 
not as great as that caused by protein re
striction. Greater increases in serum cho
lesterol concentration were caused by 
added dietary cholesterol than by reduced 
protein. In most instances, the effect of 
restricted energy or protein intake on 
serum cholesterol concentration was not 
evident unless the diets contained added 
cholesterol. In a study with young chicks 
(1 to 5 weeks of age), however, Nishida 
et al. (9) reported that serum cholesterol 
levels were more dependent on dietary 
protein than on dietary cholesterol.

Total serum lipid concentration re
sponded to dietary treatments much like 
serum cholesterol concentrations, with the 
exception that significantly higher serum 
lipid levels were obtained from birds fed 
a protein-restricted diet without added 
cholesterol.

Liver lipids increased when diets con
tained added cholesterol. With cholesterol- 
supplemented diets, protein restriction in
creased and energy restriction decreased 
liver lipids, following a response pattern 
similar to that of serum cholesterol and 
serum lipids for these same diets. When 
diets contained no added cholesterol, liver 
lipids were consistently slightly higher for 
birds fed protein-restricted diets.

Although atherogenic diets increased 
the incidence of atherosclerosis for thoracic 
and abdominal aortas, this incidence was 
more severe in abdominal segments than 
in thoracic segments, regardless of dietary 
treatment. The greater incidence of athero
sclerosis in the abdominal aorta compared

with that found in the thoracic aorta also 
has been noted in other studies (12). 
Another difference between thoracic and 
abdominal aorta sections was the nature 
of the atherosclerotic lesion. In most in
stances, the abdominal aortic lesion was 
in the form of thickened plaques, while 
the thoracic aortic lesion was more diffuse 
over the surface of the tissue, with plaques 
being formed in only two severe cases.

When diets did not contain added cho
lesterol, aorta score differences due to 
treatments were not significant. The re
sults of Griminger et al. (1), showing a 
lower incidence of spontaneous athero
sclerosis for birds fed 80% of the amount 
of food consumed by full-fed birds, may 
differ from those of the present study be
cause of the length of their experimental 
period (37.5 months).

From the results of this study, it appears 
that cholesterol-induced atherosclerosis of 
the thoracic aorta is more readily affected 
by restricted energy intake than is athero
sclerosis of the abdominal aorta.

Further studies utilizing more detailed 
biochemical analyses are needed to eval
uate the relationships between dietary 
energy restriction per se and lipid metab
olism and aortic atherosclerosis in cock
erels. The effect of dietary energy restric
tion on the metabolism of cholesterol in 
the liver (including conversion to bile 
acids) should be given special attention.

LITERATURE CITED
1. Griminger, P., H. Fisher and H. S. Weiss 

1963 Food restriction and spontaneous avian 
atherosclerosis. Life Sci., 6: 410.

2. Rodbard, S., C. Bolene and L. N. Katz 1951 
Hypercholesterolemia and atheromatosis in 
chicks on a restricted diet containing chol- 
lesterol. Circulation: 4: 43.

3. Nichols, E. L., and S. L. Balloun 1963 
Dietary effects on blood pressure. 2. Effects 
of dietary restriction. Poultry Sci., 42: 1418.

4. Cohn, C., R. Pick and L. N. Katz 1961 
Effect of meal eating compared to nibbling 
upon atherosclerosis. Circulation Res., 9: 
139.

5. Cohn, C. 1964 Feeding patterns and some 
aspects of cholesterol metabolism. Federation 
Proc., 23: 76.

6. Johnson, D., Jr., G. A. Leveille and H. Fisher 
1958 Influence of amino acid deficiencies 
and protein level on the plasma cholesterol 
of the chick. J. Nutr., 66; 367.

7. Kokatnur, M., N. T. Rand, F. A. Kummerow 
and H. M. Scott 1958 Effect of dietary



N U T R IE N T  IN TAK E AND ATH EROSCLEROSIS IN  COCKERELS 343

protein and fat on changes of serum choles
terol in mature birds. J. Nutr., 64: 177.

8. Leveille, G. A., and H. Fisher 1958 Plasma 
cholesterol in growing chicken as influenced 
by protein and fat. Proc. Soc. Exp. Biol. Med., 
98: 630.

9. Nishida, T., F. Takenaka and F. Kummerow 
1958 Effect of dietary protein and heated 
fat on serum cholesterol and beta-lipoprotein 
levels and on the incidence of experimental 
atherosclerosis in chicks. Circulation Res., 
6: 194.

10. Stamler, J., R. Pick and L. N. Katz 1958 
Effects of dietary proteins, methionine and 
vitamins on plasma lipids and atherogenesis 
in cholesterol-fed cockerels. Circulation Res., 
6: 442.

11. Stamler, J., R. Pick and L. N. Katz 1958 
Effects of dietary protein and carbohydrate 
level on cholesterolemia and atherogenesis in 
cockerels on high-fat, high-cholesterol mash. 
Circulation Res., 6: 447.

12. Fisher, H., A. Feigenbaum, G. A. Leveille, H.
S. Weiss and P. Griminger 1959 Biochem
ical observations on aortas of chickens: effect 
of different fats and varying levels of protein, 
fat and cholesterol. J. Nutr., 69: 163.

13. March, B., and J. Biely 1959 Dietary modi
fication of serum cholesterol in the chick. J. 
Nutr., 69: 105.

14. Pick, R., J. Stamler and L. N. Katz 1959 
Effects of high protein intakes on choles-

terolemia and atherosclerosis in growing and 
mature chickens fed high-fat, high choles
terol diets. Circulation Res., 7: 866.

15. Leveille, G. A., A. S. Feigenbaum and H. 
Fisher 1960 The effect of dietary protein, 
fat and cholesterol on plasma cholesterol and 
serum protein components of the growing 
chick. Arch. Biochem. Biophys., 86: 67.

16. Chaikoff, I. L., C. W. Nichols, Jr., W. Gaffey 
and S. Lindsay 1961 The effect of dietary 
protein level on the development of naturally- 
occurring aortic arteriosclerosis in the chick
en. J, Atheroscler. Res., 1: 461.

17. Huerga, J. D., C. Yesinick and H. Popper 
1953 Estimation of total serum lipids by a 
turbidimetric method. Amer. J. Clin. Pathol., 
23: 1163.

18. Nichols, E. L., J. R. Schultz and S. L. Balloun 
1963 Dietary effects on blood pressure. 1. 
Effects of dietary cholesterol and fat sources. 
Poultry Sci., 42: 1411.

19. Steel, R. G., and J. H. Torrie 1960 Prin
ciples and Procedures of Statistics. McGraw- 
Hill Book Company, New York.

20. Harvey, W. R. 1960 Least squares analysis 
of data with unequal subclass numbers. Agr. 
Res. Serv. publ. ARS-20-8, U.S. Dept, of Agr., 
Washington, D.C.

21. Nichols, E. L., D. K. Hotchkiss and S. L. 
Balloun 1963 Effect of age and body 
weight on the systolic blood pressure of the 
growing chick. Poultry Sci., 42: 1465.



E f f e c t  o f  A m b i e n t  T e m p e r a t u r e  a n d  D i e t a r y  A m i n o  

A c i d s  o n  C a r c a s s  F a t  D e p o s i t i o n  i n  R a t s
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ABSTRACT Sixty-three rats of the Sprague-Dawley strain were used in each of 
two experiments to study the effects of ambient temperature (7, 23 and 33°) on diet 
utilization. In experiment 1, dietary protein levels and protein-amino acid sources 
were: A ) 31.7%, casein; B ) 15.85%, casein; and C ) 31.7%, diet B plus casein- 
simulating crystalline amino acid mixture. The rats, average initial weight of 122 g, 
were confined to individual metabolism cages and fed ad libitum for 20 days, then 
killed for carcass analysis. Diet intake increased significantly with decrease in tem
perature. Gain was highest at 23°, lowest at 7°. Gain-to-feed ratio results were similar 
at 23 and 33°, with both significantly higher than at 7°. Carcass fat decreased sig
nificantly as temperature decreased. For experiment 2, diet C of experiment 1 served 
as the control and the effects of deletions of certain of the crystalline amino acids 
were studied. With isonitrogenous diets, omission of the crystalline essential amino 
acids or of only the basic amino acids increased fat deposition. Carcass fat deposition, 
however, responded more to ambient temperature than to amino acid imbalance.

Many experiments have demonstrated 
that high levels of dietary crude protein 
decrease carcass fat deposition and that 
exposure of animals to cold environments 
increases feed intake. There is little in
formation, however, on the effect of ambi
ent temperature on carcass fat deposition. 
Payne and Jacob (1) calculated carcass 
fat content of 30-day-old rats exposed to 
environmental temperatures of 15 or 27° 
and fed either nitrogen-free, 4, 10 or 25% 
casein diets. Carcass fat was less at 15° 
than at 27°, except for the rats on the 
4% casein diet. Schmidt and Widdowson
(2) fed 10-week-old rats for 9 weeks a diet 
containing either 17 or 4.3% protein. Half 
the animals on each diet were kept at 21°, 
and half at 5°. Animals fed the 17% pro
tein diet at 21° had the most carcass fat, 
but there were no significant differences 
among the other three groups. Bobek and 
Gin ter (3) observed that esterified fatty 
acid was decreased and glycogen was in
creased in the liver when rats at 2° were 
fed high fat, high cholesterol diets. They 
assumed this effect was probably due to a 
lowering of hepatic lipogenesis. Young and 
Cook (4) exposed mice to ambient tem
peratures of 4, 24 and 35° for 30 to 36 
days. The mice exposed to the low tem
perature consumed more food than those 
at 24°, failed to grow, and deposited less

total lipid in the carcass than the control 
group at 24°. On the other hand, the mice 
exposed to the high temperature consumed 
less food than the controls (24°), grew as 
well as the control group, and deposited 
similar quantities of lipid. Heroux and 
Gridgeman (5) kept rats for 4 weeks in a 
warm (30°) or a cold (6°) environment. 
Weight of superficial fat tissue of the 
former was twice as much as that of the 
latter. Barnett and Widdowson (6), how
ever, reported that male offspring from 
mice representing the 14th generation of 
continuous exposure to — 3° deposited 
more fat than those of controls at 21°. 
However, “new mice” exposed to — 3° for 
the first time deposited less fat than con
trols at 21°. Mickelberry et al. (7) ob
served that elevated temperature markedly 
retarded growth and feed consumption of 
chicks, but had no significant influence 
upon either the moisture or fat content of 
chick tissues.

The experiments reported here were 
conducted to study the effect of ambient 
temperature on carcass fat deposition in 
rats fed different levels and sources of die
tary amino acids.
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EXPERIMENTAL
E xperim ent 1. Sixty-three male rats of 

the Sprague-Dawley strain, averaging 122 
g, were randomly assigned to diets (A, B 
and C shown in table 1) and environments 
(7, 23 and 33°). Each rat was confined 
to a metabolism cage and diet and water 
given ad libitum for 20 days. Fresh feed 
was added daily in response to level of 
voluntary consumption. Prior to feeding, 
diets were stored in the 7° environment. 
Chamber temperatures were maintained 
within ±  0.5°, and relative humidity was 
kept constant at 50%. At the beginning 
of the experiment five representative rats 
were killed by ether asphyxia for carcass 
analysis. At the end of the experiment rats 
were killed by ether asphyxia and the en
tire carcass frozen for analysis. The fro
zen carcasses of seven rats from a treat
ment were ground and mixed, and from 
this homogeneous mass, samples were 
taken for chemical analysis. Moisture was 
determined by overnight drying in a vac
uum oven at 90°. The dry sample was 
then transferred to an extraction thimble 
for a 16-hour ether extraction for deter
mination of crude fat. Nitrogen was de-

TABLE 1
Composition of test diets (exp. 1)

Ingredients A B C

Cornstarch 45.00
g /100 g diet 

62.50 40.88
Casein 35.00 17.50 17.50
Amino acid mix 1 — — 20.62
Corn oil 10.00 10.00 10.00
Cellulose 2.00 2.00 2.00
Mineral mix 2 4.00 4.00 4.00
NaCl 1.00 1.00 1.00
NaHCOs — — 1.00
Vitamin mix 3 1.00 1.00 1.00
Cod liver oil 1.50 1.50 1.50
Wheat germ oil 0.50 0.50 0.50

Crude protein, % 4 31.70 15.85 31.70
1 C om position  is show n in  table 2.
2 M ixture con ta in ed : ( in  m illig ra m s) N aC l, 108,088;

K 2C6H 50 H 20 ,  236,888; K 2H P 0 4, 77,332; C aH P 04-
2H 20 ,  335,554; C aC 0 3, 163,554; M gCOs, 40,888;
FeC 6H 50 7 -3H 20 , 15,998; C uS 0 4 -5H 20 ,  178; M n S 0 4,
1,245; K2A l2 ( S 0 4) 4• 24H 20 , 8 8 ; KI, 44; ZnCO s, 441.

3 One hu ndred-gram  m ixture  con ta in ed : ( in  m illi
gram s) T h iam in e  -HC1, 26; r iboflav in , 6 6 ; n ico t in ic  acid , 
440; p an toth en ic acid , 264; pyrid ox in e , 25; ch o lin e  
ch loride , 22,000; v itam in  B i2, 0 .44 ; v itam in  K (m e n a 
d io n e ), 2 ; v itam in  E ( 7 -to co p h e ro l), 1,200; fo lic  acid , 
20; b io tin , 2 ; ascorb ic  a cid , 3 ,000; and finely  pow dered  
starch  to 1 0 0  g.

4 Includes assay va lue fo r  casein  and  ca lcu la ted  
con trib u tion  o f  crysta llin e  am in o acids.

termined by the Kjeldahl method. Feces 
were collected during the experiment and 
fecal nitrogen was also determined.

E xperim ent 2. Sixty-three male rats of 
the Sprague-Dawley strain, averaging 90 g, 
were confined to an environment of 33° 
for 21 days. Diet C from experiment 1 
served as a control diet. The amino acid 
composition of experimental diets is shown 
in table 2. Treatment of rats and analyses 
procedures were the same as described in 
experiment 1.

RESULTS
E xperim ent 1. Feed consumption, 

weight gain and gain-to-feed ratio are 
shown in table 3. Feed intake of all diets 
decreased significantly (P<0.01) at 33° 
and increased significantly (P<0.01) at 
7° when compared with a room tempera
ture of 23°. Within each environment feed 
intake did not differ significantly among 
diets. Growth rate on all diets decreased 
at both high and low temperatures, but 
cold exposure decreased growth rate more 
than did heat exposure, except on diet B. 
Diet A produced significantly higher gains 
at 23° (P < 0.05) and at 33° (P < 0.001) 
than did diet B. The latter was not sig
nificantly better than diet C. At 7°, how
ever, gains were similar on diets A and B, 
and lowest on diet C. Gain-to-feed ratios 
on the respective diets were similar at 23 
and 33°. At 7°, the values were signifi
cantly (P < 0.05) lower. On the average, 
diet A gave significantly (P < 0.05) higher 
gain to feed than did the other two diets.

Carcass composition data are shown in 
table 4. It was clear that temperature sig
nificantly (P<0.01) affected carcass fat 
deposition. Percentage crude fat was sig
nificantly (P<0.05) less at 7° than at 
23°. The trend toward increased fat depo
sition at high temperature was greatest on 
the lower protein diet (diet B), while the 
depressing effect of low temperature was 
greatest on the higher protein diet (diet A). 
Also, the crystalline amino acid mixture 
stimulated fat deposition more than intact 
protein in all tempreatures (diet C versus 
diet A). Temperature significantly affected 
carcass moisture (P<0.01) and crude 
protein (P < 0.05), values increasing as 
temperature decreased.
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TABLE 2
Composition of test diets (exp. 2)

Ingredient1
Diet description

C D E F G H I J K
% % % % % % % % %

Cornstarch 40.88 39.16 34.86 38.96 -42.17 40.94 41.41 38.37 40.97
Casein 17.50 17.50 17.50 17.50 17.50 17.50 17.50 17.50 17.50
Amino acid mix 20.62 22.34 26.64 22.54 19.33 20.56 20.09 23.13 20.53

1,-Arginine-HC1 0.91 0.91 — — 1.55 0.91 0.91 — 0.91
L-Histidine • HC1 • H20 0.65 0.65 — — 1.11 0.65 0.65 — 0.65
x.-Lysine-HCl 1.89 1.89 — — 3.22 1.89 1.89 — 1.89
L-Tryptophan 0.27 0.27 — — 0.46 0.27 — 0.27 0.27
L-Isoleucine 1.13 1.13 — — 1.93 — 1.13 1.13 1.13
l-Valine 1.30 1.30 — — 2.22 — 1.30 1.30 1.30
n-Leucine 1.68 1.68 — — 2.86 — 1.68 1.68 1.68
L-Threonine 0.82 0.82 — — 1.40 —  0.82 0.82 0.82
L-Methionine 0.53 0.53 — — 0.90 0.53 0.53 0.53 —
L-Cystine 0.06 0.06 — — 0.10 0.06 0.06 0.06 —
L-Phenylalanine 0.99 0.99 — — 1.69 0.99 — 0.99 0.99
L-Tyrosine 1.11 1.11 — — 1.89 1.11 — 1.11 1.11
L-Glutamic 4.02 11.00 26.64 9.76 — 6.13 4.82 6.60 4.24
L-Aspartic 1.34 — — 3.35 — 2.04 1.61 2.20 1.41
n-Proline 2.09 — — 5.08 — 3.19 2.50 3.43 2.20
L-Serine 1.07 — — 2.60 — 1.63 1.28 1.76 1.13
L-Alanine 0.51 — — 1.24 — 0.78 0.61 0.84 0.54
Glycine 0.25 — — 0.61 — 0.38 0.30 0.41 0.26
1 Other ingredients were the same as shown in table 1. All diets 

and L-tyrosine were included in essential amino acids.
were isonitrogenous. L-Cystine

TABLE 3
F eed  con su m p tion , w eig h t ga in  and  g a in -to -feed  ratio  o f  rats (ex p . 1)

Temperature
Avg

33' 23° 7°

Avg daily feed consumed, g 1
Diet A 10.0 ± 0.37 2 13.4 ±0 .57 17.9 ±1 .13 13.8
Diet B 9.6 ± 1.30 13.2 ±0 .92 18.4 ±0 .95 13.7
Diet C 9.5 ± 0.52 12.5 ±0 .65 17.4 ±0 .76 13.1

Avg 3 9.7 13.0 17.9

Avg daily gain, g
Diet A 3.9 ± 0.27 5.2 ±0 .57 3.2 ±0 .60 4.1 4
Diet B 3.3 ± 0.74 4.4 ±0 .98 3.3 ±0 .74 3.7
Diet C 3.1 ± 0.27 4.1 ±1.15 2.6 ±0 .57 3.3

Avg 3 3.4 4.6 3.0

Gain/feed
Diet A 0.38 ± 0.02 0.39 ±0 .04 0.18 ±0 .03 0.32 5
Diet B 0.34 ± 0.04 0.33 ±0.01 0.18 ±0 .03 0.28
Diet C 0.32 ± 0.03 0.33 ±0 .03 0.15 ±  0.03 0.27

Avg 6 0.35 0.35 0.17
1 Values represent means of seven rats fed the experimental diets for 20 days.
2 SEM.
3 Twenty-three degrees significantly (P <  0.01) over 33°; significantly (P <  0.001) less than 7°. 
 ̂Diet A  significantly higher than B at 23° (P <  0.05) and 33° (P <  0.001).
3 P <  0.05. 
s P <  0.001.

The retention of nitrogen and energy, 
and the efficiency of nitrogen and energy 
are shown in table 5. Cold exposure sig
nificantly (P<0.01) decreased nitrogen

efficiency regardless of diet. But the de
pression occurring in rats fed diet B was ap
preciably smaller than for the other two 
diets. Nitrogen efficiency from diet B was
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TABLE 4
Carcass composition of rats (exp. 1)

Item
Temperature

Avg
33° 23° 7°

Crude fa t , %
D iet A 11.2 10.7 6.8 9.6
D iet B 15.2 10.6 8.4 11.4
D iet C 13.4 11.1 8.6 11.0

A vg 1 13.3 10.8 7.9 2
M oisture, %

D iet A 65.5 67.0 69.6 67.4
D iet B 62.4 67.2 68.7 66.1
D iet C 63.1 65.6 68.6 65.8

A vg  1 63.7 66.6 69.0

Crude protein , %
D iet A 20.1 20.8 21.3 20.7
D iet B 19.6 20.1 21.6 20.4
D iet C 19.1 21.1 20.5 20.2

A vg 3 19.6 20.7 21.1
1 P <  0.01.
2 P <  0.05, 23° over 7°.
3 P <  0.05.

TABLE 5
Nitrogen and energy retention (exp. 1)

Temperature
33° 23° 7°

AVg

N itrogen  retention , g / r a t 1
D iet A 2.7 3.7 2.6 3.0  2
D iet B 2.1 2.9 2.8 2.6
D iet C 2.0 3.1 1.9 2.3

A v g  2 2.3 3 .2 2.4

N itrogen  effic ien cy , %  3
D iet A 27.2 28.6 15.2 23 .7
D iet B 48.1 46.9 32.3 4 2 .4 «
D iet C 21.1 25.3 11.3 19.2

A v g  5 32.1 33.6 19.6

E n ergy  retention , k c a l/r a t 6

D iet A 231 274 139 215
D iet B 269 212 169 217
D iet C 232 245 141 206

A vg 2 244 244 150

E n ergy efficiency., %  7
D iet A 26 .2 23.2 8.8 19.4
D iet B 31.7 19.3 10.4 20.5
D iet C 27.9 22.2 9.2 19.8

A v g  8 28.6 21.6 9.5

1 Final carcass2 P <  0.05.
nitrogen -— initial carcass: nitrogen.

3 Nitrogen retained/nitrogen absorbed x 100.
«D iet B significantly higher (P  <  0.01) than diets 

A  a n d  C .
3 P <  0.01.6 (Fat retained ( g )  X  9.3) +  (nitrogen retained (g )  

X  6 . 2 5 x 4 . 1 ) .7 Calories retained/calories consumed X 100.8 Seven degrees significantly less (P  <  0.05) than 
23°.

s ig n if ic a n t ly  h ig h e r th a n  fo r  d ie t A  (P  <  
0 .0 5 ) and d ie t C (P  <  0 .0 1 ). Rats on  d ie t 
B a t 33° deposited m ore  energy th a n  those  
a t 2 3 °, a lth ough  the  g row th  ra te  a t 33° 
was low e r th an  a t 23 °. H ig h e r tem pera 
tu re  increased carcass fa t  depos ition  and  
energy e ffic iency  on  a ll d ie ts a lth ough  
ga in -to -feed ra tio s  in  bo th  groups w ere  the  
same. E ne rgy  e ffic ie ncy  a t 7° was s ig n if i
c a n tly  low e r (P  <  0 .0 5 ) th a n  a t 23 °.

E xp erim en t 2 . G row th  ra tes on d ie ts C 
( c o n t ro l) ,  D  (c ry s ta ll in e  N E A A  2 rep laced  
by  g lu tam ic  a c id ) , H  (om iss io n  o f iso leu 
c ine , va lin e , le uc in e  and  th re o n in e ) and  J 
(om iss io n  o f basic am ino  a c id s ) d id  n o t 
d if fe r  s ig n if ic a n tly . T h is  was also true  
am ong d iets F (om iss io n  o f E A A S) ,  G 
(om iss io n  on N E A A ) and I  (om iss io n  o f 
try p to p h an , p h en y la la n in e  and ty ro s in e ).  
D ie t K  (om iss io n  o f s u lfu r  am ino  ac ids )  
re su lted  in  the low es t feed con sum p tion , 
g row th  ra te  and  ga in -to -feed ra t io  o f a ll 
d iets. Rats fed  d ie t E  (c ry s ta ll in e  am ino  
ac id  m ix tu re  rep laced by g lu tam ic  a c id )  
showed the  leas t g row th  d u r in g  week 1, 
b u t th e rea fte r had  reasonab le g row th  ra te  
( ta b le  6 ) .

Carcass com pos ition  and n itro g e n  e ffi
c iency are shown in  tab le  7. O m iss ion  o f  
a ll c ry s ta llin e  E A A  (d ie t F )  re su lted  in  the  
grea test am oun t o f carcass fa t. O m iss ion  
o f basic am ino  acids (d ie t J )  appeared to  
increase carcass fa t  depos ition . D ie ts  D  
(c ry s ta ll in e  N E A A  rep laced by  g lu tam ic  
a c id ) and E ( a l l  c ry s ta llin e  am ino  acids 
rep laced by g lu tam ic  a c id ) showed s lig h t  
increase in  carcass fa t  depos ition . Rats  
fe d  d ie t G (om iss io n  o f c ry s ta llin e  N E A A ) ,  
however, had  the low es t c rude fa t  con ten t. 
N itro g e n  re te n tio n  and  e ffic ien cy  were  
h ighes t b y  ra ts  fe d  d ie t C ( c o n t ro l) .

DISCUSSION
Rats a t 23 and 33 °, fe d  a 15.8%  crude  

p ro te in  d ie t (d ie t B ) ,  g rew  s low er th a n  
those fed  a 31 .7%  crude  p ro te in  d ie t (d ie t  
A ) ,  b u t a t 7° g row th  ra tes were s im ila r  on  
bo th  d iets. The  responses to  tem pera tu res  
re fle c t d iffe rences in  feed in ta ke . A t  7° 
com pensa to ry feed in ta ke  w ou ld  overcome  
the possib le de fic iency  o f  s u lfu r  am ino  
acids in  the 15.8%  p ro te in  d ie t. Payne

2 NEAA, nonessential amino acids.
3 EAA, essential amino acids.
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TABLE 6
Feed consumption, weight gain and gain-to-feed ratio of rats (exp. 2) 1

Diet Feed
consumed 2 Weight

gain 2 G ain /feed 2
g/rat/day g/rat/day

C (c o n t r o l) 7.3 ± 0 .4 3  3 3 .0 ±  0 .32 0.41 ± 0 .0 3
D  (E A A  +  G lu ) 7.2 ± 0 .2 5 2.8 ±  0 .37 0.39 ± 0 .0 4
H  ( — lie , V al, L eu , T h r ) 7.4 ± 0 .6 4 3.1 ± 0 .4 7 0.41 ± 0 .0 4
J (  — A rg , H is, L y s ) 7.1 ± 0 .3 8 2.8 ± 0 .4 0 0.40 ± 0 .0 4
F ( — E A A ) 6.3 ± 0 .5 0 2.1 ±  0.41 0.32 ± 0 .0 4
G ( -  N E A A ) 6.1 ± 0 .3 4 2.1 ± 0 .4 5 0.34 ± 0 .0 6
I (  — T rp , P h e, T y r ) 6 .7 ± 0 .2 4 2.3 ± 0 .2 9 0.34  ± 0 .0 4
E (a l l  G lu ) 6 .2  ± 0 .2 5 1 .7 ± 0 .2 5 0.27 ± 0 .0 4
K  ( — M et, C y s ) 5.8 ± 0 .7 2 1.2 ± 0 .4 5 0.20  ± 0 .0 7

i Values represent means o f seven rats 2P <  0.001.
fed  the experimental diets for 21 days.

3 SEM.

TABLE 7
Carcass composition and nitrogen efficiency of rats (exp. 2 )

Composition o f fresh carcass
Nitrogen Nitrogen 
retained 1 efficiency 1Diet

Moisture Crude
protein

% % % g/rat %
C (c o n tr o l) 67 .6  8 .0 20.5 2.4 31.6
D  ( E A A  +  G lu ) 68 .2  8 .5 20.1 2.1 29.1
H ( -  He, V al, L eu , T h r ) 67 .2  8 .2 19.7 2.2 29.3
J ( — A rg, H is, L y s ) 67.1 9 .0 20.3 2.2 30.6
F ( -  E A A ) 67.6 9.8 19.3 1.5 21.0
G ( — N E A A ) 67.8 7.6 20.5 1.8 28.4
I (  — T rp , P h e, T y r ) 67 .6  7.8 20.0 1.8 26.3
E (a l l  G lu ) 68.3 8.6 19.6 1.3 19.9
K  ( — M et, C y s) 68.6 7.8 20.0 1.0 17.7

i Shown in  table 5.

and Jacob ( 1 )  observed th a t ra ts  fe d  a 4%  
case in d ie t g rew  s lig h t ly  be tte r, and  those  
fe d  a 10% case in d ie t m a rk e d ly  b e tte r, a t 
15° th a n  those fed  the same d iets a t 27 °. 
In  con tra s t, ra ts  fe d  a 25%  case in d ie t 
g rew  m ore  s low ly  a t the low e r tem pe ra tu re . 
S chm id t and W iddow son  ( 2 )  repo rted  th a t  
ra ts  e a tin g  a stock d ie t (c ru d e  p ro te in  
17% ) and kep t a t 5° consum ed m ore  feed  
b u t g rew  less th a n  those ke p t a t 21 °. W hen  
fe d  a lo w  p ro te in  d ie t (c ru d e  p ro te in  
4 .3 % )  ra ts  a t 21 ° lo s t w e ig h t, whereas  
those a t 5° consum ed m ore  feed and los t 
w e ig h t o n ly  s lig h t ly  d u r in g  the  f ir s t  3 
weeks, and th e rea fte r m a in ta in e d  body  
w e ig h t fo r  9 weeks. T re adw e ll e t al. ( 8 )  
also no ted  be tte r g row th  ra tes a t 1° th a n  
a t 25 ° b y  ra ts  re ce iv in g  d ie ts o f 5 and  
10% p ro te in . H owever, p e rfo rm ance  on  
d iets h a v in g  g rea te r th a n  10%  p ro te in  was  
low e r a t the  co ld  e n v iro nm en t. S im ila r re 
su lts  w ere described by M eye r and H a rgus
( 9 ) .  S ince co ld  exposure s tim u la te s  feed

in ta ke , a d ie t d e fic ie n t in  a g iven  n u tr ie n t  
fo r  a n im a ls  in  a w a rm  e n v iro nm en t w ou ld , 
in  a co ld  e n v iro nm en t, be consum ed in  
am oun ts  su ff ic ie n t to  p rov ide  m ore  th a n  
adequate absolute in ta ke  o f the  n u tr ie n t  
in  question . Borchers ( 1 0 )  repo rted  th a t  
g row th  in h ib it io n  o f ra w  soybean m ea l 
was less fo r  ra ts  a t 10° th a n  a t 30 °. T h is  
a lle v ia tin g  e ffe c t o f lo w  tem pe ra tu re  ap
pears to re fle c t increased feed  in ta ke , since  
the supp lem en ta l c om b in a tio n  o f  DL-meth- 
io n in e  and DL-valine was e ffec tive  in  a lle v i
a tin g  the g row th  in h ib it io n  e ffe c t o f ra w  
soybean m ea l fe d  to ra ts  a t 30°. S im ila r  e f
fe c ts  o f co ld  exposure due to increased feed  
in ta ke  were repo rted  by K la in  e t a l. ( 1 1 ) ,  
B ave tta  and  N im n i ( 1 2 )  and  H a rpe r and  
Rogers ( 1 3 ) .

H ig h  am b ien t tem pe ra tu re  increased ca r
cass fa t  depos ition , espec ia lly  in  ra ts  fed  
the  lo w  p ro te in  d ie t. T he  low e r tem pe ra 
tu re  decreased carcass fa t  depos ition  and  
i t  was m ost appa ren t w ith  the  h ig h  p ro 
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te in  d ie t. I t  w o u ld  appear th a t a t the  h ig h  
tem pe ra tu re  feed in ta ke  was n o t su ffi
c ie n t ly  reduced to p reven t excess ca lo rie  
consum p tion  and  fa t  depos ition . Con
verse ly , a t the  lo w  tem pe ra tu re , in ta ke  
was in s u ff ic ie n t to  com pensate fo r  the  
added energy e xpend itu re  in  the rm ogene
sis and  body hea t loss. M oreover, the  stress 
caused by am b ien t tem pe ra tu re  change  
m ay have a lte red  some cond it io n s  o f  
energy (hence  p ro te in )  m e tabo lism  in  the  
ra t, and th is  a lte ra t io n  was a ffected  by  
d ie ta ry  c rude  p ro te in  con ten t.

Rats fe d  d ie t C (c o m b in a tio n  o f case in  
and  c ry s ta llin e  am ino  ac id s ) showed poore r 
g row th  ra te  and  deposited m ore  carcass  
f a t  th a n  those fe d  d ie t A  ( a l l  am ino  acids 
f ro m  case in ) in  a ll tem pera tu res , a lth ough  
bo th  d ie ts had  the  same crude p ro te in  con 
te n t and am ino  ac id  ba lance . T h is  in d i
cates th a t the  c ry s ta llin e  am ino  ac id  m ix 
tu re , designed to d up lica te  the am ino  ac id  
ba lance  o f case in , had  n u tr it io n a l c ha r
ac te ris tics  d if fe re n t f ro m  in ta c t p ro te in . 
Perhaps the ra te  and  p a tte rn  o f am ino  
acid  abso rp tio n  fro m  the  ga s tro in te s tin a l 
tra c t d iffe re d  s u ff ic ie n tly  be tween in ta c t  
p ro te in  and c ry s ta llin e  am ino  acids to a f
fe c t m e tabo lic  behav io r.

In  e xpe r im en t 2, the e ffects o f  de le tions  
o f ce rta in  o f the  c ry s ta llin e  am ino  acids  
were stud ied . I t  was fo u n d  th a t iso n itro -  
genous d ie ts c o n ta in in g  d if fe re n t am ino  
acid  p a tte rn s  d if fe re n t ia lly  a ffec ted  carcass 
fa t  depos ition . O m iss ion  o f  c ry s ta llin e  
E A A  (d ie t F )  caused the greatest, and  
om iss ion  o f c ry s ta llin e  N E A A  (d ie t G ) the  
leas t, am oun t o f carcass fa t  depos ition . 
D ie t J (om iss io n  o f c ry s ta llin e  basic am ino  
ac id s ) also increased carcass fa t  deposi
t io n , and d ie t H  (om iss io n  o f c ry s ta llin e  
essentia l a lip h a tic  am ino  a c id s ) o n ly  
s lig h t ly  increased carcass fa t  deposition . 
Thus , the  depressing e ffe c t on carcass fa t  
depos ition  o f essen tia l am ino  acids m ay  be 
due m a in ly  to  the basic am ino  acids. On  
the  o th e r hand , d ie t F increased carcass fa t  
depos ition  and th is  showed th a t the  c ry s ta l
l in e  N E A A  increased carcass fa t  deposi
tio n . D ie t D  (c ry s ta ll in e  N E A A  m ix tu re  
rep laced b y  g lu tam ic  a c id )  and d ie t E  
(c ry s ta ll in e  am ino  ac id  m ix tu re  rep laced  
by g lu tam ic  a c id ) also increased carcass  
fa t  depos ition . T hus , g lu tam ic  ac id  s t im 

u la ted  g rea te r fa t  depos ition  th a n  d id  the  
N E A A  o f d ie t C. I t  c a n no t be said, h ow 
ever, th a t g lu tam ic  a c id  has a g rea te r e f
fe c t on in c rea s in g  carcass fa t  depos ition  
th a n  any o f the in d iv id u a l N E A A , since  
these have n o t been eva lua ted  in d iv id u a lly .

I t  is  suggested th a t the  w id e  d iffe rences  
in  g row th  ra te  am ong the  tes t d ie ts in  
e xpe rim en t 2 re su lted  f ro m  am ino  ac id  
im ba lances. Rats fe d  d ie ts C (c o n t ro l)  
and  H  had  s im ila r  g row th  ra tes , b u t the  
fo rm e r re ta in ed  m ore  n itro g e n  and  showed  
be tte r n itro g e n  e ffic ien cy  th a n  the la tte r .  
T h is  w o u ld  re fle c t the  be tte r ba lance o f  
am ino  ac id  in  d ie t C. D ie t K  (om is s io n  o f  
c ry s ta llin e  s u lfu r  am ino  a c id s ) was con 
sumed in  leas t am oun ts  and  p roduced  the  
low es t g row th  ra te . T h is  w o u ld  appear to  
re fle c t the re su lt o f the  severe am in o  ac id  
im ba lance  due to the  lo w  con te n t o f  s u lfu r  
am ino  acids. H owever, d ie ts E  and  F , in  
w h ic h  the s u lfu r  am ino  ac id  co n te n t was  
the same as in  d ie t K , showed app rec iab ly  
be tte r g row th  ra te  th a n  d ie t K . I t  is  l ik e ly  
th a t the presence o f o the r c ry s ta llin e  EAA  
accentua ted the am ino  ac id  im ba la n ce  o f 
d ie t K.

In  the tw o  tr ia ls  repo rted  here i t  was  
fo u n d  th a t h ig h  am b ien t tem pe ra tu re  in 
creased and  lo w  am b ien t tem pe ra tu re  de
creased carcass fa t  depos ition . These tem 
pe ra tu re  e ffects appeared to d if fe r  am ong  
d ie ta ry  p ro te in  levels. D ie ta ry  am ino  acid  
ba lance  also in flu en ced  carcass fa t  deposi
t io n  in  the  ra t. I t  was ev iden t, however, 
th a t carcass fa t  depos ition  responded more  
to  tem pe ra tu re  th a n  to the  d ie ta ry  am ino  
acid  ba lance.
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Influence of Zinc and Vitamin D on Plasma Amino 
Acids and Liver Xanthine Oxidase in Rats 1,2
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ABSTRACT P lasm a am in o  acids and liver xa n th in e  ox id ase  activity w ere deter
m in ed  in  rats fe d  a  con tro l diet w ith  and w ith ou t c a lc ife ro l or fe d  diets p rov id in g  9%  
ca se in  w ith  an d  w ith ou t added z in c  and ca lc ife ro l. R edu ction  o f  dietary  p rotein  re
sulted in  a sign ifican t decrease in  xa n th in e  ox id ase activ ity , con cen tra tion s o f  p lasm a  
threon ine, m eth ion in e , iso leu cin e , leu cin e  and p h en y la lan in e , and in  elevated h istid in e 
levels. A dd ition  o f  ca lc ife ro l to diets con ta in in g  added  z in c  decreased the levels o f  
p lasm a iso leu cin e , leu cin e , th reon ine and lysin e. L ysine in  p lasm a w as a lso decreased  
by ca lc ife ro l su p p lem en tation  o f  the low  protein  diet and by the add ition  o f  z in c  to 
this diet. X an th in e  ox id ase  activ ity  w a s  low est in  an im als fe d  the lo w  p rotein  diet 
w ith ou t ca lc ife ro l and z in c . T h e apparent in teraction  betw een  z in c an d  v itam in  D 
close ly  app roach ed  s ign ifican ce  at the 5 %  level. T h e results in d ica ted  that xan th in e  
ox id ase activ ity  in  an im als fe d  low  protein  decreased  w ith  in creased  p lasm a lysin e, 
w h ich  w as observed  in  an im als m a in ta in ed  w ith ou t dietary  sources o f  z in c  and  ca lc ife ro l.

A  p rev ious com parison  o f the  concen
tra tio n s  o f selected essen tia l am ino  acids  
in  p lasm a o f ra ts  fe d  a t tw o  leve ls o f ca
sein, w ith  and  w ith o u t d ie ta ry  c a lc ife ro l, 
in d ica te d  th a t the  am oun t o f ly s in e  in  
p lasm a was low e r in  an im a ls  fe d  ca lc ife ro l
( 1 ) .  Ir re g u la r  appearance o f f u r  o f a n i
m a ls  fed  9%  case in w ith  c a lc ife ro l sug
gested th a t z in c  de fic iency  m ay  have con 
tr ib u te d  to the changes observed in  ra tio s  
o f p lasm a  am ino  acids and in  appearance  
o f the an im a ls . A n  e va lu a tio n  o f m in e ra l 
m ix tu re s  used in  e xpe r im en ta l d ie ts by  
W illia m s  and  B riggs ( 2 )  po in te d  o u t th a t  
z in c  shou ld  be added to  USP X IV  sa lt 
m ix tu re  ( 3 )  w h ic h  was used in  th is  la b 
o ra to ry  w ith o u t added z inc .

The  purpose o f the  p resen t in ve s tig a 
t io n  was to com pare p lasm a  am ino  acid  
pa tte rn s  in  a n im a ls  fe d  9%  case in w ith  
and  w ith o u t added z in c  and  c a lc ife ro l, w ith  
those o f co n tro l an im a ls  fe d  18%  case in  
p lus z in c  supp lem en ta tion , w ith  and w ith 
o u t c a lc ife ro l. Because stud ies have in d i
ca ted th a t the  a c t iv ity  o f x a n th in e  oxidase  
m ay be re la ted  to the le ve l o f d ie ta ry  lys ine  
(4 , 5 )  and z in c  ( 6 ) ,  a c t iv ity  o f l iv e r  xa n 
th in e  oxidase was also in ves tiga ted .

M ETH O D S A N D  M A TE R IA LS

M ale  ra ts  o f the  Sprague-Daw ley s tra in , 
w e igh in g  40 to 60 g, were a lloca ted  to 6

groups o f 12 each acco rd ing  to body w e ig h t 
and l it te r . The  tw o  co n tro l groups each  
received a v ita m in  D -de fic ien t d ie t w h ic h  
p rov id ed  18% case in supp lem en ted  w ith  
12 m g  z in c /k g  d ie t in  the  fo rm  o f z in c  
ca rbona te  to p rov ide  22 m g  z in c /k g  d ie t. 
Tw o groups each rece ived a v ita m in  D -de
fic ie n t d ie t c o n ta in in g  9%  case in supp le 
m en ted  w ith  12 m g z in c /k g  to p rov ide  20  
m g z in c /k g  d ie t, and  tw o  groups were  
each fed  a s im ila r  d ie t w ith o u t added z inc  
w h ic h  p rov ided  8 m g  z in c /k g  d ie t. The  
chem ica l m e thod  described by M cC a ll et 
al. ( 7 )  was used to de te rm ine  the z inc  
con ten t o f the  d iets. One g roup  o f 12 ra ts  
assigned to each d ie t rece ived 10,000 IU  
v ita m in  D  (c a lc ife ro l)  o ra lly  p e r week. 
The  v ita m in  D  supp lem en t, w h ic h  was ad
m in is te re d  o ra lly  th ree  tim es pe r week, was  
p repared by the a d d it io n  o f a w e ighed  
q u a n tity  o f c a lc ife ro l to a w e ighed  am oun t 
o f co ttonseed o il. T he  12 co rrespond ing  
an im a ls  assigned to each d ie ta ry  tre a tm en t 
received a com parab le  am oun t o f c a r r ie r  
w ith o u t added ca lc ife ro l. T he  com pos ition  
o f the  d iets is shown in  tab le 1. The  an i- * 1 2

R e c e i v e d  f o r  p u b l i c a t i o n  D e c e m b e r  2 7 ,  1 9 6 8 .
1 S c i e n t i f i c  s e r ie s  p a p e r  n o .  1 3 8 2  p u b l i s h e d  w i t h  t h e  

a p p r o v a l  o f  t h e  D i r e c t o r  o f  t h e  C o l o r a d o  A g r i c u l t u r a l  
E x p e r im e n t  S t a t io n .

2 S u p p o r t e d  i n  p a r t  b y  N a t i o n a l  I n s t i t u t e s  o f  H e a l t h  
T r a i n i n g  G r a n t  n o .  G M S  1 2 7 4  a n d  b y  f u n d s  f r o m  
R e g i o n a l  P r o j e c t  W - 5 7  o f  t h e  W e s t e r n  A g r i c u l t u r a l  
E x p e r im e n t  S t a t io n s .

J. N u t r it io n , 9 8 : 351-355. 351
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T A B L E  1

Composition of diets

9%
protein

18%
protein

% %
C asein  1 9 18
Sucrose 78 69
C ottonseed o il 2 5 5
Salt m ixtu re 3 4 4
C ellu lose 4 4 4

mg/hg
T h iam in e  -HC1 5.0
P y ridox in e  • HC1 2.5
R iboflav in 8.0
Ca pantothenate 20.0
N ia cin 10.0
B iotin 0.1
F ola cin 2.0
V itam in  B 12 0.02
In osito l 100.0
p -A m in oben zoic  acid 100.0
M en adion e 0.5
C h oline ch loride 
V itam in s A  and  E 5

1300.0

1 V i t a m i n - f r e e  c a s e i n ,  G e n e r a l  B i o c h e m i c a l s ,  I n c . ,  
C h a g r in  F a l l s ,  O h io .

2 W e s s o n  O i l ,  W e s s o n  S a le s  C o m p a n y ,  F u l l e r t o n ,  
C a l i f .

3 U n i t e d  S t a t e s  P h a r m a c o p o e i a ,  e d .  1 4 . 1 9 5 0 , p .  7 8 9 .
4 S o lk a  F l o e ,  B r o w n  C o m p a n y ,  S a n  F r a n c i s c o ,  C a l i f .
5 C o t t o n s e e d  o i l - v i t a m i n  D  p r e p a r a t i o n  p r o v i d e d  

1 0 0 0  I U  v i t a m i n  A  a c e t a t e  a n d  0 .8  m g  a - t o c o p h e r o l  
p e r  r a t  p e r  w e e k .

m a ls  were housed in  in d iv id u a l ga lvan ized  
m e ta l cages w ith  w ire  bo ttom s and g iven  
food  and d is tille d  w a te r ad l ib itu m  d u r in g  
the  6-week e xpe r im en ta l pe riod .

A n  am ino  ac id  a n a ly z e r3 was used to  
de te rm ine  the  co n cen tra tio n  o f am ino  acids 
in  p ro te in -free  filt ra te s  o f b lood p lasm a  
p repa red  fro m  pooled p lasm a samples fro m  
fo u r  non fas ted  ra ts  ( 8 ) .  A c t iv ity  o f liv e r  
xa n th in e  oxidase was es tim a ted  acco rd ing  
to the m e thod  repo rted  by L itw a c k  e t al. 
( 9 ) .  S ta tis tica l m easurem ents used to  
eva lua te  the  re su lts  w ere ana lys is  o f v a r i
ance and t test ( 1 0 ) .

RESULTS

Rats fed  the co n tro l d ie t w ith  and w ith 
o u t v ita m in  D  supp lem en t ga ined 226 ±  3 
and 192 ±  11 g, respective ly . T he  d if fe r 
ence was s ig n if ic a n t ( P < 0 . 0 1 ) .  Supp le
m e n ta tio n  o f the d ie t p ro v id in g  9%  casein  
w ith  v ita m in  D  o r z in c  had  no appa ren t e f
fe c t on appearance o f f u r  o r on w e ig h t 
ga in . Rats fed  9%  case in p lus added z inc  
w ith  and w ith o u t v ita m in  D  ga ined 89 ±  
5 and 92 ±  3 g, respective ly . C orrespond

in g  an im a ls  fe d  the same leve l o f p ro te in  
w ith o u t supp lem en ta ry  z in c  ga ined  92 ±  5 
and 98 ±  5 g.

M ean  va lues fo r  p lasm a  am ino  acids  
are shown in  tab le  1. S ince the  m e thod  
em ployed in  p rep a ra tio n  o f the  p lasm a  
ex tra c ts  in vo lved  tre a tm en t w ith  ac id , the  
ch rom a tog raphs showed no detectab le try p 
tophan  in  the  samples ob ta ined  f ro m  ra ts  
fe d  the va rious  e xpe rim en ta l d ie ts. As de
te rm ined  by ana lys is  o f va riance  the con 
cen tra tio ns  o f va lin e , a rg in in e , cys tine , 
ty ros ine , aspartic  ac id , serine , p ro lin e , g lu 
tam ic  ac id  and g lyc ine  were n o t s ig n if i
c a n tly  a ffected  by d ie ta ry  tre a tm en t. Re
d u c tio n  o f p ro te in  fro m  18 to 9%  o f the  
d ie t p roduced a s ig n if ic a n t decrease in  
concen tra tions  o f p lasm a th reon ine , m e th 
io n in e , iso leuc ine , le uc ine  (P  <  0 .0 1 ) and  
phen y la la n in e  (P  <  0 .0 5 ) , and increased  
leve ls o f p lasm a h is tid in e  (P  <  0 .0 5 ).  
A d d it io n  o f v ita m in  D to d iets p ro v id in g  18 
or 9%  p ro te in  w ith  z in c  supp lem en ta tion  
decreased the leve ls o f p lasm a iso leuc ine  
and leuc ine  ( P < 0 . 0 1 )  and  o f th re on in e  
and lys ine  (P  <  0 .0 5 ). A d d it io n  o f z inc  
to  the lo w  p ro te in  d ie t re su lted  in  s ig n if i
c a n t decreases in  the  con cen tra tio n  o f free  
p lasm a lys ine  ( P < 0 . 0 1 )  and a lan ine  
(P  <  0 .0 5 ). S upp lem en ta tio n  o f the  9%  
case in d ie t w ith  v ita m in  D  decreased the  
concen tra tions  o f p lasm a lys in e  (P <  0 .01).

The  m ean a c tiv ity  va lues fo r  x a n th in e  
oxidase expressed in  m ic rom o les  o f x a n 
th in e  ox id ized  pe r h o u r pe r g ram  o f liv e r  
are shown in  tab le 2. A c t iv ity  curves p lo tte d  
f ro m  the m ean  va lues fo r  re s idua l x a n th in e  
a t each tim e  in te rv a l observed are shown  
in  f ig u re  1. X an th in e  oxidase a c tiv ity  o f  
the liv e r  was decreased by re d u c tio n  o f the  
p ro te in  le ve l o f the d ie t (P  <  0 .0 1 ). V ita 
m in  D supp lem en ta tion  resu lted  in  de
creased va lues fo r  a c t iv ity  o f x a n th in e  o x i
dase in  l iv e r  o f  ra ts  fed  d iets c o n ta in in g  
added z in c , and increased a c tiv ity  o f the  
enzyme in  liv e r  o f an im a ls  fed  the d ie t 
w ith o u t added z inc . The  d iffe rences were  
n o t s ig n if ic a n t. Expressed as m ic rom o le s  
o f xa n th in e  ox id ized  pe r h o u r pe r g ram  o f  
l iv e r  the low es t va lue  o f 1.36 was observed  
in  an im a ls  fed  9 %  casein in  the absence 
o f z in c and v ita m in  D. The  a c tiv ity  curves

3 B e c k m a n  M o d e l  1 2 0 B , B e c k m a n  I n s t r u m e n t s ,  I n c . ,
S p i n c o  D iv i s i o n ,  P a lo  A l t o ,  C a l i f .
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TABLE 2
Plasma free amino acid levels of weanling rats fed the control diets and diets containing 9% casein

with and without zinc and vitamin D
A m i n o  1 8 %  c a s e i n  +  z i n c  9 %  c a s e i n  +  z i n c  9 %  c a s e i n  —  z i n c

aC^  —  v i t a m i n  D  - f  v i t a m i n  D  —  v i t a m i n  D  - f  v i t a m i n  D  —  v i t a m i n  D  +  v i t a m i n  D

/imoles/100 m l /imoles/100 m l /imoles/100 ml
T h reon in e 60.4 ± 2 .8  1 47 .4  ± 2.8 4 3 .9 ± 2 .2 3 9 .0 ±  3.4 47 .5  ± 3 .0 40 .4  ± 5.8
V alin e 23.9  ± 0 .6 18.7 ± 1.5 20.1  ± 0.6 17.1 ±  1.8 1 9 .3 ± 4 .7 20 .2  ± 2 .2
M eth ion ine 6 .0 ± 0 .2 5 .7  ± 0.4 3 .5 ± 0.4 3.3 ± 0 .4 4 .5  ± 0 .3 4 .8  ± 0.6
Iso leu cin e 1 1 .3 ± 0 .4 9.4 ± 0.6 9.1 ± 0.3 7 .0 ±  0.8 10.2 ± 0 .6 9.2 ± 0.9
L eu cin e 17.9 ± 0 .2 13 .1 ± 1.7 1 2 .2 ± 1.4 9.8 ± 0 .3 12.8 ± 0 .4 13.3 ± 1.0
P h en y la lan in e 6.8 ± 0 .9 6 .0 ± 0.8 5 .7 ± 0.3 4 .2 ±  0.4 5 .1 ± 0 .6 6.3 ± 0.7
L ysine 4 9 .1 ± 2 .7 39.8  ± 1.3 4 8 .9 ± 2.5 4 1 .4 ± 2 .4 67.6 ± 0 .5 49 .5  ± 5.7
H istidine 7.1 ± 0 .6 5 .6 ± 0.8 1 0 .2 ± 1.6 8 .2 ± 0 .7 12.3 ± 0 .6 9.4 ± 1.3
A rg in in e 1 3 .4 ±  1.6 12.8 ± 1.1 1 7 .3 ± 2.9 13.3 ± 0 .6 1 6 .4 ±  1.6 1 5 .2 ± 1.4

H alf-cystin e 3.1 ± 0 .5 2.5 ± 0.2 2.2 ± 0.2 2.8 ± 0 .2 2.1 ± 0 .4 2.8 ± 0.4
T yrosine 1 0 .6 ± 0 .6 10.3 ± 0.4 8.4 ± 2 .6 7.6 ± 1 .1 12.1 ± 1 .1 9.8 ± 1.0
A spartic a cid 4 .6 ±  1.8 2.5 ± 0.2 2.8 ± 0.6 3.1 ± 0 .3 3 .5 ± 0 .1 3 .0 ± 0.5
Serine 50.8 ± 8 .6 53.7  ± 15.0 52 .6 ± 8.8 63.8 ± 3 .3 6 5 .7 ±  1.4 84.8 ± 1 4 .8
P roline 4 8 .4 ± 4 .1 3 4 .7 ± 4.5 41.4  ± 13.7 35.1 ± 7 .8 5 0 .6 ±  6.0 4 3 .6 ±  13.5
G lu tam ic acid 16.4 ± 0 .3 17 .0± 0.3 1 6 .8 ± 3.2 2 1 .2 ± 2 .5 19.8 ± 0 .8 20.4  ± 1.3
G lycin e 3 1 .4 ± 2 .2 27.8  ± 2.2 38.2 ± 2.8 34.8 ± 2 .5 3 5 .3 ±  1.0 3 9 .0 ± 2.9
A lan ine 58.6  ± 1 .4 47 .9  ± 1.7 53.1 ± 9.3 6 0 .5 ± 4 .7 7 1 .5 ± 6 .4 65.5  ± 4.3
i Mean of three samples ±  s e m .

Fig. 1 E ffect o f  protein , z in c  an d  v itam in  D on  
xa n th in e  ox id ase activ ity  in  liver o f  rats.

( f ig . 1 ) show  the h ighe s t le ve l o f re s idua l 
x a n th in e  a t the  end o f 2 hou rs  in  liv e r  
o f an im a ls  fe d  9%  casein p lus  z in c  and  
v ita m in  D. The  d iffe rence  in  the am oun t

o f x a n th in e  in  the system  a t zero t im e  and  
120 m inu te s , however, was sm a lle s t fo r  
an im a ls  fed  9%  case in w ith o u t supp le 
m e n ta tio n  and, the re fo re , in  te rm s o f  x a n 
th in e  ox id ized  pe r h o u r the a c t iv ity  pe r 
g ram  o f l iv e r  was less fo r  these an im a ls . 
Com parison  o f the da ta  recorded fo r  the  
tw o  e xpe r im en ta l groups re ce iv in g  d iets  
co n ta in in g  9 %  casein w ith o u t v ita m in  D  
showed th a t x a n th in e  oxidase a c tiv ity  de
creased s ig n if ic a n t ly  w hen  z in c  was om itte d  
f ro m  the d ie t (P  <  0 .0 5 ) . O m iss ion  o f  
d ie ta ry  z in c  had  no  s ig n if ic a n t e ffe c t on  
xa n th in e  oxidase a c tiv ity  w hen  v ita m in  D  
supp lem en t was added to the lo w  p ro te in  
d ie t ( ta b le  3 ) . T he  appa ren t in te ra c t io n  
between z in c  and  v ita m in  D  close ly ap
p roached s ign ificance  a t the 5%  leve l.

D I S C U S S I O N

The  co ncen tra tio n  o f seven nonessen tia l 
and tw o  essen tia l am ino  acids in  p lasm a  
o f ra ts  were n o t a ffected by re d u c tio n  o f 
the le ve l o f d ie ta ry  p ro te in  fro m  18 to 9 %  , 
by supp lem en ta tio n  o f the d ie t p ro v id in g  
9 %  p ro te in  w ith  z in c , o r b y  a d d it io n  o f 
c a lc ife ro l to  e ith e r le ve l o f p ro te in . T he  
re d u c tio n  o f p lasm a m e th io n in e  and phe 
n y la la n in e , and the  increase in  le ve l o f  
h is t id in e  w h ic h  re su lted  f ro m  decreased  
le ve l o f d ie ta ry  p ro te in , were the o n ly  sig-
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TABLE 3
Xanthine oxidase activity in liver of rats fed the control diets and diets containing 

9% casein with and without added zinc and vitamin D

Vitamin D
Xanthine disappearance 1

18% casein - f  zinc 9% casein +  zinc 9% casein — zinc

IXJ/week
0 9.39  ± 0 .4 4  2 2.06  ± 0 .2 2 1.36 ± 0 .1 4

10,000 9.23 ± 0 .7 6 1 .6 6 ± 0 .2 1 1.74 ± 0 .2 4

1 M ic r o m o l e s  o f  x a n t h i n e  o x i d i z e d  p e r  h o u r  p e r  g r a m  o f  l i v e r  ( m o i s t  w e i g h t ) .
2 M e a n  o f  1 2  a n i m a l s  ± s e m .

n if ic a n t changes observed fo r  these am ino  
acids. P lasm a th re on in e , iso leuc ine , and  
le uc ine  decreased w hen  the low e r le ve l o f  
d ie ta ry  p ro te in  was fed  and w hen  d iets con 
ta in in g  added z inc were supp lem en ted w ith  
ca lc ife ro l. L ys ine  and a lan ine  in  p lasm a  
decreased w hen  z in c  was added to the  d ie t 
w h ic h  p rov ided  9%  casein. The  low e r con 
ce n tra tio n  o f ly s ine , w h ic h  was observed  
w hen  v ita m in  D  was added to the  d ie t, con 
firm s  the  p rev ious observa tion  ( 1 )  th a t the  
le ve l o f p lasm a  lys ine  m ay be re la ted  to  
d ie ta ry  c a lc ife ro l. Expressed as m ic rom o les  
pe r 100 m l, the p re v io u s ly  observed leve ls  
o f lys ine  in  p lasm a o f ra ts  fed  18% casein  
w ith o u t added z inc , supp lem en ted  w ith  
zero and 10,000 IU  o f v ita m in  D , were 52.6  
and 48 .2  ( 1 ) ,  com pared w ith  49.1 and
39.8 recorded in  the p resen t s tudy  fo r  co r
re spond ing  an im a ls  fed  a d ie ta ry  source  
o f z inc . The  h ighes t co n cen tra tio n  o f 
p lasm a  lys in e  was recorded fo r  an im a ls  
fe d  the d ie t p ro v id in g  9%  casein w ith o u t  
z in c  and  c a lc ife ro l supp lem en ta tion , w h ich  
also p roduced the low es t a c t iv ity  o f x a n 
th in e  oxidase.

A  la rge  am oun t o f  w o rk  has been done  
in  va rious  stud ies to de fine the  s ign ificance  
o f a lte ra tio n s  in  p lasm a am ino  acids. E m 
phasis has been p laced on stud ies o f the  
in flu en ce  o f d ie ta ry  m od if ic a tio n s  on  am ino  
acid  pa tte rn s  in  p lasm a in  o rde r to es ti
m a te  n u tr it io n a l va lue  o f n u tr ie n ts , p a r
t ic u la r ly  p ro te in . In  the  b roadest aspect, i t  
appears these stud ies have va lue  in  deter
m in in g  fa c to rs  w h ic h  in flu en ce  tra n spo rt 
and use o f am ino  acids.

The  curves fo r  xa n th in e  oxidase a c tiv ity  
in  liv e r  o f ra ts  fe d  18% case in in  th is  s tudy  
are s im ila r  to  the  cu rve  observed by L it -  
w ack  e t a l. ( 1 1 ) .  The  va lues fo r  m ic ro 
m o les o f x a n th in e  ox id ized  pe r h o u r pe r

g ram  o f liv e r  fo r  ra ts  fed  18%  case in are  
s im ila r  to va lues repo rted  by  Cox and  
H a rr is  ( 6 )  fo r  ra ts  fed  20%  casein. T he  
reason fo r  the low  a c tiv ity  o f the  enzyme  
observed d u r in g  the  f ir s t  30 m inu te s  o f the  
in c u b a tio n  pe riod  is n o t know n . I t  is pos
s ib le th a t n a tu ra lly  o c cu rr in g  in h ib it in g  
fa c to rs  m ay  be p resen t in  tissue.

The  m a rked  se n s itiv ity  o f x a n th in e  o x i
dase to d ie ta ry  p ro te in  observed in  th is  
s tudy is  w e ll kn ow n  ( 1 1 -1 4 )  and  has  
been suggested as a m easure o f p ro te in  
q ua lity . W o rk  by M u ram a tsu  and  A sh ida
( 1 5 )  , however, showed th a t soy p ro te in  
w h ic h  m ay  increase the  re q u irem en t fo r  
d ie ta ry  z in c  d id  n o t suppo rt m a x im a l ac
t iv i t y  o f x a n th in e  oxidase. T he  au tho rs  
conc luded  “ th a t o the r fa c to rs  besides p ro 
te in  le ve l and p ro te in  adequacy can in f lu 
ence the enzyme a c tiv ity , as in  the  case o f 
soybean p ro te in .”

Resu lts o f the  p resen t s tudy  in d ica te d  
th a t z in c  supp lem en ta tion  in  the am oun t 
o f 1 2 m g /k g  had  a s ig n if ic a n t e ffe c t on  
the a c t iv ity  o f x a n th in e  oxidase in  l iv e r  o f  
ra ts  fe d  9%  p ro te in  o n ly  w hen  ca lc ife ro l 
was om itte d  fro m  the d ie t. K fo u ry  e t a l.
( 1 6 )  repo rted  th a t xa n th in e  oxidase a c tiv 
i t y  expressed as m ic rom o les o f x a n th in e  
converted  to u r ic  ac id  pe r m in u te  pe r m i l l i 
g ram  o f n itro g e n  in  z in c -de fic ien t a n im a ls  
d id  n o t d if fe r  s ig n if ic a n t ly  fro m  th a t o f p a ir-  
fe d  con tro ls  w hen  the  d ie t p rov ided  7.4 o r  
14.8%  p ro te in . Cox and H a rr is  ( 6 )  re 
po rted  th a t 0 .4%  d ie ta ry  z inc decreased  
the a c t iv ity  o f x a n th in e  oxidase. S ince  
Swenerton  and H u r le y  ( 1 7 )  have re cen tly  
pub lished  da ta  w h ic h  in d ica te  th a t the  re 
q u irem en t o f z in c  fo r  g row th  and develop
m e n t o f the  ra t is g rea te r th a n  p re v io u s ly  
repo rted , i t  is  possib le th a t the  a d d it io n  o f  
12 m g  z inc to the d ie t used in  th is  s tudy
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was n o t su ff ic ie n t to  dem onstra te  an e f
fe c t on  enzyme a c tiv ity . Because the  a n i
m a ls  used in  th is  s tudy were m a in ta in e d  
in  ga lvan ized  cages the  d ie ta ry  z in c  does 
n o t rep resen t to ta l z in c  ava ilab le  to the  
an im a ls . The purpose o f the s tudy was to  
in ves tiga te  the e ffe c t o f v ita m in  D  and  
the  a d d it io n  o f z in c  to  a d ie t c o n ta in in g  
no added z in c  on  ce rta in  body cons titu en ts  
o f ra ts  m a in ta in e d  in  the  same e n v iro n 
m en t.

The  increase in  body w e ig h t w h ic h  re 
su lted  fro m  a d m in is tra tio n  o f v ita m in  D  to  
ra ts  fed  18%  case in is in  ag reem en t w ith  
m any  repo rts . S teenbock and H e r t in g  (1 8 )  
m ade an extens ive  in ve s tig a t io n  o f the e f
fe c t o f v ita m in  D  on g row th  and ce rta in  
cha ra c te ris t ic s  o f bone o f ra ts  fe d  d iets  
p ro v id in g  v a ry in g  leve ls o f c a lc ium  and  
phosphorus. A d d it io n  o f the v ita m in  to a ll 
d iets excep t those w h ic h  con ta ined  ca lc ium  
and phospho rus in  the  ra tio s  o f 5 .42, 8.34  
o r 28.2 im p ro ved  the w e ig h t ga in  o f the  
ra ts  and  the  au tho rs  conc luded  th a t “ the  
w e an lin g  ra t requ ires v ita m in  D  fo r  o p ti
m u m  pe rfo rm ance .”  In  th is  s tudy , the  
d iets c o n ta in in g  9%  casein p rov ided  by  
ca lcu la t io n  0 .122%  tryp to p h an  and 10 m g  
n ia c in /k g  d ie t, w h ic h  m ay  be m a rg in a l  
fo r  ava ilab le  d ie ta ry  n ia c in  ( 1 9 ) .

D a ta  repo rted  in  th is  pape r suggest th a t  
the lo w  a c tiv ity  o f x a n th in e  oxidase and  
e levated p lasm a lys ine  observed in  ra ts  fed  
a lo w  p ro te in  d ie t w ith o u t added z in c  or 
c a lc ife ro l re flec ted  the  appa ren t e ffe c t o f  
c a lc ife ro l on  the a v a ila b ility  o r u t il iz a t io n  
o f ly s in e  fo r  enzyme synthesis. T h is  h y 
po thes is is  suppo rted  by  the  w o rk  o f o thers  
(4 , 5 )  w ho  showed th a t a m a rg in a l de fi
c iency o f d ie ta ry  ly s in e  m a rke d ly  decreased 
x a n th in e  oxidase a c tiv ity .
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Effect of Dietary Protein on Hepatic Lipogenesis 
in the Growing Chick
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ABSTRACT T h e in flu en ce  o f  d ietary protein  on  h epatic  lip ogenesis in  grow in g  
ch ick s has been  investigated . B oth in  v itro  and  in  v iv o  studies dem onstrated  that the 
in corp ora tion  o f  g lucose-U -14C, pyruvate-2-14C and ace ta te -l-14C in to  liver fa tty  acids 
w as depressed by  e levating  the dietary  prote in  level. L iver ch o lestero l con ten t, h ow 
ever, as w ell as synthesis, w as in creased  as the dietary p rotein  in creased . T h e data sug
gest that h ep a tic  lip ogen esis  and cholesterogen esis are a ltered by dietary  prote in  per 
se regardless o f  its qua lity  or its grow th -stim ulation  e ffe c t . T h e  p lasm a free  fa tty  acid  
lev e l w as decreased  b y  in crea s in g  dietary prote in  and w as positive ly  related to the 
rate o f  h epatic  lip ogenesis. In corp ora tion  o f  DL-lactate-2-I4C and pyruvate-2-14C in to 
b lood  glu cose  appeared to be in creased  as the dietary protein  leve l in creased . T h e ac
tivity o f  m a lic  en zym e w as positive ly  correlated  w ith  the rate o f  lip ogenesis. In creasin g  
dietary protein  fro m  15 to 35 %  depressed both  in  v itro fa tty  a cid  synthesis and m a lic  
en zym e activ ity  b y  about 7 5 % . T h e possib le  regu latory  m ech an ism s respon sib le  fo r  
the depression  o f  h epatic  lip ogenesis in  ch ick s  fe d  a h igh  prote in  diet are discussed. It 
is suggested that a lim ita tion  in  the availability  o f  cy top la sm ic red u cin g  equivalents 
m ay  in itiate the red u ction  in  h epatic  fa tty  acid  synthesis o f  ch ick s fe d  a h ig h  protein  
diet.

Recent in ves tig a tions  have shown th a t 
lipogenesis in  liv e r  and adipose tissue m ay  
be in flu en ced  by d ie ta ry  l ip id  and ca rbo 
hyd ra te . In c re a s ing  the le ve l o f d ie ta ry  fa t  
has been repo rted  to depress fa t t y  acid  
synthesis in  b o th  liv e r  ( 1 - 5 )  and adipose  
tissue ( 6 - 8 )  o f the la bo ra to ry  ra t. The  
lip o gen ic  e ffects cou ld  be a ttr ib u te d  to  
e ith e r d ie ta ry  com ponen t s ince in c rea s in g  
d ie ta ry  fa t  is gene ra lly  associated w ith  a 
decrease in  ca rbohyd ra te  levels. The w o rk  
o f H i l l  e t al. ( 3 ) ,  however, suggests th a t  
d ie ta ry  fa t  has a specific in h ib ito ry  e ffe c t 
on hepa tic  lipogenesis u n re la te d  to a re 
duced ca rbohyd ra te  in ta ke .

N um erous  in ve s tig a tion s  have dem on
s tra ted  th a t c irc u la t in g  lip id s , p a r t ic u la r ly  
cho les te ro l and tr ig lyce rid e s , can be in 
fluenced  by d ie t. T hu s , d ie ta ry  fa t  and  
ca rbohyd ra te  have been repo rted  to a lte r  
b lood cho les te ro l and tr ig ly ce rid e  leve ls  
(9 , 1 0 ). A lso , d ie ta ry  p ro te in  in fluences  
b lood lip id s , p a r t ic u la r ly  cho les te ro l leve ls , 
in  g row ing  an im a ls  (1 1 -1 8 ) .  Desp ite these 
observa tions the e ffects o f d ie ta ry  p ro te in  
on lipogenesis have n o t been ex tens ive ly  
stud ied . In c re a s ing  the  le ve l o f d ie ta ry  p ro 
te in  has been repo rted  to depress fa t ty  
acid  syn thesis in  liv e r  (1 ,1 9 )  and adipose  
tissue (7 , 19 ) o f ra ts  and in  l iv e r  o f ch icks

( 2 0 ) .  These effects cou ld , however, be 
a ttr ib u te d  to changes in  d ie ta ry  ca rbohy
d ra te , since p ro te in  was increased a t the  
expense o f glucose.

The  m echan ism s by  w h ic h  va rious  d i
e ta ry  com ponen ts in flu en ce  l ip id  m e tab 
o lism  are n o t c lear. In  the  ra t, an e lu c i
d a tio n  o f these m echan ism s is com p lica ted  
by the fa c t th a t lipogenesis occurs in  b o th  
l iv e r  and adipose tissue. L ipogenesis in  
the ch icken  (2 1 , 2 2 ) and p igeon (2 3 )  has 
re cen tly  been shown to be re s tr ic te d  to  the  
l iv e r , w ith  adipose tissue se rv ing  p r im a r i ly  
as a storage organ. T h is  species w ou ld , 
the re fo re , appear to p rov ide  some advan 
tages in  s tu d y in g  hepa tic  lipogenesis and  
the in flu en ce  o f d ie t.

The  expe rim en ts  repo rted  here were de
s igned to s tudy the lip ogen ic  response o f  
ch icks to  changes in  d ie ta ry  fa t ,  p ro te in  
and ca rbohydra te . The  resu lts  o f these  
in ve s tig a tion s  show  th a t h epa tic  fa t t y  acid  
syn thesis in  the ch ic k  is depressed by in 
c reas ing  e ith e r d ie ta ry  p ro te in  o r fa t ,  
whereas the ra te  o f cho lesterogenesis is  
enhanced.

E X PE R IM E N TA L
A n im a ls and diets. M a le , crossbred  

ch icks (N e w  H am psh ire  3  X  C o lum b ian
R e c e i v e d  f o r  p u b l i c a t i o n  J a n u a r y  6 ,  1 9 6 9 .

356 J. N u t r it io n , 98: 356 -366 .
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$ ) were used fo r  a ll e xperim en ts . T he  in 
i t ia l  m ean  body w e ig h t o f ch icks fo r  each  
expe rim en t is  in d ic a te d  in  the  tab les o f 
resu lts . The  ch icks were d iv ided  in  such  
a m anne r as to have s im ila r  in i t ia l  average  
body w e igh ts  fo r  each tre a tm en t group . 
They were housed in  e le c tr ic a lly  heated  
cages w ith  ra ised  w ire  flo o rs . Feed and  
w a te r w ere supp lied  ad lib itu m , and  body  
w e ig h t and food  co n sum p tion  were de
te rm ined  a t w eek ly  in te rva ls . The  ch icks  
were fe d  the  e xpe r im en ta l d ie ts  fo r  3 
weeks. The  com pos ition  o f the  basal d ie t 
used in  e xpe rim en ts  1 and 2 was as fo l 
low s : ( in  g ram s pe r 100 g o f d ie t)  sa lt 
m ix tu re ,1 5 .31 ; co rn  o il, 3 .0 ; v ita m in  m ix 
tu re ,2 0 .4 ; cho lin e  ch lo rid e , 0 .2 ; and g lu 
cose, to 100. Sesame m ea l (47 .8%  p ro te in , 
N  X  6 .2 5 ) and lys in e  were added to  the  
basal d ie t a t the expense o f g lucose to sup
p ly  12, 15 or 18% p ro te in  as in d ica te d  in  
the tab les o f resu lts . Because sesame m ea l 
p ro te in  is  d e fic ie n t in  ly s in e  th is  am ino  
acid  was added to  v a ry  the q u a lity  o f the  
p ro te in . T he  e ffec tive  p ro te in  le ve l was  
ca lcu la ted  a cco rd ing  to the  am oun t o f 
ly s ine  supp lem ented. I t  was assumed th a t  
com p le te ly  e ffe c tive  p ro te in  con ta ined  6%  
ly s ine  (2 5 ) .  The  com pos ition  o f the basal 
d ie t fe d  in  e xpe rim en ts  3, 4 and 5 was  
id e n tic a l to  th a t fo r  e xpe rim en ts  1 and 2  
except th a t the  co rn  o il was om itte d , and  
4%  n o n n u tr it iv e  f ib e r was added. Iso la ted  
soybean p ro te in  (assay p ro te in  C i, 89 .0%  
p ro te in , N  X  6 .2 5 ) and f a t 3 were added  
to  the basal d ie t a t the expense o f glucose  
to  supp ly  d if fe re n t leve ls o f p ro te in  (1 0  
to  40%  ) o r l ip id  (5  to 20%  ).

G lyc ine  and D L -m e th ion ine  were added  
a t leve ls e qu iva le n t to  2 .0 and  1.5% o f 
the p ro te in , respective ly . As the  le ve l o f  
d ie ta ry  fa t  was increased the p ro te in  leve l 
was a lte red  to m a in ta in  a cons tan t ca lo rie - 
to -p ro te in  ra tio .

M ETH ODS

A t the te rm in a tio n  o f the experim en ts  
the  ch icks were k il le d  b y  ce rv ica l d is loca 
t io n  and the l iv e r  was ra p id ly  excised and  
weighed. A  p o rt io n  o f the  liv e r  used fo r  
the p rep a ra tio n  o f liv e r  slices was p laced  
in  ice-co ld sa line  (0 .9 % N a C l) .  L iv e r  
slices, p repa red  w ith  a S tadie-R iggs hand  
m ic ro tom e , were used to s tudy  the in c o r
p o ra tio n  o f va rious  l4C -labeled substra tes

in to  fa t t y  acids and cho les te ro l. The  in 
cu ba tio n  cond itio n s  and procedures fo r  
is o la t in g  and d e te rm in in g  the  ra d io a c tiv ity  
o f fa t t y  acids and cho les te ro l have been  
described. ( 2 6 ) .

G luconeogenesis and lipogenesis fro m  
DL-lactate-2-14C, pyruva te -2 -14C, g lucose-U- 
14C and a ce ta te -l-14C were de te rm ined  in  
v ivo  in  expe rim en ts  4 and 5 ( ta b le s  4 and
6 ) . E ach  ch ic k  was g iven  in tra ve n o u s ly  
0.5 m l o f sa line  c o n ta in in g : 1 m m o le  and
1.2 uCi o f DL-lactate-2-14C (so d ium  s a lt)  
in  e xp e r im en t 4 ; 3.5 uCi p y ruva te -2 -14C 
(s o d ium  s a lt ) ,  4 .6 uCi g lucose-U -14C o r 4.7  
liC i a ce ta te -l-14C (so d ium  s a lt)  in  e xpe ri
m en t 5. T h ir ty  m inu te s  (exp . 4 )  and 15 
m inu te s  (e xp . 5 )  la te r  b lood was ob ta ined  
by ca rd iac  p u nc tu re  u s in g  a hepa rin ized  
sy rin ge ; then  the ch icks were k il le d  and  
the liv e rs  q u ic k ly  removed. L ip id s  were  
iso la ted  fro m  liv e r  by the p rocedure  o f 
Fo lch  et al. ( 2 7 ) .  The  iso la ted  lip id s  were  
sapon ifie d ; the fa t ty  acids were iso la ted  
and the ra d io a c tiv ity  de te rm ined  by  the  
same p rocedure  as used fo r  the in  v it ro  
studies. T he  g luconeogen ic capac ity  was 
es tim a ted  by  d e te rm in in g  the ra d io a c tiv ity  
o f p lasm a glucose. The  p lasm a was de- 
p ro te in ized  by  the Somogyi p rocedure
( 2 8 )  , and the p ro te in -free  f i l t ra te  was  
passed over a co lum n  co n ta in in g  a m ix 
tu re  o f IR -120 ( H + fo rm )  and IR -45  (O H -  
fo rm ) .  One m i l l i l i t e r  o f the co lum n  e luates  
was m ixed  w ith  10 m l o f B ra y ’s so lu tio n
(2 9 )  fo r  assay o f ra d io a c tiv ity . G lucose  
was de te rm ined  by  u s in g  a com m erc ia l 
glucose oxidase re a g e n t.4

In  one e xpe r im en t body fa t  was esti
m a ted  fro m  body w a te r va lues. T he  ca r
cass was d rie d  to cons tan t w e ig h t a t 100° 
in  a fo rce d -d ra ft oven, and the  loss o f  
w e ig h t was taken  as body w a te r. Body fa t  
was ca lcu la ted  by  m eans o f an equa tion  
de rived  fro m  the da ta  o f Sum m ers and  
F ishe r ( 3 0 )  fo r  crossbred ch icks o f s im ila r  
body w e ig h t as used in  the p resen t stud ies.

1 F o r  c o m p o s i t i o n  o f  s a l t  m i x t u r e  s e e  L e v e i l l e  e t  a l .  
( 2 4 ) .

2  T h e  v i t a m i n  m i x t u r e  s u p p l i e d  t h e  f o l l o w i n g  ( i n  
m i l l i g r a m s  p e r  1 0 0  g  o f  d i e t )  t h i a m i n e • H C 1 , 2 .2 ;  
r i b o f l a v i n ,  2 .2 ;  C a  p a n t o t h e n a t e ,  6 .6 ;  p y r i d o x m e - H C l ,  
2 .2 ;  b i o t i n ,  0 .0 6 ;  f o l i c  a c i d ,  0 .4 ;  p - a m i n o b e n z o i c  a c i d ,  
1 1 ;  m e n a d i o n e ,  5 ;  v i t a m i n  B 12 , 0 .0 3 ;  i n o s i t o l ,  1 0 ;  
a s c o r b i c  a c i d ,  2 0 ;  n i a c i n ,  1 0 ;  a n d  a - t o c o p h e r y l  a c e t a t e ,  
1 0 ;  a n d  ( i n  I U )  v i t a m i n  A  a c e t a t e ,  2 0 0 0 ;  a n d  v i t a 
m i n  D 3 , 2 2 0 .

3 C r i s c o ,  P r o c t e r  a n d  G a m b le ,  C i n c i n n a t i ,  O h io .
4 G lu c o s t a t ,  W o r t h i n g t o n  B i o c h e m i c a l  C o r p o r a t i o n ,  

F r e e h o l d ,  N .  J.
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The  equa tion  was y  =  71.785 - 0 .920 x , 
w here  y  =  pe rcen tage body fa t  and  x  =  
percen tage body w a te r.

T o ta l l iv e r  fa t  and cho les te ro l were de
te rm ined  as p re v io u s ly  described (3 1 ) .  
L iv e r g lycogen was iso la ted  by co -p rec ip ita - 
t io n  w ith  N a 2S 04 ( 3 2 )  fo llo w in g  the d i
gestion o f liv e r  tissue in  h o t 30%  KOH . 
The p re c ip ita te d  g lycogen was quan tita te d  
by  m eans o f the an th rone  re a c tio n  ( 3 3 ) .  
P lasm a free  fa t ty  acids were de te rm ined  
by the m ethods o f Ko and Roger (3 4 ) .  
L iv e r was hom ogenized in  0.15 m  KC1 
and ce n tr ifu g ed  a t 100,000 X  g fo r  1 hour. 
A c t iv ity  o f m a lic  enzyme (EC . 1 .1 .1 .40 )  
in  the  supe rna tan t fra c t io n  was as
sayed by the m e thod  o f Ochoa ( 3 5 ) .  
The  p ro te in  con ten t o f the  supe rna tan t 
used fo r  enzyme assay was de te rm ined  by  
the m e thod  o f L o w ry  e t al. ( 3 6 ) .  E nzym e  
a c tiv it ie s  are expressed as u n its  pe r m i l l i 
g ram  p ro te in  w here  a u n it  is the am oun t 
o f enzyme w h ic h  w i l l  ca ta lyze the  fo rm a 
t io n  o f 1 m um  ole N A D P H /m in u te  a t 30°.

Statistical analysis. The  da ta  were  
analyzed s ta t is t ic a lly  b y  m eans o f the  
ana lys is o f va riance .

RESU LTS

E xp erim en t 1. The  e ffe c t o f le ve l and  
q u a lity  o f d ie ta ry  p ro te in  on hepa tic  lipo -  
genesis is shown in  tab le  1. D ie ts 1, 2 
and 3 were fo rm u la te d  to c o n ta in  d iffe re n t 
leve ls o f p ro te in  (1 2 , 15 and 18% ) o f the  
same q u a lity  (a dequa te ly  supp lem en ted  
w ith  ly s in e ) , whereas, d ie ts 4, 5 and 6 
con ta ined  18% sesame p ro te in  w ith  d i f 
fe re n t leve ls o f ly s in e , and consequen tly , 
o f e ffe c tive  p ro te in . The  g row th  o f ch icks  
increased as the leve l o f e ffe c tive  p ro te in  
increased fro m  8 to 18% o f the d ie t. Feed 
e ffic iency pa ra lle le d  the  w e ig h t ga in , be ing  
im p roved  by h ig h e r leve ls o f e ffe c tive  p ro 
te in . L iv e r slices f ro m  ch icks fe d  the  h ig h 
est p ro te in -co n ta in in g  d ie t in co rpo ra ted  
s ig n if ic a n t ly  less a ce ta te -l-14C in to  fa t ty  
acids th a n  com parab le  p repa ra tions  fro m  
b ird s  consum ing  the  low e r leve ls o f p ro 
te in . Body fa t  fo llow ed  the same trend  as 
fa t ty  acid syn thes is , be ing  depressed by  
in c rea s in g  p ro te in  leve ls . S im ila r ra tes o f 
fa t ty  acid syn thesis and b o d y  fa t  were ob
served in  a n im a ls  o f groups 4 and 6 w h ich  
were fed  d ie ts co n ta in in g  18% to ta l p ro 
te in , b u t w ith  d if fe re n t leve ls o f e ffec tive
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p ro te in  (8  versus 18% ) . A  h ig h e r ra te  o f 
fa t ty  ac id  syn thes is and body fa t , h ow 
ever, were observed in  ch icks o f g roup  5 
w h ic h  were fed  a d ie t supp ly in g  12% e f
fe c tiv e  p ro te in . T o ta l l iv e r  lip id s  and cho
le s te ro l were n o t m a rke d ly  a lte red  by the  
d iets fe d  a lth ough  the tre a tm en t e ffe c t 
on l iv e r  cho les te ro l le ve l was s ta t is tic a lly  
s ig n if ic a n t. T he  re su lts  o f th is  e xpe rim en t 
suggest th a t hepa tic  lipogenesis was a lte r
ed by the  leve l o f d ie ta ry  p ro te in  rega rd 
less o f its  q u a lity ; however, the  h ig h  ra te  
o f fa t ty  ac id  syn thesis observed fo r  tre a t
m e n t g roup 5 m akes such a conc lus ion  
equ ivoca l.

E xp erim en t 2. I f  lipogenesis was in 
fluenced  by  the le ve l o f d ie ta ry  p ro te in  
pe r se, ra th e r th a n  by an e ffe c t o f p ro te in  
on g row th , the ra te  o f lipogenesis o f groups  
4 th ro u g h  6 in  e xpe r im en t 1 shou ld  have  
been s im ila r . In  these groups the  to ta l 
d ie ta ry  p ro te in  le ve l was cons tan t b u t the  
g row th -p rom o tin g  e ffe c t o f the p ro te in  
was a lte red  b y  lys in e  supp lem en ta tion . 
The da ta  f ro m  groups 4 and 6 dem onstra te  
th a t despite a m a rked  g row th  d iffe re nce  
the ra te  o f lipogenesis and le ve l o f body  
fa t  were s im ila r . G roup 5, w h ic h  g rew  at 
a ra te  in te rm ed ia te  to the ch icks  in  groups  
4 and 6, however, had  a h ig h e r ra te  o f 
hepa tic  lipogenesis and a g rea te r am oun t o f 
body fa t. Consequen tly , i t  was n o t possib le  
to  a rrive  a t a conc lu s ion  conce rn ing  
the  re la tio n sh ip  be tween d ie ta ry  p ro te in , 
g row th  and hepa tic  lipogenesis. T h is  p o r
t io n  o f the  e xpe r im en t (g ro up s  4, 5 and  
6 )  the re fo re  was repeated. As shown in  
tab le  2, the  re su lts  o f th is  e xp e r im en t were  
in  genera l ag reem ent w ith  those o f ex
p e rim en t 1 excep t th a t the ra te  o f fa t ty  
ac id  syn thes is was s im ila r  fo r  a ll groups  
despite the fa c t th a t body w e ig h t ga in  and

feed e ffic iency were im p ro ved  by in c reas
in g  the leve l o f e ffe c tive  p ro te in . T h is  
dem onstra ted  th a t p ro te in  q u a lity  does n o t  
in flu en ce  hepa tic  lipogenesis in  the ch ick .

I t  shou ld  be no ted  th a t the  ra te  o f 
ace ta te - l-14C in co rp o ra t io n  in to  fa t t y  acids  
by l iv e r  slices was h ig h e r in  e xpe rim en t 
2 th a n  fo r  s im ila r  groups in  e xpe r im en t 1. 
Such va r ia t io n s  in  absolute ra tes o f fa t ty  
acid  syn thesis be tween expe rim en ts  are 
n o t u n com m on  and consequen tly  in v a li
date com parisons be tween experim en ts .

E xp erim en t 3. T h is  e xpe r im en t was 
designed to  com pare the in flu en ce  o f d i
e ta ry  p ro te in  and fa t  on  h epa tic  l ip o 
genesis. The observed re su lts  are sum m a r
ized in  tab le 3 and f ig u re  1. In c re a s ing  d i
e ta ry  p ro te in  o r fa t ,  and consequen tly  de
c reas ing  the ca lo ries de rived  f ro m  ca rbohy
d ra te , depressed hepa tic  lipogenesis. The  
slopes o f the  regress ion  lin e s  show n in  
f ig u re  1 were s ig n if ic a n t ly  d if fe re n t (P  <  
0 .0 2 5 ) , im p ly in g  th a t the e ffe c t o f p ro te in  
is  g rea te r th a n  th a t o f fa t ,  and suggesting  
th a t d ie ta ry  fa t  and p ro te in  depress fa t ty  
acid  synthesis th ro u g h  d if fe re n t m echa 
n ism s. Feed e ffic iency was im p ro ved  by  
in c re a s in g  the d ie ta ry  p ro te in  le ve l as ob
served in  experim en ts  1 and 2.

E xp erim en t 4. The  depression in  he
p a tic  lipogenesis in duced  by in c rea s in g  
p ro te in  leve ls m ig h t be due to decreased  
d ie ta ry  glucose ra th e r th a n  increased p ro 
te in . Neverthe less, h ig h  leve ls o f d ie ta ry  
p ro te in  cou ld  d ire c t ly  in flu en ce  some 
m e tabo lic  pa thw ays  (e .g ., re ve rsa l o f g ly 
co lys is ) w h ic h , in  tu rn , cou ld  a ffe c t l ip o 
genesis. E xp e r im en t 4 was ca rr ie d  ou t to 
de te rm ine  w he th e r the  p ro te in  le ve l in 
fluenced  the ra te  o f g luconeogenesis in  
the ch ic k  (ta b le  4 ) .

TABLE 2
Effect of lysine supplementation of diets containing 1 8 %  sesame protein on weight gain, 

feed efficiency and in vitro hepatic lipogenesis of growing chicks 1

Treatment group
P 2

4 5 6

E ffective  protein , %
B ody w t gain , g
G ain , gram s p er  gram  fe e d  con su m ed  
Fatty a c id  synthesis 4

8
7 2 ± 6  3 

0 .28
1 6 9 0 ±  182

12
2 8 0 ±  14 

0.46
1 3 7 3 ±  115

18
463 ± 1 1  

0.57
1374 ± 2 5 0

<  0.01 

ns

1 Initial body weight =  96 ±  6 g. Treatments are identical to groups 4, 5 and 6 in  table 1.2 Probability o f a significant treatment effect; ns =  not significant.
3 Mean for five c h i c k s  ±  s e m .
4 M illimicromoles acetate-l-14C incorporated into fatty acids per 100 mg liv er /2 hours.
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The re  was a suggestion o f an  increased  
in c o rp o ra t io n  o f DL-lactate-2-14C in to  b lood  
glucose as the d ie ta ry  p ro te in  le ve l in 
creased. L iv e r  g lycogen was n o t cons is ten t
ly  in flu en ced  by d ie ta ry  p ro te in . H epa tic  
lipogenesis, de te rm ined  in  v it ro  and in  
v ivo , was depressed by in c rea s in g  d ie ta ry  
p ro te in  leve ls as were p lasm a  fre e  fa t ty  
acids. Cho les te ro l syn thesis in  v it r o  in 
creased s ig n if ic a n t ly  as the p ro te in  le ve l 
was increased.

E xp erim en t 5. V a rious  substra tes, 
nam e ly  g lucose-U -14C, p y ruva te -2 -14C and  
ace ta te - l-14C were used in  th is  e xp e r im en t 
to  in ves tiga te  the ra te  o f h epa tic  lipogene 
sis in  v it ro  and in  v ivo . In  a dd itio n , g luco- 
neogenesis f ro m  pyruva te -2 -14C was s tud 
ied. The  re su lts  o f in  v it ro  and in  v iv o  
stud ies (ta b le s  5 and 6 )  dem onstra ted  th a t  
the ra te  o f in c o rp o ra t io n  o f g lucose-U -14C, 
pyruva te -2 -14C and acetate-1-14C in to  liv e r  
fa t t y  acids was depressed by  in c re a s in g  the  
d ie ta ry  p ro te in  leve l, whereas glucose p ro 
d u c tio n  f ro m  py ruva te -2 -14C appeared to  
be increased (ta b le  6 ) .  The  a c t iv ity  o f  
m a lic  enzyme ( ta b le  6 )  was p o s itiv e ly  
co rre la ted  w ith  the ra te  o f lipogenesis  
(tab les 5 and 6 ) . As can  be seen, in c reas 
in g  the le ve l o f d ie ta ry  p ro te in  f ro m  15 
to 35%  decreased the hepa tic  m a lic  en 
zyme a c t iv ity  by abou t 75%  .

DISCUSSION
A lth o u g h  hepa tic  lipogenesis has been  

ex tens ive ly  s tud ied  in  the  ra t  i t  is o fte n  
d if f ic u lt to  in te rp re t the p h ys io lo g ica l sig
n ifica n ce  o f these re su lts  because the liv e r  
synthesizes a re la tiv e ly  sm a ll p o r t io n  o f 
to ta l fa t ty  acids (3 7 , 3 8 ) . F u the rm o re , 
lipogenesis in  liv e r  and e x tra hepa tic  sites 
m ay respond qu ite  d if fe re n t ly  to  a p a r t ic u 
la r  tre a tm en t ( 3 9 ) .  The  dom estic  ch ic k  
was used fo r  the p resen t stud ies because  
l iv e r  is the m a jo r  site o f fa t t y  ac id  syn the 
sis in  th is  species (2 1 , 2 2 )  and ove ra ll 
lipogenesis is, the re fo re , re flec ted  by hepa
t ic  l ip id  synthesis.

Several repo rts  have dem onstra ted  th a t  
in  ra ts  and m ice  hepa tic  and adipose tissue  
lipogenesis was reduced by in c rea s in g  the  
le ve l o f d ie ta ry  fa t  ( 2 - 4 ) .  T he  ch ic k  also 
appeared to  respond to increased in ge s tion  
o f fa t  w ith  a reduced ra te  o f hepa tic  fa t ty  
acid  synthesis ( 4 0 ) ,  a lth ough  the  resu lts  
o f th is  s tudy were equ ivoca l since the  in 
cu ba tion  cond itio n s  em ployed cou ld  n o t
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Fig. 1 E ffect o f  d ietary protein  and fa t leve l on  h epatic  lip ogenesis in  grow in g  chicks. 
E ach  p o in t represents the m ean  va lu e  fo r  fiv e  ch ick s  ±  s e m . T h e p o in t represen ted  b y  the 
h a lf-filled  c irc le  is  com m on  to both  lines. D ietary levels o f  protein  and fa t, and the p ercen t 
age o f  ca lories derived  fr o m  carboh ydrate  are as show n  in  table 3. T h e tw o regression  lin es 
are s ign ifican tly  d ifferen t fro m  each  other (P  <  0 .0 2 5 ).

T A B L E  4

Effect of dietary protein on gluconeogenesis and lipogenesis in grozving chicks 1

Treatment group
P*

1 2 3

D ietary protein , % 20 30 40 —

B ody w t gain , g ( 1 0 ) 363 ± 1 6  3 4 1 8 ± 6 4 1 8 ± 5 <  0.01

Fatty a c id  synthesis 4 ( 5 ) 1585 ± 1 2 4 1279 ± 2 4 3 224 ± 9 6 <  0.01

C h olesterol synthesis 4 ( 5 ) 20 ± 4 .2 38 ± 6 .2 64 ± 9 .5 <  0.01

P lasm a  F F A ,/¿E q /lite r  ( 1 0 ) 534 ± 5 5 4 1 9 ± 3 4 320 ± 2 8 <  0.01

L iver g lycogen , m g /g  ( 5 ) 24  ± 4 .0 3 0 ± 4 .4 14 ± 2 .7 <  0.05

DL-Lactate-2-14C con verted  t o : 5
B lood  g lu cose , 103 d p m  ( 5 ) 997 ± 9 5 1098 ± 5 6 1241 ± 1 5 ns
L iver fa tty  acids , d p m /100 m g  

liv er  ( 5 ) 262  ± 1 1 8 4 5 ±  11 20  ± 8 ns

1 I n i t i a l  b o d y  w e i g h t  =  1 0 2  ±  1 g . A l l  d i e t s  c o n t a i n e d  5 %  f a t .
2 P r o b a b i l i t y  o f  a  s i g n i f i c a n t  t r e a t m e n t  e f f e c t ;  n s  =  n o t  s i g n i f i c a n t .
3 M e a n  +  s e m  f o r  n u m b e r  o f  c h i c k s  s h o w n  i n  p a r e n t h e s e s .
■» M i l l i m i c r o m o l e s  a c e t a t e - l - w C  i n c o r p o r a t e d  i n t o  f a t t y  a c i d s  o r  c h o l e s t e r o l  p e r  1 0 0  m g  l i v e r / 2  h o u r s .  
3 E a c h  c h i c k  w a s  g i v e n  i n t r a v e n o u s l y  0 .5  m l  o f  s a l in e  c o n t a i n i n g  1 m m o l e  a n d  1 .2  / id  o f  s o d i u m  

K L -la c ta te -2 -14C  a n d  k i l l e d  a f t e r  3 0  m in u t e s .  T o t a l  g l u c o s e  r a d i o a c t i v i t y  w a s  e s t im a t e d  b y  a s s u m i n g  
a  g l u c o s e  s p a c e  e q u i v a l e n t  t o  4 2 %  o f  b o d y  w e i g h t  ( 6 5 ) .

y ie ld  q u a n tita t iv e  in fo rm a tio n  because o f 
substra te  l im ita t io n  ( 4 1 ) .  The  p resen t in 
ves tiga tions c le a rly  showed th a t in c rea s in g  
d ie ta ry  fa t  leve ls depressed lipogenesis in  
the ch ick .

A lth o u g h  the  e ffe c t o f d ie ta ry  p ro te in  
on fa t ty  acid syn thesis has n o t been ex
tens ive ly  in ves tiga ted  i t  has been repo rted  
th a t in c rea s in g  the d ie ta ry  p ro te in  leve l 
decreased fa t ty  acid  syn thesis in  l iv e r  and
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Influence of dietary protein level on weight gain, feed efficiency and in vitro hepatic
lipogenesis of growing chicks 1

Treatment group
P 2

1 2 3

D ietary protein , % 15 25 35 ; —

B ody vyt gain , g 373 ± 1 5  3 469  ± 2 2 510 ± 3 6 <  0.01

G ain , gram s per gram  feed  con su m ed 0.41 0.53 0.56 —

Fatty a cid  synthesis f r o m : 4
G lucose-U -14C 821 ± 6 3 281 ± 8 0 1 1 0 ± 3 9 <  0.01
Pyruvate-2-14C 1461 ± 2 3 4 5 6 2 ±  88 445 ± 9 2 <  0.01
A ceta te -l-I4C 3278 ± 2 3 9 1732 ± 3 3 5 9 8 2 ±  163 <  0.01

1 I n i t i a l  b o d y  w e i g h t  =  1 0 9  ±  2  g . A l l  d i e t s  c o n t a i n e d  5 %  f a t .
2 P r o b a b i l i t y  o f  a  s i g n i f i c a n t  t r e a t m e n t  e f f e c t .
3 M e a n  for f iv e  c h i c k s  ±  s e m .
4 M i l l i m i c r o m o l e s  l a b e l e d  s u b s t r a t e  i n c o r p o r a t e d  i n t o  f a t t y  a c i d s  p e r  1 0 0  m l  l i v e r / 2  h o u r s .

TABLE 6
Influence of dietary protein level on malic enzyme activity, glucose synthesis and in vivo 

hepatic lipogenesis in growing chicks 1

T r e a t m e n t  g r o u p

1 2 3

D ietary protein , % 15 25 35 —

N A D P -m alate dehydrogenase 3 107 ± 8  4 5 0 ± 4 26  ± 2 <  0.01

Pyruvate-2-14C con verted  to 
b lood  g lu cose , 103 dp m  5 1 3 7 6 ±  162 1 7 3 8 ±  117 1973 ± 2 7 9 ns

Fatty a cid  synthesis fr o m : s 
P yruvate-2-14C, % o f  dose 
A ce ta te -l-14C, % o f  dose

3.4 ± 1 .9  
9.1 ±  0.9

0 .6 ±  0.2 
2 .7 ± 0 .5

0 .2 ± 0 .1  
2 .7 ±  0.8

<  0.01 
<  0.01

1 I n i t i a l  b o d y  w e i g h t  1 0 9  ±  2  g . A l l  d ie t s  c o n t a i n e d  5 %  f a t .
2 P r o b a b i l i t y  o f  a  s i g n i f i c a n t  t r e a t m e n t  e f f e c t ;  n s  =  n o t  s i g n i f i c a n t .
3 V a lu e s  a r e  m i l l i m i c r o m o l e s  N A D P H  f o r m e d  p e r  m in u t e  p e r  m i l l i g r a m  p r o t e in .
4 M e a n  for f iv e  c h i c k s  ±  s e m .
s C h ic k s  w e r e  g i v e n  i n t r a v e n o u s l y  i n  0 .5  m l  s a l in e ,  4 .7  /¿C i a c e t a t e - l - 14C  o r  3 .4  fiC i  p y r u v a t e - 2 - 14C. 

F i f t e e n  m in u t e s  la t e r  t h e  c h i c k s  w e r e  k i l l e d  a n d  t h e  l iv e r s  w e r e  r e m o v e d .  T o t a l  g l u c o s e  r a d i o a c t iv i t y  
w a s  e s t im a t e d  b y  a s s u m i n g  a  g l u c o s e  s p a c e  e q u i v a l e n t  t o  4 2 %  o f  b o d y  w e ig h t  ( 6 5 ) .  F a t t y  a c i d  
s y n t h e s i s  r e p r e s e n t s  p e r c e n t a g e  o f  t h e  a d m i n i s t e r e d  d o s e  r e c o v e r e d  i n  l i v e r  f a t t y  a c id s .

adipose tissue o f ra ts  (7 , 19 ) and in  liv e r  
o f ch icks (2 0  ). The da ta  p resented in  th is  
re p o rt are in  accord w ith  these fin d ings . 
The in flu en ce  o f d ie ta ry  p ro te in  on  c irc u 
la t in g  cho les te ro l leve ls in  ch icks has re 
ceived considerab le  a tte n tio n . I t  has been 
shown th a t se rum  cho les te ro l leve ls are 
in ve rse ly  re la ted  to  d ie ta ry  p ro te in  leve l 
in  th is  species ( 1 1 - 1 7 ) ;  s im ila r  observa
tions have been repo rted  fo r  g row in g  sw ine
(1 8 ) .  N is h id a  et al. ( 2 0 )  a ttr ib u te d  the  
cho les te ro l-depress ing e ffe c t o f a h ig h  p ro 
te in  d ie t to its  a b il i ty  to depress hepa tic  
cho lesterogenesis o r to  increase cho les te ro l 
ca tabo lism , o r b o th  ( 1 6 ) .  The  resu lts  p re 
sented in  tab le 1 suggest th a t l iv e r  cho

le s te ro l m ay  be e levated by increased d i
e ta ry  p ro te in  leve ls , and the  da ta  in  tab le  
4 dem onstra te  an increased capac ity  fo r  
cholesterogenesis by liv e r  o f ch icks fed  
in c rea s in g  leve ls o f d ie ta ry  p ro te in . The  
e levated le ve l o f cho les te ro l in  the liv e r  
o f ch icks fe d  the h ig h e r p ro te in -co n ta in in g  
d ie ts ( ta b le  1 ) was in  accord w ith  a p re v i
ous re p o rt ( 4 2 ) .  These observa tions w ou ld  
suggest th a t the b lood cho les te ro l low e r in g  
e ffec t o f p ro te in  is due to  its  in flu en ce  
on cho les te ro l ca tabo lism  ra th e r  th a n  on  
synthesis.

The  m echan ism s by w h ic h  d ie ta ry  fa t ,  
and p a r t ic u la r ly  d ie ta ry  p ro te in , depress 
hepa tic  lipogenesis are n o t c lear. The  p a th 
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w ay o f fa t t y  acid  b iosyn thes is has been  
e luc ida ted  ( 4 3 )  and is kn o w n  to in vo lve  
the fo llo w in g  sequence o f re a c t io n s :

A cetyl-C oA
( 1 )  A cetyl-C oA  +  C 0 2 +  A TP -------------------- »

carboxylase
m a lon y l C oA  +  A D P +  P i

( 2 )  A cetyl-C oA  +  7 m alon yl-C oA  +
Fatty acid

14N A D PH   --------- — — » pa lm itate  +
synthetase
com p lex

14N AD P + +  8C oA  +  7 C 0 2 - f  6H 20

The  active  in te rm ed ia te s  in  re a c tio n  2  
are p resum ed to  be acy l c a r r ie r  p ro te in  
de riva tive s  ra th e r  th a n  coenzyme A  de riva 
tives ( 4 4 ) .  I t  is  gene ra lly  agreed th a t the  
acety l-CoA ca rboxy lase enzyme ca ta lyz in g  
re a c tio n  1 is the ra te - l im it in g  step, n o t 
necessarily  because o f a l im it in g  am oun t 
o f enzyme as had  been p rev io u s ly  th o ugh t 
(4 5 , 4 6 ) ,  b u t because o f the a llo s te ric  n a 
tu re  o f th is  enzyme (4 7 -4 9 ) . I t  is  kn ow n  
th a t the  a c t iv ity  o f the enzymes ca ta lyz in g  
bo th  reac tions  1 and 2 is adap tive ; h ow 
ever, i t  is  u n lik e ly  th a t changes in  enzyme  
a c tiv ity  pe r se are responsib le  fo r  the  
in i t ia l  a lte ra t io n  in  lip o g en ic  a c tiv ity . In  
accord w ith  th is  is  the observa tion  o f M a- 
soro ( 5 0 )  th a t fa s t in g  in  the r a t  depress
ed hepa tic  fa t t y  ac id  syn thesis to  a g rea te r 
e x te n t th a n  i t  does the  a c t iv ity  o f acety l- 
CoA carboxy lase  o r fa t t y  ac id  synthetase. 
F u rth e rm o re , s tud ies o f the a c t iv ity  o f o th 
e r enzymes re la ted  to fa t t y  ac id  syn thesis  
such as pentose p a thw ay  dehydrogenases, 
m a lic  enzyme and c itra te  cleavage enzyme  
show  th a t changes in  th e ir  a c t iv ity  are 
preceded by a change in  the ra te  o f fa t ty  
acid syn thes is (2 6 , 5 1 ) . Such observa tions  
suggest th a t the lip o g en ic  enzymes adapt 
to  a change in  the ra te  o f fa t t y  acid syn the 
sis, and consequen tly , th a t a lte ra tio ns  in  
the ra te  o f fa t t y  ac id  syn thesis are n o t d i
rected  by a lte ra t io n  in  enzyme a c tiv ity . 
I f  th is  is the case, then  one m u s t lo ok  to  
o the r fa c to rs  in  a tte m p tin g  to  asce rta in  
the m echan ism  in vo lved  in  depressing lipo - 
genesis w hen  ca rbohyd ra te  in ta ke  is re 
duced by  increased leve ls o f d ie ta ry  fa t  o r 
p ro te in .

L ong -cha in  fa t t y  acids have been re p o rt
ed to depress fa t t y  ac id  syn thesis, p resum 
ab ly by in h ib it in g  acety l-CoA carboxy lase  
and fa t ty  acid  synthetase a c tiv it ie s  (5 2 , 
5 3 ) . A lth o u g h  the re  is some question  as

to  w he th e r lo ng -ch a in  fa t t y  acyl-CoA  de
r iv a tiv e s  ac t d ire c t ly  ( 5 4 )  i t  appears c lea r  
th a t they do som ehow  l im i t  fa t t y  ac id  syn 
thesis. Such a m echan ism  cou ld  be in 
voked to e xp la in  the depressing e ffe c t o f 
d ie ta ry  fa t  on  hepa tic  lipogenesis. The  
m echan ism  in vo lved  in  the p ro te in  e ffec t, 
however, appears m ore  com p lex. T h a t  
lo ng -ch a in  fa t t y  acids are n o t in vo lv ed  is  
suggested by the da ta  in  tab le  4 w h ic h  
show  th a t as d ie ta ry  p ro te in  increased bo th  
the ra te  o f fa t t y  ac id  syn thes is and  the  
le ve l o f c irc u la t in g  fre e  fa t t y  acids were  
depressed. O the r fa c to rs  w h ic h  conce iv 
ab ly  m ig h t l im i t  fa t t y  ac id  syn thes is are 
substra te  a v a ila b ility  and the ra te  o f gen
e ra tio n  o f re du c in g  equ iva len ts  to  suppo rt 
fa t ty  ac id  b iosyn thes is . I t  seems u n lik e ly  
th a t the  p ro d u c tio n  o f acety l-CoA w ou ld  
be l im it in g  since the  h ighe s t leve ls o f p ro 
te in  fe d  s t i l l  a llow ed  fo r  a sub s ta n tia l 
am oun t o f ca rbohyd ra te  in  the d ie t, and  
the ch ic k  can re a d ily  ca tabo lize  the  am ino  
acids de rived  fro m  d ie ta ry  p ro te in .

The  ch ic k  d iffe rs  fro m  the ra t in  te rm s  
o f the pa thw ays  ava ilab le  fo r  the p roduc 
t io n  o f N A D P H . The  pentose p a thw ay  ap
p a re n tly  is n o t active  in  ch ic k  liv e r , a t 
leas t n o t active  enough to  supp ly  any ap
p rec iab le  am oun t o f N A D P H  (2 1 , 5 5 -5 8 ) .  
A lso , NAD P -dependen t iso c itra te  dehyd ro 
genase, ano the r p o te n tia l source o f cy to 
p la sm ic  re du c in g  equ iva len ts , does n o t ap
pea r to be im p o r ta n t in  th is  rega rd  fo r  
the suppo rt o f lipogenesis in  ch ic k  liv e r  
( 5 7 ) .  In  the ra t  the pentose pa thw ay , a l
though  active , can supp ly  o n ly  app ro x i
m a te ly  50%  o f the  re du c in g  equ iva len ts  
needed fo r  h ig h  ra tes o f fa t ty  ac id  syn the 
sis ( 5 9 ) .  I t  has been proposed th a t the  re 
m a in d e r cou ld  be supp lied  by a tra n sh yd ro 
gena tion  sequence in v o lv in g  N A D -m a lic  
dehydrogenase and m a lic  enzyme in  w h ic h  
re du c in g  equ iva len ts  are tra n s fe rre d  fro m  
N A D H  to N A D P + (6 0 -6 2 ) .  B a lla rd  and  
Hanson  ( 6 3 )  have e labora ted th is  scheme  
by d em ons tra tin g  th a t in  the presence o f 
cy top la sm ic  p y ru va te  ca rboxy lase a “ trans- 
hydrogenase cyc le ”  is  fo rm ed  w h ic h  has  
the p o te n tia l o f p rod u c in g  la rge  quan tit ie s  
o f N A D P H .

In  an e a rlie r re p o rt ( 2 1 )  fro m  th is  labo 
ra to ry  i t  was proposed th a t in  v iew  o f the  
a c tiv ity  o f m a lic  enzyme in  ch ic k  liv e r  th is  
cyc le is p robab ly  the m a jo r  source o f re 
d u c in g  equ iva le n t fo r  the suppo rt o f fa t ty
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ac id  b iosyn thes is  in  the  ch ick . Goodridge  
and B a ll ( 6 4 )  a rrive d  a t a s im ila r  con c lu 
s ion  in  th e ir  s tud ies w ith  the p igeon. T h is  
suggestion is supported  by the adap tive  n a 
tu re  o f m a lic  enzym e in  ch ic k  liv e r  ( 58 and  
p resen t s tu d y ) . T he  fu n c t io n in g  o f the  
transhydrogenase cyc le is  dependen t upon  
the  a v a ila b ility  o f cy top la sm ic  N A D H  
n o rm a lly  genera ted in  the g ly co ly tic  p a th 
way. I f  p ro te in  is se rv ing  as a m a jo r  source  
o f acety l-CoA the  p rod u c tio n  o f cy top las
m ic  N A D H  cou ld  be l im ite d , and, in  tu rn ,  
the  gene ra tion  o f N A D P H  m ig h t be re 
duced, the reby l im it in g  fa t t y  ac id  syn the 
sis. F u rth e rm o re , i f  glucose p ro d u c tio n  is  
enhanced w hen  d ie ta ry  p ro te in  is in 
creased, as suggested by the  da ta  in  tables  
4 and 6, th is  w ou ld  u t il iz e  cy top lasm ic  
N A D H  and fu r th e r  reduce th a t ava ilab le  
fo r  transhyd rogena tion . W e w ou ld , the re 
fo re , suggest th a t the a v a ila b ility  o f cyto 
p lasm ic -re du c in g  equ iva len ts  is  p robab ly  
the  m a jo r  fa c to r  l im it in g  fa t t y  ac id  syn
thesis in  the  ch ic k  fed  h ig h  leve ls o f d i
e ta ry  p ro te in . In  suppo rt o f th is  p roposa l 
is  the  close re la tio n sh ip  no ted  be tw een the  
in  v it ro  capac ity  fo r  fa t t y  ac id  synthesis  
and m a lic  enzyme a c tiv ity . In c re a s ing  d i
e ta ry  p ro te in  f ro m  15 to 35%  depressed 
bo th  in  v it ro  fa t t y  ac id  syn thes is ( ta b le
5 )  and m a lic  enzyme a c tiv ity  ( ta b le  6 )  by  
abou t 7 5% . S tudies are p resen tly  in  p rog 
ress to subs tan tia te  th is  p o s tu la tio n .
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In vivo Fatty Acid and Cholesterol Synthesis in 
Fasted and Fasted-refed Chicks
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University of Illinois, Urbana, Illinois

ABSTRACT T h e  effects  o f  fa stin g  and re feed in g  fo llo w in g  a fast on  in  v ivo  h epatic  
fa tty  a cid  and ch olestero l synthesis w ere studied in  grow in g  ch icks. A lso in vestigated  
w as the in flu en ce  o f  these treatm ents on  liver lip id  and g lycogen  con ten t and on  the 
activ ities o f  h epatic  g lu cose  6-phosphate and 6 -ph osp h oglu con ate  deh ydrogenases and 
m a lic  en zym e. H epatic fa tty  a cid  and  ch olestero l synthesis w ere sign ifican tly  de
pressed  b y  a 24-hour fa s t  an d  con tin u ed  to decrease du rin g  the 3-day starvation  period  
studied . Fatty a c id  synthesis in creased  to 2 7 5 %  and 3 6 4 %  o f  n orm a l a fter I and  2 
days o f  re feed in g , respectively , fo llo w in g  a 3 -day fast. O n day 3 o f  re feed in g , fa tty  
a cid  synthesis returned to n orm al and rem ain ed  so th rou gh ou t the rem ain der o f  the 
5-day re feed in g  period . C holesterol synthesis rem ain ed  depressed u n til day 3 o f  re 
feed in g , w h en  a sign ifican t in crease w as observed, and reach ed  n ear-n orm al va lu es on  
day  4. T h e  activ ity  o f  the pen tose  pa th w ay deh ydrogenases w as very  lo w  in  ch ick  liver 
and  w as n o t greatly  in flu en ced  b y  fa s tin g  or re feed in g . M a lic  en zym e activ ity  w as 
severely  decreased  b y  fa s tin g  and return ed  to  con tro l va lu es a fter 2  days o f  re feed in g . 
L iv er w e ig h t and liv er  g lycogen  d ecreased  m ark ed ly  du rin g  the fa s t in g  p er iod , in 
creased  to above n orm a l va lu es du rin g  the first 2 days o f  re feed in g  and  return ed  to 
con tro l levels  a fter 3 days o f  re feed in g . L iver total lip id  w as n ot sign ifican tly  in flu 
en ced  b y  fa s tin g  hut in creased  u pon  re feed in g  and began  to decrease a fter 3 days o f  
re feed in g . L iver ch o lestero l con ten t in creased  du rin g  fa s tin g  an d  decreased  rap id ly  
u p on  re feed in g .

The consequences o f fa s t in g  and re feed 
in g  fo llo w in g  a fa s t on l ip id  m e tabo lism  in  
the la bo ra to ry  ra t have been ex tens ive ly  in 
vestiga ted  and  the  re su lts  o f these stud ies  
have been rev iew ed  ( 1 - 4 ) .  In  the  ra t,  
fa s t in g  m a rke d ly  depresses hepa tic  lip o -  
genesis, and  re fe ed in g  fo llo w in g  a fa s t in 
duces a m a rked  increase in  fa t ty  ac id  syn 
thesis. A ccom pany in g  these changes in  
fa t ty  ac id  b iosyn thes is  are p a ra lle l changes  
in  the  a c t iv ity  o f several enzymes re la ted  
to  fa t ty  ac id  syn thesis. T hus , the  a c t iv ity  
o f hepa tic  pentose p a thw ay  dehydrogen
ases, m a lic  enzym e, c itra te  cleavage en
zyme, g lucok inase , ace ty l-CoA  ca rboxy lase  
and fa t ty  ac id  synthetase decrease w ith  
fa s t in g  and increase to  above n o rm a l leve ls  
upon  re fe ed in g  fo llo w in g  a fas t.

T he  e ffects o f fa s t in g  and re fe ed in g  
have no t, how ever, been ex tens ive ly  s tud 
ied  in  a v ia n  species. T he  s tudy  o f hepa tic  
lipogenesis and its  c o n tro l in  these species 
is  o f p a r t ic u la r  in te re s t s ince l ip id  syn thes is  
in  b ird s  is la rg e ly  re s tr ic te d  to the  liv e r  
( 5 - 8 ) .  A lso , o the r aspects o f hepa tic  l ip id  
m e tabo lism  appear to be d if fe re n t in  b ird s  
th a n  in  m am m a ls . F o r exam ple , i t  has

been w e ll docum ented th a t fa s t in g  in 
creases l iv e r  fa t  in  the  r a t  ( 9 )  as w e ll as 
in  m an y  o the r species (as c ite d  in  1 0 ), 
ye t fa s t in g  ch ickens do n o t develop a fa t ty  
l iv e r  (1 0 , 1 1 ). T he  consequence o f fa s t in g  
and re feed ing  fo llo w in g  a fa s t on hepa tic  
fa t t y  ac id  and cho les te ro l syn thes is in  the  
ch icken  has o n ly  re ce n tly  been stud ied. 
H epa tic  fa t ty  ac id  and cho les te ro l syn the 
sis, m easured in  v it ro , have been shown to  
be depressed by fa s t in g  and  m a rke d ly  s t im 
u la ted  by re feed ing  fo llo w in g  a fa s t ( 1 2 ) .  
The  e ffec t o f fa s t in g  and re fe ed in g  on lip id  
syn thes is in  in ta c t ch icks has n o t been  
in ves tiga ted , however. T he  va lue  o f in  v ivo  
in ve s tig a tio n s  in  e s tab lish ing  the  phys io 
lo g ic a l s ign ificance  o f in  v it ro  observa tions  
has been considered in  d e ta il b y  Fava rge r
( 1 3 ) .

The  stud ies repo rted  here were designed  
to  in ves tig a te  the e ffects o f fa s t in g  and  re 
fe ed in g  fo llo w in g  a fa s t on  in  v iv o  l ip o 
genesis in  the ch ick . In  a d d itio n , the e f
fec ts  o f these tre a tm en ts  on liv e r  w e ig h t 
and on liv e r  con te n t o f to ta l l ip id , cho les
te ro l and g lycogen were de te rm ined .

R e c e i v e d  f o r  p u b l i c a t i o n  J a n u a r y  1 7 ,  1 9 6 9 .

J. N u t r i t i o n , 9 8 :  3 6 7 - 3 7 2 . 367
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E X PE R IM E N T A L

M a le  crossbred ch icks (C o lu m b ia n  2 X 
N ew  H am psh ire  c?) w e ig h in g  abou t 500 g 
were used. The  ch icks were fed  ad lib itu m  
u n t i l  the tim e  o f the  experim en ts  and  
w a te r was ava ilab le  a t a ll tim es. The  
periods o f fa s t in g  and re fe ed in g  are in d i
ca ted in  the Resu lts section . A  p ra c t ic a l 
corn-soybean o il m ea l d ie t was fed  w h ic h  
supp lied  23%  crude p ro te in  (N  X 6 .2 5 )  
and 4 .5%  fa t. The  d ie t supp lied  about 61, 
27 and 12%  o f the  ca lo ries as ca rbohy
d ra te , p ro te in  and fa t , respective ly .

L ipogenesis in  v ivo  was s tud ied  by  ad
m in is te r in g  0.5 m l o f 0 .9%  N aC l co n ta in 
in g  4 .4 |iC i o f sod ium  a ce ta te -l-14C (spe
c ific  a c t iv ity  2 a C i/um o le ) in to  a leg  ve in . 
F ifte e n  m inu te s  a fte r  a dm in is te r in g  the  
rad ioac tive  tra ce r the ch icks  were k il le d  by  
ce rv ica l d is lo ca tion ; the  l iv e r  was ra p id ly  
rem oved and c h ille d  on ice. I t  has been  
shown th a t a t th is  tim e  over 90%  o f syn
thesized fa t ty  acids are in  the l iv e r  ( 8 ) .  
A  w e ighed  piece o f l iv e r  (1 00  to 200 m g )  
was sapon ified  in  10 m l o f 10% KO H  in  
95%  m e thano l fo r  3 hours . F o llo w in g  the  
add itio n  o f 10 m l o f  w a te r the  nonsapon ifi-  
able lip id s  were ex tra c ted  w ith  th ree 5 -m l 
po rtio n s  o f pe tro leum  e the r (b p  50 to 6 0 ° ) .  
The e the r ex trac ts  w ere com b ined , and  
cho les te ro l was iso la ted  and coun ted  as the  
d ig ito n id e  ( 1 4 ) .  The  aqueous fra c t io n  con
ta in in g  the  sapon ified  lip id s  was a c id ified  
and the  fa t ty  acids were ex tra c ted  w ith  
th ree 5 -m l po rtio n s  o f pe tro le um  e ther. The  
pe tro leum  e the r e x tra c ts  were com b ined  in  
a l iq u id  s c in t il la t io n  v ia l; the  e the r was 
evapora ted u nde r a s tream  o f N 2 and the  
fa t ty  acid  residue was d isso lved in  10 m l 
o f s c in t i l la n t so lu tio n  (4  g O m n iflu o r, 230  
m l e thano l and to luene to 1 l i t e r ) .  R ad io 
a c t iv ity  was de te rm ined  in  a l iq u id  s c in t i l
la t io n  spec trom ete r.1

A t the tim e  o f k il l in g , a we ighed piece o f  
l iv e r  (1 00  to 200 m g )  was ra p id ly  rem oved  
and was digested in  h o t 30%  KO H  fo r  the  
is o la tio n  and q u a n tita t io n  o f g lycogen as 
p rev io u s ly  described ( 1 5 ) .  L iv e r  to ta l 
l ip id s  and cho les te ro l were de te rm ined  by  
procedures o u tlin e d  p re v io u s ly  (1 6 , 1 7 ). A  
p o rt io n  o f the  l iv e r  was also taken  fo r  
enzym e assay. The  tissue was homogenized  
w ith  a 0 . 1 5  m  KC1 so lu tio n ; the  homoge
na te  was c e n tr ifu g ed  a t 100,000 X g fo r  1

h o u r and the re su lt in g  supe rn a ta n t was  
used fo r  enzyme assay. G lucose 6-phos
pha te  dehydrogenase (E C .1 .1 .1 .49 ) and
6-phosphog luconate dehydrogenase (E C . l .  
1 .1 .44 ) were assayed by the m e thod  o f 
G lock and M cLean  ( 1 8 ) .  M a lic  enzym e  
(E C .1 .1 .1 .40 ) was assayed b y  the  m e thod  
o f Ochoa ( 1 9 ) .  The  p ro te in  con te n t o f the  
tissue hom ogenate used fo r  enzyme assay 
was de te rm ined  by the  p rocedure  o f L o w ry  
et al. ( 2 0 ) .

RESULTS

A  p re lim in a ry  e xpe rim en t was con 
ducted  to s tudy the  e ffe c t o f fa s t in g  and  
re fe ed in g  fo llo w in g  a fa s t on  l iv e r  g lycogen  
and  l ip id  con ten t, and  on the  a c t iv ity  o f 
dehydrogenases in  liv e r . The  re su lts  o f  
th is  e xp e r im en t are p resen ted  in  tab le  1. 
As shown in  tab le  1, l iv e r  w e ig h t re la tive  
to body w e ig h t decreased by abou t 30%  as 
a consequence o f fa s t in g  (3  d a ys ), and  
d u r in g  the same pe riod  the  g lycogen con
te n t o f l iv e r  decreased by  over 9 0 % . Re- 
fe ed in g  fo r  3 days fo llo w in g  a 3-day fa s t 
re tu rn e d  liv e r  w e ig h t and g lycogen con ten t 
to  n o rm a l. L iv e r  fa t  was n o t in flu en ced  
by fa s t in g  b u t increased s ig n if ic a n t ly  (P  <  
0 .0 5 ) upon  re fe ed in g  ( ta b le  1 ) . L iv e r  
cho les te ro l increased by over 60%  as a 
re su lt o f a 3-day fa s t and decreased upon  
re feed ing . M a lic  enzyme a c tiv ity  decreased  
by over 75%  d u rin g  a 3-day fa s t, and re 
fe ed in g  fo r  3 days re tu rn e d  a c tiv ity  to  nea r  
no rm a l. The  a c tiv ity  o f the  pentose p a th 
w ay  enzymes, g lucose 6-phosphate and 6- 
phosphog lucona te  dehydrogenases was low  
and n o t m a rked ly  a lte red  by fa s t in g  and  
re feed ing . The  a c tiv ity  o f 6 -phosphog lu 
conate dehydrogenase, however, was s ig 
n if ic a n t ly  low e r ( P < 0 . 0 1 )  in  liv e rs  o f 
fas ted  ch icks .

The  e ffe c t o f fa s t in g  and  re fe ed in g  was  
s tud ied  m ore  ex tens ive ly  in  the  e xpe rim en t 
sum m arized  in  figu res 1 th ro ugh  5. The  
d a ily  changes in  va rious  liv e r  cons titu en ts  
and in  v ivo  lipogenesis re s u lt in g  fro m  fa s t
in g  fo r  3 days and re fe ed in g  fo r  5 days  
( fo llo w in g  a 3-day fa s t )  were de te rm ined . 
The re la tive  changes in  body w e ig h t in 
duced by fa s t in g  and re feed ing  are shown

1 P a c k a r d  T r i -C a r b ,  P a c k a r d  I n s t r u m e n t  C o m p a n y ,  
I n c . ,  D o w n e r s  G r o v e ,  111.
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TABLE 1
Influence of fasting and refeeding following a fast on liver weight, on liver glycogen and 

lipid content and on liver enzymes of chicks 1

Treatment

Fed Fasted Fasted-
refed

L iver: 2
W eig h t, g /1 0 0  g body  wt 2 .87  ±  0 .10  3 1.98 ± 0 .0 5 3 .3 6 ±  0.14
G lycogen , m g /g 28.7  ± 2 .0 1.9 ± 0 .7 27.6  ± 6 .3
T ota l lip ids , m g /g 54.7  ± 2 .3 52.9 ± 1 .5 71.9 ± 6 .1
T ota l ch olesterol, m g /g 4 .8  ± 0 .2 6.9 ± 0 .3 5.9 ± 0 .2

L iver e n zy m e : 4
M alic enzym e 102 ± 5 23 ± 1 79 ± 4
G lu cose 6-phosphate dehydrogenase 1.6 ± 0 .2 1.5 ± 0 .1 2.3 ± 0 .8
6 -P hosp hoglu con ate  dehydrogenase 6.4 ± 0 .2 4 .7  ± 0 .3 6 .6  ± 0 .3

1 C h i c k s  w e i g h i n g  4 8 5  ± 7  g  w e r e  u s e d .  F e d  c h i c k s  h a d  a c c e s s  t o  f o o d  u n t i l  t h e  t im e  o f  k i l l i n g ;  
f a s t e d  c h i c k s  w e r e  s t a r v e d  f o r  3  d a y s ;  f a s t e d - r e f e d  c h i c k s  w e r e  s t a r v e d  f o r  3  d a y s  t h e n  f e d  a d  
l i b i t u m  f o r  3  d a y s  p r i o r  t o  k i l l i n g .

2 A l l  v a l u e s  a r e  e x p r e s s e d  o n  a  w e t  w e i g h t  b a s i s .
3 M e a n  f o r  f iv e  c h i c k s  ±  s e .
4 E n z y m e  v a l u e s  a r e  e x p r e s s e d  a s  n a n o m o l e s  o f  s u b s t r a t e  u t i l i z e d  p e r  m i l l i g r a m  p e r  m i n u t e  a t  

2 5 ° .  E a c h  v a l u e  r e p r e s e n t s  t h e  m e a n  f o r  f i v e  c h i c k s  ±  s e .

Fig. 1 E ffect o f  fa s t in g  and  re feed in g  on  body  
w eigh t o f  ch ick s . V alues are expressed  as a per
cen tage  o f  in itia l b od y  w eigh t. In itia l body  
w eigh t w as 523 ±  8 g. E a ch  p o in t represents the 
m ea n  fo r  five ch ick s .

in  f ig u re  1. As expected, the ch icks lo s t 
w e ig h t d u r in g  the  fa s t and  ga ined w e ig h t 
as a consequence o f re feed ing . L iv e r  
w e igh t, however, decreased m ore  ra p id ly  
th a n  to ta l body w e ig h t d u r in g  the  pe riod  
o f fa s t and increased m ore  ra p id ly  d u r in g  
the f ir s t 2 days o f re fe ed in g  ( f ig . 2 ) .  A f te r  
3 days o f re feed ing , l iv e r  w e ig h t re la tiv e  to  
body w e ig h t was s im ila r  to  the  va lue  fo r  
n o rm a l ch icks  fed  ad l ib itu m  and rem a ined  
so th ro u g h  day 5 o f  re feed ing . L iv e r  g ly 
cogen con te n t fo llow ed  essen tia lly  the  same  
p a tte rn  as th a t fo r  l iv e r  w e ig h t ( f ig . 2 )  
except th a t a peak was observed a fte r  1 
day o f re feed ing . L iv e r  to ta l l ip id s  d id  n o t

Fig. 2  W eig h t and g lycogen  con ten t o f  livers 
fro m  fasted  and fasted -re fed  ch ick s. V a lu es are 
expressed o n  a w et w e ig h t basis. E ach  p o in t 
represents the m ea n  ±  sem fo r  five ch ick s.

change s ig n if ic a n t ly  d u r in g  the  fa s t in g  
pe riod  ( f ig . 3 )  a lth ough  the re  was a sug
gestion o f an increase ; th is  am oun ted  to a 
change o f o n ly  10% . U pon  re feed ing , liv e r  
l ip id s  increased to a m a x im u m  a fte r  2 days 
and  then  decreased. L iv e r cho les te ro l in 
creased g rad u a lly  d u r in g  the  pe riod  o f fa s t, 
appeared to decrease fo llo w in g  1 day o f 
re fe ed in g  and to increase s lig h t ly  the re 
a fte r  ( f ig . 3 ) .

T he  e ffec ts o f fa s t in g  and re feed ing  on  
in  v ivo  lipogenesis and cholesterogenesis  
are shown in  fig u re  4. B o th  fa t ty  ac id  and
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Fig. 3 L ip id  and ch olestero l levels in  livers 
from  fasted  and fasted -re fed  ch ick s. V alues are 
expressed on  a w et w eigh t basis. E a ch  p o in t 
represents the m ea n  ±  s e m  fo r  five ch icks.

F ig . 4 In  v iv o  h epatic  fa tty  a c id  and ch o les 
terol synthesis in  fasted  and  fasted -refed  ch ick s. 
E ach  p o in t represents the m ea n  ±  s e m  f o r  five 
ch icks.

cho les te ro l synthesis fo llow ed  essen tia lly  
the same p a tte rn  d u r in g  the  pe riod  o f fa s t, 
decreasing m a rke d ly  on  day 1 and  con
t in u in g  to decrease m o re  s low ly  the rea fte r. 
F a tty  ac id  syn thesis was depressed by about 
90%  and cho les te ro l syn thesis b y  ap p ro x i
m a te ly  80%  as a re s u lt o f the  3-day fas t. 
The responses o f hepa tic  fa t t y  ac id  and  
cho les te ro l syn thes is to  re fe ed in g  were  
qu ite  d iffe re n t. F a tty  ac id  syn thes is in 
creased ra p id ly  u pon  re feed ing , reached a 
peak a fte r  2 days o f re fe ed in g  and  then  
subsided on day 3 to n o rm a l ra tes o f fa t ty  
ac id  syn thesis. The  peak va lues fo r  fa t ty  
ac id  syn thesis reached a fte r  1 and 2 days

o f re feed ing  were three- to fo u r fo ld  g rea te r 
th an  the ra te  o f synthesis no ted  in  c o n tro l 
ch icks . C ho lestero l syn thesis rem a ined  a t 
abou t 20%  o f co n tro l va lues d u r in g  the  
f ir s t 2 days o f re feed ing , increased m a rk 
ed ly to abou t 50%  o f c o n tro l va lues on  
day 3, and to abou t 75%  o f c o n tro l a fte r  
4 and 5 days ( f ig . 4 ) .  I t  is  obv ious f ro m  
the da ta  shown in  f ig u re  4 th a t d u r in g  re 
fe ed in g  cho les te ro l syn thesis rem a ined  sup
pressed u n t i l  fa t ty  ac id  syn thes is had  re 
tu rn ed  to the co n tro l va lue  and  then  i t  
began to increase.

The observed changes in  m a lic  enzyme  
a c tiv ity  are shown in  fig u re  5. The  a c tiv ity  
dropped ra p id ly  fo llo w in g  day 1 o f the  fa s t, 
and m ore  g rad u a lly  th e rea fte r to  an  a c tiv 
i ty  e qu iva le n t to abou t 30%  o f co n tro l 
va lues. The  a c tiv ity  increased ra p id ly  to  
co n tro l leve ls upon  re feed ing . I t  is  o f s ig 
n ifica n ce  th a t the re  was l i t t le  “ overshoo t”  
upon  re fe ed in g  b u t ra th e r a re tu rn  to a 
nea r-n o rm a l va lue.

DISCUSSION
I n  v it ro  m easurem en t o f hepa tic  fa t ty  

acid  o r cho les te ro l syn thesis gene ra lly  rep 
resents the  m a x im a l capac ity  o f the tissue, 
and hence, re flec ts the enzym ic p o te n tia l 
fo r  such syn thesis. T he  ex is tence o f an  
enzym ic p o te n tia l, however, does n o t nec
essa rily  im p ly  th a t th is  le ve l o f a c t iv ity  
w il l  be observed in  v ivo . I n  the in ta c t a n i
m a l the  enzym ic  p o te n tia l is gene ra lly

Fig. 5 H epatic m a lic  en zym e activ ity  in  fasted  
and fasted -refed  ch ick s. V alues are expressed as 
m illiu n its  per m illig ra m  protein  and  a u n it is 
defined as the tran sform ation  o f  1 m icrom o le  o f  
substrate per m in u te  at 2 5 °. E ach  p o in t repre
sents the m ea n  ±  s e m  fo r  five ch icks.
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m odu la ted  and o fte n  severe ly suppressed. 
Consequen tly , bo th  in  v it ro  and  in  v ivo  
stud ies are necessary to ga in  an  unde r
s tan d ing  o f the  re g u la tio n  o f l ip id  synthesis  
in  the  in ta c t o rgan ism . These concepts  
have been discussed in  d e ta il by  Fava rge r
(1 3 )  w ho  also p resen ted da ta  i l lu s t ra t in g  
the im po rta n ce  o f co rre la tin g  in  v it ro  and  
in  v ivo  experim en ts .

A  com parison  o f the resu lts  ob ta ined  in  
the  p resen t s tudy  and those repo rted  by  
Goodridge ( 1 2 )  dem onstra tes the va lue  o f  
co rre la tin g  in  v it ro  and in  v ivo  observa
tions . The  resu lts  o f b o th  the in ve s tig a 
tio ns  are in  genera l ag reem ent and i l lu s 
tra te  th a t in  the ch ic k , as in  the ra t  ( 1 - 4 ) ,  
fa s t in g  depresses hepa tic  fa t ty  ac id  and  
cho les te ro l syn thesis, and re feed ing  fo llo w 
in g  a fa s t m a rke d ly  s tim u la te s  hepa tic  
syn thesis o f these lip id s . Y e t a c loser exam 
in a t io n  o f the  re su lts  o f these tw o  in ve s ti
ga tions il lu s tra te s  some d iffe rences o f phys 
io lo g ica l s ign ificance . F a s tin g  fo r  3 days 
v ir tu a lly  abo lished h epa tic  fa t ty  ac id  and  
cho les te ro l syn thes is m easured in  v it ro
(1 2 )  o r in  v ivo  ( f ig . 4 ) .  R e feed ing  ch icks  
fo llo w in g  a fa s t p roduced  qu ite  d iffe re n t 
re su lts  in  v ivo  (p re sen t s tu d y ) fro m  those  
repo rted  in  v it ro  ( 1 2 ) .  F a tty  ac id  syn the 
sis, as m easured in  v ivo  o r in  v itro , in 
creased to w e ll above c o n tro l va lues fo r  
non fas ted  ch icks  a fte r  re fe ed in g  fo r  1 day, 
and, as shown in  f ig u re  3, increased s t i l l  
fu r th e r  in  v iv o  a fte r  day 2 o f re feed ing . 
A fte r  3 days o f re feed ing , how ever, in  v ivo  
lipogenesis had  re tu rn e d  to co n tro l leve ls  
( f ig . 3 ) ,  whereas Goodridge ( 1 2 )  fo u n d  
th a t in  v it ro  fa t ty  ac id  syn thesis was s t i l l  
m a rked ly  enhanced. T he  in  v it ro  resu lts  
dem onstra te  th a t the  hepa tic  capac ity  fo r  
hyperlipogenes is was s t i l l  p resen t a fte r  3 
o r 5 days o f re feed ing , b u t the  in  v ivo  ob
se rva tions suggest th a t th is  capac ity  was  
suppressed. Cho les te ro l syn thesis increased  
seve ra lfo ld  upon  re fe ed in g  fo r  1 day w hen  
m easured in  v it ro  and reached n o rm a l ra tes  
o f syn thesis a fte r  3 days o f  re fe ed in g  ( 1 2 ) .  
H owever, cho les te ro l syn thesis m easured  
in  v ivo  rem a ined  suppressed u n t i l  day 3 
o f re fe ed in g  ( f ig . 4 ) .  T h is  w o u ld  suggest 
th a t a lth ough  the  capac ity  fo r  cho les te ro l 
syn thes is began to  re tu rn  to n o rm a l im 
m ed ia te ly  upon  re fe ed in g  th is  capac ity  was  
suppressed in  the in ta c t a n im a l u n t i l  fa t ty

ac id  syn thes is had  subsided. The  m ech 
a n is m ^ )  in vo lved  in  th e  suppress ion o f 
fa t t y  ac id  and cho les te ro l syn th e tic  ca
p a c ity  is  n o t c lea r and requ ires fu r th e r  
study. L ikew ise , the m echan ism s b y  w h ic h  
fa s t in g  and re fe ed in g  in flu e n ce  fa t t y  ac id  
and  cho les te ro l syn thesis are n o t com 
p le te ly  c lea r ( 1 - 4 ) .

The  changes in  m a lic  enzym e observed  
in  the  p resen t s tudy  ( f ig . 5 )  are in  ex
ce lle n t ag reem ent w ith  those repo rted  by  
Goodridge ( 1 2 ) .  The  p a ra lle lism  between  
the  a c t iv ity  o f th is  enzym e and  fa t t y  acid  
syn thes is suggests th a t m a fic  enzyme is  
som ehow  in vo lved  in  lipogenesis. I t  has  
been proposed th a t in  the  r a t  m a fic  en 
zym e fu n c tio n s  in  the gene ra tion  o f  
N A D P H  fo r  the  suppo rt o f re du c tive  fa t ty  
ac id  syn thesis ( 2 1 - 2 4 ) .  Such a ro le  fo r  
m a fic  enzyme in  ch icken  f iv e r  is p a r t ic u 
la r ly  appea ling  s ince the  pentose p a th 
w ay  canno t supp ly  s ig n if ic a n t am oun ts  o f  
N A D P H  in  th is  species (2 5 , 2 6 ) . A lso , iso 
c itra te  dehydrogenase, ano the r p o te n tia l 
source o f cy top la sm ic  re d u c in g  pow er, 
does n o t seem to be in vo lved  in  fa t t y  ac id  
syn thes is in  the ch icken  ( 2 6 ) .

T he  increase in  l iv e r  w e ig h t re la tiv e  to 
body w e ig h t observed upon  re feed ing , as 
w e ll as the  decrease no ted  in  fa s t in g  ( f ig .
2 ) ,  is  in  accord w ith  p rev ious repo rts  fo r  
ch icks (1 0 , 1 1 ) and ra ts  ( 9 ) .  T he  a lte ra 
tio ns  in  re la tiv e  f iv e r  w e ig h t are u n doub t
e d ly  due p r im a r i ly  to  changes in  g lycogen  
and  w a te r con ten t, as no ted  fo r  the  ra t  
(2 7 , 2 8 ) . Sum m ers and  F ish e r ( 1 1 )  and  
Fe igenbaum  and F ishe r ( 1 0 )  repo rted  th a t 
fa s t in g  d id  n o t increase f iv e r  fa t  in  the  
ch ick , b u t re fe ed in g  fo llo w in g  a fa s t d id  
lead  to an increased hepa tic  l ip id  con ten t. 
The  increase in  f iv e r  fa t  in duced  by  re feed 
in g  in  th is  s tudy was m uch  less and  was  
m ore  tra n s ito ry  th an  th a t repo rted  by  
Fe igenbaum  and F ishe r (1 0 ) .  T he  reasons  
fo r  th is  d iffe rence  are n o t c lea r, b u t the  
la rg e r ch icks and the  sho rte r pe riod  o f  
s ta rva tio n  p r io r  to  re fe ed in g  used in  the  
p resen t s tud ies undoub te d ly  c o n tr ib u te d  to  
the  observed d iffe rences.
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ABSTRACT E thanol, adm inistered  s im u ltan eously  w ith  c o m  o il and trace am ounts 
o f  131I tr io le in  to fastin g  rats, tem porarily  delayed  the rem ova l o f  the rad ioactiv ity  from  
the gastrointestinal tract. T h is in terferen ce  w ith  fa t absorption  w as dose-dependent; 
n o  s ig n ifica n t delay ing e f fe c t  w as seen  w ith  2 g e th a n o l/k g  bod y  w eigh t, w hereas a 
retardation  o f  absorption  w as observed w ith  doses o f  3 g or m ore o f  e th an ol per k ilo 
gram  b od y  w eigh t. T h e  rem ova l o f  131I tr io le in  or 131I o le ic  acid  fro m  the gastrointesti
n a l tract w as in h ib ited  to about the sam e degree, in d ica tin g  that b lo ck in g  o f  in testin a l 
lip ase activ ity  by  eth an ol w as n ot an  im portan t fa c to r  in  this in terferen ce . A d m in is 
tration  o f  a lcoh o l also led  to retention  o f  a protein  m ea l in  the stom ach.

In g e s tio n  o f e th ano l p r io r  to, o r d u r in g , 
a h ig h  fa t  m ea l has been repo rted  to en
hance the u sua l p o s tp ra n d ia l lip e m ia  in  
m an  (1 —3 )  and an im a ls  (4 , 5 ) . A d m in is 
tra t io n  o f a co rn  o il-e th ano l m ix tu re  to ra ts  
was fo llow ed  by a m a rked  increase in  p las
m a tr ig ly ce rid e  leve ls re ach in g  peak va lues  
abou t 16 hou rs  a fte r  the  m ea l (4 , 5 ) . The  
p lasm a tr ig ly ce rid e  rise  was less p ro 
nounced w ith  co rn  o il alone and the  m a x i
m a l leve l was reached a fte r 4 to 6 hours
( 5 ) .

D a ta  f ro m  subsequent e xpe rim en ts  have  
suggested th a t the  observed de lay in  reach 
in g  peak tr ig ly ce rid e  leve ls m ig h t have  
been due to an e thano l-induced  im p a ir 
m e n t o f g a s tro in te s tin a l a c t iv ity  ( 5 ) .  The  
re su lts  o f the  p resen t s tudy  p rov ide  m ore  
q u a n tita t iv e  in fo rm a tio n  re ga rd in g  the in 
h ib ito ry  e ffe c ts  o f e th ano l on  g a s tro in te s ti
n a l process ing o f n u tr ie n ts  in  ra ts .

M E TH O D S A N D  PRO CE DU RES

Fem ale ra ts  o f the Sprague-Daw ley  
s tra in , w e ig h in g  200 to 250 g each, were  
s tud ied  in  several d if fe re n t series.

Series 1. T en  an im a ls  fas ted  over
n ig h t were g iven , b y  stom ach tube , 5 g 
co rn  o il c o n ta in in g  trace  am oun ts  o f 131I  
t r io le in  2 and 5 g e th a n o l/k g  body w e igh t. 
(C o rn  o il c o n ta in in g  13II  t r io le in  w i l l  be 
designa ted hence fo rth  *1 co rn  o i l. )  E xam 
in a t io n  o f the  131I  tr io le in  b y  th in - la ye r  
ch rom a tog raphy  ( 6 )  in d ic a te d  th a t m ore  
th a n  95%  o f the ra d io a c tiv ity  was associ
ated w ith  the  tr ig ly ce rid e  m o ie ty . T en  con

tro l a n im a ls  rece ived s im ila r  am oun ts  o f 
*1 co rn  o il and dextrose in  am oun ts iso 
ca lo ric  w ith  the  a lcoho l. N o  a d d it io n a l 
food  was a llow ed ; d r in k in g  w a te r was o f
fe red  ad lib itu m . A ll a n im a ls  w ere g iven  
0.1 m l o f sa tu ra ted  so lu tio n  o f po tass ium  
iod ide  subcu taneous ly 24 hou rs  be fo re  ad
m in is t ra t io n  o f the isotope to p re ven t ac
cu m u la t io n  o f 13T  in  the th y ro id . W ho le -  
body ra d io a c tiv ity  o f each a n im a l was  
m easured in  an A rm ac  S c in t illa t io n  De
tec to r, m ode l no. 440 ,3 16 hou rs  a fte r ad
m in is t ra t io n  o f the 131I-labe led  o il. The  a n i
m a ls  were then  anesthetized w ith  e th y l 
e the r and th e ir  g a s tro in te s tin a l (G I )  tra c t  
(s tom ach  and in te s t in e ) w ith  its  con ten ts , 
were removed. The 131I  a c t iv ity  o f the  G I 
tra c t and o f the re m a in in g  carcass was  
m easured in  the s c in t il la t io n  de tec to r, and  
in  th is  series, expressed as percen tage o f  
the adm in is te red  dose.

To de te rm ine  the am oun t o f 131I  excre ted  
in  feces and u r in e , e igh t a d d it io n a l ra ts  
were kep t in  m e tabo lic  cages. F ou r were  
g iven  *1 co rn  o il-a lcoho l m ix tu re , and the  
re m a in in g  fo u r  *1 co rn  o il a lone. The  I31I  
a c tiv ity  was then  m easured in  the co llec ted  
feces and u rine .

Series 2 . The  tim e  course in  the  in 
te s tin a l abso rp tion  o f o il was s tud ied  in  
th is  series. G roups o f th ree  ra ts  each re 
ce ived, by stom ach tube, 5 g *1 co rn  o il

R e c e i v e d  f o r  p u b l i c a t i o n  M a r c h  3 ,  1 9 6 9 .
1 S u p p o r t e d  i n  p a r t  b y  a  G e n e r a l  R e s e a r c h  S u p p o r t  

G r a n t  n o .  5 S 0 1 F R -5 4 3 4 .
2 R a o le i n - 1 3 1 ,  A b b o t t  L a b o r a t o r i e s ,  C h i c a g o ,  111.
3 P a c k a r d  I n s t r u m e n t  C o m p a n y ,  L a G r a n g e ,  111.

J . N u t r i t i o n , 9 8 :  3 7 3 - 3 7 8 . 373
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and 5 g e th a n o l/k g  body w e ig h t and were  
k il le d  2, 4, 8, 16 o r 24 hou rs  la te r. As in  
the p rev ious s tudy , the co n tro l a n im a ls  re 
ce ived *1 co rn  o il p lu s  dextrose. The  131I  
a c tiv ity  o f the who le  body was measured  
ju s t p r io r  to k il l in g . The  d is tr ib u t io n  o f 
the who le -body m I  a c t iv ity  be tween the G I 
tra c t and the  carcass was then  de te rm ined . 
B lood samples were ob ta ined  by hea rt 
p u n c tu re  2, 4, and 8 hou rs  a fte r the m ea l 
fo r  b lood e th ano l ana lys is  ( 7 ) .

Series 3. The  e ffe c t o f the e thano l 
dose on the de lay in  o il abso rp tion  was 
stud ied. G roups o f f iv e  fas ted  ra ts  each  
received, by stom ach tube, 5 g *1 co rn  o i l /  
kg  body w e ig h t and 2, 3, 4 o r 6 g e th a n o l/  
kg  body w e igh t. The  co n tro l g roup  received  
s im ila r  am oun ts o f *1 co rn  o il and dextrose  
iso ca lo ric  w ith  the 6 g /k g  body w e igh t 
a lcoho l dose. W ho le -body 131I  ra d io a c tiv ity  
16 hours  a fte r the  tre a tm en t, and the  
ra d io a c tiv ity  in  the G I tra c t and carcass, 
were m easured as above.

Series 4 . T h is  series was designed to  
de te rm ine  w he the r the e thano l- induced  de
la y  in  absorp tion  o f d ie ta ry  fa t  m ig h t be 
due to  an in h ib it io n  o f tr ig ly ce rid e  lip o ly -  
sis, w h ic h  u su a lly  precedes the process o f 
f a t  absorp tion . Tw o  groups o f f iv e  ra ts  
each received 5 g co rn  o il and 5 g e th a n o l/  
kg  body w e igh t. T he  co rn  o il con ta ined  
e ith e r tr io le in  131I  o r o le ic  ac id  13II .4 Tw o  
co n tro l groups rece ived co rn  o il w ith  the  
labe led  m a te r ia ls  and dextrose iso ca lo ric  
w ith  e thano l. The  who le -body 131I  con ten t 
16 hou rs  a fte r  a d m in is tra tio n  o f the  d i
e ta ry  m ix tu re s , as w e ll as the d is tr ib u t io n  
o f the labe led  m a te r ia l be tween the G I 
tra c t and the carcass, was m easured as 
above.

Series 5. In  the  la s t series, five  an i
m a ls  received, by s tom ach tube, 5 g egg 
a lb u m in  and 5 g e th a n o l/k g  body w e igh t. 
The f iv e  c o n tro l a n im a ls  rece ived egg 
a lb u m in  on ly . The egg a lb u m in  con ta ined  
trace am oun ts o f 51C r-labe led bov ine  serum  
a lb u m in .5 F ou r hou rs  la te r the an im a ls  
were k il le d  and the  d is tr ib u t io n  o f the  51C r 
la be l in  the stom ach , in tes tines , cecum  
and re m a in in g  carcass was m easured in  
the A rm ac  s c in t il la t io n  de tec to r.6

The  am oun ts o f a lcoho l, o il and p ro te in  
used in  the p resen t s tudy were w e ll to le r
ated b y  the an im a ls . F o llo w in g  the dose 
o f 5 o r 6 g e th a n o l/k g  body w e igh t, the

an im a ls  were som no len t fo r  several hou rs , 
b u t responded to ta c tile  s t im u li. The  re la 
t iv e ly  m ild  re ac tion  to  these doses o f 
e thano l p robab ly  can be exp la ined  1 ) by  
a h ig h e r a c t iv ity  o f a lcoho l dehydrogenase  
in  the ra t, am oun tin g  to 300 m g  a lc o h o l/  
h o u r and k ilo g ra m  body w e ig h t (8 , 9 )  as 
com pared w ith  100 m g /h o u r  pe r k ilo g ra m  
body w e ig h t fo r  m an  ( 9 ) ,  and 2 )  b y  the  
m o d ify in g  e ffects o f the s im u lta neous ly  
adm in is te red  fa t  o r p ro te in  ( 1 0 ) .  N one o f 
the an im a ls  developed d ia rrhea .

RESU LTS

The re su lts  o f series 1 are show n in  tab le
1. The  re d u c tio n  o f the  13II  a c t iv ity  in  the  
G I tra c t was ta ken  as a measure o f fa t  
absorp tion , since the labe led  tr io le in  ap
pears to  be m e tabo lized  to the same ex
te n t as o the r tr ig lyce rid e s  and is n o t dei- 
od ina ted  to any e x te n t w ith in  the  lum en  
o f the  G I tra c t. ( 1 1 ) .

Inges tio n  o f e thano l led to  a m a rked  re 
te n tio n  o f the ra d io a c tiv ity  in  the G I tra c t. 
S ix teen hou rs  a fte r a d m in is tra tio n  o f the  
o il, 78.8 ±  6 .6%  and 13.2 ±  5 .5%  o f the  
adm in is te red  doses were recovered in  the  
stom ach and in te s tin es , respec tive ly ; w ith 
o u t e thano l, o n ly  10.0 ±  2 .0%  and 12.0 ±  
1 .3% , respec tive ly , rem a ined  in  these  
organs. The  ra d io a c tiv ity  recovered in  the  
carcass was in ve rse ly  p ro p o rtio n a l to  th a t  
fo u n d  in  the G I tra c t: 46 .7  ±  1.4%  o f the  
who le -body 131I  was con ta ined  in  the ca r
cass w hen  co rn  o il was ingested w ith  g lu 
cose, whereas on ly  8.4 ±  1.4%  was recov-

TABLE 1
Effect of ethanol on the distribution of 

dietary 1311 triolein 1

1311
recovered

Corn oil -f- 
ethanol 

(1 0 )

C om  oil +  
dextrose 

(1 0 )

C arcass 8.4 ± 1 .4  2 4 6 .7 ±  1.4
Stom ach 78.8 ± 6 .6 1 0 .0 ± 2 .0
Intestines 13.2 ± 5 .5 12.0 ±  1.3
E xcreted  3 1 .5 ±  1.0 20.1 ± 7 .6

1 T h e  a n i m a l s  r e c e i v e d  a  m i x t u r e  o f  5  g  c o m  o i l  
a n d  5  g  e t h a n o l / k g  b o d y  w e i g h t ;  i n  t h e  c o n t r o l  g r o u p ,  
e t h a n o l  w a s  r e p l a c e d  i s o c a l o r i c  a l l y  b y  d e x t r o s e .  
N u m b e r  o f  a n i m a l s  i n  p a r e n t h e s e s .

2 A l l  v a l u e s  a r e  m e a n s  +  s e  a n d  r e p r e s e n t  t h e  
p e r c e n t a g e  o f  t h e  a d m i n i s t e r e d  d o s e .

3 I o d in e -1 3 1  a c t iv i t y  e x c r e t e d  b y  f o u r  a d d i t i o n a l  
a n i m a l s  i n  u r i n e  a n d  f e c e s .

4 R a o l e i c  a c i d ,  A b b o t t  L a b o r a t o r i e s ,  C h i c a g o ,  111.
5 C h r o m a l b u m i n ,  E . R .  S q u ib b  a n d  S o n s ,  N e w  

B r u n s w i c k ,  N .  J.
6 S e e  f o o t n o t e  3 .
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ered w hen  co rn  o il was adm in is te red  w ith  
e thano l. The  re la tiv e ly  h ig h  131I  a c t iv ity  o f  
the carcass o f the c o n tro l *1 co rn  o il g roup  
in d ica tes  th a t the 181 tr io le in  was, to  a 
la rge  ex te n t, absorbed fro m  the G I tra c t.

The  da ta  on the d u ra t io n  o f the e ffe c t 
o f e thano l on  fa t  abso rp tion  and  on the  
e ffec t o f e th ano l doses are p resen ted  in  
figu res 1 and 2. The  an im a ls  re ce iv in g  co rn  
o il w ith  glucose lo s t the I31I  a c t iv ity  fro m  
the  in te s t in a l tra c t a t an a lm os t u n ifo rm  
ra te  over the f ir s t 16 hours  and a t a s lower 
ra te  th e rea fte r. W hen  co rn  o il was ad
m in is te re d  w ith  e thano l, the re  was on ly  a 
s lig h t decrease in  m I  a c t iv ity  d u r in g  the  
f i r s t  16 hou rs ; th is  was fo llow ed  by  ab
so rp tion  o f a la rge  p a r t o f the ra d io a c tiv ity  
f ro m  the G I tra c t over the n e x t 8 hours  and  
its  appearance in  the carcass. B lood e thano l 
leve ls 2, 4, and 8 hou rs  a fte r the  m ea l 
am oun ted  to  210 ±  27, 214 ±  31 and 120 
±  32 m g / 100 m l, respective ly .

The  absorp tion  o f I31I  labe led  o le ic acid  
and 13II  t r io le in  was e qua lly  re ta rded  by  
e thano l ( ta b le  2 ) :  89 ±  2 .2%  o f the  13,I  
who le -body coun ts rem a ined  in  the G I 
tra c t w hen  the 131I  la be l was supp lied  as 
tr io le in , and 94.2 ± 3 .1 %  were fo u n d  
w hen  the 131I  c a r r ie r  was o le ic  acid. 
I n  the groups re ce iv in g  co rn  o il w ith o u t  
e thano l, less 131I  labe l was re ta in e d  in  the  
G I tra c t w ith  o le ic acid  th a n  w ith  tr io le in ,  
suggesting an  increased absorp tion  o f o le ic  
acid.

The  da ta  fro m  the  p ro te in  s tudy ( fig .
3 )  in d ic a te  th a t im p a irm e n t o f g as tro in 
te s tin a l p rocess ing by a lcoho l was n o t 
l im ite d  to d ie ta ry  fa t. The  an im a ls  rece iv 
in g  a lcoho l re ta in ed  m os t o f the 51C r labe l 
in  the s tom ach 4 hours  a fte r  the p ro te in  
m eal. In  the co n tro l an im a ls , the 51C r labe l 
was recovered m a in ly  in  the  in te s t in a l 
tra c t.

DISCUSSION

Resu lts ob ta ined  in  the p resen t s tudy  
in d ica te  th a t la rg e r doses o f e th ano l ad
m in is te re d  s im u lta neous ly  w ith  co rn  o il de
layed the abso rp tion  o f the  o il fo r  a t leas t 
16 hours . T h is  e ffe c t seemed to be dose 
dependent. A n  im p a irm e n t o f the g a s tro in 
te s t in a l processes o f fa t  began to appear 
w ith  a dose o f 3 g e th a n o l/k g  body w e igh t, 
and was m ore  p ronounced  w ith  the h ighe r  
e thano l doses. The  dose o f 2 g e th a n o l/k g  
body w e ig h t appeared to be w e ll to le ra ted  
and d id  n o t show  any de la y in g  e ffe c t on  
fa t  abso rp tion  16 hours  a fte r  the m ea l. A  
de lay o f sho rte r d u ra tio n , how ever, c anno t 
be exc luded .

The  p r im a ry  e ffe c t o f e th ano l appeared  
to  be a tem po ra ry  in h ib it io n  o f gas tric  
em p ty ing . Several m echan ism s cou ld  have  
been in vo lved  in  such in te rfe re n ce  w ith  
gas tr ic  a c t iv ity : 1 ) The  repo rted  repres
s ion  o f gas tric  m o t i l i t y  by e th a no l (1 2 , 13 )  
was p robab ly  an im p o r ta n t c o n tr ib u to ry  
fa c to r ; 2 )  A n  ir r i ta t io n  o f ga s tr ic  m ucosa

Fig. 1 L on g itu d in a l ch anges in  the distribution  o f  13JI la b e l betw een  the GI tract and 
carcass  o f  rats rece iv in g  5 g corn  o il and 5 g e th a n o l/k g  b od y  w eigh t. V ertica l bars represent 
the standard error o f  the m ean .
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T A B L E  2

Effect of ethanol on distribution of 131I label 
from triolein or oleic acid

1311
tracer and 
activity in

C om  oil +  
eth anol1

C om  oil +  
dextrose *

% %
131I triolein

GI tract 89 .0  ± 2 .2  2 3 9 .8 ± 4 .1
Carcass 9 .0 ±  1.5 43.4  ± 2 .4

13II o le ic  acid
GI tract 94.2 ± 3 .1 2 3 .0 ±  1.5
C arcass 1 3 .2 ±  1.8 52.0 ± 1 .0

1 T h e  r a t s  r e c e i v e d  5  g  c o r n  o i l  a n d  5  g  e t h a n o l / k g  
b o d y  w e i g h t ,  o r  5  g  c o m  o i l  -f- d e x t r o s e  i s o c a l o r i c  
w i t h  e t h a n o l .

2  M e a n  ±  s e , f iv e  a n i m a l s  p e r  g r o u p ;  p e r c e n t a g e  o f  
w h o l e - b o d y  c o u n t s .

by  e th ano l and subsequent spasm  o f the  
py lo ru s  have been also repo rted  ( 1 4 ) .  T h is  
re ac tion , however, is  less p ronounced  
w hen  food  is p resen t in  the stom ach (1 5 ) .  
Fu rth e rm o re , a de lay in  gas tr ic  em p ty in g  
can be also p roduced in  the absence o f 
in tra g a s tr ic  i r r i ta t io n ,  i.e ., b y  e th ano l ad
m in is te re d  in tra ven o u s ly  o r in tra p e r ito n e -  
a lly  (1 6 , 1 7 ) , in d ic a t in g  p a rt ic ip a t io n  o f 
a d d it io n a l h u m o ra l and n e u ra l fa c to rs  in  
th is  process.

The  seve rity  o f the e thano l-induced  in 
te rfe rence  w ith  gas tric  em p ty in g  was u n 
expected. In  the p ro te in  e xpe rim en t, about

90%  o f the 51C r dose was re ta in ed  in  the  
s tom ach  4 hours  a fte r the  m ea l w ith  
e thano l; o n ly  abou t 5%  o f the tra ce r was  
fo u n d  w hen  the m ea l was g iven  w ith o u t  
e thano l.

E th a no l also has been repo rted  to  in te r 
fe re  w ith  the in te s t in a l abso rp tion  o f v ita 
m in  A  ( 1 8 ) ,  xy lose ( 1 7 )  and am ino  acids
(1 9 ) .  The resu lts  o f the p resen t s tudy  do 
n o t a llow  any de fin ite  conc lus ions re 
g a rd in g  the e ffe c t o f a lcoho l on in te s t in a l 
absorp tion  o f fa t ,  a lth ough  the da ta  fro m  
a p rev ious s tudy ( 5 )  suggest a possib le  
de lay. Reports in  the  lite ra tu re  have in d i
cated th a t e th ano l m ig h t in te r fe re  w ith  
the c irc u la t in g  lip o ly t ic  a c t iv ity  (2 0 , 2 1 ) .  
O ur observa tions th a t abso rp tion  o f o le ic  
acid  was depressed to the same degree as 
abso rp tion  o f tr io le in  suggest, however, 
th a t e ith e r e th ano l d id  n o t in h ib i t  the in 
te s tin a l l ip o ly t ic  a c tiv ity , o r th a t such an  
in h ib it io n  d id  n o t p la y  an im p o r ta n t ro le  
in  the in te s t in a l fa t  absorp tion .
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Fig. 2 E ffect o f  eth an ol dose on  I31I activ ity  in  the GI tract and carcass o f  rats rece iv in g  
131I tr io le in  and fa t  16 hours earlier. V ertica l bars represent the standard error o f  the m ean .
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Invitation for Nominations for 1970
American Institute of Nutrition Awards

N om in a tio n s  are requested fo r  the 1970  
a n nu a l awards adm in is te red  by the  A m e r i
can In s t itu te  o f N u tr i t io n  to be presented  
a t the n e x t a n nua l m ee ting . N om in a tio n s  
m ay be m ade by anyone, in c lu d in g  m em 
bers o f the  N o m in a tin g  Com m ittees and  
non-m em bers o f the In s t itu te .

The  fo llo w in g  in fo rm a tio n  m u s t be sub
m it te d : ( 1 )  N am e o f the aw a rd  fo r  w h ic h  
the cand ida te  is proposed. ( 2 )  A  b rief con 
vincing sta tem en t setting forth  the basis 
for the n om in a tion  and, w h ere  appropriate, 
a selected  bibliography w h ich  supports the  
n om in ation . Secon din g or supporting let
ters are n ot to be su bm itted . ( 3 )  F ive  
copies o f the n o m in a tin g  le tte r  m u s t be 
sent to the  c h a irm a n  o f the  app rop ria te  
n o m in a tin g  com m ittee  b efore  O ctober 1, 
1 9 6 9 , to  be considered fo r  the 1970 awards.

G eneral regulations for A .I .N . awards. 
M em be rsh ip  in  the A m e rica n  In s t itu te  o f 
N u tr i t io n  is  n o t a re qu irem en t fo r  e lig ib il i ty  
fo r  an aw a rd  and the re  is  n o  l im ita t io n  as 
to  age excep t as specified fo r  the  Mead  
Johnson A w a rd . A n  in d iv id u a l w ho  has 
rece ived one In s t itu te  aw a rd  is in e lig ib le  to  
receive ano the r In s t itu te  aw ard  un less i t  is  
fo r  o u ts ta n d in g  research  subsequent to  o r  
n o t covered b y  the  f ir s t  award . A  Ju ry  o f 
A w a rd  composed o f A .I.N . m em bers, w h ic h  
m akes f in a l se lection  and rem a in s  anony
m ous, m ay  recom m end  th a t an aw a rd  be 
om itte d  in  any g iven  yea r i f  in  its  o p in io n  
the w o rk  o f the cand ida tes n om in a te d  does 
n o t w a r ra n t the award . A n  aw a rd  is  u su 
a lly  g iven to one person , b u t, i f  c irc u m 
stances and ju s tic e  so d ic ta te , a Ju ry  o f 
A w a rd  m ay  recom m end th a t any p a r t ic u 
la r  aw a rd  be d iv ided  be tween tw o  o r m ore  
co llabo ra to rs  in  a g iven  research.

P resen ta tio n  o f awards w i l l  be made  
d u r in g  the banque t a t the  a nnua l m ee ting .

B orden  A w a rd  in N utrition  1
The  B orden  A w a rd  in  N u tr i t io n ,  con 

s is tin g  o f $1000 and a go ld m eda l, is  made

ava ilab le  by the  Borden  F ounda tio n  In c . 
The A w a rd  is g iven  in  re cog n itio n  o f d is 
t in c tiv e  research by  in ve s tig a to rs  in  the  
U n ite d  States and Canada w h ic h  has em 
phasized the n u tr it io n a l s ign ificance  o f any  
food  o r food  com ponen t. The  A w a rd  w i l l  
be m ade p r im a r i ly  fo r  the  p u b lic a t io n  o f 
specific  papers d u r in g  the tw o  p rev ious  
years b u t the Ju ry  o f A w a rd  m ay  recom 
m end  th a t i t  be g iven  fo r  im p o r ta n t con
tr ib u t io n s  m ade over a m ore  extended  
pe riod  o f tim e . Employees o f Borden  In c  
are n o t e lig ib le  fo r  th is  aw ard  n o r are in 
d iv id u a ls  w ho  have rece ived a Borden  
A w a rd  fro m  ano the r a dm in is te r in g  asso
c ia tio n  unless the new  aw a rd  be fo r  o u t
s tan d ing  research on a d if fe re n t sub jec t or 
fo r  specific  accom p lishm en t subsequent to  
the f ir s t  award .

F o rm e r re c ip ien ts  o f th is  aw a rd  are:
1 9 4 4  -  E . V. M c C o l l u m
1 9 4 5  -  H . H . M i t c h e l l
1 9 4 6  — P . C . J e a n s  a n d

G e n e v ie v e  S t e a m s
1 9 4 7  -  L. A . M a y n a r d
1 9 4 8  -  C . A . C a r y  
1 9 4 9 - H .  J . D e u e l ,  J r.
1 9 5 0  -  H . C . S h e r m a n
1 9 5 1  -  P . G y  o r g y
1 9 5 2  -  M . K le i b e r
1 9 5 3  -  H . H . W i l l i a m s
1 9 5 4  -  A .  F . M o r g a n  a n d

A . H . S m i t h
1 9 5 5  — A .  G . H o g a n

1 9 5 6  — F . M .  S t r o n g
1 9 5 7  — n o  a w a r d  
1 9 5 8 - L .  D . W r ig h t
1 9 5 9  — H . S t e e n b o c k
1 9 6 0  -  R .  G . H a n s e n
1 9 6 1  -  K . S c h w a r z
1 9 6 2  — H . A . B a r k e r
1 9 6 3  -  A r t h u r  L . B l a c k
1 9 6 4  -  G . K . D a v is
1 9 6 5  — A. E . H a r p e r
1 9 6 6  -  R .  T .  H o lm a n
1 9 6 7  — R . H . B a r n e s
1 9 6 8  -  C . L . C o m a r
1 9 6 9  -  H . P .  B r o q u is t

N o m i n a t i n g  C o m m i t t e e :
R. T . H o l m a n , Chairman 
R. G. H a n s e n  
A. L. B l a c k

Send n om in a tio n s  to :
R. T . H o l m a n  
Hormel Institute 
University of Minnesota 
Austin, Minnesota 55912

O sborne and M en d el A w ard

The Osborne and M ende l A w a rd  o f 
$1000 and an in sc ribed  sc ro ll has been  
estab lished by  the N u t r i t io n  F ounda tio n ,

1 Sponsors o f  nom inees fo r  th is aw ard  sh ou ld  note 
that a ch an ge  has been  m ade in  the area o f  research  
w h ich  this aw ard recognizes.

J. N u t r it io n , 98: 379-382. 379
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Inc., for the recognition of outstanding re
cent basic research accomplishments in 
the general field of exploratory research in 
the science of nutrition. It shall be given 
to the investigator who, in the opinion of 
a Jury of Award, has made a most signif
icant recent contribution or has published 
recently a series of papers of outstanding 
significance. Normally preference will be 
given to research workers in the United 
States and Canada, but investigators in 
other countries, especially those sojourn
ing in the United States or Canada for a 
period of time, are not excluded from con
sideration.

Individuals who have received another 
award provided by the Nutrition Founda
tion are not eligible for this award, unless 
the new award is clearly for research and 
contributions different from that of the 
first award.

Former recipients of this award are :
1949 _ w. C. Rose
1950 — C. A. Elvehjem
1951 -E. E. Snell
1952 - Icie Macy Hoobler
1953 — V. du Vigneaud
1954 - L. A. Maynard
1955 - E. V. McCollum
1956 - A. G. Hogan
1957 - G. R. Cowgill
1958 - P. Gyorgy
1959 — Grace A. Goldsmith

1960 —N . S. Scrim shaw
1961 -  M ax K. H orw itt
1962 -  W illia m  J. D arby
1963 -  Jam es B. A llison
1964 -  L. Em m ett H olt, Jr.
1965 — D. M. H egsted
1966 -  H. H. M itchell
1967 -  Sam uel Lepkovsky
1968 -  C. H. H ill
1969 — H. N . M unro

N o m in a t in g  Co m m i t t e e :
M . K. H o r w it t , Chairman 
E. L. R. Sto k sta d  
H. N. M u n ro

Send nominations to:

Former recipients of this award are:
1939 -  C. A. E lveh jem  
1 9 4 0 - W . H. Sebrell, Jr. 

J. C. Keresztesy
J. R. Stevens 
S. A. Harris 
E. T. Stiller
K. Folkers

1941 -  R. J. W illiam s 
1 9 4 2 - G .  R. C ow gill
1943 -  V. du V igneaud
1944 — A. G. H ogan 
1 9 4 5 - D .  W . W oolley
1946 -  E. E. Snell
1947 -  W . J. D arby

P. L. Day
E. L. R. Stokstad

1948 -  F. Lipmann
1949 — Mary S. Shorb

K. Folkers
1950 -  W. B. Castle
1951 — no award
1952 -  H. E. Säuberlich
1964 -  J. S. Dinning
1965 -  J. G. Bieri
1966 — M. Daniel Lane
1967 -  W. N. Pearson
1968 -  H. F. DeLuca
1969 -  R. H. Wasserman

N o m in a t in g  Co m m i t t e e :
H. E. Sä u b e r l ic h , Chairman 
H. P. Br o q u ist  
H. F. D eL uca

Send nomination to :
H. E. Sä u b e r l ic h  
U. S. Army Medical Research 

and Nutrition Laboratory 
Fitzsimons General Hospital 
Denver, Colorado 80240

Conrad. A. Elvehjem Award for Public Service in Nutrition
The Conrad A. Elvehjem Award for 

Public Service in Nutrition, consisting of 
$1000 and an inscribed scroll, is made 
available by the Wisconsin Alumni Re
search Foundation. The award is bestowed 
in recognition of distinguished service to 
the public through the science of nutrition. 
Such service, primarily, would be through 
distinctive activities in the public interest 
in governmental, industrial, private, or in
ternational institutions but would not ex
clude, necessarily, contributions of an in
vestigative character.

M . K. H o r w it t
St. Louis Univ. School of Medicine 
St. Louis, Missouri 63104

Mead Johnson Award for Research in Nutrition 2 
The Mead Johnson Award of $1000 and 

an inscribed scroll is made available by 
Mead Johnson and Company to an investi
gator who has not reached his 40th birth
day at the time the award is presented. 
Selection by the Jury of Award will be 
based either on a single outstanding piece 
of recent research in nutrition or on a se
ries of recent papers on the same subject.

Former recipients of this award are:
1966 -  C. G len K ing
1967 -  J. B. Y oum ans
1 9 6 8 - W .  H. Sebrell, Jr.
1969 -  F. J. Stare

N o m in a t in g  C o m m i t t e e :
O l a f  M ic k e l s e n , Chairman 
O . C. Jo h n so n  
C. G. Kin g

Send nominations to:
Ol a f  M ic k e l se n  
Department of Foods & Nutrition 
Michigan State University 
East Lansing, Michigan 48823

2 Sponsors o f  nom inees fo r  this aw ard should  note 
the ch an ge w h ich  has been m ade in  the age lim ita 
tion .



Invitation for Nominations for 1970
American Institute of Nutrition Fellows

The Fellows Committee of the American Institute of Nutrition in
vites nominations for Fellows in the Society. Eligible candidates are 
active or retired members of the Society who have passed their sixty- 
fifth birthday (by the time of the annual meeting) and who have had 
distinguished careers in nutrition. Up to three Fellows may be chosen 
each year.

Nominations may be made to the Chairman of the Fellows Com
mittee by any member of the Society, including members of the Com
mittee.

Nominations (in 5 copies) are due by October 1. A supporting 
statement giving the reason for the nomination is desirable.

Final selection will be made by the Fellows Committee and a suit
able citation will be presented at the Annual Dinner in April.

Felloxus Committee:
L. A. Maynard , Chairvian 
T. H. Jukes 
A. B. Morrison 
E. E. Howe 
H. M. Linksw iler

Send nominations to:
L. A. Maynard Cornell University Ithaca, New York 14850

The following persons have been elected previously as Fellows of 
the Society:

Georgian Adams (1967) 
Herman J. Almquist (1968) 
J. B. Brown (1964)
Thorne M. Carpenter (1958) 
George R. Cowgill (1958) 
Earle W. Crampton (1967) 
Henrik Dam (1964 )
Eugene F. DuBois (1958)
R. Adams Dutcher (1961) 
Ernest B. Forbes (1958) 
Casimir Funk (1958) 
Wendell H. Griffith (1963) 
Paul Gyorgy (1965)
Albert G. Hogan (1959)
L. Emmett Holt, Jr. (1967) 
Icie Macy Hoobler (1960) 
Paul E. Howe (1960)
J. S. Hughes (1962)
C. Glen King (1963)
Max Kleiber (1966)
S. Kon (1969)
Samuel Lepkovsky (1966)

Karl E. Mason ( 1969) 
Leonard A. Maynard (1960) 
Elmer V. McCollum (1958) 
Harold H. Mitchell (1958) 
Agnes Fay Morgan (1959) 
John R. Murlin (1958)
Leo C. Norris ( 1963) 
Bernard L. Oser (1969) 
Helen T. Parsons ( 1961 ) 
Paul H. Phillips (1968) 
Lydia J. Roberts ( 1962) 
William C. Rose (1959)
W. D. Salmon (1962)
W. H. Sebrell, Jr. (1968) 
Arthur H. Smith (1961) 
Genevieve Stearns (1965) 
Harry Steenbock (1958) 
Hazel K. Stiebeling ( 1964) 
Raymond W. Swift ( 1965) 
Robert R. Williams ( 1958 ) 
John B. Youmans (1966)



Invitation for
Nominations for Honorary Membership in the

American Institute of Nutrition

The Committee on Honorary Memberships of the American 
Institute of Nutrition invites nominations for Honorary Members.

Distinguished individuals of any country who are not members 
of the American Institute of Nutrition and who have contributed to 
the advance of the science of nutrition shall be eligible for proposal 
as Honorary Members of the Society.

Nominations may be made to the Chairman of the Committee on 
Honorary Memberships by two members of the Society.

Nominations (in three copies) are due by October 1. A supporting 
statement giving the reason for the nomination is desirable.

Final selection of nominees will be made by the Council of the 
American Institute of Nutrition and such nominations submitted 
to the Society at the spring meeting. Election requires a two-thirds 
majority of the ballots cast.

Honorary members pay no membership fees but are eligible to 
subscribe to the official joum al(s) at member’s rates.

Committee on Honorary Memberships:

The following persons have been elected previously as Honorary 
Members of the Society:

L. C. N orris, Chairman 
A. E. Schaefer 
P. L. Day

Send nominations to:
L. C. N orris
Department of Poultry Husbandry University of California Davis, California 95616

Kunitaxo Arimoto 
W. R. Aykroyd 
Frank B. Berry 
Edward Jean Bigwood 
Frank G. Boudreau 
Robert C. Burgess 
Dame Harriette Chick 
F. W. A. Clements 
Hans D. Cremer 
Sir David P. Cuthbertson 
Herbert M. Evans 
Karl Guggenheim 
Egon H. Kodicek 
Joachim Kiihnau 
Josef Masek 
Thomas Moore

Hiroshi Morimoto 
R. A. Morton 
Toshio Oiso 
H. A. P. C. Oomen 
Lord John Boyd Orr 
Conrado R. Pascual 
V. N. Patwardhan 
Sir Rudolph A. Peters 
B. S. Platt 
Juan Salcedo 
M. Swaminathan 
Emile F. Terroine 
Jean Tremolieres 
Eric John Underwood 
Artturi I. Virtanen

3 8 2
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