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ABSTRACT  Single Comb W hite Leghorn fem ale pullets were reared from hatching  
to 25 weeks of age w ith a low  fat purified diet calculated to contain 0.005% linoleic  
acid (1 8 :2 ). The pullets were then distributed into 6 groups of 20 birds each and 
given safflower oil at increm ents calculated to furnish zero, 10, 20, 40, 80, and 250 m g 
of 18 :2 /b ird /d ay  respectively. An increase in  egg production, egg size, fertility and 
hatchability paralleled an increase in  dietary 18:2 w ith the exception that hatchability  
still rem ained zero at the 10-mg level. Only 20 m g of 18:2 daily were necessary in  this 
extracted, purified diet to increase fertility from 73.4 to 92.5% , and to decrease early 
embryonic m ortality from  31.0 to 10.8% . Higher levels of 18:2 had no further effect 
on fertility or early embryonic mortality. The presence of quantities of eicostrienoic 
acid (2 0 :3 ) in  the plasm a and yolk lipids from essential fatty acid-deficient hens sug
gests a possible relationship between the developm ent or expression of the various 
reproductive characteristics and the tissue level of 20:3. The levels of the 20:3 acid in  
the tissues decreased w ith each increase in  dietary 18:2. These changes were reflected  
by increases in  egg size, egg production, hatchability, and decreased early embryonic 
mortality.

Major considerations in the study of the 
essential fatty  acids (EFA) are the EFA 
status of the experim ental anim al at the 
start of the experiment, and the length of 
the experiment. This was dem onstrated 
by Miller et al. (1 )  who reported that pul
lets reared for 16 weeks with a practical- 
type diet and then m aintained with a low 
fa t diet for 40 weeks still retained sub
stantial am ounts of linoleic (1 8 :2 )  and 
arachidonic (2 0 :4 )  acids in  the fa t of the 
heart, thigh, and breast muscle. Later, 
Menge et al. (2 )  reported that 20-week old 
pullets reared with an 18 :2-deficient diet 
from hatching had no detectable amounts 
of 18:2 or 20 :4  in the heart, thigh, and 
breast muscle fat. Eicosatrienoic acid, ten
tatively identified as the 5,8,11 isomer 
(2 0 :3 ) , in  the tissues of these pullets was 
4 to 10% higher than  that in the tissues of 
the pullets as reported by Miller et al. (1 ) . 
The severity of the deficiency was further 
dem onstrated by increased susceptibility 
to respiratory infections, poor egg produc
tion, small egg size, low fertility, and zero 
hatchability. Zero hatchability represents 
the most acute deficiency of 18:2 that has 
been reported to date. The study reported 
here was designed to investigate further 
the effect of 18:2 on egg production, egg 
size, fertility, and hatchability.

EXPERIMENTAL PROCEDURE

Two hundred Single Comb W hite Leg
horn pullets (comm ercial stra in ) were 
reared and m aintained with an 18 ^-defi
cient grower and layer diet (table 1) con
taining approximately 0.005% of 18:2 as 
determined by acid hydrolysis (3 ) and gas- 
liquid chromatography (GLC). Hydroge
nated coconut o i l* 1 was added to these diets 
to facilitate absorption of fat-soluble vita
m ins and also for its effect on the deple
tion of EFA. All diets were isocaloric and 
isonitrogenous. Cellulose and carbohydrate 
were adjusted to compensate for oil supple
mentations. The diets were pelleted by 
the method of McWard and Scott (4 ) . The 
combs and wattles of the one-day-old 
chicks were removed to eliminate the dif
ficulty experienced with the large combs 
and wattles of hens in laying cages.

The pullets began to exhibit symptoms 
of bronchitis at about 14 weeks of age, and 
until they were approximately 32 weeks of 
age they suffered recurrent m ortality at
tributed prim arily to a respiratory syn
drome similar to that described by Ross 
and Adamson (5 ) , and Hopkins et al. (6 ) . 
Chlortetracycline (1 g /k g ) and nystatin
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1 Supplied by the Procter and Gamble Company, 

Cincinnati.
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TABLE 1

C om position of diets

Grower
diet

Layer
diet

% %
Isolated soy protein 1 18.0 18.0
Casein 1 5.0 5.0
Powdered cellulose 1-2 4.0 10.0
Gelatin 5.0 5.0
Coconut oil

(hydrogenated) 2.0 2.5
Mineral m ix 6.0 3 12.09 4
Vitam in m ix 0.5 3 0.5 6
M ethionine hydroxy

analogue (90%  ) 0.56 0.56
Choline chloride (70%  ) 0.35 0.35
A n tiox idan t7 0.015 0.015
Glucose monohydrate 58.575 45.985

1 T he soy protein , ca se in , and pow dered cellu lose  
w ere extracted  w ith  95% MeOH.

2 Solka F loe, Brow n C om pany, B erlin , N ew  H am p
shire.

3 M ineral m ix  supplied  th e  fo llow in g: ( in  % ) lim e
stone flour, 0.8; d ica lc iu m  ph osph ate (C a , 25% ; P, 
18 .5 % ), 3.2; KH2P 0 4, 1.0; N aC l, 0.3; M gS 04, 0.1; 
FeC6H 50 7• 5H 20 ,  0.06; M n S 0 4-H20 ,  0.03; Cu(CH3COO)2- 
H20 ,  0.003; KI, 0.004; ZnCOs, 0.01; H3BO3, 0.001; 
C oS04*7H20 ,  0.0002; N a 2S e 0 4- 10H 2O, 0.00005; N a 2- 
M o04-2H20 ,  0.0009; extracted  pow dered cellu lo se  to  
6% o f diet.

4 M ineral m ix  supplied  th e fo llow in g: ( in  % ) lim e
stone flour, 8 .0; d ica lc iu m  ph osph ate (C a , 25% ; P, 
1 8 .5% ), 2.5; KH2P 0 4, 1.0; N aC l, 0.3; MgCOs, 0.18; 
FeC6H 50 7-5H 20 ,  0.06; M n S 04-H20 ,  0.03; Z n C 03,0.0125; 
C u(C H 3C 0 0 ) 2-H20 ,  0 .004; N a 2S e0 4- 10H2O, 0.00005; 
N a 2M o04-2H20 ,  0.0006; H3B 0 3, 0.001; C oS04-7H20 ,
0.0002; and KI, 0.004.

3 V itam in  m ix  supplied  th e fo llow in g: (m g /k g  o f  
d ie t)  th iam ine-H C l, 100; riboflavin , 16; Ca D-pantoth- 
enate, 25; pyridoxine-H C l, 10; fo la c in , 4; m enad ione, 
5; n ia c in , 100; b io tin , 0 .6; v itam in  B i2 (0 .1 % ), 20; 
vitam in  A (5 0 0 ,0 0 0 U S P /g ), 36; v itam in  D 3 (200 ,000  
I C U /g ) ,  7; d-a-tocopheryl acetate  (1 3 6 0  I U /g ) ,  26; 
extracted  pow dered ce llu lo se  to 0.5% o f diet.

6 V itam in  prem ix supplied  th e fo llow in g: (m g /k g  o f  
d ie t)  th iam in e-H C l, 125; riboflavin , 20; Ca D-pantoth- 
enate, 31.25; pyridoxine-H C l, 12.5; fo la c in , 5; m en a
dione, 6 .25; n ia c in , 125; b iotin , 0 .75; v itam in  B i2 
(0.1%  ) ,  18.75; in osito l, 125; v itam in  A (500 ,000  
U S P /g ) ,  45; v itam in  D 3 (200 ,000  I C U /g ) ,  10; d-a- 
tocopheryl acetate  (1 3 6 0  I U /g ) ,  50; pow dered ce llu 
lose  (ex tra c ted ) to 0.5% of diet.

7 l,2 -D ihydro-6-ethoxy-2,2,4-trim ethylquinoline. M on
santo  C hem ical C om pany, St. Louis.

(200 m g /k g ) were used in  an attem pt to 
reduce the losses. At 20 weeks of age the 
pullets were placed into individual cage 
laying batteries in  a constant-tem perature 
room (2 1 °) and fed the 18 :2-deficient 
layer ration (table 1).

At 25 weeks of age the pullets were 
divided at random  into 6 groups of 20 birds 
each and fed the experim ental diets. Cal
culated on the basis of daily feed consum p
tion, groups 1 through 6 received zero, 
10, 20, 40, 80, and 250 mg of 1 8 :2 /h e n / 
day, respectively. Safflower oil, contain
ing 77.7% of 18:2 by GLC analysis, was 
used as the source of 18:2. It was as

sumed that any responses would be due 
to 18:2 only, since Menge et al. (2 )  had 
reported that 18:2 (95% ) which they pre
pared from safflower oil was just as effec
tive as safflower oil in  stim ulating in 
creased egg production, egg size, fertility 
and hatchability.

The pullets were artificially insem inated 
twice each week with 0.05 ml pooled Single 
Comb W hite Leghorn semen. Individual 
body weights were recorded m onthly and 
egg production was tabulated daily. Before 
the eggs were set they were weighed, and 
after 6 days of incubation, they were can- 
died to determine fertility and early em 
bryonic mortality. Fatty acid analyses were 
made on eggs collected at the start of the 
experiment, after 8 weeks, and again after 
20 weeks. Blood samples were also taken 
at the start of the experim ent and again 
after 20 weeks for analyses. Methods for 
determ ination of plasm a and yolk fatty 
acids were described in a previous paper 
( 1 )•

RESULTS

The effect of increasing levels of 18:2 
on egg production, egg weight, fertility, 
early embryonic mortality, and hatcha
bility for a 5-month experim ental period 
is shown in table 2. W ith the exception of 
the 40-mg level (group 4 ), increasing 
levels of the fatty acid stimulated a con
com itant increase in  average egg produc
tion. The production data for group 4 are 
not biologically sound and there is ample 
reason to suspect that egg production from 
this group was suppressed in  some way 
other than by treatm ent or position effect, 
or both.

A general increase in egg weight was 
observed with each increase in dietary 
18:2. The 10-mg level of 18:2 which stim 
ulated a pronounced effect on egg produc
tion, also promoted the most substantial 
increase in egg size.

Dietary 18:2 had a striking effect on the 
percentage of fertile eggs produced, and 
also on early embryonic m ortality (6 days). 
Twenty milligrams 1 8 :2 /h en /d ay  (group 
3) were apparently sufficient for 92.5% 
fertility and the reduction of early m ortal
ity from 31.0 to 10.8%. Higher levels of 
18:2 did not stimulate a fu rther increase 
in fertility or have a fu rther effect on 
early embryonic mortality.
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TABLE 2

Effect of linoleic acid  on reproduction in the hen through a 5-m onth experim en tal period 1

Group
Linoleic 

acid 
fed 2

Average

Egg
production

Egg
wt Fertility Early

mortality Hatchability

m g % 9 % % %
i 0 39.4 - 40.4 * 73.4 » 31.0 * 0
2 10 56.5 ' 43.3 b 79.8 * 22.5 b 0
3 20 58.7 = 43.4 » 92.5 » 10.8 c 1.4 »
4 40 50.9 » 43.6 b 90.6 b 10.0 ' 10.3 b
5 80 63.9 d 44.9 ' 90.6 b 9.2 c 15.3 c
6 250 69.3 6 46.3 d 89.1 » 8.5 c 51.6 d

1 M eans w ith  different superscripts are sign ifican tly  d ifferent at the 1% leve l according to D u n can ’s 
m u ltip le  range test (1 9 ) .

2 Supplied by safflower oil.

Groups 1 and 2 receiving zero and 10 mg 
1 8 :2 /h en /d ay , respectively, produced eggs 
with zero hatchability. No chicks hatched 
unless the hens received at least 20 mg of 
18:2 /day . Increased quantities of dietary 
18:2 resulted in concomitant increases in 
hatchability.

Fatty acid analyses of yolks obtained at 
the start of the experiment, after 8 weeks, 
and again at the end of 20 weeks are pre
sented in  table 3. After 8 weeks of supple
m entation with graded levels of 18:2, the 
percentage of oleic acid (1 8 :1 )  and 20:3  
decreased with each increase in dietary 
18:2 with the exception of 18:1 in  group 
6 and 20:3  in  group 3. The percentage of 
18:2 in yolk fa t did not show a concur
rent increase. In fact, 18:2 was not de
tected in  the yolk fa t of eggs from hens 
receiving 10 mg or less of 18:2/day. The 
analyses of fatty acids in yolk fat of eggs 
from hens fed the experim ental diets for

20 weeks was similar to that observed 
at 8 weeks with a few exceptions. Traces 
of 18:2 and 20:4  were noted at the 10- 
and 20-mg level of dietary 18:2, and also 
traces of 20 :4  at the 40-mg level at 20 
weeks, but not at 8 weeks. At 20 weeks 
there also was a gradual decrease in  20 :3  
and an increase in 20 :4  in the yolk fa t 
of eggs from the groups receiving 18:2 
at increasing levels.

Table 4 presents the fatty acid analysis 
of plasm a taken after 20 weeks of experi
mentation. No significant changes in  the 
percentage of palmitoleic acid (1 6 :1 )  or 
18:1 were noted in the groups receiving 
zero to 250 mg of 18:2 daily. Linoleic 
acid was not detected in the plasm a fa t 
of hens receiving less than  40 mg of 18:2. 
Arachidonic acid was not present in the 
plasm a of hens receiving less than  20 mg 
of 18:2, and only in trace quantities at 
this level. Plasm a 20:3 , which was pres-

TABLE 3

F atty acid  com position of egg yolk lipid

Fatty acid  2>3
L inoleic

Group acid  
fed  *

16:1 18:0 18:1 18:2 18:3  2 0 :3  4 2 0 :4 16:1 18:0 18:1 18:2 18:3 2 0 :3 '1 2 0 :4

8 W eeks 5 20  W eeks 3

m g % % % % % % % % % % % % % %

i 0 5 .8 6 .4 6 1 .7 0 .0 0 .8 2 .0 0 .0 6 .6 5 .6 5 9 .9 0 .0 0 .7 1 .7 0 . 0
2 10 6 .9 5 .7 60 .1 0 .0 0 .6 1.4 0 .0 6 .4 6 .4 5 9 .8 0 .2 0 .8 1.5 0.1
3 2 0 7 .2 5 .6 5 8 .7 0.1 0 .7 1.4 0 .0 7.3 5 .8 5 8 .3 0 .2 0 .6 1.2 0 .2
4 4 0 6 .8 6 .6 5 7 .3 0 .4 0 .6 1.0 0 .0 7.3 5 .0 5 9 .0 0 .2 0 .6 1 .0 0 .3
5 8 0 7 .9 7 .3 4 9 .1 0 .3 0 .4 0 .9 0 .2 7 .7 6 .3 5 4 .6 1 .0 0 .6 0 .9 0 .5
6 2 5 0 6 .6 7 .5 5 2 .0 1 .7 0 .5 0 .6 0 .5 7.1 6 .0 5 4 .3 2 .6 0 .3 0 .4 0 .7

1 L inoleic acid  supplied  by safflower oil.
2 T he first figure represents th e nu m ber o f carbon atom s; th e second, th e num ber o f double bonds.
3 Yolk fa tty  acids prior to start o f experim ent; ( in  % ) 16 :1 , 6 .2; 18:0 , 6.8; 18:1 , 59.7; 18:2 , 0.0; 18 :3 , 0.8; 

2 0 :3  2.3" 2 0 :4  0.0.
4 T he 2 0 :3  acid  is  ten ta tive ly  identified  as th e 5,8,11 isom er o f e icosatrieno ic  acid.
5 Yolk fa tty  acids after 8 and 20 w eek s o f experim entation .
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TABLE 4

F atty acid  com position of p lasm a lipids

Group
Linoleic 

acid 
fed 1

Fatty acid 2>3
16:1 18:0 18:1 18:2 18:3 2 0 :3 4 20:4

20 Weeks 5

m g % % % % % % %
i 0 5.3 8.5 57.9 0.0 0.9 2.6 0.0
2 10 7.2 7.6 57.7 0.0 0.7 1.4 0.0
3 20 8.6 6.2 58.2 0.0 0.5 1.6 0.1
4 40 7.3 7.7 57.8 0.8 0.7 1.4 0.2
5 80 8.8 7.8 48.6 4.0 1.2 1.0 0.2
6 250 7.1 6.8 52.7 2.2 0.4 0.4 1.1

1 L inoleic  acid  su pplied  by safflower oil.
2 T he first figure rep resen ts th e num ber o f carbon atom s; th e  second , th e  num ber o f double bonds.
3 P lasm a  fa tty  acids from  p u lle ts  prior to start o f experim ent: ( in  % )  16 :1 , 5.9; 18.0, 7.8; 18:1, 

59.0; 18:2 , 0.0; 18 :3 , 0.6; 20 :3 , 3 .5; 2 0 :4 , 0.0.
4 T he 2 0 :3  acid  is  ten ta tiv e ly  id en tified  as th e 5,8,11 isom er o f e icosatrieno ic  acid.
5 Fatty acid  an alyses o f p lasm a lip id s after  20 w eek s’ experim entation .

ent in  all groups, decreased with each in 
crease in supplem ental 18:2 with the ex
ception of the 20- and 40-mg level of 18:2.

DISCUSSION

Several workers have stated that dietary 
18:2 had no effect on rate of production 
in  the EFA-deficient hen (7, 8 ). In con
tradiction, reports from other laboratories 
(2, 9, 10) show that the adm inistration of 
a dietary source of 18:2 results in  in 
creased production from EFA-deficient 
hens. The data presented in  table 2 leave 
little doubt as to the efficacy of 18:2 in 
increasing egg production from hens 
severely depleted of EFA.

Egg weights obtained from the EFA- 
deficient hen are dependent upon the 
depletion of the bird and the 18:2 content 
of the diet. Increasing the levels of 18:2 
had a positive effect on increasing egg size 
(table 2 ). March and Biely (1 1 ) reported 
that amino acid balance and not protein 
level was the factor lim iting egg size, 
whereas Fisher and Shapiro (1 2 ) stated 
that egg size was influenced by increased 
protein intake. On the other hand, Jensen 
et al. (13 ) showed that crude corn oil was 
effective in  increasing egg size. Later 
Shutze and Jensen (1 4 ) obtained results 
to show that 18:2 was responsible for the 
m ajor part of the increase in  egg size noted 
when highly unsaturated  vegetable oils 
were fed to hens. An increase in egg size 
attributable to dietary oil was demon
strated by other workers using either a 
practical (15, 16) or a purified diet (9,

17). Recently, Blamberg et al. (18 ) re 
ported that metabolizable energy had a 
greater effect on egg weight than  did 18:2 
intake. The diets used by these workers 
contained 1.4% of 18:2. The above re
ports are not necessarily in  conflict with 
our data for it may well be that after the 
requirem ent for 18:2 has been met, amino 
acid balance, protein intake, or metaboliza- 
able energy are the next lim iting factors 
in  increasing egg size.

The data on the average percentage of 
fertile eggs and early embryonic mortality 
for the 20-week experim ental period show 
the pronounced effect (table 2 ) of small 
am ounts of 18:2 on fertility and early m or
tality. The percentage of fertile eggs from 
all 18:2-supplemented groups ranged from 
91 to 100% for the last hatch of this study 
in comparison with 79% for group 1 (zero 
milligrams of 18 :2 ). The percentage of 
early m ortality for this same hatch ranged 
from 4 to 12% in comparison with 20% 
for group 1.

The most sensitive indication of an EFA- 
deficient hen, according to our data (table 
2 ), is the observation of zero hatchability. 
These data confirm a previous study (2 )  
and dem onstrate the need of the develop
ing embryo for 18:2. Jensen et al. (1 3 ) 
presented evidence for the existence of an 
unidentified factor in  corn oil that is neces
sary for hatchability. Marion and Edwards
(9 )  reported that the addition of com  oil 
to a low fa t diet fed to fat-deficient hens 
stimulated a significant increase in  hatch- 
ability. Later Jensen and Shutze (8 )  re 
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ported a depression in  hatchability of eggs 
laid by EFA-deficient hens. These data 
agree in  part with those obtained in our 
laboratory. The production of zero hatch- 
ability can be accomplished only by long
term  feeding of a diet practically devoid of 
18:2. The hatching of chicks from “EFA- 
deficient” dam s is a definite indication of 
the presence of small quantities of 18:2 in  
the feed and consequently in  the tissues of 
the birds where it is metabolized or utilized 
to support reproductive functions.

Fatty acid analyses of plasm a and yolk 
fa t (tables 3 and 4) show that the pullets 
were depleted of their stores of 18:2 prior 
to the start of the experiment. Group 1 
(zero milligrams of 18 :2 ) m aintained this 
stage of depletion throughout the 20 weeks 
of the study. W ith few exceptions the 
levels of the 20 :3  acid in  the tissues de
creased with each increase in  dietary 18:2. 
These changes were reflected by increases 
in egg size, egg production, fertility, and 
hatchability, and decreased early embry
onic mortality. None of the other fatty 
acids exhibited a similar relationship ex
cept the 20 :4  acid in the yolk fa t and then 
only after 20 weeks. The 20:3  acid, how
ever, began to react immediately to in 
creased levels of dietary 18:2 in  both the 
plasm a and the yolk fat. These data show 
that the 20 :3  acid is most sensitive to 
dietary 18:2 and indicate that the amount 
of 20 :3  in  the tissues of the EFA-deficient 
bird bears a definite relationship to the 
expression of the several reproductive 
functions of the chicken. This is in agree
m ent with Marion and Edwards (17 ) who 
have stated that the level of 20 :3  in the 
liver and heart tissues is negatively associ
ated with responses in egg size, produc
tion, and hatchability when dietary sources 
of 18:2 are supplied.
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Absorption oi Cu64, Zn65, Mo", and Fe59 from Ligated 
Segments of the Rat Gastrointestinal Tract

DARRELL R. VAN CAMPEN a n d  ELIZABETH A. MITCHELL* 1
U. S. P lant, Soil and N utrition  Laboratory, Agricultural R esearch Service,
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ABSTRACT  Portions of rat intestinal tract were ligated to provide the follow ing  
isolated, in  vivo, segm ents: stomach: duodenum , m id-section, or ileum . In successive  
studies, Cu64, Zn65, Fe59, or Mo99 was injected into one of the ligated segm ents. After 
a predetermined period of tim e, the rats were killed and tissue sam ples were taken  
for isotope analysis. On the basis o f these tissue counts, the foRowing relative rates 
of absorption were indicated. For Cu64, absorption w as greatest from the stom ach and 
declined as the isotope w as placed further away from  the pylorus. Zn65 and Fe59 were 
taken up m ost rapidly from  the duodenum , som ewhat more slowly from the ileum  and 
the m id-section, and w ith  the least absorption occurring from  the stom ach. Mo" was 
absorbed readily from  the stom ach and all 3 intestinal segm ents. Absorption from  the 
3 intestinal segm ents w as at sim ilar rates and all three yielded significantly higher 
rates than the stom ach.

Little is known of either the site or the 
m echanism  for the absorption of copper 
from the intestine. However, a num ber of 
other ions, both chemically sim ilar and 
chemically dissimilar, have been shown to 
affect the metabolism of copper. Of these, 
zinc has been shown to be antagonistic in 
the ra t (1 -3  ) and in  the chick ( 4 ). Molyb
denum  has been shown to exert an effect 
on copper metabolism of sheep (5 ) and of 
rats (2, 6 -8 ) and iron has also been shown 
to be interrelated with copper metabolism 
( 1 0 - 1 2 ) .

The considerations which preceded the 
work reported herein were as follows. If 
the interrelationships are m ediated at the 
gut level, it could be postulated that they 
are the result of interactions in or on the 
intestinal mucosa. E ither alternative could 
indicate a common absorptive site for the 
Cu and the interrelated io n (s). The studies 
reported here were therefore undertaken 
in an attem pt to determine the site or sites 
in  the intestinal tract where Cu, Zn, Mo, 
and Fe, respectively, are most rapidly ab
sorbed. Zinc and molybdate represent a 
cation and an anion, respectively, which 
interfere with copper metabolism (1—8), 
whereas, iron is an example of a cation 
that enhances the utilization of copper 
( 1 0 ,  1 1 ) .

EXPERIMENTAL

Rats of the Sprague-Dawley strain were 
used in  these experiments. They were

housed in  stainless steel batteries with 
raised wire floors and were fed a stock 
chow diet.2 This diet was found, by chem 
ical analysis, to contain 7 to 10 ppm 
of copper, 45 ppm of zinc, 0.4 ppm of 
molybdenum, and 200 ppm of iron.

For individual experiments, the proce
dure was as follows. After an overnight 
fast, the rats were anesthetized with ether 
and the peritoneal cavity was opened by a 
2.5- to 3.5-cm midline incision. The 
segments, with the exception of the stom
ach, were removed from the body cavity 
and ligated in  2 places. The second liga
ture was left loose, the needle was inserted 
through the ligature into the lum en of the 
gut, the ligature was tightened and the 
isotope used 3 was injected into the follow
ing segments: 1) stomach; 2 ) duodenum 
(about 0.5 to 7.5 cm distal to the pyloris); 
3) mid-section (about 33 to 40 cm proxi
m al to the ileocecal junctu re); and 4) 
ileum (about 2 to 9 cm proximal to the 
ileocecal junction). The stomach was 
ligated at the pylorus but the esophagus 
was left open. After the injection had been 
made, the segment was returned to the
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body cavity and the incision was closed 
with sutures and stainless steel wound 
clips. After 2 hours for those anim als that 
had received Mo" and 3 hours for those 
anim als that had received Cu64, Zn65, or 
Fe59, the ra ts were anesthetized with ether, 
decapitated, and tissues were taken for 
direct gam m a counting. Results are ex
pressed as a percentage of the dose per 
tissue. Values for blood were arrived at by 
multiplying the counts per m inute per 
gram of blood by 0.07 times the body 
weight of the anim al, and values for kid
neys were obtained by doubling the count 
obtained from  one kidney. The data were 
subjected to an analysis of variance and 
m eans were compared using a multiple 
range test (1 3 ). Statem ents of signifi
cance are based on odds of at least 19 to 
1 ( P S  0.05).

Details of dosage and other essential 
inform ation will be given in  conjunction 
with the results of the individual experi
m ents to which they pertain.

RESULTS

Cu6i experiments. In these experiments, 
male rats weighing 250 to 400 g were used. 
The doses of copper ranged from 0.01 to 
0.06 nmoles per ra t because of differ
ences in  the specific activity of different 
batches of Cu64. The isotope was received 
as C u ( N 0 3)2 in 1 n  H N 03. Upon receipt, 
it was diluted with physiological saline and 
the pH was adjusted to 5.0 to 6.0. Final 
dilution was to 10 ml, and each ra t re
ceived 0.3 ml of the resulting solution. 
The results of these experiments are shown 
in table 1. The trend for the uptake of 
Cu64 from the various segments was as 
follows: stomach >  duodenum >  mid-sec
tion >  ileum. This trend held regardless 
of which tissue was sampled and also held

for the sums of the m eans of the sampled 
tissues. Statistical analyses indicated that 
all of the tissue uptakes were significantly 
higher (P  g  0.05) when the isotope was 
placed in  the stomach than  in  the ileum. 
If the sums of the sampled tissues are used 
as an index of uptake, then absorption 
from the stomach is significantly higher 
than  from the ileum at the 1% level of 
significance.

Zn65 experiments. In these experiments, 
male ra ts weighing from 200 to 350 g were 
used and these rats were allotted at ran 
dom into replicates on the basis of body 
weight. The Zn65 was obtained as ZnCl2 
in 1 n  HC1 and had an initial specific activ
ity of 7936 m c/g. Upon receipt, it was 
diluted with physiological saline and ad
justed to pH 6.0. The final solution con
tained 0.3 umoles of Z n/m l, and each rat 
received a dose of 0.15 ml of this solution. 
The results are presented in table 2. Anal
ysis of the sums of the m eans for all the 
tissues reveals that Zn65 was taken up more 
quickly (P  S  0.01) from the duodenum 
than  from any of the other segments. The 
tissue uptake from the ileum was higher 
( P  g  0.05) than  from the stomach in  all 
tissues except blood. Then, a rank  of the 
m eans for total Zn65 uptake by the sam 
pled tissues has the following order: duo
denum  >  ileum >  mid-section >  stomach. 
Some difficulty was encountered in deter
m ining the exact dosages of Zn85; hence 
the absolute values for tissue uptake are 
subject to this m easurem ent error and are 
probably high. However, each ra t received 
an identical dose; hence the relative rates 
of uptake from the different segments 
would be unaffected by errors in  calcu
lating the absolute dosage.

Mo99 experiments. Female rats with a 
weight range of 175 to 200 g were used in

T A B L E  1

U ptake of Cu64 from  various segm en ts of the  in testin a l tract

% of dose/tissue 1
Segment Blood Heart Kidneys Liver Sum 2

Stomach 3 2.26“ 0.058» 2.34» 6.78» 11.43»
Duodenum 1.74ab 0.042ab 1.57»b 4.52»b 7.87»»
Mid-section 1.37»» 0.032ab 1.18»b 4.21ab 6.80»»
Ileum 0.53» 0.014» 0.31» 1.45» 2.33»

1 Each tissue value is the mean of 7 observations.
2 Sum of the means for blood, heart, kidneys and liver.
3 Values in any column not followed by the same letter are significantly different (Pr^O.05).
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these studies. The Mo" was obtained as 
NHjMoO* and had an initial specific activ
ity of 99 m c/g . Prior to use, it was diluted 
with physiological saline and the pH was 
adjusted to 7.0 with HC1. Each ra t re
ceived 0.2 ml of the resulting solution 
which corresponds to 2.7 nmoles of M o/ 
rat. The results of these experim ents are 
shown in table 3. The sum of the means 
shows that total uptake by these tissues 
from the stomach was lower (P  £= 0.05) 
than  from any of the other segments. Up
take by the liver was greater ( P S  0.01) 
from the duodenum than from the other 
segments, and uptake by the kidneys and 
the blood was higher ( P S  0.5) from either 
the duodenum or the ileum than  from the 
stomach. The m eans for uptake by the 
various tissues fall in the following order: 
duodenum  >  ileum >  mid-section >  stom

ach. An exception to this is blood where 
the m ean for the ileum was slightly higher 
than  that for the duodenum.

Fe59 experiments. Male ra ts weighing 
250 to 400 g, and female ra ts weighing 
175 to 250 g were used in these experi
ments. Rats were randomized into replica
tions on the basis of sex and body weight. 
The Fe59 was received as FeCl3 in  I n  HC1 
and had an initial specific activity of 
25,454 m c/g . This original solution was 
diluted with physiological saline, and as
corbic acid was added to reduce the iron 
to the more soluble ferrous state. The final 
solution was adjusted to pH 6.0 with 
NaOH and contained 0.06 mmoles of 
ascorbic acid and 0.07 nmoles of iron /m l. 
Each ra t received a dose of 0.15 ml. The 
results are presented in  table 4. If the sums 
of the m eans of all the tissues are ranked,

TABLE 2
Uptake of Zn65 from  various segm ents of the in testin a l tract

% of dose/tissue 1
Segment Blood Heart Kidneys Liver Sum 2

Stom ach 3 0.05» 0.005° 0.06° 0.34° 0.46°
Duodenum 4 5.41a 0.525“ 7.78“ 38.09“ 51.80“
Mid-section 0.66» 0.063»° 0.93»' 5.61»° 7.26»°
Ileum 2.04» 0.152» 2.38» 12.90» 17.48»

1 E ach va lu e  is  th e m ean  o f  4  observations.
2 Sum  o f th e m ean s for  blood, heart, k id neys and liver.
3 V alues in  any co lu m n  n o t fo llow ed  by th e sam e letter  are sign ifican tly  different (P  5^ 0.05).
4 O nly 3 observations in  blood m ean.

TABLE 3
U ptake of M o" from  various segm en ts o f the in testina l tract

% of dose/tissue 1
Segment Blood Heart Kidneys Liver Sum -

Stomach 3 1.99» 0.046“ 0.44° 1.12° 3.60»
Duodenum 4.91“ 0.397“ 1.34° 2.82“ 9.46*
Mid-section 3.99“ 0.098“ 0.81»° 1.85» 6.75“
Ileum 5.17“ 0.115“ 0.98“» 2.02» 8.28“

1 E ach va lu e  is  the m ean  o f 5 observations.
2 Sum  o f th e m ean s for  blood, heart, k id neys and liver.
3 V alues in  any co lu m n  n o t fo llow ed  by th e sam e le tter  are s ign ifican tly  d ifferent (P  ^  0 .0 5 ).

TABLE 4
U ptake of Fe59 from  various segm ents of the in testin a l tract

% o f d o se /tis su e  1

Segment Blood Heart Kidneys Liver Spleen Sum 2

Stomach 3 0.52° 0.007° 0.34» 0.17» 0.02» 1.06°
Duodenum 6.34“ 0.064“ 1.15“ 1.35“ 0.16* 9.06“
Mid-section 2.28»° 0.024»° 1.00“ 0.58» 0.13“ 4.01»°
Ileum 3.11» 0.044“» 1.30“ 0.67» 0.14“ 5.26»

1 E ach va lu e  is  th e m ean  o f 9 observations.
2 Sum  o f th e m ean s for blood, heart, k id neys, liver  and spleen .
3 V alues in  any co lu m n  not fo llow ed  by th e sam e le tter  are sign ifican tly  d ifferent ( P ^ 0 . 0 5 ) .
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they fall in the order: duodenum  >  ileum 
>  mid-section >  stomach. The total uptake 
by the sampled tissues was higher (P 
0.05) from  the duodenum than  from any 
of the other segments and uptake from 
the ileum was higher than  that from the 
stomach. The retention by individual tis
sues generally followed the same trend as 
the total uptake by all of the sampled 
tissues.

DISCUSSION

Copper was absorbed relatively quickly 
from the stomach with the absorption rate 
from the small intestine decreasing as the 
isotope was placed fu rther away from  the 
pylorus. The quantitative im portance of 
the absorption of Cu64 from the stomach is 
difficult to evaluate, since it is not known 
how long a given portion of food rem ains 
in contact with the stomach under norm al 
conditions. However, Cu + + was the only 
one of the cations tested which was ab
sorbed from the stomach faster than  from 
the intestinal segments. Sacks et al. (10 ) 
observed that when Cu was placed in  an 
upper jejunal loop, serum copper values 
increased slightly but little or no difference 
was observed with distal or middle jejunal 
segments. Tompsett (14 ) postulated that 
Cu is absorbed from the upper part of the 
intestine where the contents are acid. 
However, to our knowledge the results re
ported herein are the first direct evidence 
for the absorption of Cu from the stomach.

For Zn, the duodenum had, by far, the 
highest rate of absorption, the ileum and 
the jejunem  followed, in that order, and 
almost no Zn was absorbed from the stom
ach. Iron absorption followed a pattern 
qualitatively sim ilar to that for Zn, namely, 
the duodenum  and ileum were most active 
and little absorption occurred from the 
stomach. In an earlier study on the absorp
tion of iron from various parts of the intes
tinal tract, Hahn et al. (1 7 ) noted that 
when radioiron was introduced into the 
term inal segment of a jejunal fistula, the 
am ount absorbed was less than 50% of 
that retained when the dose was given in 
the stomach. This suggests that the great
est uptake occurs in the stomach and duo
denum, but does not differentiate between 
them. Our results indicate that, of the 
two, the duodenum is the more im portant. 
With respect to Zn, there is little inform a

tion on the m ajor absorptive sites, but 
such inform ation as is available indicates 
some similarity between the absorption of 
Zn and that of Fe. This agrees well with 
the results reported here.

Molybdenum was absorbed readily from 
both the stomach and the intestinal seg
m ents. The intestinal segments were more 
active in this respect than  the stomach 
and little difference was observed between 
the various segments. Little inform ation 
is available in the literature on the sites(s) 
of Mo absorption. However, the observa
tion that all segments of the small intestine 
and, to a lesser extent, the stomach were 
functional with respect to absorption of 
the hexavalent Mo ion is consistent with 
reports of rapid absorption of the molyb
date ion from the gut (15, 16).

Direct comparisons between the various 
isotopes are difficult to make because of 
widely different rates of absorption. This 
difficulty can be alleviated by comparing 
ratios ra ther than  absolute values. Ratios 
were therefore calculated from the sums 
in tables 1 through 4. For each isotope, the 
ratio of uptake from a given segment of 
small intestine to uptake from the stomach 
was calculated and these are presented in 
table 5. This table serves to point up fu r
ther the wide difference between the ele
ments. The ratios range from less than  
one, in the case of Cu, to over one h u n 
dred for Zn. Zn65, Mo", and Fe" yielded 
qualitatively sim ilar absorption patterns, 
namely, duodenum >  ileum >  mid-section 
>  stomach; however, comparison of the 
ratios for these elements indicates that 
they are quantitatively different.

To recall briefly, the prim ary purpose of 
this work was to determine the part of the 
intestinal tract from which the selected 
isotopes were absorbed most rapidly. The

TABLE 5
Ratios of isotope uptake from  the duodenum , the  

m id-section  and the ileum  to uptake  
from  the stom ach

Ratio of isotope uptake
Isotope Duodenum-

to-stomach
Mid-section-
to-stomach

Ileum-
to-stomacR

Cu64 0.7 0.6 0.2
Zn65 112.6 15.8 38.0
Mo" 2.6 1.9 2.3
Fe59 8.5 3.8 5.0
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results are relatively conclusive in this 
respect. It was also thought that these ex
perim ents m ight show whether the Zn-Cu, 
the Mo-Cu, or the Fe-Cu interrelations were 
mediated at the gut level. The results re
ported here do nothing to repudiate this 
idea, but a conclusive answer will require 
more direct experiments.
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Effect of High Phosphorus Intake on Calcium and 
Phosphorus Metabolism in Man * 1

HERTA SPENCER, JACOB MENCZEL,2 ISAAC LEWIN and 
JOSEPH SAMACHSON
M etabolic Section, V eterans A dm in istra tion  H ospital, H ines, Illinc

ABSTRACT  The m etabolic effects of phosphate added as glycerophosphate to the 
low and high calcium  diet were studied in  m an under controlled dietary conditions. 
The increase in  net absorption of phosphorus, upon addition of glycerophosphate, was 
greater during low calcium  intake than during high calcium  intake. Nevertheless, 
the im provem ent in phosphorus balance w as sim ilar during both intake levels of 
calcium  since the urinary phosphorus excretion was higher during low  calcium  intake  
and the fecal phosphorus excretion was higher during high calcium  intake. The high  
phosphorus intake led to a slight decrease in  urinary calcium  and to m inor changes 
in  fecal calcium  excretion during both low  and high calcium  intake. The changes in  
calcium  balance were only m inor during the addition of phosphate to the low  and 
high calcium  diet, the calcium  balances im proving slightly during low  calcium  intake  
and rem aining in  the sam e range during high calcium  intake. The sim ultaneous use 
of added am ounts of calcium  and of phosphate did not depress the intestinal absorp
tion of either ion under the conditions of this study.

The calcium balance of patients with 
osteoporosis can be improved by the addi
tion of calcium to the diet (1 -5 ) . How
ever, this improvement is only slight (1— 
3), possibly due to the low absorption of 
calcium from the intestine in  patients 
with osteoporosis (4, 5). Further improve
m ent of the calcium balance by addition 
of phosphate to the high calcium intake 
has been suggested (6 ) .

Several studies have been made on the 
effects of added phosphorus in children 
(7 -9 ) ,  and only few reports are available 
on adult m an (10, 11). Two short-term 
studies on the effects of adding very large 
am ounts of phosphate to a low calcium 
diet were carried out by Farquharson et al.
(1 0 ); other studies have been made in  4 
prisoners on the effect of different 
am ounts of phosphate on calcium m etab
olism during the intake of interm ediate 
am ounts of calcium (1 1 ). In the present 
work, the interaction of calcium and phos
phorus was investigated in m an by study
ing the metabolic effects of increasing the 
calcium intake approximately tenfold 
while m aintaining a constant phosphorus 
intake, and of increasing the phosphorus 
intake two- to threefold while m aintaining 
a constant calcium intake.

EXPERIMENTAL

Seven patients were studied under con
trolled dietary conditions in  our metabolic 
research ward. The age, sex and diagnoses 
of the patients and the type and duration 
of the studies are listed in table 1. The 
patients were ambulatory, in  good nu tri
tional state and had norm al kidney func
tion and norm al gastrointestinal function. 
Patient 3 was asymptomatic except for 
slight back pain and was diagnosed as hav
ing osteoporosis; however, a bone marrow 
aspiration led to the diagnosis of multiple 
myeloma. The patients received a constant, 
analyzed low calcium-low phosphorus diet 
which contained from  1550 to 2330 kcal 
excepting patient 3 who consumed only 
1200 kcal/day. The diet contained on the 
average 262 g carbohydrate, 60 g protein, 
67 g fat, 202 mg calcium and 656 m g phos
phorus per day. The composition of the 
diet is listed in table 2. The patients were 
m aintained with the same constant diet in

R eceived  for pu b lication  D ecem ber 28, 1964.
1 Supported in  part by P u blic  H ealth  Service Re

search  Grant no. A-5572 from  the N a tio n a l Institu te  
o f A rthritis and M etabolic D iseases, and  in  part by the 
N a tio n a l D airy Council.

2 E leanor R oosevelt In ternation al C ancer F ellow 
ship, In tern ation al U nion  A gainst Cancer. Present 
address: D epartm ent o f M edicine A, H adassah  U n i
versity  H ospital, Jerusalem , Israel.

J. N u t r it i o n , 86: ’65 125



1 2 6  HERTA SPENCER, JACOB MENCZEL, ISAAC LEWIN AND JOSEPH SAMACHSON

TABLE 1
L ist of pa tien ts studied

Patient Age,
sex Diagnosis Study Study

days

i 77, F Osteoporosis low calcium -low phosphorus 18
low  calcium -high phosphorus 18
high calcium -low phosphorus 42
high calcium -high phosphorus 20

2 70, F Hypothyroidism low calcium -low phosphorus 18
low  calcium -high phosphorus 18
high calcium -low phosphorus 18
high calcium -high phosphorus 20

3 70, F Multiple low calcium -low phosphorus 16
m yelom a low calcium -high phosphorus 20

4 41, M Osteoarthritis low calcium -low phosphorus 20
low calcium -high phosphorus 24
high calcium -low phosphorus 12
high calcium -high phosphorus 30

5 39, M Peripheral low calcium -low phosphorus 36
neuropathy 1 low calcium -high phosphorus 18

high calcium -low phosphorus 18
high calcium -high phosphorus 30

6 67, F Osteoporosis high calcium -low phosphorus 42
high calcium -high phosphorus 30

7 43, M Peripheral high calcium -low phosphorus 42
neuropathy 1 high calcium -high phosphorus 30

i M ild peripheral neuropathy secondary to previous chronic a lcoholism .

TABLE 2
C om position of m etabolic  low calcium  d iet 

(1891 heal)

Carbo
hydrate Protein Fat

9 9 9
Fruit juice, 200 m l 24
R ice,1 20 g 16 1
Bread, 100 g 52 )15
Spaghetti,1 20 g 15 J
Jelly, 70 g 46
Potatoes,2 100 g 19
Canned vegetables, 200 g 18 /  5
Sweetened canned fruit,

225 g 44
Sugar, 28 g 28
Meat (beef and

turkey), 175 g 40 24
Butterfat, 50 g 41
Cream, 20 g 2

Total 262 60 67
1 W eight o f raw  food. 2 W eight o f cooked food.

the metabolic research ward from 3 to 12 
m onths prior to the start of the study. Of 
the 7 patients, five were studied with a low 
calcium diet (patients 1 -5 ) , six with high 
calcium intake (patients 1 ,2 ,4-7) and

four were studied during both low and 
high calcium intake (patients 1,2,4 and
5). In the high calcium study, the calcium 
intake was increased to an average of 
1522 m g/day  by adding calcium gluconate 
tablets to the low calcium diet, all other 
constituents of this diet rem aining un 
changed. During the high phosphorus 
studies, an average of 972 mg phosphorus 
as glycerophosphate was added to the low 
calcium control diet and an average of 
893 mg phosphorus to the high calcium 
intake; this increased the phosphorus in 
take to an average of 1628 m g/day  during 
the low calcium diet and to an average of 
1549 m g/day  during high calcium intake. 
The approximate Ca-to-P ratio of the low 
calcium-low phosphorus diet was 1:3, of 
the low calcium-high phosphorus diet 1:8, 
of the high calcium-low phosphorus diet 
1:0.5 and of the high calcium-high phos
phorus diet 1:1. The Ca-to-P ratio of 1:1 
in the high calcium-high phosphorus diet 
was selected because these am ounts of 
calcium and phosphorus are contained in 
the average American diet to which one 
quart of m ilk is added. To evaluate the
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effects o f p h o sp h o ru s  a n d  o f c a lc iu m  
alone , e ach  level o f th e se  io n s  w as te s ted  
sep ara te ly , re su ltin g  in  th e  o th e r  Ca-to-P 
ra tio s  ra n g in g  fro m  1 :0 .5  to  1 :8 .

T he body w eig h t, th e  flu id  in ta k e  a n d  
o u tp u t, a n d  th e  u r in a ry  ex c re tio n  of c a l
c iu m , p h o sp h o ru s  a n d  c re a tin in e  w ere  d e 
te rm in e d  daily . M etabo lic  b a la n c e s  of 
c a lc iu m , p h o sp h o ru s  a n d  n itro g e n  w ere  
d e te rm in e d  fo r  e a c h  p a tie n t  b efo re  a n d  
d u r in g  th e  ad d itio n  of p h o sp h o ru s  to  th e  
low a n d  h ig h  c a lc iu m  d ie t. A liquo ts of
6-day m etab o lic  pools o f u r in e  a n d  stool 
co llec tions a n d  re p re se n ta tiv e  a liq u o ts  of 
th e  d ie t w ere  an a ly zed  in  e ach  6-day m e ta 
bolic period .

T he  n e t  ab so rp tio n  o f p h o sp h o ru s  a n d  
c a lc iu m  w as  c a lc u la te d  as  fo llow s:
, ,  Intake —fecal excretion
Net absorption % = ------------------- -,--------------- x  100.

Intake

N itro g e n  w as d e te rm in e d  by a m o d ifica 
tion  of th e  m ic ro -K je ld ah l m e th o d  d e 
scribed  by H aw k  e t al. ( 1 2 ) ,  p h o sp h o ru s  
by th e  m e th o d  o f F iske  a n d  SubbaR ow
( 1 3 )  a n d  c a lc iu m  by a  m o d ifica tio n  of 
the  m e th o d  o f S hoh l a n d  P ed ley  ( 1 4 ) .  
S tool c a lc iu m  a n d  p h o sp h o ru s  w ere  d e te r
m in e d  on  d ry -ash ed  a liq u o ts  o f 6-day 
m etab o lic  pools.

RESULTS

Addition of phosphorus to the low cal
cium diet. T ab le  3 show s th a t  th e  u r in a ry  
ca lc iu m  ex c re tio n  of th e  5 p a tie n ts  w as 
low  d u rin g  th e  in ta k e  o f th e  low  ca lc ium - 
low  p h o sp h o ru s  d ie t. T h e  c a lc iu r ia  ra n g e d  
fro m  49 m g  to 78 m g /d a y . T h e  ca lc iu m  
b a la n c e s  of th ese  p a tie n ts  w ere  sligh tly  
n e g a tiv e  in  th e  co n tro l s tu d y  a n d  ra n g e d  
fro m  —35 m g  to —170 m g /d a y . O n a d d i
tion  of p h o sp h o ru s  to  th e  low  c a lc iu m  
d ie t, th e  u r in a ry  c a lc iu m  ex c re tio n  d e
c re a se d  in  a ll p a tie n ts  ex cep t in  p a tie n t  2. 
T he  c h a n g e s  in  fe ca l ca lc iu m  e x c re tio n  
w ere n o t c o n s is te n t on  ad d itio n  of g lycero 
p h o sp h a te  to  th e  low  c a lc iu m  d ie t. T h e re  
w as a n  in c re a se  in  fe c a l c a lc iu m  in  p a 
tie n t 1, a  s lig h t d ecrease  in  p a tie n ts  2, 3 
a n d  5 a n d  th e re  w as n o  c h a n g e  in  p a tie n t
4. T he  c a lc iu m  b a la n c e  o f p a tie n ts  2, 3 
a n d  5 im p ro v ed  s ligh tly  d u r in g  p h o sp h o ru s  
su p p le m e n ta tio n , th e  c h a n g e  in  b a lan ce  
b e in g  45 m g , 91 m g  a n d  72 m g /d a y  in  
th e  3 p a tie n ts , re sp ec tiv e ly , w h e re a s  the
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ca lc iu m  b a la n c e s  of p a tie n ts  1 an d  4 re 
m a in e d  u n c h a n g e d .

T he  u r in a ry  p h o sp h o ru s  e x c re tio n  in 
c reased  m a rk e d ly  in  e ach  p a tie n t  d u rin g  
th e  a d d itio n  of p h o sp h a te  to  th e  low  c a l
c iu m  d ie t ( ta b le  3 ) .  T h e  c h a n g e s  in  feca l 
p h o sp h o ru s  e x c re tio n  w ere  less c o n s is te n t: 
th e re  w as  a n  in c re a se  in  p a tie n ts  1, 4 a n d  
5, a  s lig h t in c re a se  in  p a tie n t  3 a n d  a 
very  s lig h t decrease  in  p a tie n t  2. T he 
p h o sp h o ru s  b a la n c e s  o f th e  5 p a tie n ts  im 
p roved  d u r in g  the  a d d itio n  o f g lycerophos
p h a te . T he  p h o sp h o ru s  b a la n c e s  b ecam e 
e ith e r  m ore  positive  or less n e g a tiv e , the  
im p ro v e m e n t in  b a la n c e  ra n g in g  fro m  82 
to 230  m g /d a y .

Addition of phosphorus to the high cal
cium intake. T ab le  4 show s th a t  the  
u r in a ry  c a lc iu m  ex c re tio n  ra n g e d  fro m  97 
to  224  m g /d a y  d u r in g  th e  h ig h  ca lc iu m  
co n tro l s tu d y  (lo w  p h o sp h o ru s  in ta k e ) . 
T he  c a lc iu m  b a la n c e s  w ere  positive  d u rin g  
h ig h  ca lc ium -low  p h o sp h o ru s  in ta k e  in  5 
p a tie n ts , r a n g in g  fro m  + 1 0 5  m g  to + 4 7 6  
m g /d a y , w h ereas  th e  c a lc iu m  b a la n c e  w as 
n eg a tiv e  in  one (p a t ie n t  4 ) .  O n ad d itio n  
of p h o sp h a te  to th e  h ig h  ca lc iu m  in ta k e , 
th e  u r in a ry  c a lc iu m  e x c re tio n  decreased  
in  th e  6 p a tie n ts , a n d  th e  fe c a l c a lc iu m  
e x c re tio n  w as v a riab le  a n d  in c re a se d  in  
2 p a tie n ts  (p a tie n ts  2 a n d  7 ) ,  re m a in e d  
u n c h a n g e d  in  th ree  (p a tie n ts  4 - 6 ) ,  an d  
d e c reased  in  one (p a t ie n t  1 ) . T h e  ch a n g e s  
in  th e  ca lc iu m  b a la n c e s  w ere  v a ria b le  in  
th e  6 p a tie n ts  d u r in g  th e  a d d itio n  of p h o s
p h o ru s  to  th e  h ig h  c a lc iu m  in ta k e . T he 
ca lc iu m  b a la n c e  in c re a se d  in  p a tie n ts  1 
a n d  6, d ec reased  in  p a tie n ts  2 a n d  7 an d  
re m a in e d  u n c h a n g e d  in  p a tie n ts  4 a n d  5, 
th e  av erag e  c h a n g e  in  th e  c a lc iu m  b a lan ce  
b e in g  n o t s ign ifican t.

T h e  a d d itio n  o f p h o sp h a te  to  th e  h ig h  
ca lc iu m  d ie t a lso  re su lte d  in  a co n s id e r
ab le in c re a se  in  u r in a ry  p h o sp h o ru s  e x c re 
tio n  ( ta b le  4 ) .  H ow ever, th is  in c rease  
w as n o t as g re a t as d u r in g  th e  ad d itio n  of 
p h o sp h a te  to  th e  low  ca lc iu m  in ta k e . On 
th e  o th e r  h a n d , th e  stool p h o sp h o ru s  in 
c re a se d  to a  co n sid e rab ly  g re a te r  e x te n t 
d u r in g  th e  a d d itio n  of g ly cero p h o sp h a te  to 
the  h ig h  c a lc iu m  in ta k e  th a n  to  th e  low 
c a lc iu m  d ie t, ex cep t in  p a tie n t  6. T he 
p h o sp h o ru s  b a la n c e  a lso  im p ro v ed  in  all 
p a tie n ts  in  th e  h ig h  c a lc iu m -h ig h  p h o s 
p h o ru s  s tu d y  ex cep t in  p a tie n t  6 (tab le  4).
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Nitrogen balance was positive in all 
patients in the low and high calcium 
control studies except in patient 3 who 
received the lowest calorie intake. No 
definite trend in change of the nitrogen 
balances was noted on addition of phos
phorus to either the low or high calcium 
intake (tables 3 and 4).

Table 5 summarizes the average 
changes in calcium and phosphorus bal
ances during the addition of glycerophos
phate to the low and high calcium diet. 
Prior to the addition of phosphorus to the 
low calcium diet, the average urinary 
phosphorus excretion was greater than the 
fecal phosphorus excretion, whereas with 
the addition of glycerophosphate, the uri
nary phosphorus excretion increased and 
was approximately 3 times as high as the 
fecal phosphorus. The addition of phos
phate to the low calcium diet resulted 
only in a slight increase in fecal phos
phorus. The average phosphorus balance 
of the 5 patients changed from +54 mg/ 
day to +202 mg/day during the addition 
of glycerophosphate to the low calcium 
diet.

During high calcium intake the average 
urinary phosphorus excretion was about 
equal to the average fecal phosphorus, 
prior to the addition of phosphorus (table

5). With the addition of glycerophosphate, 
the urinary phosphorus increased by an 
average of 403 mg/day as compared with 
an increase of 710 mg/day during low 
calcium intake. In contrast, the fecal 
phosphorus increased to a greater extent 
on addition of phosphate to the high cal
cium intake than to the low calcium diet. 
This distribution in phosphorus excretion 
resulted only in a small change in the 
average urinary-to-stool phosphorus excre
tion ratio in the high calcium-high phos
phorus study as compared with the high 
calcium-low phosphorus study. The aver
age improvement of the phosphorus bal
ances was similar, 148 mg and 156 mg/' 
day, on addition of glycerophosphate to 
the low and high calcium diet, re
spectively.

The average changes in the calcium 
balances were minimal upon addition of 
glycerophosphate to the low and high cal
cium intake because of the minor changes 
in urinary and fecal calcium excretion 
during high phosphorus intake (table 5).

C h a n g e s  in  n e t  a b so rp t io n  o f  p h o s 
p h o ru s .  Figure 1 shows the effect of 
glycerophosphate added to the low and 
high calcium intake on the net absorption 
of phosphorus. When glycerophosphate 
was added to the low calcium diet, the

TABLE 5

Averages of calcium  and phosphorus balances and of net absorption during the  
addition  of glycerophosphate

Low ca lc iu m  in tak e  H igh ca lc iu m  in tak e

Without
added

phosphorus
With
added

phosphorus
Difference 1

Without
added

phosphorus
With
added

phosphorus
Difference 1

Calcium  m g/day
Intake 202 199 -  3 1517 1522 +  5
Urinary 60 45 -  15 153 123 -  30
Fecal 245 216 -  29 1204 1266 +  62
Balance -  104 -  62 +  42 +  160 +  133 -  27

N et absorption, % 2 -  25 -  7 18 21 17 -  4

Phosphorus m g/day
Intake 656 1628 +  972 685 1549 +  864
Urinary 334 1044 +  710 316 719 +  403
Fecal 268 382 +  114 296 602 +  306
Balance +  54 +  202 +  148 +  72 +  228 +  156

Net absorption, % 2 59 77 18 57 62 5

1 D ifference betw een  va lu es obtained du rin g  th e  addition o f phosphorus and during th e low  phosphorus  
control study.

2 N et absorption ca lcu la ted  for each  in d iv id u a l o f  the respective group w h ich  w as th en  averaged. N egative  
net absorption in d ica tes  n et loss.
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P A TI E NT S

Fig. 1 Net absorption of phosphorus during low and high phosphorus intake. For calculation  
of net absorption see text (E xperim ental). Low calcium  intake: Average calcium  intake, 202
m g/day , average phosphorus intake, 656 m g/day. Average high phosphorus intake, 1628 m g/day . 
High calcium  intake: Average calcium  intake, 1517 m g/d ay , average phosphorus intake, 685 m g / 
day. Average high phosphorus intake, 1549 m g/day.

average net absorption of phosphorus, ex
pressed as percentage of the phosphorus 
intake, increased significantly (P  <  0.01), 
whereas this increase was not quite sig
nificant on addition of phosphate to the 
high calcium intake (P  slightly >  0.1). 
Figure 1 also illustrates that the net ab
sorption of phosphorus was sim ilar with 
low and high calcium intake prior to the 
addition of glycerophosphate. The average 
changes in  the net absorption of phos
phorus during the intake of different levels 
of phosphorus and calcium are also listed 
in table 5.

DISCUSSION

Variable results have been reported on 
the effect of increasing the am ounts of 
phosphate on calcium metabolism in ex
perim ental anim als and m an. Mellanby
(1 5 ) observed tha t phosphates added to 
the diet in  the form of phytates, decreased 
the absorption of calcium in vitam in D- 
deficient puppies. Bonting, as well as 
Nicolaysen, quoted by Malm (1 1 ), could 
not dem onstrate changes in  calcium ab

sorption in  rats, when different intake 
levels of phosphorus were used. In inves
tigations in  m an, the fecal calcium was 
slightly increased in  studies of college 
women when the phosphorus intake was 
increased from 800 mg to 1400 m g/day  
with a calcium intake of 1200 m g/day
(1 6 ). Lutwak et al.:M have recently re
ported the effect of different am ounts of 
dietary phosphorus and calcium on the 
ratio of the retention of the 2 ions in  
children. These investigators perform ed 
balance studies on 2 groups of 10-year-old 
girls who received high levels of calcium 
and high levels of phosphorus in the diet, 
one group receiving 2.3 g calcium and
2.3 g phosphorus/day, the other group re
ceiving 1.3 g calcium and 1.6 g phos
phorus/day. Both the calcium and phos
phorus balances were less positive with

3 L utw ak, L. 1963 In terrelationsh ips betw een  c a l
c iu m  and phosphorus in  th e reten tion  o f m in era l in  
m an . Proceed. 6 th  In tern ation al Congress on N u tr i
tion , E dinburgh, Scotland, eds., C. F. M ills and R. 
Passm ore. E. & S. L iv in gston  Ltd., E dinburgh, P. 527.

4 L utw ak, L., and G. D. W hedon 1963 In terrela
tion sh ip s betw een  Ca and P b a lan ces in  m an . C lin. 
Res., 11:  223 (a b stra c t).
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the intake of the higher am ounts of cal
cium and of phosphorus than  with the 
lower intake of both m inerals. On the 
other hand, Widdowson et al. (9 ) , in 
studies of breast-fed infants, reported that 
the addition of phosphorus increased the 
absorption of calcium and, at the same 
time, decreased the urinary calcium excre
tion resulting in  improvement of the cal
cium balances. The phosphorus balances 
were increased to an even greater extent 
than the calcium balances, possibly re
flecting the m arked protein anabolism 
in infants.

The results obtained in  the present 
study have shown that phosphorus is ab
sorbed from the intestine to a m uch 
greater extent than calcium by adults 
during both low and high calcium intake.3 
The efficient absorption of phosphorus is 
indicated by the prom pt and m arked in 
crease in urinary phosphorus excretion 
upon addition of phosphorus to the low 
calcium diet (tables 3 and 5 ). The high 
absorption of phosphorus could also be 
dem onstrated with orally adm inistered P32 
in one of our patients who absorbed 95% 
of the dose of P32 during high calcium-low 
phosphorus intake.5 6 The greater increase 
in urinary phosphorus excretion of 710 
m g/day  upon addition of phosphorus to 
the low calcium intake, as compared with 
the increase in  urinary phosphorus excre
tion of 403 m g/day , upon addition of 
glycerophosphate to the high calcium in 
take, was due to the higher net absorp
tion of the added phosphorus during low 
calcium intake than  during high calcium 
intake (table 5 ). Despite the difference in 
net absorption of added phosphorus dur
ing the intake of different am ounts of 
calcium (table 5 ), the improvement in 
the phosphorus balances of 148 mg and 
156 m g/day, respectively, was similar dur
ing low and high calcium intake. These 
results can be explained by the higher 
urinary phosphorus excretion during low 
calcium intake and the higher fecal phos
phorus excretion during high calcium in 
take (table 5).

The addition of phosphorus to the low 
and high calcium diet in  the present study 
resulted in  a slight decrease in  urinary 
calcium excretion (tables 3 -5 ) , in agree
m ent with results obtained by other inves

tigators (7, 10, 11). Neither the slight 
increase in  fecal phosphorus upon addition 
of glycerophosphate to the low calcium 
intake nor the more m arked increase in 
fecal phosphorus during high calcium in 
take was accompanied by corresponding 
changes in  fecal calcium excretion. The 
extent and type of form ation of calcium 
salts in the intestine is not definitely 
known (17, 18), and calcium has been 
shown to be essential for the transport of 
phosphate across the intestinal wall.7 In 
the present study, the calcium balances 
changed only slightly upon addition of 
relatively large am ounts of phosphate to 
the low and high calcium diet as the 
changes in fecal and urinary calcium ex
cretion were only minor. This lack of ef
fect on calcium metabolism is similar to 
the results obtained in studies of added 
phosphate reported by Farquharson (10 ) 
and by Malm (1 1 ). Although the patients 
studied in the present investigation had 
different diagnoses (see table 1), the re
sults obtained in this study are in  good 
agreem ent with the data reported by Malm
(11) in norm al volunteers.
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Protein Metabolism in Livers of Chicks Fed Deficient- 
to-Excess Quantities of Protein and Lysine and 
Infected with Tuberculosis * 1

ROBERT L. SQUIBB, HENRY SIEGEL a n d  MORRIS SOLOTOROVSKY
Laboratories of Disease and E nvironm ental Stress, and Bureau of 
Biological Research, R utgers, The State U niversity,
N ew  B runsw ick, N ew  Jersey

ABSTRACT  Protein m etabolism  was studied in individual livers of chicks condi
tioned from day of hatch w ith diets containing deficient-to-excess quantities of protein 
and L-lysine and infected w ith tuberculosis ( M ycobacterium  a v iu m ). Levels of total 
protein and the nucleic and free am ino acids, used as parameters, were established  
and correlated w ith a TB involvem ent index based on morphological changes. Liver 
size increased w ith the intensity of the infection  and w ith increasing dietary protein 
or lysine. This was attributed to an increase in  protein anabolism . Cellular levels (in  
terms of D N A) of each of the 7 free am ino acids observed decreased as liver size and 
the degree of infection  increased, w ith lysine and arginine depressed to the greatest 
extent. The sam e effects were apparent w hen total quantities of free am ino acids of 
the liver were calculated. Control or TB-infected chicks fed diets containing deficient 
or excess protein or lysine had generally lower cellular levels of free am ino acids. In 
addition, the inoculated chicks conditioned w ith these sam e diets had a greater degree 
of tuberculous involvem ent compared w ith those fed diets w ith the norm al amount 
of these nutrients.

Although our understanding of the re
lationship of diet to protein metabolism in 
a norm al in tact system has been steadily 
increasing, research on this phenomenon 
during infection is limited. Most work in 
this vital area has dealt with the effect of 
dietary changes on the course of infection 
and survival (1 ) . Advances in  the m eth
odology of quantitating tissue amino acids 
provide a basis for more extensive studies. 
Since diet can influence the course of dis
ease (1 )  then it is logical to assume that 
protein metabolism is implicated and that 
param eters selected specifically for esti
m ating this process m ight reveal some of 
the interrelationships. A recent review of 
present concepts of m am m alian protein 
metabolism (2 )  supports this assumption.

The effect of diet and Newcastle disease 
virus (NDV) on protein metabolism has 
been studied in  susceptible chicks. An in
crease in nitrogen retention during the in 
cubation period of the virus was found to 
be related to the effect of the NDV per se, 
and a decrease during the active involve
m ent stage was attributed to the inanition 
caused by the disease (3 ) . Later studies
(4 ) showed that a depression in cellular 
levels of 7 free amino acids in the liver

was related to the degree of NDV involve
m ent, with lysine decreased to the greatest 
extent by the infection. A deficiency or 
excess of protein increased m ortality and 
depleted amino acid pool levels in the liver 
of NDV-infected chicks to a greater extent 
than  that observed in  similarly infected 
birds fed norm al am ounts of protein (5 ) .

Procedures worked out in  the course of 
the foregoing trials have made it possible 
to extend observations to a bacterial model 
— Mycobacterium avium. Avian tubercu
losis is characterized by a progressive loss 
of appetite and body weight, accompanied 
by an increase in liver and spleen size. 
The increase in  size is associated with an 
increasing num ber of tubercles which tend 
to be limited to these 2 organs. Studies by 
Solotorovsky et al. (6 )  on chicks infected 
with M. avium  have suggested that protein 
metabolism may be vitally affected. This 
was further indicated by the report of 
Wogan et al. (7 )  that the disease induced 
a serum hyperproteinemia with a decrease 
in album in and increases in a3-, [3- and y- 
globulin.

R eceived  for pu b lica tion  Janu ary 4, 1965
1 Supported in  part by P ublic H ealth  Service Re

search  G rants nos. AI-2634 and AI-3645.
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Since the liver is one of the 2 principal 
sites of tuberculous involvement in  the 
chick, the experiments reported here were 
undertaken to observe changes in liver 
protein metabolism in infected chicks con
ditioned from time of hatch with diets con
taining deficient-to-excessive quantities of 
protein and lysine. Levels of total protein, 
deoxyribonucleic acid (DN A), ribonucleic 
acid (RNA) and 7 free amino acids were 
used as param eters of protein metabolism.

PROCEDURES AND RESULTS

All experiments used W hite Leghorn 
cockerel chicks of known breeding, housed 
in all-wire batteries in  air conditioned 
rooms. Experim ental diets and water were 
offered ad libitum from day one. At 10 
days of age the chicks were divided into 
experim ental groups on the basis of body 
weight and inoculated with Mycobacterium  
avium. Uninoculated birds (controls) 
were m aintained for each trial.

In each experiment, growth and per
formance of the controls fed norm al diets 
were compared with standard growth 
curves for similar experim ental conditions 
to determine whether the chicks were at
taining their genetic potential. Significant 
deviation ( < 5 % )  from the established 
standard was used to evaluate the possible 
presence of stress conditions that would 
w arrant the discontinuance of the experi
ment. The studies reported herein met the 
required standards.

The infecting inocula, prepared from 
cultures m aintained in  the Rutgers Depart
m ent of Bacteriology, were injected intra- 
cardially, 0.5 m l/b ird . The chicks were 
weighed weekly and when the first statis
tically significant decrease in  body weight 
occurred between treatm ent groups (u su 
ally 35 to 40 days post-inoculation) all 
birds were killed and the livers removed. 
The tissue sampling always took place be
tween 9:00 and 11:00 a m  ( 8 ). Liver sec
tions of each bird were preserved in  10% 
formalin and Bouin’s solution for histolog
ical study and the rem ainder of the liver 
was quick-frozen for subsequent biochem
ical analysis.

All determ inations were made on in 
dividual livers. The DNA and RNA were 
determined by modifications of the 
Schm idt-Thannhauser method (9 ) . Liver

total protein was determined by the biuret 
technique, standardized by the Kjeldahl 
procedure, and the free amino acids were 
separated and quantitated by thin-layer 
chromatography (1 0 ).

Squibb (4 )  has pointed out the need 
for considering body size and degree of 
disease involvement between dietary treat
m ent groups to avoid confounding in ter
pretation of biochemical data. Therefore, 
the following formula was devised to serve 
as an estimation of the extent of the tuber
culous process:
TB index — Liver w eiSht (g )  X no. tubercles 

Body w eight (g )
The num ber of tubercles was the average 
of those counted in 15 different low power 
(100 X) microscopic fields. Tubercles in 
this type of infection are essentially evenly 
distributed throughout the liver.

Data were analyzed statistically accord
ing to Snedecor (1 1 ). Procedures followed 
those applicable to factorial designs. Sums 
of squares were separated for individual 
degrees of freedom; tests of significance 
included least significant differences and 
F tests. To calculate total quantities of 
DNA, RNA, etc., the values in term s of 
milligrams per gram of liver were m ulti
plied by liver weight. Cellular quantities 
were calculated from ratios to DNA, i.e., 
m illigrams of RNA per milligrams of DNA.

Experim ent 1. In this trial the effects 
of 4 strains of M. avium  on liver protein, 
nucleic and free amino acids were studied 
and correlated with the TB index. All 
chicks were fed the same standard refer
ence diet (1 2 ) throughout the trial. At 
10 days of age they were assigned to 5 
groups: group 1 served as controls, and 
groups 2 to 5 were inoculated with cul
tures of M. avium, designated RA, RB, KC 
and KT.

The TB index values (table 1) show 
that strain RA resulted in  only a very slight 
infection. Strains KT and KC produced a 
moderate infection of about the same de
gree; the greatest involvement resulted 
from the RB strain. Liver weight and fiver 
as the percentage of body weight increased 
significantly (<  1 % ) with each significant 
increase in the TB involvement index.

The biochemical data are arranged 
( table 1) according to the degree of tuber
culous involvement produced by the 4
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strains; the difference between the cultures 
of strains KC and KT was not significant. 
Total quantities of DNA, RNA and protein 
increased linearly (<  1 % ) with the TB 
index values. On the other hand, total 
quantities of lysine, arginine, alanine, 
valine and the leucines decreased linearly 
(<  1% ) as the severity of the infection 
increased. The slight reduction in  histi
dine and increase in aspartic acid were not 
significant.

All 4 groups of infected chicks had sig
nificantly less (<  1 % ) DNA per gram of 
tissue than  controls, regardless of degree 
of infection. W ith the exception of the RNA 
of the RB group, the ratios of RNA and 
protein to DNA of all the infected birds 
were higher than  those of the controls. 
There was a significant (<  1% ) linear 
decrease in  the free amino acids/DNA as 
the TB index values increased with lysine, 
arginine, alanine and the leucines in terms 
of DNA decreased more than  the others.

Experim ent 2. This trial was designed 
to study the effect of deficient-to-excess 
quantities of dietary crude protein on liver 
protein metabolism. Isocaloric diets (5 ) 
containing 13.8, 21.3 and 41.3% crude 
protein were offered ad libitum. Two 
groups of chicks were used for each die
tary level of protein: controls, and those 
inoculated with Rutgers KT strain of avian 
tuberculosis.

According to the TB index values the 
level of infection in  this trial (table 2) 
averaged higher than  in  experim ent 1. 
Compared with the chicks fed at a norm al 
level of protein, there was a higher (<  1% ) 
degree of infection in  those fed deficient 
and excess protein.

Liver weight increased linearly ( <  1 % ) 
with both increasing dietary protein and 
virulence of the infection. Liver as a per
centage of body weight was greatest, 
irrespective of infection, in  the groups fed 
a deficiency or an excess of protein.

Considering total quantities of each of 
the liver components determined, both 
diet and disease significantly increased 
( < 1 % )  DNA, RNA and protein. W ith 
the exception of the RNA of the infected 
chicks fed excess protein, the increase was 
linear with the protein content of the diet. 
Diet significantly (<  1 % ) affected all the 
free amino acids; lowest levels occurred in

the 13.8% protein groups. Lysine and 
arginine were significantly ( < 1 % )  de
creased by the infection, whereas aspartic 
acid, alanine and valine were significantly 
increased (<  1% ). There was no disease 
effect on total quantities of histidine and 
the leucines.

Statistical analysis of the data for diet 
effects showed that DNA per gram of liver 
was significantly lower ( < 5 % )  in  the 
chicks fed the 13.8% protein diet. The 
RNA-to-DNA ratio decreased linearly 
(<  5% ) as the protein content of the diet 
increased. Diet effects on the free amino 
acids in term s of DNA were variable. Ex
cept for the arginine-to-DNA ratio, levels 
of the free amino acids were higher in  the 
13.8% protein group than  in  the 41.3% 
protein controls.

Tuberculosis significantly ( < 1 % )  de
pleted cellular levels of the amino acids 
except aspartic acid and alanine, with the 
extent of depletion greatest for lysine-to- 
DNA and arginine-to-DNA ratios.

Experim ent 3. In this trial observa
tions were made on the effect of 0.5 to 4 
times the dietary requirem ent of L-lysine 
on liver protein metabolism of chicks in 
fected with tuberculosis. The low lysine 
basal ration used has been described (1 3 ); 
this diet supplied all the known require
m ents of the chick except lysine which was 
calculated to be present at 0.5 of the re
quirement. Crystalline L-lysine 2 was then 
added to the basal diet to provide 0.5, 1, 2 
and 4 times requirem ent. Two groups of 
chicks were m aintained at each dietary 
level; controls and those inoculated with 
Rutgers KT strain of M. avium.

The level of tuberculous infection (table 
3) resulting from the KT culture was con
siderably less in  this trial than  in experi
m ent 2. Even so, the deficient (0 .5 ) and 
excess (4  X ) lysine groups had the highest 
TB index values. Lysine fed at 0.5 to 4 
times dietary requirem ent had no effect on 
liver size of the control birds or on liver as 
a percentage of body weight. However, 
liver size of the infected birds increased 
linearly (<  1 % ) with increasing lysine of 
the diet. Furtherm ore, liver as a percent
age of body weight was greatest in  the in-

2 Supplied  by M erck and Com pany, R ahw ay, N ew  
Jersey.
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fected groups fed 0.5 and 4 times dietary 
lysine requirem ent.

Statistical analysis for diet effects, ir
respective of disease, showed: 1) total 
quantities of DNA ( <  5% ), RNA and pro
tein increased linearly (<  1 % ) with the 
lysine content of the diet; 2) total quan
tities of all the free amino acids were lower 
( <  1% ) in  the chicks fed 0.5 of the lysine 
requirem ent; and 3) except for lysine and 
alanine there was a tendency toward a 
linear reduction in total quantities of the 
other free am ino acids as dietary lysine 
was increased from norm al to 4 times re
quirement. Analysis for disease effects, 
irrespective of diet, showed that, compared 
with controls, total quantities of DNA, RNA 
and protein increased significantly (<  1 % ) 
as a result of the infection. Of the free 
amino acids, the only significant changes 
were in total lysine and arginine which de
creased (<  1% , <  5% ).

The DNA per gram of liver was higher 
(<  5% ) in  the control chicks fed excess 
lysine but there were no significant diet 
effects on the RNA-to-DNA or protein-to- 
DNA ratios. W ith the exception of alanine, 
all the free amino acids per DNA tended 
to be lower when the chicks were fed 4 
times the requirem ent of dietary lysine. 
The tuberculous process had no effect on 
DNA per gram of liver, RNA-to-DNA or 
protein-to-DNA ratios, but cellular levels 
of the free amino acids were reduced in 
varying degrees, with the lysine-to-DNA 
ratio affected to the greatest extent.

DISCUSSION

This is one of a series of studies of pro
tein metabolism during tuberculosis in 
fection. The observations deal first with 
the liver since this vital organ is one of 
the principal sites of tuberculous involve
m ent in the chick. Following present con
cepts of protein metabolism, levels of total 
protein, nucleic and 7 free amino acids (5 
essential, 2 nonessential) were used as 
param eters which were correlated with 
dietary changes and the tuberculous 
process.

The results of these experiments con
firm a working hypothesis that tuberculosis 
increases protein metabolism in infected 
livers and that the process is anabolic. 
Several data contributed to this confirma

tion. The experim ental design called for 
killing control and infected birds at the 
time of a significant decrease in body 
weight between groups. The livers of the 
infected chicks were significantly larger 
than those of their controls, both in  weight 
and in percentage of body weight. Al
though biochemical analyses confirmed an 
increase in  tissue protein, other determ ina
tions made on representative samples 
showed control livers averaged 72% mois
ture and 4.0% fat, whereas infected livers 
averaged 78% moisture and 3.8% fat. 
Thus, neither fa t nor moisture was respon
sible for the abnormal size.

The m echanism  by which an infected 
liver starts to increase in size has not been 
defined. The abnormality no doubt is a 
reaction to the presence of the bacteria in 
the host. This is followed by degenerative 
changes of liver cord cells, an increase in 
leucocytes in the sinusoids, and an in 
creasing prominence of the Kupffer cells. 
In the later stages the miliary tubercle 
forms, and an increase in the num ber and 
size of the hepatocytes follows.

The free amino acids, the prima materia 
for protein synthesis, are derived from the 
diet and labile reserves of carcass protein 
when the infection is slight. However, 
when the degree of tuberculous involve
m ent is severe and inanition becomes 
acute, the demands of the enlarging liver 
come principally from body reserves. For 
example, unpublished data  show signifi
cant depletion of the pectoral m usculature. 
This apparent catabolism correlates with a 
serum hyperproteinem ia that includes a 
decrease in album in and increases in the 
globulin fractions (7 ) .

In the trials reported here excessive 
quantities of lysine or protein also in 
creased liver protein anabolism. Thus 
both diet and disease increased liver size, 
but there was a distinct difference in  the 
mode of action. In the former there was 
no apparent inanition or muscle atrophy, 
whereas in  the latter both of these con
ditions were present. The accelerated pro
tein anabolism under the experim ental 
conditions described herein strongly sug
gests involvement of the adrenal cortex. 
Unpublished data of these laboratories 
have shown that livers of cortisone-treated 
birds infected with NDV attain  5.7% of
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body weight within a period of 3 days as 
compared with 2.8% for untreated con
trols. Corticosteroids are known to influ
ence the body’s protein anabolically or cata- 
bolically, depending on dosage. The action 
of the corticosteroids in  increasing the 
catabolism of carcass protein (14 ) is fol
lowed by a transfer of amino acids to the 
liver and incorporation into protein (15,
16). This process is similar to that ob
served during the course of the tubercu
lous process.

The various param eters m erit comment. 
As a group they follow present concepts 
and reflect the protein metabolism of a 
tissue in the norm al state as well as the 
abnormal, which includes the biochem
ical contribution of the invading organism. 
Under disease stress conditions the changes 
in these param eters are of considerable 
m agnitude (8 ).

The DNA as a point of reference pro
vided the m eans for estim ating cellular 
levels. This was im portant in these stud
ies as total quantities of liver components 
did not indicate the complete biological 
picture due to the abnormal character of 
the tuberculous tissue. For example, total 
quantities of aspartic acid, alanine and 
valine were unaffected or increased by 
tuberculosis, whereas in terms of DNA, or 
at cellular levels, all the free amino acids 
were depressed. Increases in  total quan
tities of DNA reflected changes in liver 
size as influenced by diet or disease. In 
these studies, DNA per gram of liver tissue 
was not significantly changed except when 
the diet contained excessive lysine or a 
deficiency of protein; the latter observa
tion has been reported (5 ) .

An increase in RNA synthesis generally 
resulted in  an increase in  total liver pro
tein. Allison and co-workers (17 ) reported 
a fairly constant ratio between RNA and 
protein synthesis in the ra t liver; they in 
terpreted this to m ean that there was a 
maxim al am ount of protein that could be 
formed and associated with each cell n u 
cleus. We have noted this constancy in 
the livers of the noninfected controls fed 
balanced rations; the protein-to-RNA ratio 
averaged 14:1. However, with excessive 
dietary protein or a high TB index value 
the ratio increased significantly to 17:1.

This increase in the protein-to-RNA ratio 
was attributed to a change in character of 
the liver tissue of which the inflammatory 
cells would be an example.

Quantitation of liver free amino acids 
served to provide an estimate of the avail
ability of the prima materia of protein 
synthesis. Highest cellular levels were 
observed in those groups, infected or non
infected, that were conditioned from day 
of hatch with so-called balanced diets. 
Dietary deficiencies of protein or a single 
amino acid — lysine — resulted in cellu
lar levels equal to or higher than those ob
tained from excessive protein or lysine 
diets. These results with im balanced pro
tein diets confirm a previous report for 
chicks (5 ) . Recently W annem acher and 
Allison (18 ) demonstrated that this phe
nomenon also occurs in the liver and m us
cle of rats fed varying levels of protein.

That 4 times the norm al dietary require
m ent of lysine not only failed to increase 
cellular levels of this amino acid but 
tended to depress levels of the others, sup
ports Christensen’s statem ent (1 9 ) that 
“we should expect one group of amino 
acids to tend to be lost from the cells when 
a given amino acid is provided in sufficient 
excess. . .” Recently Jones (2 0 ) reported 
that excessive dietary lysine m ay induce 
an arginine deficiency in chick plasm a and 
muscle. Calculation of each of the free 
amino acids presented here in term s of 
cellular (DNA) levels of lysine showed 
that not only arginine but all of the other 
amino acids were affected in the liver by 
excessive lysine.

W ith increasing tuberculous involve
m ent the free amino acids of the liver de
creased progressively, with the lowest cellu
lar levels observed in the lysine and argi
nine components of the pool. The data do 
not indicate which occurred first, the de
pression of the amino acid pool or the re
active structural alterations produced by 
the infection. As with NDV (4, 5) the 
utilization was selective and of different 
magnitudes.

Although the 3 experiments were de
signed principally for within comparisons, 
other observations were made. As would 
be expected in an intact system, certain of 
the param eters showed both uniform ity



PR O T E IN  M E T A B O L IS M  D U R IN G  T U B E R C U L O SIS  IN F E C T IO N 1 4 1

and considerable variability between trials. 
This is reasonable since various sources 
and combinations of dietary proteins nec
essarily were incorporated in the test diets. 
Even though simple (exp. 3) to more com
plex (exps. 1 and 2 ) form ulations were 
used, all were balanced, and produced 
growth rates that met genetic potential 
standards. W ith respect to the param eters, 
DNA per gram of tissue was similar for 
the noninfected control groups fed bal
anced rations. Departures from the con
trol levels were interpreted to be indicative 
of changes in  cell num bers per unit of tis
sue analyzed. For example, during NDV 
infection (4 )  DNA per gram of tissue in
creased apparently because the tissue be
came more compact due to inanition, thus 
increasing the num ber of cells per unit 
area. W ith tuberculosis infection, DNA 
was either less (exp. 1) as compared with 
that of controls, or rem ained the same 
(exps. 2 and 3). Differences in  diet and 
tissue displacement, especially those re
lated to quantity of inflammatory cells, 
would explain the variations between trials.

Hedgecock (21 ) reported that mice had 
greater resistance to tuberculosis when 
conditioned with diets containing 20% 
protein and that susceptibility increased 
when the diets were im balanced by chang
ing the protein content to 10 or 40% . The 
results reported here followed a similar 
pattern. As indicated by the TB index, 
greater involvement occurred in  the groups 
fed deficient or excess quantities of protein 
or lysine.
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Influence of Dietary Lipids on the Fatty Acid 
Composition of Neutral Lipids and Phosphatides 
in Chick Liver and Bile * 1
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D epartm en t o f B iochem istry, A lbany M edical College, A lbany, N ew  York, 
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Copenhagen, D enm ark

ABSTRACT  D iets in  w hich the fat content w as derived from  either cottonseed oil, 
lin seed oil, rapeseed oil, a h igh linoleic acid m argarine, butter, or a com m ercial stock 
diet were fed  to one-week-old chicks for 6 weeks. An additional group of chicks w as 
fed  a fat-free diet. The influence of these diets on the fatty acyl content of hepatic  
and biliary phospholipids and non-phosphatide lipids was determined, and where pos
sible, a direct com parison in  the fatty acid content of a liver phosphatide w as m ade 
w ith its biliary counterpart. The results dem onstrated that phosphatidylethanolam ine  
possessed distinctly different acyl groups in  bile w hen compared w ith liver, and the 
differences were sim ilar w ith  all diets. Phosphatidylcholine in  bile also had a different 
fatty acid content than the liver phosphatide but the differences were not as consistent 
as for phosphatidylethanolam ine. Possible explanations for the alterations of the
bile com pounds are discussed. In general, 
reflected in  the com position of liver and 
were, in  som e cases, com plex to interpret.

Previous studies (1 -3 )  in  this laboratory 
on the relationship of diet to the composi
tion of bile have led us to determine the 
influence of dietary lipids on the fatty  acid 
patterns in  the non-phosphatide3 lipids 
and individual phosphatides of chick bile. 
In addition, the fatty  acyl groups of indi
vidual phosphatides and non-phosphatide 
lipids from chick liver were analyzed and 
compared with the results obtained in  the 
study of bile.

The role of phospholipids in  facilitating 
the solubilization of cholesterol4 has led 
investigators to identify the types of phos
phatides in bile. Phillips (4 )  dem onstrated 
the existence of lecithin, lysolecithin, ceph- 
alin and sphingomyelin in  hum an bile, 
whereas Nakayam a and Blomstrand (5 )  
observed the same components in  bile 
from rats and rabbits. Blomstrand (6 ) 
analyzed the fatty  acids in  the non-phos
phatide lipid and total phospholipid frac
tion of hum an bile and observed a complex 
pattern of fatty  acids in  the lecithin frac
tion. A comparison between the fatty acids 
in hum an liver phospholipid and biliary 
phospholipid revealed sharp differences in 
fatty acyl groups (7 ).

the fatty acid content of the diet fed  was 
bile phospholipids although the patterns

METHODS

Experim ental design. Five groups of 
one-week-old chicks were fed, for 6 weeks, 
a diet which consisted of the following: 
(in  % ) sucrose, 46.53; crude casein, 25; 
dried brewer’s yeast, 10; fat, 10; salt m ix
ture, 5.17; gelatin, 3; choline, 0.2; and a 
vitam in mixture, 0.1. The vitam in and 
salt m ixture have been described in  a pre
vious communication (8 ) . The salt m ix
ture consisted of the following: secondary 
calcium phosphate, 2 KUO, 2800 g; cal
cium carbonate, 875 g; dessicated m ag
nesium  sulfate, 404 g; potassium  chloride, 
460 g; sodium chloride, 500 g; ferric 
citrate (17.5% F e), 100 g; m anganese 
sulfate, 23 g; cupric sulfate, 5 HUO, 2 g; 
zinc sulfate, 7 HUO, 1 g; alum inum  sulfate, 
18 HUO, 1 g; m agnesium  silicate, 1 g; di-

R eceived  for  p u b lica tion  D ecem ber 11, 1964.
1 T h is  work w as supported by U.S. P u blic  H ealth  

R esearch G rants A 4964 and  AM 07714.
2 R esearch  Career D evelop m ent A w ard K3-GM-14,018.
3 T he term  “non-phosphatide lip id ” is  used  to de

note those lip id s  rem oved from  a  s ilic ic  acid  co lum n  
by th e u se  o f chloroform . It is  preferred to th e term  
“n eu tra l lip id ” sin ce  th is  fra c tio n  does co n ta in  som e  
free fa tty  acids.

4 Isak sson , B. 1954 On th e lip id s  and  b ile  acids  
in  norm al and  p ath olog ica l bladder b ile: A  study o f  
the m a in  cholesterol d isso lv in g  com pon en ts o f h u m a n  
bile. T hesis , Lund, Sw eden.
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iodotyrosine, 1 g; cobalt carbonate, 0.05 g. 
The vitam in m ixture was composed as fol
lows: thiamine-HCl, 3 mg; riboflavin, 4 
mg; nicotinic acid, 50 mg; Ca pantothe
nate, 12 mg; pyridoxine, 3.5 mg; biotin,
0 . 1 mg; folic acid, 2 mg; and sucrose,
925.4 m g . In a d d i t io n  to  th e  a b o v e  v i t a 
m in  m ix tu r e ,  th e  d ie t  a ls o  c o n ta in e d ,  f o r  
e v e ry  100 g , 1 m g  o f  v i t a m in  K s u b s t i tu te ,5
10.0 m g  o f  D L -a - to c o p h e ry l a c e ta te ,6 a n d
1.4 ppm of SeOz. Vitamins A and D3 
were given as a solution, 0.1 ml twice a 
week per animal. This corresponded to an 
average of 250 IU of vitam in A and 20 IU 
of vitam in D3/ch ick /day . The solution was 
made up from crystalline vitam in A ace
tate (1.0 g), crystalline vitam in D3 (0.0058 
g), 100 ml of ethyl alcohol, polyoxyethyl
ene sorbitan m onooleate7 (64 g ), and dis
tilled water to make a total volume of 330 
ml. The 10% fat in  the diet was supplied 
to the 5 groups a s : 1) cottonseed oil 
(CSO); 2 ) linseed oil (LSO); 3) rapeseed 
oil (RSO); 4) high linoleic acid m argarine 
fat (M F); and 5) butter fa t (B F). A sixth 
group (F F ) was fed the fat-free basal diet,
1. e., the above mentioned diet in which the 
10% fat content was replaced by an equal 
am ount of sucrose. A final group of chicks 
(CD) received a commercial diet which 
contained between 4 to 5% fat. The fatty 
acid compositions of the fats in  the diets 
are shown in table 1. There were between 
11 and 24 chicks in each of the 7 experi
m ental groups.

At the end of the 6-week feeding periods, 
the chicks were decapitated and bladder 
bile was obtained from the individual 
groups by direct puncture of the gall
bladder. By pooling samples, it was possi
ble to obtain from 3 to 6 ml of bile in each 
group. The livers of the anim als were 
also removed and combined in  individual 
groups.

Extraction and purification of lipids. 
The livers from 10 anim als in a group were 
cut into small cubes and mixed thoroughly 
in a beaker kept at 0°. From such a liver 
pulp, 7 g of tissue were taken and sub
jected to the extraction and purification 
procedures of Folch et al. (9 ) . The total 
lipid fraction was then separated into a 
non-phosphatide lipid fraction and individ
ual liver phosphatides by silicic acid col
um n chromatography according to Glenn 
et al. (10). Monitoring of the silicic acid 
column was performed by the method of 
Bartlett (11).

Bile from the individual groups was 
treated in  a similar m anner except that 
the original extraction with chloroform: 
m ethanol (2: 1 v /v )  was lengthened to 30 
m inutes to insure a more complete extrac
tion of lipid m aterial.

5 Synkavit, H offm ann  LaR oche and Com pany, N ut- 
ley , N ew  Jersey.

6 E phyn al A cetate, H offm ann LaRoche and Com
pan y, N u tley , N ew  Jersey.

7 T w een 80, A tlas Pow der Com pany, W ilm in gton , 
D elaw are.

TABLE 1

The fa tty  acid com position  of dietary fats

Fatty 
acid 1 CD 2 CSO LSO RSO MF BF

8 :0 __ __ __ __ __ 1 .1 6 s
10:0 — — — — tr 1.91
12:0 — — — — tr 2.65
14:0 tr 0.43 — — 1.01 11.41
14:1 tr — — — — 2.03
16:0 15.74 19.86 5.80 4.10 25.73 33.60
16:1 1.47 — — — — 3.82
18:0 2.25 2.21 4.70 1.50 4.83 11.90
18:1 23.95 18.43 19.51 15.30 27.84 27.58
18:2 52.79 57.94 15.17 21.95 40.60 2.86
18:3 3.80 1.13 54.00 14.21 tr 1.08
2 0 :4 tr — — 3.48 — __
22:1 — — 0.82 42.90 — —
1 In d icates carbon len g th  and u n satu ration .
2 CD in d ica tes com m ercia l stock diet; CSO, cotton seed  oil; RSO, rapeseed  oil; LSO, lin seed  oil; 

MF, m argarine fa t , and BF, butter fat.
3 The am ounts o f fa tty  acids o f 8 :0  and low er are un doubted ly  low  because o f h igh  v o la tility  o f 

esters o f th ese  acids.
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Analysis of fatty acids in  lipid fractions. 
All analyses of fatty  acid methyl esters 
were performed on a Podbielniak Chroma- 
con Apparatus, using a diethylene glycol 
succinate phase (15.4%  by weight, 8 0 - 
100 m esh) coated on acid-washed Chromo- 
sorb W. M éthylation of fatty acids was 
conducted by the method of Stoffel et al.
(1 2 ), and identification of the fatty  acid 
esters was by carbon num ber (1 3 ) and 
the use of standards obtained from the 
Hormel Institute, Austin, Minnesota. The 
fatty acid composition of each lipid frac
tion was determined by the triangulation 
method and the values reported are as area 
per cent. Linearity of detector response 
was checked periodically by analyses of 
standard m ixtures of fatty acid methyl 
esters obtained from the Hormel Institute.

RESULTS

Separation of lipids in chick liver and 
bile* The fractionation of phosphatides 
from liver and bile is shown in figure 1. 
Five phosphatides were identified in chick

Fig. I Fractionation of liver and bile phos
phatides by silicic acid colum n chromatography. 
Symbols: CL, cardiolipin; PE, phosphatidylethano- 
lam ine; PI, phosphatidylinositol; PS, phosphati- 
dylserine and PC, phosphatidylcholine. CL and 
PE were eluted w ith chloroforim m ethanol (4 :1 , 
v /v ) ,  whereas PE, PS and PC were eluted w ith  
chloroform :m ethanol (3:2 , v /v ) .

liver: cardiolipin, CL; phosphatidylethanol- 
amine, PE; phosphatidylinositol, PI; phos- 
phatidylserine, PS; and phosphatidylcho
line, PC. A sixth phosphatide, sphingo
myelin, could be eluted from the column 
with pure methanol but this component 
was not studied in this investigation. There 
were always appreciable am ounts of PI 
and PC in PS, and since PS was not pres
ent in chick bile this phosphatide was not 
analyzed for its fatty acid content. The 
2 m ajor phosphatides in  chick bile were 
PE and PC, although traces of CL, sphingo
myelin and lysophosphatidylcholine could 
be detected by thin-layer chromatography. 
Because of the low concentration of these 
latter 3 phosphatides in bile, they were not 
studied in this investigation.

The composition of the phospholipid 
fractions from liver and bile, on the basis 
of the percentage of lipid phosphorus, is 
shown in table 2. The distribution of the 
individual phosphatides from livers of 
chicks fed the different diets exhibited 
some variation, but compared qualitatively 
with the composition of livers from other 
species although PE was somewhat higher 
and PC lower than in  other animals. In 
bile, PC accounted for 76 to 86% of the 
lipid phosphorus, whereas PE content rep
resented from 14 to 24% . The level of PE 
in chick bile was considerably higher than 
that reported in  other species (14).

The non-phosphatide lipid fractions from 
liver and bile were not separated into their 
individual components, but the fatty acids 
in these fractions were m ethylated and 
analyzed by gas-liquid chromatography.

Fatty acids in chick liver cardiolipin. 
The fatty acid patterns of CL from livers 
of chicks fed the 7 experim ental diets are 
listed in  table 3. This phosphatide in chick 
liver, as in other species, was character
ized by having high levels of linoleic acid. 
As a result of the commercial chick diet 
(CD ), CL fatty acids contained 73% lino- 
leic acid, and similar high levels of this 
acid were noted in CL from chicks fed 
the diets containing cottonseed oil (CSO), 8

8 A b b rev ia tio n s . T h e  fo llo w in g  ab b re v ia tio n s  a re  
u s e d  in  th is  c o m m u n ic a tio n : CL, c a rd io lip in ;  PE ,
p h o s p h a tid y le th a n o la m in e ; PS , p h o sp h a tid y lse r in e ;  P I, 
p h o s p h a tid y lin o s ito l; PC , p h o s p h a tid y lc h o lin e ; CD, 
co m m e rc ia l c h ic k  d ie t; CSO, co tto n seed  o il d ie t;  LSO, 
lin s e ed  o il d ie t; RSO, ra p e se e d  o il d ie t; M F, h ig h  lino- 
le ic  a c id  m a rg a r in e  f a t  d ie t; BF, b u t te r  f a t  d ie t an d  
F F , fa t-f re e  d ie t.



146 JO S E P H  L . G L E N N  AND H E N R IK  DAM

TA BLE 2

Percentage com position  1 of phospholipids in  liver and bile from  chicks fed  d ifferen t diets

D iet 2
L iv er B ile

CL 3 P E P I PS PC P E PC

C D 3 .4 2 9 .9 8 .5 5 .2 5 2 .8 2 4 .1 7 5 .9
C SO 6.1 3 7 .7 1 0 .8 5 .0 4 0 .4 14 .4 8 5 .6
R S O 7.3 3 4 .7 8 .5 2 .5 4 6 .8 1 4 .6 8 5 .4
L S O 3 .2 3 5 .3 1 1 .7 4 .2 4 5 .6 2 0 .1 7 9 .9
F F 2 .6 3 7 .1 1 3 .4 3 .0 4 3 .9 19.1 8 0 .9
M F 2 .7 3 3 .4 12 .1 3 .5 4 8 .3 2 3 .6 7 6 .4
B F 4 .6 3 4 .4 9 .8 2 .9 4 8 .3 2 0 .0 8 0 .0

1 V a lu es  re p re s e n t p e rc e n ta g e  o f to ta l  l ip id  p h o s p h o ru s  in  p h o sp h o lip id  f r a c t io n  fro m  liv e r  o r 
b ile , w ith  th e  e x cep tio n  o f s p h in g o m y e lin  w h ic h  w as  n o t  iso la ted .

2 CD in d ic a te s  co m m e rc ia l s to ck  d ie t; CSO, d ie t c o n ta in e d  10%  c o tto n seed  o il; RSO, d ie t co n 
ta in e d  1 0 % rap e see d  o il; LSO, d ie t c o n ta in e d  10%  lin s e ed  o il; FF , d ie t c o n ta in e d  no  f a t ;  M F, d ie t 
c o n ta in e d  10% m a rg a r in e  f a t ;  a n d  B F, d ie t c o n ta in e d  10%  b u tte r  fa t.

3 CL in d ic a te s  c a rd io lip in ;  P E , p h o s p h a tid y le th a n o la m in e ; P I, p h o s p h a tid y lin o s ito l; PS , p h o sp h a- 
tid y ls e r in e ; a n d  PC , p h o sp h a tid y lch o lin e .

TA BLE 3

F atty acid  com position  of chick  liver cardiolipin

D iet CD 1 CSO LSO RSO M F BF F F

F a t ty  a c id  
1 4 :0 t r t r t r t r 0 .5 0 t r
1 4 :1 t r 2 t r t r t r t r t r t r
1 6 :0 5 .8 5 8 .7 6 4 .2 3 2 .0 3 3 .0 7 1 .8 7 4 .0 0
1 6 :1 3 .8 0 1 .6 5 1 .7 0 1 .2 4 1 .0 2 1 8 .1 6 3 1 .7 2
1 7 :0 t r — — — t r 0 .2 9 —

1 8 :0 4 .2 4 5 .7 1 2 .0 8 1 .2 2 2 .7 2 0 .3 5 1 .8 6
1 8 :1 9 .9 4 9 .9 8 8 .3 3 8 .3 5 7 .8 8 2 5 .9 3 4 8 .3 7
1 8 :2 7 2 .9 5 6 3 .5 8 6 8 .5 6 7 6 .6 2 8 0 .3 0 4 7 .7 2 1 1 .7 2
1 8 :3 t r 1 .0 2 9 .6 0 3 .5 4 0 .7 1 1 .23 1 .1 2
2 0 : 2 — 4 .6 1 1 .01 3 .4 7 3 .0 4 0 .5 8 t r
2 0 :3 1 .54 1 .44 1 .0 7 1 .4 0 — 2 .8 4 1.21
2 0 :4 1 .6 8 3 .2 6 3 .4 1 2 .1 1 1 .2 6 0 .5 1 t r

1 CD in d ic a te s  c o m m e rc ia l c h ic k  d ie t;  CSO, d ie t c o n ta in e d  10%  co tto n see d  o il; LSO, d ie t c o n ta in e d  
10% lin s e ed  o il; RSO, d ie t c o n ta in e d  10% ra p e se e d  o il; M F, d ie t c o n ta in e d  10%  m a rg a r in e  fa t ;  
BF, d ie t c o n ta in e d  10% b u t te r  f a t ;  a n d  F F , d ie t w as  fa t-fre e .

2 F a t ty  a c id  c o n te n t too  low  to  be m e asu red .

TA BLE 4

F atty acid  com position  of chick liver phosphatidylinosito l

Diet CD 1 CSO LSO RSO MF BF FT

Fatty acid 
14:0 tr tr tr 0.44 tr
14:1 — tr tr tr — — tr
16:0 10.41 6.68 2.48 6.48 4.59 7.07 7.44
16:1 2.36 0.43 0.37 tr 0.47 4.03 12.40
18:0 37.73 49.07 42.86 46.57 33.08 42.65 34.68
18:1 8.14 4.29 4.09 3.71 5.54 14.58 25.68
18:2 16.63 18.74 22.84 10.98 31.87 12.62 3.64
18:3 tr tr 2.76 0.80 — — 0.34
20:2 1.40 0.62 tr — 1.49 — 1.20
20:3 6.07 1.29 3.41 4.82 2.30 10.23 12.98
20:4 15.32 18.89 8.18 21.45 20.66 8.38 1.63
20:5 — tr 3.90 1.43 — — —

22:4 1.93 tr tr — — — —

22:5 — tr 6.57 1.24 — — —

22:6 — tr 2.54 2.60 — — —
i A b b rev ia tio n s  d e sc rib ed  in  ta b le  3.
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linseed oil (LSO), rapeseed oil (RSO) and 
m argarine fa t (M F). The CL from the ani
mals fed the fat-free diet contained only 
12% linoleic acid, whereas the chicks re
ceiving butter fa t had 48% of this acid. 
In both of these groups, the decrease 9 in 
linoleic acid was accompanied by increased 
levels of oleic acid and palmitoleic acid, 
with the greatest increases occurring in 
anim als fed the fat-free diet. Although the 
livers from anim als receiving the FF or BF 
diet had high levels of eicosatrienoic acid 
there was little incorporation of this acid 
into CL.

W hen the chicks were fed the LSO diet 
which contained high amounts (54%  ) of 
linolenic acid, there was a large increase 
of this acid in liver CL, but none of the 
longer chain polyunsaturated fatty  acids 
to which linolenic acid can give rise were 
incorporated into the molecule.

Fatty acids in  chick liver phosphati
dylinositol. The fatty acid compositions 
of this component in the livers of chicks 
receiving the different diets are shown in 
table 4. As in other species (1 5 ) PI was 
characterized by a high am ount of stearic 
acid and a tendency to accum ulate appre
ciable levels of linoleic acid and arachi- 
donic acid. W ith the FF diet, the am ounts 
of linoleic and arachidonic acids were low 
and the content of oleic acid, palmitoleic 
acid and eicosatrienoic acid high. Similar 
changes, but of a lesser m agnitude, were 
observed in PI from chicks receiving the 
BF diet. In the anim als receiving the LSO 
diet, the arachidonic acid content of PI 
decreased even though the linoleic acid 
content of the molecule was increased. 
The LSO diet did not lead to appreciable 
incorporation of linolenic acid but did lead 
to the presence of eicosapentaenoic acid, 
docosapentaenoic acid and docosahexae- 
noic acid in PL These 3 longer chain poly
unsaturated acids were also present in 
PI when the chicks received the RSO diet 
which contained approximately 14% lino
lenic acid.

Fatty acids in chick liver and bile phos- 
phatidylethanolamine. The effects of the 
7 diets on the fatty acyl composition of 
PE in  both liver and in bile are presented

9 In  th e  e n s u in g  p re s e n ta tio n  o f R esu lts , th e  w ords  
“in c re a se d ”  o r “d e c rea sed ” a re  u sed  to  co m p a re  f a t ty  
a c id  levels  w ith  th o se  v a lu e s  o b ta in e d  w ith  th e  CD 
d ie t, u n le s s  o th e rw ise  s ta ted .

AND H E N R IK  DAM
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in table 5. Since PE was present in  bile 
in a high concentration, it was possible to 
compare the fatty acids in this phospha
tide with the PE obtained from liver. The 
fatty acid composition of bile PE was dif
ferent from liver PE and certain interest
ing relationships were demonstrated. First, 
with all diets the arachidonic acid content 
of bile PE was considerably lower than  in 
liver PE and this was always accompanied 
by an increase in  linoleic acid and oleic 
acid in  bile PE when compared with liver 
PE. W hereas this inverse relationship ex
isted in  the unsaturated acid content of 
PE, a similar relationship existed for the 
m ajor saturated acids present in this mole
cule. The stearic acid level in bile PE was 
consistently lower than  in  liver PE, where
as the reverse was true for palmitic acid, 
i.e., palmitic acid of bile PE was consist
ently higher than it was in  liver PE.

The specific effects of the diets on the 
acyl content of this phosphatide were as 
follows. The FF diet produced the expected 
decrease in linoleic acid, arachidonic acid 
and docosahexaenoic acid in  both liver 
and bile, and these decreases were accom
panied by large increases in  oleic acid and 
eicosatrienoic acid. The LSO diet produced 
a marked decrease in arachidonic acid and 
led to increases in eicosapentaenoic acid, 
docosapentaenoic acid and docosahexae
noic acid. Both the CSO and MF diets, 
which contained high am ounts of linoleic 
acid, resulted in  increased amounts of 
arachidonic acid in  PE but did not affect 
the level of linoleic acid in the molecule. 
The RSO diet produced an increase in 
docosahexaenoic acid content of both liver 
and bile PE.

Fatty acids in chick liver and bile phos
phatidylcholine. A comparison in the fatty 
acyl content of hepatic and biliary PC from 
chicks fed all the experim ental diets is 
presented in  table 6. W hen the chicks were 
fed the commercial stock diet, there was 
little difference between the fatty  acids in 
PC from liver and bile. W ith all of the 
other diets, the relationship between lino
leic acid and arachidonic acid content in 
liver and bile PC was similar to that ob
served in  the case of PE, but it was not as 
pronounced. Namely, the linoleic acid con
tent of PC in bile increased, whereas the 
level of arachidonic acid decreased when

compared with liver PC. The stearic acid 
content of bile PC was consistently lower 
than in liver PC, but there was no consist
ent relationship between palmitic acid in 
liver and bile PC.

The fat-free diet resulted in sharp de
creases in  the content of linoleic acid and 
arachidonic acid in PC, with an accom
panying large elevation in oleic acid. As 
with PE, the feeding of the LSO diet led 
to decreased levels of linoleic acid and 
arachidonic acid in PC, whereas linolenic 
acid and products of linolenic acid m etab
olism, particularly eicosapentaenoic acid, 
were incorporated into the molecule. Note 
that the feeding of the CSO and MF diets, 
which were rich in  linoleic acid, resulted 
in a greater relative increase of arachi
donic acid into PC than of linoleic acid 
itself.

Fatty acids in chick liver and bile non
phosphatide lipids. The variations in the 
fatty acyl patterns of these lipids in  liver 
and bile from chicks fed the experim ental 
diets are shown in table 7. Except for the 
observation that palmitoleic acid was con
sistently higher in bile than  in  liver non
phosphatide lipids, there was no other con
sistent difference between the fatty acid 
composition in liver and bile. To the con
trary. the fatty  acids noted in both liver 
and bile were ra ther closely related and 
reflected the diet which was fed. For ex- 
- mole, large increases were observed in 
linoleic acid content in  chicks fed the CSO 
and MF diets. W hen the LSO diet was fed, 
high am ounts of linolenic acid and prod
ucts of linolenic acid were observed in the 
non-phosphatide lipids of chick liver but 
none of the latter were observed in chick 
bile. The FF diet caused a sharp reduction 
in linoleic acid content, and arachidonic 
acid was no longer present in this lipid 
fraction. W ith this diet, oleic acid content 
of the non-phosphatide lipids increased to 
very high levels in both liver and bile. 
The BF diet showed similar, but not as 
marked changes compared with the chicks 
receiving the FF diet.

DISCUSSION

Numerous studies have been concerned 
with the role of dietary lipids on the fatty  
acid composition of adipose tissue, hepatic 
tissue and plasma, but little is known as
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to the effects of ingested lipids on the fatty 
acyl pattern in  bile lipids (6 ) . The present 
study was designed to determine w hat 
effects 7 different diets would have on the 
lipid composition of chick bile. Since it 
is believed that bile lipids are derived from 
the liver, the fatty acid composition of 
individual liver phosphatides and the non
phosphatide lipid fraction of liver were 
analyzed and, where possible, compared 
with their counterparts in  bile.

It was possible to compare hepatic and 
bilary phosphatidylethanolam ines, phos
phatidylcholines, and non-phosphatide lip
ids since all of these compounds were 
present in sufficient concentration in  bile, 
but the low level of other biliary phospha
tides prevented a direct comparison with 
their hepatic counterparts. An analysis of 
the fatty  acid content of biliary PE demon
strated clearly that it was different from 
that of liver PE. Furtherm ore, definite re
lationships between certain fatty  acids in 
these molecules could be ascertained. First, 
the arachidonic acid content of bile PE was 
always considerably lower than that of 
hepatic PE, whereas the linoleic acid and 
oleic levels in bile PE were always higher 
than in  liver PE. This inverse relationship 
of unsaturated  acids was observed regard
less of the diet fed to the chicks. A similar 
reproducible inverse relationship existed 
between stearic acid and palmitic acid in 
PE of liver and bile, namely, the stearic 
acid content of bile PE was always lower 
than  liver PE, whereas the inverse was true 
in the case of palmitic acid. There are at 
least 2 ways to interpret these observa
tions. First, they could m ean that only a 
discrete portion of liver PE was secreted 
into the bile. The fraction in the bile would 
thus represent the PE from  liver which 
had relatively higher am ounts of linoleic 
acid, oleic acid and palmitic acid. If this 
were the case, then an analysis of plasm a 
PE m ight show the opposite of that observed 
in bile, namely, plasm a PE should have 
higher arachidonic acid and stearic acid 
but lower linoleic acid, oleic acid and pal
mitic acid than  in liver PE. Unfortunately 
the fatty acid composition of plasm a PE 
was not analyzed in this study. A second 
explanation to account for the different 
acyl patterns in  liver and bile PE could be 
that a sufficient num ber of liver PE mole

cules are modified in  some way, possibly 
by transesterification m echanisms during 
the secretory process, to yield the acyl pat
tern observed in  bile. It is possible that a 
certain acyl pattern  of bile PE is required 
to perform  its function which m ay be con
cerned with the solubilization of choles
terol in  bile. An analysis of the fatty  acids 
in liver and biliary PC generally sup
ported the results for PE, but the differ
ences were not as consistent.

The results obtained in  the analysis of 
bile and liver phosphatides support the 
generalization that the fatty acyl patterns 
of these compounds are dependent upon 
the type of fa t in  the diet, although the 
effects produced, are in  some cases com
plex to interpret. For example, the feeding 
of the LSO diet, with its high linolenic acid 
content, resulted in  a greater incorporation 
of this acid in liver and bile phosphatides 
and non-phosphatide lipids. There were, 
however, large increases in  the products of 
linolenic acid metabolism (eicosapent- 
aenoic, docosapentaenoic and docosahex- 
aenoic acid) in  the lipids. Although these 
increases occurred, there were, with the 
m inor exception of CL, sharp decreases in 
the levels of arachidonic acid in the phos
phatides and non-phosphatide lipids, even 
though in some cases the levels of linoleic 
acid were increased. The cause of this is 
not known but the results could support 
the hypothesis of Rahm and Holman (16 ) 
that high levels of linolenic acid suppress 
arachidonic acid form ation by competing 
with linoleic acid for the enzyme site 
which initiates the conversion of linoleic 
acid to arachidonic acid. However, it is 
possible that one of the products of lino
lenic acid metabolism, such as eicosapent- 
aenoic acid, is responsible for the de
creased formation of arachidonic acid.

The feeding of the FF diet consistently 
led to sharp decreases in  the linoleic acid, 
arachidonic acid and docosahexaenoic 
acid levels of the phosphatides. Under such 
conditions, the chicks attem pted to m ain
tain  unsaturation in  these compounds by 
incorporating greater am ounts of oleic 
acid, palmitoleic acid and 5,8,11-eico- 
satrienoic acid. At the present time, it can 
not be ascertained whether oleic acid is 
converted to 5.8,11-eicosatrienoic acid by 
the same enzyme system which converts
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linoleic acid to arachidonic acid. It ap
pears tha t in vitro experiments with the 
isolated enzymes are needed to prove or 
disprove this point. The BF diet generally 
produced sim ilar results as the FF diet but 
of a lower m agnitude. This probably re
flects the low content of linoleic acid in 
butter fat.

Although the type of dietary lipid played 
an im portant role in  determ ining which 
fatty  acids were present in  liver and bile 
lipids, the degree of unsaturation in  the 
individual phosphatides was fairly con
sistent. For example, in  table 8, the per
centages of total unsaturated  fatty  acids 
in liver and bile PE and PC, with the ex
ception of bile from  anim als fed the fat- 
free diet, were close to 50% . The observa
tion that approximately one-half of these 2 
phosphatides contained unsaturated  acids 
m ay be due to the fact that the g-position 
of certain phosphatides is occupied pri
marily by unsaturated  fatty  acids.
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ABSTRACT  Two purified diets were compared for growth of lambs. D iet 25p con
tained primarily casein as the source of nitrogen and diet 27v contained primarily 
urea. Although the average gain and feed efficiency were higher for diet 25p, differ
ences were not statistically significant. Diet 25p w as also shown to sustain normal 
reproduction of ewes. From results of the present report and previous studies, the 
thesis is developed that 5% alfa lfa  in  the casein-containing purified diets we have 
developed furnishes a factor! s )  required for reproduction of ewes but not for growth 
of lambs.

Previous investigations (1) showed that 
the growth of lambs fed a purified diet 
containing 20% casein (diet 17) was not 
improved by the addition of 5% alfalfa. 
In contrast, when urea was substituted for 
the source of nitrogen, the addition of 5% 
alfalfa improved the growth response of 
lambs markedly. The growth response of 
lambs fed the urea-alfalfa-containing diet, 
however, was not equal to that of the lambs 
fed the preformed protein-containing diet 
number 17. Since B-vitamins had been 
added to diet 17 and omitted from the 
urea-alfalfa diet, the possibility that dif
ferences obtained between these 2 diets 
were due to the presence or absence of 
B-vitamins could not be ruled out.

Concurrently with the growth experi
ments, the adequacy of diet 17 for repro
duction of ewes was also being tested. The 
results of the reproduction study carried 
out over a period of 2 years indicated that 
diet 17 did not sustain normal reproduc
tion.3 Vigorous rams from the University 
flock showed little interest in servicing the 
ewes fed the purified diet. Several ewes 
that became pregnant carried their fetus 
almost to term before the fetus died in 
utero. Attempts to settle ewes by the arti
ficial insemination technique4 also were 
unsuccessful.

With these results in mind, the present 
study was undertaken with 2 primary ob
jectives. The first was concerned with 
whether or not the purified diet containing 
urea and alfalfa could be made equal to the 
preformed protein diet for growth of lambs

by the addition of B-vitamins and methio
nine. The second objective was to deter
mine if the addition of alfalfa to the pre
formed protein diet would sustain normal 
reproduction of ewes.

EXPERIMENTAL

The details of the biological procedures 
used in the growth trial were similar to 
those described previously (1). Twelve 
lambs approximately 2.5 to 3 months of 
age were divided into 6 pairs based on 
weight, and then each pair was assigned 
at random to the 2 experimental diets 
(table l ) .5 The experimental period was 
33 weeks.

In the interest of equalizing the experi
mental diets as nearly as possible the ca
sein content of diet 17 (1) was reduced 
from 20 to 12% (diet 25p. table 1) to 
match the nitrogen content of the urea in * 1 2 3 4 5

R ece ived  fo r  p u b lic a tio n  J a n u a ry  5, 1965.
1 C o n tr ib u tio n  fro m  th e  A n im a l S c ience  D e p a r tm e n t, 

N o rth  C a ro lin a  A g ric u ltu ra l E x p e r im e n t S ta tio n , 
R ale ig h , N o r th  C aro lin a . P u b lish e d  w ith  th e  a p p ro v a l 
o f th e  D ire c to r o f R ese a rch  as P a p e r  no . 1903 o f th e  
T oum al Series.

2 S u p p o rted  in  p a r t  by  a  g ra n t  fro m  th e  H e rm a n  
F ra s c h  F o u n d a tio n .

3 U n p u b lis h e d  d a ta ,  G. M atro n e , 1962.
4 D ickey , J . F. 1961 T h e  u se  o f p ro g es te ro n e  a n d  

p re g n a n t  m a re  s e ru m  (P M S ) to  sy n ch ro n ize  e s tru s  
p r io r  to  a r t if ic ia l in s e m in a tio n  in  sheep . M a s te r’s 
th e s is , D e p a r tm e n t o f A n im a l S cience, N . C. S ta te  o f 
th e  U n iv e rs ity  o f N o r th  C a ro lin a  a t  R a le ig h , R a le ig h , 
N o r th  C aro lin a .

5 A ck n o w led g m en t is  g ra te fu lly  m a d e  to  th e  P ro c te r  
a n d  G am ble  C om pany , C in c in n a ti ,  fo r  th e  h y d ro g 
e n a te d  v e g e tab le  fa t ;  to  th e  N a tio n a l A lfa lfa  D eh y 
d ra t in g  a n d  M illin g  C o m p an y , K a n sa s  C ity , M isso u ri, 
fo r  th e  a lf a lf a  le a f  m e a l; to  H o ffm an n -L aR o ch e , In c ., 
N u tle y , N ew  Je rse y , fo r  th e  b io tin ; to  M erck  a n d  
C om p an y , In c ., R ah w a y , N ew  Je rse y , fo r  th e  o th e r  
v ita m in s  in  th e  m ix ; a n d  to  th e  R. P . S c h e re r  C orpo
ra tio n , D e tro it, fo r  th e  v i ta m in  A a n d  D  cap su le s .
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TA BLE 1
Com position of experim en tal diets

Diet
25p

Diet
27v

% %
Casein 12 .0 0.0
Urea 0.0 4.6
Glucose 1 2 2 .1 29.5
Starch 30.6 30.6
Hydrogenated vegetable fat - 4.0 4 .0
Cellulose 3.0 3 .0
Alfalfa lea f m e a l3 5.0 5.0
Vitamin m ix 4 5.0 5.0
KHCO3 4.0 4.0
NaHCOs 6.0 6.0
CaCC>3 1.0 1.0
CaH P04 1.8 1.8
M ineral m ix 5 3.0 3.0
M ethionine m ix 8 2.5 2.5

1 C ry s ta llin e  glucose. C orn  P ro d u c ts  S a les C om pany , 
N o rfo lk , V irg in ia .

2 P r im e x  B a n d  C (p u re  v eg e tab le  s h o r te n in g ) ,  
P ro c te r  a n d  G am b le  C o m p an y , C in c in n a ti .

3 A lfa lfa  le a f  m e a l (2 0 %  p ro te in ) .  N a tio n a l A lfa lfa  
D e h y d ra tin g  a n d  M illin g  C o m p an y , K a n sa s  C ity, 
M issou ri.

4 V ita m in  m ix tu re /4 5 .3 6  kg  d ie t: th ia m in e -H C l,
400 m g ; r ib o flav in , 850 m g ; n ic o tin ic  acid , 1.13 g; Ca 
p a n to th e n a te ,  1.42 g; p y rid o x in e -H C l, 570 m g ; fo lic  
a c id , 57 m g ; p -am in o b en zo ic  ac id , 1.13 g; in o s ito l, 
11.35 g; b io tin , 11.4 m g ; c h o lin e  c h lo rid e , 113.45 g; 
m e n a d io n e  (2 m e th y l-n a p h th o q u in o n e ) ,  115 m g ; 
0 .1%  v ita m in  B i 2 (w ith  m a n n i to l ) ,  4 .66 g; a -tocophery l 
a ce ta te . 570 m g ; g lucose , 2132 g. In  a d d itio n , 4000 
IU  o f  v ita m in  A a n d  400 IU  o f v ita m in  D /d a y /4 5 .3 6  
kg  body w e ig h t w ere  a d m in is te re d  by  cap su le .

5 M in e ra l m ix tu re /4 5 .3 6  kg  d ie t: KC1, 273 g; N aC l, 
239 g; M gSO i, 204 g; C u S 0 4-5H 20 ,  893 m g ; F e S 0 4- 
2H zO, 7648 m g ; M n S 0 4-H 20 ,  1399 m g ; ZnO , 2263 m g; 
C0CO3, 9 m g ; K I, 6 m g ; N a 2M o 0 4, 9.6 m g ; g lucose, 
633 g.

8 M e th io n in e  m ix  c o n ta in e d  4 p a r ts  g lu co se /1  p a r t  
m e th io n in e  a n d  f u r n is h e d  0.5%  m e th io n in e  to to ta l 
diet.

the contrasting diet (diet 27v, table 1). 
In addition 5% alfalfa and 0.5% DL-meth- 
ionine were added to each diet. Diet 25p 
was also fed to the ewes in  the reproduc
tion study.

The sampling procedure and analysis of 
blood during the growth experim ent were 
as described previously (1 ) . At the end 
of the growth trial, 2 separate runs for 
rum en fluid determ inations were made. 
In the first run  samples were taken by 
stomach tube from 6 anim als of 3 replica
tions of the growth trial and for the second 
run, samples were taken via rum en fistula 
from 4 of these animals. The anim als were 
force-fed 227 g of diet in one liter of water. 
In each run  a rum en sample was taken 
before feeding and subsequent samples 
were taken at 0.75, 1.5, 3 and 6 hours 
after feeding. Volatile fatty  acid analysis 
of the rum en samples by gas chromatog
raphy and pH determ inations were made

as described previously (1 ) . The proce
dures used for the nitrogen balance study 
with 6 of the experim ental anim als at the 
end of the growth trial have been de
scribed elsewhere (2 ).

The 10 ewes in the reproduction study 
were anim als previously used in  growth 
studies with purified diets. Thus all ewes 
in the experim ent had been raised on a 
purified regimen from the time they were
2.5 to 3 m onths old. They had been re
moved from the growth trials at one year 
of age; during the second year (1 9 6 1 - 
1962) they were fed diet 17 in the repro
duction study m entioned earlier. At the 
beginning of this reproduction study 
(1962-1963), the ewes were approximately 
2 years of age.

The ewes were housed in  pens in groups 
of two or three. Each day the ewes were 
turned out into a cindered exercise lot 
for 3 or 4 hours. The cinders were residue 
of bitum inous coal used in  the heating 
plant of the University. A ram  obtained 
from the University flock and fed a nor
mal hay-grain diet was turned out with 
the ewes in  the exercise lot.

RESULTS AND DISCUSSION 

The average gains and feed intakes of 
the lambs in  the growth experim ent are 
shown in table 2. Although, on the aver
age, the anim als fed the casein-containing 
diet, 25p, gained more and the kilograms 
of feed per kilogram gain was lower than 
for those lambs fed diet 27v, the differ
ences were not statistically significant. 
The average daily gains (table 2 ) ob
tained in this study are comparable to 
those obtained with diet 17 in the previous

TA BLE 2

C om parison of m ean gains and feed  in takes of 
lam bs fed purified diets contain ing prim arily  

casein or urea as the m ain  source 
of nitrogen

Criteria 1
Diets

25p
(casein)

27v
(urea)

Initial wt, kg 15.9 15.5
Gains, kg 2 35.0 31.6
Avg daily gain, kg 0.160 0.145
Kg feed /k g  gain 7.82 8.47

1 E a c h  v a lu e  is  a n  av e rag e  o f 6 a n im a ls .
2 S ta n d a rd  d e v ia tio n  o f a  m e a n  is  ±  1.77 kg. E x 

p e r im e n ta l  p e rio d  o f 33 w eek s  fo r  5 p a ir s  o f la m b s  
a n d  22 w eeks fo r  on e  p a ir .
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study (1 ) . The average daily gain ob
tained with diet 27v, the alfalfa-urea-con- 
taining diet, was superior to that obtained 
in the previous study ( 1 ) with similar 
urea-containing diets, one, diet 26, in 
which alfalfa was omitted, and another, 
diet 27, in  which only the B-vitamins were 
omitted. Presumably, both vitam ins and 
alfalfa supplements are required. It ap
pears, however, that by proper supplemen
tation, the purified diet 27v, containing 
prim arily urea nitrogen, is comparable for 
growth of lambs to one (diet 25p) con
taining primarily preformed protein n i
trogen.

The data obtained from the nitrogen 
balance study are shown in table 3. Anal
ysis of the diets showed that actual nitro
gen content of diet 25p was less, 1.88%, 
than that of diet 27v, 2.27% . Thus, since 
feed intake during the nitrogen balance 
study was equalized, the lambs fed the 
urea-containing diet, 27v, took in more 
nitrogen. The average nitrogen retention, 
however, was quite similar. More nitrogen 
was absorbed by the anim als fed the urea- 
containing diet, but these anim als also 
showed a higher excretion of nitrogen in

TABLE 3

Data from  nitrogen balance study

Criteria 1
Diets

25p
(casein)

27v
(urea)

Nitrogen in  diet, % 1.88 2.27
Fecal nitrogen, g 24.17 21.82
Urinary nitrogen, g 38.53 56.58
Nitrogen balance, g +  22.56 +  24.62

1 E a c h  v a lu e  is a m e a n  of 3 a n im a ls  fo r a co llec 
tio n  p e rio d  o f 5 days.

the urine. Since the nitrogen intakes were 
different, assessment of the urinary nitro
gen excretion cannot be made. The dry- 
m atter digestibilities of the 2 diets were 
high and comparable to each other, i.e., 
86.5% for diet 25p and 87.1% for diet 
27v.

The volatile fatty acid data expressed as 
percentage of total acid are shown in 
figure 1. Marked differences in the vola
tile fatty acid patterns between diets from 
sampling period to sampling period were 
not obtained. In general the ratio of ru 
m inal acetic to propionic acid tended to be 
higher for the lambs fed diet 27v than for 
those fed diet 25p. Isovaleric acid, how-

A P B I V  A P B I V  A P B I V  A P B I V  A P B I V  
0  3 /4  I 1/2 3 6

T IM E  OF SAM PLIN G  IN HOURS

Fig. 1 Volatile fatty acids in sam ples of rum en fluid of lam bs fed the experim ental 
diets 25p (ca se in ) and 27v (u rea). Each bar graph is a m ean of 5 anim als.
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ever, was significantly lower (P  §  0.05) 
for diet 27v than for diet 25p when all 
sampling periods are considered. This 
trend is consistent with that obtained in a 
previous study (1) in  which isovaleric acid 
was found to be lower for lambs fed puri
fied diets containing prim arily urea nitro
gen in contrast to those containing protein 
nitrogen. The results are in  harm ony with 
the concept that the branched-chain acids 
arise chiefly as end products of protein 
degradation (3 ) .

The m ean pH values of rum en samples 
plotted against time of sampling are 
shown in figure 2. The pH of the rum en 
samples taken at 0.75 hours and 1.5 hours 
were significantly lower (P  H 0.05) for the 
anim als fed diet 25p than  for those fed 
diet 27v. Presumably, am m onia released 
from the urea in  diet 27v increased the 
buffering capacity of the rum en.

Data on serum calcium, phosphorus, 
magnesium , sodium and potassium are 
not presented since no m arked differences 
between diets were obtained and because 
the values were similar to those reported 
previously (1 ) .

The results from 9 of the 10 ewes fed 
diet 25p in the reproduction study are 
shown in table 4. The tenth ewe suffered 
a broken leg before reaching term. A 
Caesarean operation revealed 2 dead fe
tuses. The 9 ewes gave birth to 15 lambs. 
Two were born dead and two died several 
hours after birth. Thus the lambing per
centage fell well w ithin the norm al range. 
The lambs were left with their dams for

Fig. 2 The pH of sam ples of rum en fluid of 
lam bs fed experim ental diets 25p (ca se in ) and 
27v (u rea ). Each bar graph is  a m ean of 5 
anim als.

TA BLE 4

Reproduction stu dy  — lam bs born, w eigh t at 
birth  and sex

Ew e
n o .1

Ew e 
w t 2

No. W t o f la m b s
la m b s
b o rn B orn

a liv e
B o rn
d ead

kg k g k g
317 65.8 i 5 5.5
293 60.3 2 d  4.3 3 

d  3.8
319 60.8 1 9 4.4
315 59.4 2 d  4.6 i  2.5
356 62.1 2 d  4.5 

9 3.6
304 68.5 1 9 4.9
291 59.0 2 $  2.9 4 <9 2.5
311 61.2 2 d  4.3 

d  3.8
320 61.7 2 d  4.5

9 3.2
1 T en  ew es, 2 y e a rs  o f age, re ce iv ed  d ie t 25p in  th e  

re p ro d u c tio n  s tu d y . O ne fe m a le  ew e b ro k e  i ts  leg ; 
C a e s a re a n  o p e ra tio n  re v e a led  2 d e ad  fe tu s e s  a lm o s t 
to te rm .

2 W eig h t b e fo re  p re g n a n cy .
3 B reech  b ir th ,  d ie d  sev e ra l h o u rs  a f te r  b ir th .
4 D ied  sev e ra l h o u rs  a f te r  b irth .

approximately 6 weeks. During this period 
the lambs also had access to the diet of 
their dams. Since the gains of the lambs 
were comparable to normally raised lambs, 
presumably the lactation levels of the 
dams were adequate during the 6-week 
period.

It seems unlikely that the positive re
sults obtained in this reproduction study 
in contrast to the negative results obtained 
previously were due to an inorganic ele
m ent picked up in the cindered exercise 
lot, first, because of the extensive num ber 
of m ineral elements supplied by the diet 
and second, because of the results from 
the subsequent (1963-1964) reproduction 
study. In the 1963-1964 study alfalfa was 
deleted from diet 25p, and again no live 
lambs were obtained from 8 ewes even 
though they had access to the cindered 
exercise lot. The pretreatm ent of these 
ewes and breeding m anagem ent were sim
ilar to those of the previous experiment.

Five per cent alfalfa is the basic differ
ence between diet 25p, which sustained 
reproduction, and diet 17 (1 ) , which has 
been found to be inadequate for reproduc
tion. It seems reasonable to conclude, 
therefore, that the alfalfa m eal contains 
a fac to r(s) for reproduction. Presumably, 
the alfalfa supplied a fac to r(s) which
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affected the ewes directly or through the 
microorganisms in the rum en.

From the data presented in  this report 
and those reported previously (1 ) , it is 
concluded that diet 25p is adequate for 
both growth and reproduction, whereas 
diet 17 (1 ) , which is sim ilar except for 
the omission of alfalfa, has been shown 
to be adequate and equal only for growth 
of lambs. W hether or not diet 27v, which 
contains prim arily urea nitrogen, can sus
tain  reproduction is now under considera
tion.
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ABSTRACT  The effects of the microflora on the m etabolism  of iron, copper, and 
m anganese were studied using germfree and conventional rats of both sexes. Hem o
globin and hem atocrit values were sim ilar in both groups, whereas plasm a iron and 
copper levels were slightly hut significantly lower in germfree than in  conventional 
rats. The liver of the germfree rat stored more iron than that of the conventional 
rat, but the spleen, kidneys, and the total body of the germfree rat contained less 
iron than those of the conventional anim al. As expected, the iron levels in  fem ales 
were higher than in  m ales in  both experim ental groups. The relative proportions of 
ferritin and hem osiderin iron in  the various organs of germfree and conventional rats 
were comparable. The levels o f copper in  these organs and in the total body followed  
the sam e pattern as the iron levels in  germfree and in  conventional rats. In contrast 
with the observations on iron and copper, the concentrations of m anganese in  the 
above m entioned organs and in the total body were sim ilar in  germfree and conven
tional rats. The results suggest a lower rate of iron and copper m etabolism  and a 
sim ilar rate of m anganese m etabolism  in germfree rats as compared w ith conventional 
rats.

Germfree rabbits in our laboratory dem
onstrated bone fragility, hind leg paralysis, 
irregular pregnancies, and low hemoglobin 
and plasm a iron levels, whereas none of 
these symptoms occurred in  their conven
tional counterparts m aintained with the 
same sterilized diet containing recom
mended levels of nutrients. Similar symp
toms have been linked to a dietary defi
ciency or im paired absorption of some trace 
m inerals such as iron, copper, m anganese 
and zinc (1 ) . Observations of this nature 
indicated the possibility of an effect of the 
microbial status on the metabolism of 
these m inerals. No reports about the trace 
m ineral metabolism in germfree anim als 
were available.

Since these symptoms are associated 
mainly with one or more of the above trace 
m inerals (1 ) ,  the present study was un 
dertaken as an initial step to determine 
the effects of the microflora on the iron, 
copper, and m anganese status of rats as 
determ ined by tissue and total body anal
ysis. Furtherm ore, the relative proportions 
of ferritin  iron and hem osiderin iron in 
the tissues of germfree and conventional 
ra ts were investigated, as it has been 
shown that a num ber of physiological and 
pathological factors affect the relative 
proportions of iron stored as ferritin  and

hemosiderin (2 ) . Rats were used in this 
investigation because of the unavailability 
of an adequate num ber of germfree rab
bits at the time of the study.

MATERIAL AND METHODS

Germfree and conventional albino rats 
of Lobund stock (W istar origin) were 
used in this investigation. The germfree 
and conventional anim als were genetically 
closely related. The germfree rats were 
housed in the Reyniers germfree system as 
described previously (3 ) ,  and the conven
tional rats in the open colony room. Fol
lowing weaning, all ra ts were m aintained 
with steam  sterilized, fortified practical- 
type diet L-462, which contained 800 ppm 
of iron, 100 ppm of copper and 200 ppm of 
m anganese (4 ) . Food and water were sup
plied ad libitum. Twenty ra ts (10 males 
and 10 fem ales) of each category (germ 
free and conventional) were used for tis
sue analysis. Six female rats of each cate
gory were used for the fractionation of 
tissue iron.

R ece ived  fo r  p u b lic a tio n  D ecem b er 18, 1964.
1 T h is  re s e a rc h  w as  su p p o rte d  specific  a lly  by  P u b 

lic  H e a lth  S erv ice  R e s e a rc h  G ra n t no . HD  00855 fro m  
th e  N a tio n a l In s t i tu te s  o f H e a lth ;  a lso  g e n e ra lly  by 
th e  Office o f N a v a l  R ese a rch  N O N R-1623 a n d  by  th e  
U n iv e rs ity  o f N o tre  D am e.

2 P re s e n te d  in  p a r t  a t  th e  4 8 th  a n n u a l  m e e tin g  of 
th e  F e d e ra tio n  o f A m e ric a n  Societies  fo r  E x p e r im e n ta l  
B iology, C h icag o , I llin o is .

J. N u t r it io n , 8 6:  ’65 159
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The anim als were killed at 14 weeks of 
age. To avoid diurnal variation effects, 
all anim als were killed at the same time of 
day throughout the experim ental period. 
Rats intended for tissue analysis were anes
thetized with ether. Blood was collected 
from the heart into a heparinized syringe 
and the residual blood removed as m uch as 
possible by bleeding freely from the carotid 
arteries. Liver, spleen and kidneys were 
removed, blotted to remove traces of blood, 
and weighed. Animals intended for total 
body analysis were killed by anesthetizing 
with ether. The gastrointestinal tract was 
removed, freed of its contents and washed 
in  deionized water. The entire carcass and 
the washed gastrointestinal tract were 
used for analysis. Care was taken to m ini
mize the loss of blood.

Hemoglobin was determined as oxyhe
moglobin (5 ) using 0.02 ml of heparinized 
blood and 5 ml of 0.007 n  NH4OH and 
m easuring the absorbency of the resulting 
solution at 550 mu in a Coleman spectro
photometer. The hem atocrit was measured 
by a macromethod after centrifuging the 
heparinized blood at 1200 X g for one 
hour (6 ).

Iron, copper, and m anganese content 
was determined after wet-ashing of the 
samples. For carcass analysis, the entire 
anim al with the washed gastrointestinal 
tract was cut into pieces in an Erlenmeyer 
flask containing 60 ml of concentrated 
H N 03 and 10 ml of 60% HC104. After the 
carcass had completely disintegrated over
night, the flask was heated on a sand bath. 
Portions of concentrated HNCb were added 
periodically until the solution was clear. 
Heating was continued until white fumes 
of HClOi were given off. A similar proce
dure was adopted for the wet-ashing of 
spleen, liver, and kidney samples, using 
smaller quantities of acids. The clear 
digest was diluted and measured aliquots 
were used for analysis.

Plasm a iron was m easured by the m acro
method of Ramsay (7 )  as modified by 
Scarlata and Moore (8 ) . The same method 
was used for the determ ination of total 
iron in the aliquots of digest of total car
cass, liver, spleen, and kidney. For the 6 
germfree and 6 conventional females used 
for the fractionation of liver, spleen and 
kidney iron, the method described by

Kaldor (2 )  was adopted to separate total 
tissue iron into heme iron and storage 
(non-hem e) iron. The heme iron was 
m easured by the method of Kaldor (2 ) . 
The storage (non-hem e) iron was m eas
ured as described by Kaldor (9 )  with the 
following modifications. Iron was ex
tracted from homogenized tissue with 4% 
HC1 for 30 m inutes at 95°. The super
n a tan t solution was deproteinized with 
40% trichloroacetic acid and the iron con
tent determined spectrophotometrically 
with alpha, alpha-dipyridyl reagent (8 ) 
instead of ortho-phenanthroline reagent. 
Storage iron was further separated into 
water-soluble ferritin iron and water-insol
uble hemosiderin iron. The iron content 
of the water-soluble and water-insoluble 
portions of homogenized tissue centri
fuged at 2000 X g, representing ferritin 
and hemosiderin iron respectively, was 
m easured by the method of Kaldor (2 ) 
again using alpha, alpha-dipyridyl re
agent instead of ortho-phenanthroline.

The copper content of plasm a and of 
tissue digest was m easured by the method 
of Rice (1 0 ) using oxalyldihydrazide in 
HC1 and a saturated solution of concen
trated NH4OH with oxalyldihydrazide, re
spectively. The m anganese content of 
tissue digest was m easured by the new 
benzidine procedure of Sastry et al. (1 1 ). 
To remove H N 03 and HC104, which other
wise would interfere with the assay of 
m anganese, a m easured am ount of tissue 
digest was heated at 100° to dryness and 
dissolved with deionized water.

The data were analyzed by analysis of 
variance techniques as outlined by Steel 
and Torrie (1 2 ).

RESULTS

Total body, liver, spleen and kidney 
weights of germfree and conventional rats 
at 14 weeks of age are summarized in 
table 1. Because the germfree anim als 
accum ulated large am ounts of m aterial 
in the cecum, the body weights were cor
rected for cecal contents in  all groups. 
The liver, spleen, kidney and corrected 
body weights of conventional rats were 
higher than  those of germfree rats. W hen 
these organ weights were calculated per 
100 g corrected body weight, there was 
no difference in spleen and kidney weights
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between germfree and conventional rats, 
whereas the liver weight in germfree rats 
was slightly lower.

Plasm a iron and copper, hemoglobin 
and hem atocrit values are recorded in 
table 2. There was no significant sex dif
ference or status difference (germ free vs. 
conventional) in hemoglobin and hem ato
crit values. Plasm a iron and copper levels 
in the germfree rats were slightly but 
significantly lower than in  the conven
tional animals. There was no sex differ
ence in  plasm a copper values, whereas 
plasm a iron values were substantially 
lower in  males than in  females.

The iron content of liver, spleen, kid
ney, and total body is summarized in 
table 3. The iron content of the liver, 
calculated both on 100-g fresh tissue basis 
(concentration) and on a total organ 
basis, was higher in germfree rats than  in 
conventional rats. Germfree conditions de
creased both the concentration and total 
iron in spleen, kidney, and total body. 
The concentrations of iron in liver, spleen, 
kidney, and total body, and the iron con
tent of liver and total body were lower in 
male rats than in female rats.

Table 4 presents the m ean values found 
for heme iron, storage (non-hem e) iron, 
and the ferritin (w ater soluble) and hem o
siderin (w ater insoluble) iron fractions of 
storage iron in the liver, spleen and kid
neys of germfree and conventional female 
rats. The sum of the ferritin  and hem o
siderin iron fractions was almost equal to 
the storage iron in  liver, spleen and kid
neys. This indicates that all storage iron 
in these organs was accounted for by these 
procedures. The am ount of hemoglobin 
iron present was subject to considerable 
variation even within the same organs, the 
percentage of heme iron in  liver, spleen 
and kidney ranging from 7 to 12% in both 
conventional and germfree rats. This indi
cates that, under the experim ental condi
tions, only a small portion of total tissue 
iron was present in the form of heme iron. 
The concentration of storage iron showed 
the same trend between germfree and 
conventional tissues as the total tissue iron 
(table 3). The concentration of both fer
ritin  and hemosiderin iron was higher in 
liver and lower in spleen and kidneys of 
germfree rats, although the difference in
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concentration of kidney hemosiderin iron 
did not reach statistical significance. 
There were only small though significant 
differences between germfree and conven
tional rats in the proportions of ferritin 
and hemosiderin iron. The ratio of hem o
siderin iron to ferritin iron was higher in 
germfree liver and kidney than in the 
conventional organs but the ratio was 
lower in germfree spleen than in conven
tional spleen.

The concentration and content of cop
per in liver, spleen, kidney and total body 
are shown in table 5. The concentration 
of copper in these tissues varied between 
germfree and conventional rats, the gen
eral trend being sim ilar to that of iron 
(table 3). Thus the concentration of cop
per in the liver was higher in germfree 
than in conventional rats. W hen these 
results were calculated on total liver con
tent basis, there was no significant differ
ence but even on this basis the germfree 
ra t with generally lower liver weights 
tended to show a higher copper content. 
Germfree rats showed lower levels of cop
per in both spleen and kidney than the 
conventional rats. Total body copper was 
higher in the conventional rats than in 
the germfree. In both groups the values 
tended to be higher in females when ex
pressed on a concentration basis, but 
higher in  males when calculated on a 
total organ or a total body basis.

The concentration and content of m an
ganese in the liver, spleen, kidney and 
total body of germfree and conventional 
rats are shown in table 6. Manganese was 
present in the least am ount of the trace 
m inerals m easured in this investigation. 
There was no difference either between 
germfree and conventional rats or between 
sexes in the m anganese concentration of 
liver, spleen and kidney. The concentra
tion of m anganese in the total body was 
slightly but significantly higher in females 
than in males, although the males being 
larger, had more total body m anganese 
than the females. W hatever differences 
in total m anganese content of body and 
organs were dem onstrated, could be attrib
uted entirely to the differences in organ 
weight or in body weight between the germ
free and conventional rats and between the 
male and female rats.
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DISCUSSION

The levels of iron, copper and m an
ganese in  diet L-462 are relatively high 
compared with requirem ents of rats under 
norm al conditions. Early work in  this 
laboratory had raised the question of the 
availability of trace m inerals in  steam- 
sterilized diets. This problem was em 
phasized more recently by the observation 
that the rabbits m aintained with similar 
steam-sterilized diets dem onstrated bone 
fragility, hind leg paralysis, irregular preg
nancies, and low hemoglobin and plasm a 
iron levels.3 Availability of trace m inerals 
after steam sterilization of diets was not 
known. Furtherm ore, variable losses could 
occur as a result of leaching of these trace 
m inerals through the cloth bag in which 
the diet was sterilized. In view of these 
considerations, diet L-462, like most diets 
used for germfree animals, was fortified 
with relatively high levels of trace m in
erals. The general nutritional adequacy 
of this diet for germfree rats has been 
established through m any generations of 
anim als by its ability to support norm al 
growth, perform ance and reproduction. No 
symptoms of toxicity of any trace m in
erals were observed in either germfree or 
conventional rats m aintained with this 
diet.

It was shown previously that, when rats 
were fed a standard diet, there was no 
consistent difference in hemoglobin levels 
between males and females (1 3 ), but the 
plasm a iron concentration was signifi
cantly higher in female rats (13, 14). The 
absence of any sex difference in plasm a 
copper was also reported (1 ) . The present 
work confirms these observations and in 
dicates sim ilar relationships in germfree 
rats. The observation of norm al hemo
globin, hem atocrit and plasm a iron and 
copper levels in the germfree rats indi
cated the absence of any symptoms of 
anemia, in contrast with the anemic con
ditions observed in germfree rabbits m ain
tained with a diet which produced totally 
asymptomatic conventional animals. Al
though the plasm a iron and copper con
centration in germfree rats can be con
sidered to fall within the norm al range, 
the values were slightly but significantly 
lower than in conventional animals.

Higher levels of storage iron in  female 
rats were dem onstrated by Kaldor and 
Powell (1 5 ) and Morgan (1 4 ). The pres
ent data are in  agreem ent with these con
clusions (14, 15) and indicate the exist
ence of a sim ilar situation in  germfree 
rats. Data on the influence of the sex 
factor on the copper and m anganese con
tent of organs and of total body are sparse. 
Spray and Widdowson (1 6 ) observed no 
striking sex difference in  the copper con
tent of the total body, although female 
rats tended to have greater concentrations 
than males of the same ages. The present 
data show that the concentrations of cop
per in liver, kidney and total body of fe
male rats are higher, although the greater 
organ and total body weights of male rats 
resulted in higher total content of this 
m ineral. The results also indicate that the 
over-all effect of sex observed in the case 
of copper was small compared with that of 
iron. In the case of m anganese there was 
no difference in the specific organs tested, 
but an effect of sex on total body concen
tration and content comparable to that of 
copper could be demonstrated.

The liver of the germfree ra t stored 
more iron than the liver of the conven
tional anim al, but the spleen and kidneys 
contained less iron, although all anim als 
were fed the same sterilized diet. From 
this fact it could be postulated that the 
spleen m ight not be a m ajor iron storage 
organ in germfree animals. Kaldor (17 ) 
reported that, in the absence of the spleen, 
the liver appeared to assume the storage 
function of this organ because the differ
ence between the iron content of the livers 
of similarly treated in tact rats and splen- 
ectomized rats was approximately equal 
to the am ount of iron in the spleens of 
in tact rats. Since the combined liver and 
spleen storage iron was not appreciably 
different between germfree and conven
tional anim als, it is possible that the 
changes in  iron content noted in  the liver 
and spleen of germfree ra ts represent a 
shift in function between these 2 organs. 
Moreover, recent studies (18 ) have shown 
that germfree rats contained approxi
mately 22% less total blood volume and

3 R eddy , B. S., J. R. P le a sa n ts  a n d  B. S. W o stm an n  
1964 Iro n  a n d  co p p er m e ta b o lism  in  g e rm free  r a b 
b its  a n d  ra ts .  G n o tob io tic  S ym posium  a n d  W o rkshop , 
M ich ig an  S ta te  U n iv e rs ity , E a s t  L a n s in g , M ich ig an .
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hemoglobin per 100 g body weight than 
conventional rats. This suggests that in 
germfree rats less iron is needed for hemo
globin formation. Mazur and Carleton
(1 9 ) stated that, in endotoxin-treated rats, 
the low am ount of iron available to bone 
m arrow for hemoglobin synthesis was as
sociated with an abnormal accum ulation 
of iron in the liver. In the germfree rats 
a lower demand for iron for hemoglobin 
formation would then be associated with 
an abnormal accum ulation of storage iron 
in the liver, whereas the lower iron levels 
noted in  the spleen would reflect a gener
ally reduced iron metabolism.

The occurrence of hypochromic anemia 
in germfree rabbits focussed attention on 
the availability and absorption of dietary 
iron in germfree animals. It has been 
demonstrated that alterations of the in 
testinal flora by antibiotic treatm ent were 
associated with a decrease in iron absorp
tion (20, 21). A recent investigation 
showed a more positive oxidative-reduc
tion potential in the intestine of the germ
free ra t as compared with the conven
tional rat, the difference being of the order 
of 200 to 300 mv.4 These data suggest 
that the availability of iron could differ 
between germfree and conventional ani
mals, depending on its ionic state and the 
am ount of iron-complexing m aterial pres
ent in the diet (2 2 ). In germfree rabbits, 
the symptoms of hypochromic anemia 
were, presumably, due to insufficient avail
ability of iron from the added ferric citrate 
under the conditions existing in the germ
free intestine. Changes in the diet com
position which provided less total iron in 
a more natural form (soybean m eal) 
apparently relieved symptoms of anem ia.5 
It is probable that in germfree rats also, 
the iron availability may be slightly lower 
due to existing intestinal conditions. How
ever, the absorption of iron is sufficient to 
meet requirem ents for hemoglobin form a
tion and even allows a higher than norm al 
storage of iron in liver.

The results of the separation of storage 
iron in conventional female rats are con
sistent with previous reports which indi
cated that, at approximately 4 m onths of 
age, ferritin storage predominated in the 
liver and hemosiderin storage predomi
nated in the spleen (2 ) . No comparable

data were available in the literature for the 
rat kidney. Although a considerable dif
ference was observed between germfree 
and conventional rats with respect to stor
age iron content of liver, spleen and kid
ney, the relative proportions of the ferritin 
and hemosiderin iron fractions in these 
organs were approximately constant in 
germfree and conventional rats. In gen
eral, these data are in agreem ent with the 
observations that the iron appears to be 
stored in and to be released equally readily 
from the ferritin and hemosiderin com
pounds in norm al rats (2 3 ). The present 
data suggest that the germfree rats re
semble conventional rats in this respect.

The levels of copper in liver, spleen, 
kidney and total body followed the same 
pattern as the iron levels in germfree and 
conventional rats, as dem onstrated by an 
increase in concentration of liver copper 
and decrease in spleen, kidney and total 
body copper levels in germfree rats. Al
though copper concentrations were m uch 
lower than  concentrations in the com par
able iron data, sim ilar ratios between the 
values obtained from germfree and con
ventional anim als generally existed. Thus 
the apparent iron-copper relationship holds 
true in germfree rats as well as in conven
tional rats and thereby supports the gen
eral conception of the relation of copper 
to iron metabolism in the anim al body. 
The levels of copper observed in the livers 
of both germfree and conventional rats 
are somewhat higher than reported by 
others (2 4 ). This may reflect the rela
tively high copper concentration of diet 
L-462 mentioned previously.

The m anganese data presented for con
ventional rats are in agreem ent with the 
observations of Lorenzen and Smith (24 ) 
for the liver of rats, and with the average 
figures on liver, spleen and kidney re
corded in the literature for a wide range 
of species (2 5 ). In contrast with the ob
servations on iron and copper there was 
no significant difference between germfree 
and conventional rats in  the concentra
tions of m anganese in liver, spleen and 
kidney. The relative constancy of the 
m anganese levels indicates that the germ
free state did not appreciably change the

4 U n p u b lish ed  d a ta ,  B. S. W o stm an n , 1964.
5 See fo o tn o te  3.
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over-all status of this m ineral in the ani
mal body. The fact that no influence of 
the sex factor was observed on the m an
ganese levels in spleen, liver and kidney, 
whereas both germfree and conventional 
females dem onstrated a somewhat higher 
total body m anganese concentration, sug
gests that in  females the m anganese con
centration of the bones m ust be higher, 
since a m ajor part of the total m anganese 
is situated in  the skeleton (1 ) .

Because of the knowledge obtained thus 
far, it appears reasonable to state that in 
germfree rabbits, norm al hemoglobin lev
els were obtained only by providing iron 
in  a form whose availability was not seri
ously affected by germfree intestinal con
ditions. The present data on rats suggest 
a lower rate of metabolism of iron and 
copper in  germfree rats than  in conven
tional rats and an inappreciable difference 
in m anganese metabolism between germ
free and conventional rats. Even though 
iron may conceivably be less available in 
the intestine of the germfree ra t, the ab
sorption and utilization are sufficient to 
provide norm al hemoglobin levels for a 
reduced total volume. In fact, the m etab
olism of iron in germfree rats results in 
even higher levels of liver iron than ob
served in  conventional rats.
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ABSTRACT  The m etabolism  of orally adm inistered tracer doses o f Zn65 was stud
ied in m an under strictly controlled dietary conditions during low and high calcium  
intake. The average intestinal absorption of radiozinc was 35.7% in the 5 patients 
studied during low  calcium  intake. There w as no significant change in  Zn65 absorp
tion w hen the intake of calcium  of these patients was increased six- to tenfold. Also, 
there was no correlation between the calcium  balances and the absorption of Zn65, 
nor between the urinary excretion of calcium  and of Zn65. A calcium -zinc antagonism , 
postulated in  anim al experim ents, could not be demonstrated in  hum ans under the 
conditions of our studies.

The interaction of zinc and calcium has 
been extensively described (1 -5 ) ,  as well 
as the influence of trace elements on the 
skeleton (1, 6 ). The addition of large 
am ounts of calcium to the diet of animals, 
receiving a borderline intake of zinc, has 
been shown to induce symptoms of zinc 
deficiency (1 , 2, 7, 8 ).

Only limited inform ation is available on 
the metabolism of stable zinc in m an, 
probably because of the problems of trace 
m etal contam ination inherent in studies 
of trace m etal metabolism. The use of 
radioactive zinc (Z n65) has eliminated 
some of these difficulties, and has facili
tated studies of some aspects of zinc m e
tabolism in m an. The disappearance rate 
of Zn65 from the plasm a and its uptake in 
white and red blood cells have been investi
gated (9, 10), and the tissue distribution 
and the turnover of Zn65 have been deter
m ined in  m an (1 1 ). To our knowledge, 
no inform ation is available on the absorp
tion of Zn65 from  the intestine under con
trolled dietary conditions in m an, or on the 
influence of different dietary factors on 
Zn65 absorption in  hum ans. Studies of the 
absorption of zinc were therefore per
formed in m an under constant conditions 
using Zn65 as the tracer and on the effect 
of calcium added to the diet.

EXPERIMENTAL

The studies were performed under 
strictly controlled dietary and metabolic 
conditions in our metabolic research ward

on 5 patients during low and high calcium 
intake ( table 1 ). All patients were am bu
latory and in  good physical and nutritional 
state. The only objective observations were 
the residue of a previous derm atitis in 
patient 1, some spurring of the vertebrae 
on X-ray in  patient 2. the slight-to-moder- 
ate demineralization of the skeleton in pa
tients 3 and 5, and the pulm onary calcifi
cations on X-ray of the chest in patient 4. 
All chemical laboratory tests of these pa
tients were normal.

The diet was kept constant throughout 
the studies and was analyzed for nitrogen, 
calcium, phosphorus, sodium and potas
sium. The composition of the diet is listed 
in table 2. The dietary content of stable 
zinc was calculated to range from 12 to 
15 m g/day. The daily fluid intake was 
kept constant. The body weight and the 
urine volume were determined daily. All 
urine and stool specimens were collected 
from the start of the study. Metabolic bal
ances of calcium, phosphorus and nitro
gen were determined during the low and 
high calcium intake to ascertain the m et
abolic status of the patients. Five studies 
of the absorption of Zn85 were performed 
during the intake of a low calcium diet 
which contained an average of 258 mg 
calcium and 771 mg phosphorus/day. 
Subsequently, 8 absorption studies of Zn85 
were performed in the same patients dur-

R ece ived  fo r  p u b lic a tio n  J a n u a ry  25, 1965.
1 S tu d y  su p p o rte d  by P u b lic  H e a lth  S erv ice  R ese a rch  

G ra n t no . C-6114 fro m  th e  N a tio n a l C an c e r  In s ti tu te .

J. N u t r it io n , 86 :  ’65 169
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TA BLE 1

P atients studied  and duration of studies

No. o f d ay s  s tu d ie d
Patient 1 

no. Age Diagnosis Low 
calcium, 

diet 2
High 

calcium 
diet 3

years
i 50 Chronic dermatitis 24 30

2 51 Osteoarthritis 28 14 ,21

3 60 Osteoporosis, moderate 22 22

4 60 Pulm onary calcifications
and em physem a 20 14, 15

5 51 Osteoporosis, m ild 24 22, 10

1 A ll su b jec ts  w ere  m a le  p a tie n ts .
2 A verage  low  c a lc iu m  in ta k e  =  253 m g /d a y .
3 A verage h ig h  c a lc iu m  in ta k e  =  1981 m g /d a y .

TABLE 2

Com position of m etabolic loiu calcium  diet 
(2223 heal)

P ro te in C arbo 
h y d ra te F a t

9/day 9/day g/day
Fruit juice, 200 m l 24
Rice,1 30 g 1 24
Spaghetti,1 20 g 122 15
Bread, 150 g J 78
Jelly, 120 g 78
Potatoes,2 100 g l  s 19
Canned vegetables, 175 g / 15
Sweetened canned
' fruit, 225 g 44

Sugar, 28 g 28
Meat (beef and

. turkey), 200 g 44 28
Butterfat, 50 g 41
Cream, 20 g 2

Total 71 325 71
1 W eig h t o f ra w  food.
2 W eig h t o f cooked food.

ing high calcium intake. Two studies were 
perform ed during high calcium intake in 
patients 2, 4 and 5. An interval of 3 to 10 
m onths was allowed to elapse before the 
studies were performed during high cal
cium intake in  order to perm it the disap
pearance of Zn65 from the blood. In the 
high calcium phase, calcium gluconate 
tablets were added to the constant low cal
cium diet to raise the calcium intake ap
proximately eightfold, all other constitu
ents of the diet rem aining unchanged; the 
high calcium intake ranged from 1707 to 
2123 m g/day  and averaged 1983 m g/day.

A single tracer dose of 15 to 25 uc Zn65 
as the chloride was adm inistered orally 
with breakfast during low and high cal
cium intake. The levels of Zn65 in whole 
blood and plasm a were determined at 1 ,4 , 
8 and 24 hours on the day of adm inistra
tion of the Zn65 tracer, daily in  the first 
week of the study and at less frequent in 
tervals thereafter.

The urinary Zn“ excretions were deter
m ined daily on aliquots of 24-hour urine 
collections and the fecal Zn65 excretions 
were determ ined on each stool specimen. 
The duration of the tracer studies averaged 
24 days during low calcium intake and 19 
days during high calcium intake.

The counting of Zn65 in  plasm a, whole 
blood, urine and stool was performed in a 
well-type N al crystal y-scintillation counter. 
Dose standards were counted at the time 
of the radioassays of the samples of blood, 
urine, and stool. The Zn65 level in whole 
blood and plasm a was expressed as per
centage of dose per liter, the urinary Zn65 
excretion as percentage of dose per total 
urine volume per day, and the fecal Zn“ 
excretion as percentage of the adm inis
tered dose per stool specimen.

The absorption of Zn65 was determined 
as follows:

. ,  . „  ZnS5 intake — fecal Zn65Absorption, % = --------- — — .----- ------------- X 100.
Zn65 intake

In this calculation, the endogenous fecal 
excretion of Zn65 has not been considered. 
The true absorption of Zn“ was determ ined 
by correcting for endogenous fecal Zn65 ex
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cretion following the intravenous injection 
of the tracer to m an (1 1 ), considering an 
average of 10% of the absorbed dose as 
endogenous fecal Zn65 excretion.

The urinary excretions of creatinine, cal
cium and phosphorus were determined 
daily. Metabolic balances of calcium, phos
phorus and nitrogen were determined on 
aliquots of 6-day pools of urine and stool 
and on aliquots of the diet. Calcium 
was determined by precipitation as the 
oxalate and titration with perm anganate; 
nitrogen by the Kjeldahl method, and phos
phorus by the method of Fiske and Subba- 
Row (1 2 ). Stool calcium and phosphorus 
were determ ined on dry-ashed aliquots of
6-day stool pools.

RESULTS

A representative example of the Zn65 
levels in  whole blood and plasm a in  the first 
24 hours following the ingestion of a single 
tracer dose of Zn65 is shown in figure 1 
(patient 1). Initially, the Zn05 level in 
plasm a was higher than  that of whole 
blood, reached a m axim um  at 4 hours and 
decreased with time thereafter. The Zn65 
level in  whole blood reached a m axim um  
also at 4 hours; however, this level de
creased only slightly by the eighth hour, 
and increased thereafter so that the Zn65 
level in whole blood was approximately

twice as high at 24 hours as at one hour 
after the ingestion of the dose.

The Zn63 level in plasm a and whole blood 
in 28 days after the oral ingestion of Zn65 
is shown in figure 2. The plasm a concen
tration of Zn65 continued to decrease with 
time and less than 0.1% of the dose re
m ained per liter of plasm a at 10 days. 
From day 20 to 28 after the oral adm inis
tration of the dose, the plasm a level of Zn63 
rem ained approximately in the same low 
range. In contrast, the Zn85 level in  whole 
blood continued to increase in the first 5 
days after the ingestion of the tracer, and 
decreased thereafter. However, the Zn63 
level in whole blood rem ained about 2 to 3 
times as high as the plasm a level through
out the 28 days of the study.

The urinary and fecal excretion of Zn63 
after the oral adm inistration of the dose is 
graphed in  figure 3 (patient 2 ). The uri
nary excretion of Zn83 was very low 
throughout the study and was somewhat 
higher in the first few days after the ad
m inistration of Zn85 than  in the later phase 
of the study when less than  0.1% of the 
dose was excreted in urine per day. The 
m ajor portion of the adm inistered dose, 
66% , was passed with the stool in the first 
3 days (not graphed in fig. 3 ). Thereafter, 
the fecal excretion of Zn63 was low and 
less than  1% of the dose was excreted per

Fig. 1 Zn65 levels in  plasm a and whole blood in  m an; a single tracer dose of ZnB5Cl2 was 
given orally at the start of the study.



172 H. S P E N C E R , V. V A N K IN SC O T T , I. L E W IN  A N D  J . SAM A CH SO N

Fig. 2 Zn65 levels in  plasm a and whole blood in  m an during low calcium  intake; a 
single tracer dose of Zn65Cl2 was given orally at the start of the study.

Fig. 3 Metabolism of an oral tracer of Zn65; plasm a levels, rate of excretions, cum ulative 
excretions and tissue retention of Zn6s; a total of 66% of the orally administered Zn65 was 
passed w ith the stool in  the first 3 days.

day. During the later phase of the study, 
the excretion of Zn65 in  stool was approxi
mately 0.2% of the dose per day and this 
excretion was slightly higher than  the uri
nary Zn65 excretion. At the end of 21 days 
the m ajor portion of the ingested Zn“ , 
70% , had passed with the stool, 2% in 
urine, and 28% of the dose was retained 
in the tissues of the body.

The excretion pattern of Zn65 in urine 
and stool in the rem aining 4 patients was 
sim ilar to that of patient 2.

The Zn65 levels in plasm a and whole 
blood during low and high calcium intake 
are shown in figure 4 (patient 2 ). During 
both intake levels of calcium, the plasm a 
level of Zn65 reached a peak at 4 hours. 
During high calcium intake, the Zn65 levels
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in plasm a and in whole blood were slightly 
lower at 8 hours and at 24 hours than  at 
the corresponding time intervals during 
low calcium intake. This pattern of Zn65 
concentration in plasm a and whole blood 
during high calcium intake was noted in 
all but one of the 5 patients studied (p a
tient 1), in  whom the Zn65 level in whole 
blood was higher during high calcium in 
take than during low calcium intake.

Since the passage time of the radioisotope 
in stool varies greatly in  different persons, 
the fecal Zn65 excretion graphed in  figure 
5 represents the cumulative Zn65 excretion 
up to the time when less than  1% of the 
dose was excreted in  stool per day. During 
low calcium intake the cumulative fecal 
Zn65 excretion ranged from 61.5 to 75.7% 
in the 5 patients. The effect of high cal
cium intake was neither consistent nor

Fig. 4 Concentration of Zn65 in whole blood and plasm a during low  and high calcium  
intake; a single tracer dose of Zn65Cl2 was given orally at the start of the study.

Fig. 5 Fecal excretion of Zn65 during low and high calcium  intake; each bar represents the cumu 
lative fecal Zn65 excretion up to the time w hen less than 1% of the dose was excreted in stool.
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significant and the fecal Zn65 excretion was 
approximately in  the same range during 
low and high calcium intake in patients 1, 
2 and 3 and was slightly higher during 
high calcium intake in  patients 4 and 5. 
The Zn65 excretion in  stool averaged 72.7% 
in the 8 studies performed during high cal
cium intake as compared with an average 
excretion of 68.1% during low calcium 
studies.

Table 3 shows the relationship between 
the calcium balances and Zn65 absorption 
during low and high calcium intake. The 
calcium balances were slightly negative 
with low calcium intake and became posi
tive on addition of calcium to the diet. 
There was no correlation between the cal
cium balances and the intestinal absorp
tion of Zn65 (ne t or corrected for endogen
ous fecal Zn6S) with low or high calcium

TA BLE 3

R elationsh ip betw een  calcium  balances and Zn65 absorption in  m an

Low  c a lc iu m  in ta k e H ig h  c a lc iu m  in ta k e
P a tie n t

no. C alc iu m Z n 65 a b so rp tio n C a lc iu m Z n 65 ab so rp tio n

In ta k e B a lan ce A p p a r e n t1 T ru e  2 In ta k e B a lan ce A p p a re n t 1 T ru e  2

m g / d a y m g / d a y %  d o s e %  d o s e m g / d a y m g / d a y %  d o s e % d o s e
i 2 6 0 -  94 2 4 .3 2 7 .0 2 1 2 3 +  3 5 9 2 6 .5 2 9 .4

2 2 4 7 - 1 4 4 2 7 .2 3 0 .2 2 0 4 8 +  62 2 4 .7 2 7 .4
19 7 4 +  101 2 9 .4 3 2 .7

3 174 -  38 3 9 .5 4 3 .9 1 7 0 7 +  301 3 0 .9 3 4 .3

4 3 0 4 - 1 6 1 3 3 .7 3 7 .5 2 0 1 7 +  29 2 7 .3 3 0 .5
18 6 4 +  126 2 2 .5 2 5 .0

5 3 0 5 — 104 3 5 .9 3 9 .9 2 0 2 2 +  2 2 0 3 4 .7 3 8 .9
2 1 0 5 +  3 9 0 2 8 .8 3 1 .9

Average 2 5 8 - 1 0 8 3 2 .1 3 5 .7 1 9 8 3 +  199 2 8 .1 3 1 .3

1 A p p a re n t 
c re tion .

ab so rp tio n , «i Znfl:: in ta k e  — fe c a l Z n 65
N o t co rrec ted fo r  en d o g en o u s  fe c a l Z n 65 ex-Z n 65 in ta k e

2 C orrec ted fo r  e n d o g en o u s  feca l Z n 65 ex cretion .

TABLE 4

Excretion of calcium  and of Zn65 in urine

P a tie n t
no.

C a lc iu m
in ta k e

U rin a ry  Z n 6:5 e x c re tio n U rin a ry
c a lc iu m

e x cre tio n24-hour 7-day
c u m u la tiv e

mg/day %  o f  d o s e %  o f  d o s e mg/day
i 2 4 2 0 .1 0 0 .5 5 74

2 0 8 4 0 .2 0 1 .1 2 76

2 2 4 0 0 .1 0 0 .2 5  1 65
2 0 2 0 0 .0 6 0 .3 8  1 88
194 4 0 .1 1 0 .8 0 8 6

3 168 0 .1 1 0 .9 0 71
171 3 0 .1 3 1 .03 187

4 3 1 4 0 .1 3 0 .8 2 122
1881 0 .11 0 .6 3 161
199 4 0 .1 2 0 .7 4 2 0 6

5 3 0 0 0 .1 9 1 .07 71
2 0 9 3 0 .01 0 .6 5 48
2 1 1 5 0 .0 8 0 .6 6 4 6

1 F o u r-d ay  c u m u la tiv e  ex cre tio n .
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intake nor was there any m ajor change in 
the Zn65 absorption in the high calcium 
phase. The corrected Zn65 absorption aver
aged 35.7% during low calcium intake and 
31.3% during high calcium intake.

Table 4 shows the relationship between 
the urinary excretion of Zn65 and of cal
cium during low and high calcium intake. 
There was no consistent trend of change 
in urinary Zn65 excretion on addition of 
calcium to the diet, the urinary Zn65 ex
cretion increasing in some studies and de
creasing in  others in  the high calcium 
phase. This was the case for the Zn85 ex
cretion in  the first 24 hours after the ad
m inistration of the dose, and for the 7-day 
cum ulative urinary Zn65 excretion.

DISCUSSION

After the oral adm inistration of a radio
isotope, the plasm a level reflects the rate 
and extent of entry of the tracer from the 
intestine into the blood stream. Since the 
Zn63 plasm a level was highest 4 hours 
after the ingestion of the dose and de
creased with time thereafter, it appears 
that most of the absorption of Zn65 from 
the intestine was accomplished during the 
first 4 hours. The subsequent continuous 
decrease in  the Zn65 plasm a level was prob
ably due to the uptake of Zn65 by the vari
ous tissues and by cellular elements of the 
blood (9—11) and to binding of Zn63 to 
plasm a proteins (13, 14). The high Zn65 
level in  whole blood in  the 28-day study 
indicated continued incorporation of Zn65 
into red and white blood cells, in agree
m ent with observations m ade following the 
intravenous injection of Zn85 in  m an (9, 
1 1 ) .

The low urinary excretion of Zn83 after 
the oral ingestion of Zn83 is similar to ob
servations in  m an following the intraven
ous adm inistration of Zn63 (11). The m ain 
pathway of Zn65 excretion in m an, after 
either oral or intravenous adm inistration of 
the radioisotope, is via the intestine and not 
via the kidney, sim ilar to observations made 
in rats (1 5 ). There was no correlation be
tween the Zn83 plasm a levels and the u ri
nary excretion of Zn63 in m an, in agree
m ent with results obtained in mice (1 3 ).

The fecal Zn83 excretion varied in the 5 
patients during low calcium intake and the 
m ajor portion of the fecal Zn63 represented

Zn83 which passed unabsorbed through the 
intestine. Because of the long physical 
half-life of Zn83 and of its long biological 
half-life in m an (1 1 ), an intravenous in 
jection of Zn83 could not be given to pa
tients who had previously received an oral 
dose of this isotope. The endogenous fecal 
excretion of Zn83 could therefore not be 
m easured in these patients, ffowever, the 
endogenous excretion of Zn85 could be esti
m ated from the inform ation obtained in a 
different group of patients who had re
ceived this radioisotope intravenously (11). 
The fecal Zn85 excretion after an intraven
ous dose averaged 12.8% in 6 patients in 
12 days, whereas the excretion in  urine 
averaged 1.6%. On the basis of these re
sults it was assumed that an average of 
10% of the absorbed dose of Zn83 was 
secreted into the intestine in 12 days. 
W hen this figure was used for the calcula
tion of the endogenous fecal Zn83 excre
tion, no significant difference was found 
in the true absorption of Zn63 from the in 
testine during low and high calcium in 
take (table 3).

The absorption of Zn83 in  m an, during 
either a low or a high calcium intake, was 
higher than the absorption of zinc in steers
(1 6 ), rats (17) or mice (1 3 ). However, 
the studies in rats and steers were per
formed with diets containing relatively 
larger am ounts of calcium and of stable 
zinc than given to hum ans. Recently, the 
absorption of Zn83 in  rats, determ ined by 
total body counting, has been reported to 
be approximately 40% (1 5 ), which is simi
lar to the values obtained in our studies in 
man.

The effect of added calcium on Zn83 ab
sorption was variable in the present study 
and there was no consistent change in the 
absorption of Zn83 during high calcium 
intake. Also, there was no consistent 
relation between the urinary excretion 
of Zn85, the intake of calcium and the 
increase in urinary calcium excretion 
in  man. The diagnoses of patients 2 
to 5 may indicate disturbances of calcium 
metabolism which m ay have influenced 
the absorption of Zn83. However, as in  nor
mal persons receiving a low calcium in 
take, the calcium balances of these patients 
were only slightly negative with the low 
calcium diet and they became positive to
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varying degrees on adding calcium to the 
diet, similar to observations made in per
sons who do not have these diagnoses.2 
Stable zinc has been shown to influence the 
absorption of Zn85 (18, 19). The zinc con
tent of the diet in the present study was 
calculated and not analyzed and variations 
in zinc intake may therefore have oc
curred. However, it is unlikely that this 
factor may have obscured any lack of ef
fect of added calcium on the absorption 
of Zn65 since the dietary intake was kept 
constant throughout the studies, the only 
change being the addition of calcium glu
conate tablets during the high calcium 
study.

The tracer dose of Zn65 was used as the 
chloride and zinc in this form may differ 
from zinc contained in natural foods. 
As the dose of Zn85 was given at the m id
point of breakfast, it is likely that Zn65 did 
not rem ain in ionic form but mixed with 
food and m ay have been bound to pro
teins. Since Zn65 was given with a single 
meal, whereas zinc contained in the diet is 
ingested with each meal, it m ight be in 
ferred that the results obtained in a single
dose study do not represent the metabolism 
of this element after repeated intake. No 
data are available on the comparative m e
tabolism of single and multiple doses of 
Zn65 in man. However, studies of the m e
tabolism of single and multiple doses of 
Sr85 and Ca45 in m an have shown that the 
metabolism of the single dose is an indica
tor of the metabolism of multiple doses 
( 20 ). If Zn85 metabolism follows a similar 
pattern, it may be assumed that the m etab
olism of the single dose of Zn65 reflects the 
metabolism of multiple doses and repre
sents the metabolism of stable zinc. The 
absorption of Zn65 may also depend on the 
time of ingestion of the tracer in relation 
to the calcium intake with the meal, for 
instance, whether Zn85 is ingested with the 
first m eal in the m orning or several hours 
later, after the ingestion of several meals. 
This aspect has not been investigated in 
reference to Zn65 absorption in the present 
study. However, the relationship of the 
time of adm inistration of another element, 
Ca47, and of its absorption in  m an, has 
been studied in this laboratory and no 
significant difference in  calcium absorp
tion was noted when the tracer was given

with the m orning and evening m eal during 
either a low or high calcium intake.3

The m echanism  by which calcium af
fects zinc metabolism in anim als has not 
been clearly defined (2 1 ). Several factors 
m ay play a role in the interaction of the 
2 elements in the body, such as in terfer
ence of calcium with the absorption of 
zinc from the intestine and its excretion 
in urine, the distribution of zinc in various 
tissues, the relation between loosely and 
tightly bound zinc in  plasm a (1 4 ), and the 
action of enzymes. Calcium added to the 
diet of experim ental anim als has been 
reported to decrease the absorption of zinc 
in some studies (22—25), and not to 
change zinc absorption in other studies
(2 6 ). In a recent review on the antagon
ism between calcium and zinc in anim als, 
it has been dem onstrated that calcium in 
terferes with the absorption of zinc from 
the intestine in  rats (1 5 ). The retention of 
orally adm inistered Zn65 decreased progres
sively as the am ounts of calcium added to 
the diet were increased. The am ount of 
calcium ingested by the rats, relative to 
the total body weight, was very m uch 
higher than the levels of calcium ingested 
in our studies in  hum ans. Therefore, the 
lack of change in  the absorption of Zn85 
during low and high calcium intake in 
m an may be due to the difference in  the 
am ounts of calcium used in the anim al 
experiments and in m an. Another reason 
for these differences may be the low phytic 
acid content of the hum an diet. It has 
been dem onstrated in anim als that phytic 
acid is necessary for the interference of 
calcium with the utilization of zinc (8, 27, 
28).
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ABSTRACT  The fatty acid com positions of whole liver triglycerides, diglycerides, 
total phospholipids, and lecith in, and m itochondrial total phospholipids and lecithin  
were determined on rats w hich had developed fatty livers after they had been fed a 
low  protein, choline-deficient diet for 10 or 28 days. Experim ents were conducted w ith  
either a hydrogenated vegetable oil or safflower oil as the source of dietary fat. Over
all, there was essentially no difference in  the fatty acid patterns of the liver lipids 
from the choline-deficient anim als w hen compared w ith those receiving a choline 
supplem ent. However, the type of fat and carbohydrate in  the diet accounted for 
changes in  the fatty acid com position in both the choline-deprived and choline-fed  
rats. The hydrogenated vegetable oil, which has a high am ount of oleic acid, caused  
the liver lipid oleic acid content to increase and produced a lowering of the linoleic  
and arachadonic acid levels, whereas safflower oil, containing a high content of lino
leic acid, caused the liver lipid oleic acid level to drop w hile the linoleic acid level 
rem ained nearly constant. An increase in the palm itic acid and palm itoleic acid con
tent of all the liver lipids analyzed was observed and was attributed to the high car
bohydrate content of the semi-purified diets. It was concluded that the accum ulation  
of liver neutral lipid during choline deficiency in the rat is not accom panied by 
changes in  the fatty acid patterns of liver neutral lipids or liver phospholipids which  
can be ascribed directly to the lack of choline. The alterations noted in  the liver 
lipid fatty com positions m ay be attributed to changes in  the dietary fat and to the 
dietary carbohydrate levels.

Since the discovery by Best and H unts
m an in 1932 (1 ) that choline exhibited 
lipotropic properties, m uch effort has been 
spent in attem pting to elucidate its mode 
of action. A fatty liver may arise as a re
sult of increased hepatic lipid synthesis, 
reduced hepatic lipid degradation, stim u
lated transport of fa t to the liver, decreased 
mobilization of fa t from the liver, or a com
bination of these (2 ).

Studies on fatty acid synthesis in the 
livers of norm al versus choline-deficient 
anim als have been carried out by m any in
vestigators (3 -5 ) . Using D20  it has been 
shown that livers of choline-deficient rats 
have more newly synthesized fatty acids 
than the norm al ra t liver (4 ) . On the 
other hand, no difference was noted in the 
am ount of newly synthesized hepatic fatty 
acids from C14-acetate in choline-deficient 
and norm al rats (5 ) . Investigations have 
established that choline-deficient diets con
taining a high content of saturated fatty 
acids cause a greater accum ulation of liver 
fat than diets rich in unsaturated fatty

acids (6 -8 ) .  Using choline-deficient diets, 
Stetten and Salcedo (9 ) dem onstrated that 
the am ount of fat accum ulated in the liver 
increased as the chain length of the dietary 
fatty acids decreased from stearic acid to 
myristic acid.

It is well established that a dose of cho
line given to anim als m aintained with a 
choline-deficient diet stimulates the incor
poration of P32 into liver phospholipids (10-
13). Cornatzer and Gallo have also shown 
that the level of liver lecithin increases 
after the adm inistration of a single dose 
of choline to rats rendered choline-deficient
(1 4 )  . More recently Cornatzer and W alser
(15 ) demonstrated that a dietary choline- 
deficiency produces a decrease in liver 
lecithin and an increase in phosphatidic 
acid.

R eceived  for p u blication  February 8, 1965.
1 Supported in  part by a grant from  th e U.S. A tom ic  

Energy C om m ission  and by a P u blic  H ealth  Service  
fe llo w sh ip  (5-F1-GM-20, 380-02) from  th e N a tio n a l 
In stitu te  o f  G eneral M edical Sciences and  is part o f  
a th esis  subm itted by E. A. G lende, Jr. in  partia l 
fu lfillm en t o f th e requirem ent for the degree o f Doctor  
of Philosophy.

2 N ation a l In stitu tes o f H ealth  Predoctoral F ellow .
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Since fatty  acids are structural compo
nents of phospholipid and neutral lipid 
molecules which undergo altered m etabo
lism during choline deficiency, we thought 
it to be of benefit to study the fatty acid 
composition of various liver lipids of cho
line-deficient anim als in order to gain fu r
ther insight as to the lipotropic action of 
choline. Experim ents in which fatty livers 
were produced by a choline-deficient, low 
protein diet will be reported. These experi
m ents were designed to determine whether 
the fatty acid composition of the liver lipids 
synthesized during choline-deficiency was 
different from liver lipids of anim als re
ceiving the same diet supplemented with 
choline. Dietary fat was varied with re
spect to fatty  acid composition by using 
either safflower oil3 or a hydrogenated vege
table oil.4 If the fatty acid patterns of liver 
lipids undergo changes during choline defi
ciency in may help to explain why neutral 
lipid accum ulates in this abnormal physio
logical state.

EXPERIMENTAL

Male, Sprague-Dawley strain rats,5 73 
days of age at the beginning of the dietary 
regimens, were used in the experiments 
and were housed in wire-bottom cages. 
The anim als were m aintained with labora
tory chow 6 prior to the low protein (5% ), 
low fat (5% ) semi-purified diets. The 
gross composition of the prepared diets is 
shown in table 1 and is similar to that used 
previously by Cornatzer andi co-workers 
(1 3 -1 6 ). Animals were m aintained with 
these diets for 10 or 28 days and were al
lowed free access to food and water. Normal 
and experim ental anim als were decapitated 
at the prescribed days and the livers re
moved and divided into 2 approximately 
equal portions, one portion for the prep
aration of m itochondria by differential cen
trifugation (1 7 ) and the other used for 
the whole liver studies.

Total lipids were extracted from the 
liver m itochondria and whole liver with 
chloroform-methanol (2 :1 ) ,  and water- 
soluble contam inants were removed by the 
methods of Folch et al. (1 8 ). The whole 
liver total lipid extract was separated into 
neutral lipid and phospholipid fractions by 
a silicic acid column as described by Borg- 
strom (1 9 ). The neutral lipid fraction was

TABLE 1
Composition of d i e t 1

C a sein 2 5
Cod liver o i l 2 1
Hydrogenated vegetable o i l 3 or

safflower oil 4 4
Sucrose 42
Dextrin 42
Non-nutritive bulk 2 2
Salt m ixture 5 4
Vitam in m ixture 6 1
Choline chloride (w h en  supplem ented) 0.5

1 E xpressed as per cen t by dry w eight.
2 N u tr ition al B iochem ica ls Corporation, C leveland.
3 Crisco, Procter and Gam ble Com pany, C incinnati.
4 Saff-o-life, General M ills, Inc., M inneapolis.
5 U.S.P. XIII, in c lu d in g: (p er cen t by w e ig h t) ca l

c ium  biphosphate, 13.58; ca lc iu m  lactate , 32.70; ferric  
citrate, 2 .97; m agn esiu m  su lfa te , 13.70; potassium  
phosphate (d ib a s ic ) , 23.98; sodium  b ip hosphate, 8.72; 
sodium  chloride, 4 .35 (N u tr itio n a l B ioch em ica ls  Corpo
ration, C levelan d ).

6 Includ in g: (p er cen t by dry w e ig h t) dextrin , 96.40; 
th iam ine HC1, riboflavin and pyridoxine, 0.08 each; 
nico tin ic  acid , 2.40; Ca pan tothenate, in osito l and  
p-am inobenzoic acid, 0.32 each.

further separated into cholesterol ester, 
triglyceride, cholesterol, diglyceride and 
monoglyceride fractions by the method of 
Carroll (2 0 ). The fatty acid composition 
was determined on only the triglyceride 
and diglyceride fractions. The isolation of 
lecithin from the phospholipid fraction was 
carried out with silicic acid-impregnated 
glass fiber paper chromatography as de
scribed by Cornatzer et al. (2 1 ).

The total lipid extract of the m itochon
dria was concentrated and used for the 
determ ination of total lipid fatty acids and 
also for the isolation of lecithin by paper 
chromatography as described above.

Aliquots of the whole liver total, neutral, 
and phospholipid extracts and the m ito
chondrial total lipid extract were evapor
ated to dryness and the lipid content de
term ined gravimetrically.

Methyl esters of the whole liver total 
phospholipids, lecithin, triglycerides, and 
diglycerides and m itochondrial total lipids 
and lecithin were prepared by the methods 
of Morgan et al.7 The fatty acid methyl 
esters of the vegetable oils were obtained 
by refluxing the m aterial with 5% H2S 04 
in m ethanol (2 2 ). The lipids of the lab

3 N u tr ition al B ioch em ica ls  Corporation, C leveland.
4 Crisco, Procter and G am ble Com pany, C incinn ati.
5 Sprague-Daw ley, Incorporated, M adison, W iscon sin .
6 P u rina Laboratory Chow, R alston  P u rina Com

pany, St. Louis.
7 M organ, T. E., D. J. H an ah an  and J. E ckholm  

1963 A rapid m ethod for the d eacy lation  o f phos
pholipids and n eu tra l lip ids. F ederation  Proc., 22: 
414 (a b stra c t).
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oratory chow were extracted with choloro- 
form-methanol (2 :1 )  and the fatty acid 
methyl esters prepared in  a m anner simi
lar to that used for the vegetable oils. The 
fatty acid composition of the laboratory 
chow and the oils used in  the diets is shown 
in table 2. Oleic acid and linoleic acid, 
of the hydrogenated vegetable oil, include 
some geometric and positional isomers of 
these compounds which are formed dur
ing the hydrogenation process. These iso
mers of oleic and linoleic acids are not 
separated during chromatography and con
sequently all the isomers of oleic acid and 
of linoleic acid are included in table 2 un 
der the designation 18:1 (oleic acid) and 
18:2 (linoleic acid).

The fatty  acid methyl esters were char
acterized by gas-liquid chromatography on 
a gas chromatograph 8 equipped with an 
argon ionization detector with an Sr90 radio
active source. The stationary phase packed 
in the 183-cm by 4-mm (inner diam eter) 
glass column consisted of 17% ethylene 
glycol adipate polyester coated on 60/80 
mesh, Chromosorb W.9 The flash heater, 
column and detector were kept at 275°, 
195° and 225°, respectively. Argon was 
used as the carrier gas at an inlet pressure 
of 14 psi. The am ount of each fatty acid

was quantitated by multiplying the peak 
height by its width at half-height. The 
results are expressed as the percentage 
fatty acid of the total by weight which is 
a function of the peak area produced by 
the fatty acid. For identification of tissue 
fatty acids, methyl ester derivative reten
tion ratios (relative to palm itate) were 
compared with fatty acid methyl ester 
standards.10 The linearity of the detector 
response was verified by determ ining the 
quantitative composition of a m ixture of 
standards11 of known composition.

RESULTS AND DISCUSSION

The total liver lipids increased from 
37.2 to 49.8 mg (hydrogenated vegetable 
oil) or to 61.8 m g /g  liver (safflower oil diet) 
during the duration of the experiments in 
which choline was omitted in the diet (fig. 
1). As shown in the graph, the increase in 
total liver lipids is due to the increase in 
the neutral lipid fraction since during 
this time the phospholipid concentration 
decreased slightly. The increase in liver

8 M odel 10 Gas C hrom atograph, Barber-Colm an  
Com pany, Rockford, I llino is.

9 A na ly tica l E n gin eerin g  Laboratories, Inc., H am 
den, C onnecticut.

10 A pplied Science Laboratories, Inc., State C ollege, 
P enn sylvan ia .

11 T he H orm el In stitu te, A ustin , M innesota.

TABLE 2
Fatty acid composit ion of the dietary fats 1

Fatty acid 2 Laboratory 
chow 3

Hydrogenated 
vegetable oil 4

Safflower
oil

Cod liver 
oil

12 tr 5 tr __ 6 tr
13 tr — — —
14 2.3 tr — 4.9
14:1 7 tr — — tr
15 tr — — tr
16 : iso 7,8 tr — — tr
16 27.7 14.1 5.5 14.4
16:1 2.5 — — 14.4
17 tr — — tr
18 7.9 9.1 2.5 1.9
18:1 32.6 47.2 10.1 32.1
18:2 23.7 26.4 82.0 1.4
18:3 2.2 2.3 — tr
20:1 7 — — — 13.7
20:5  7 — — — 4.9
20: un 7,9 — — — 10.1

1 V alues are expressed  as per cen t o f tota l by w eight.
2 N um b er o f carbon atom s ¡num ber o f double bonds.
3 P u rina Laboratory Chow, R alston  Purina C om pany, St. Louis.
4 Crisco, Procter and G am ble Com pany, C incinnati.
5 Ind icates trace qu antity  (le s s  th an 1%  ).
6 Ind icates not present.
7 T en tative identification .
8 Ind icates iso, branched chain .
9 Ind icates u n k n ow n  degree o f un satu ration .
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LIVER LIPID CONTENT

Fig. 1 Liver lipid com position of choline-defi
cient and choline-supplem ented rats. O, hydro
genated vegetable oil; •  , safflower o i l ; ------------ ,
choline-deficient; ---------- , choline-supplem ented.

neutral lipids occurred in  choline-deficient 
anim als when either the hydrogenated 
vegetable oil or safflower oil was used as 
the source of dietary fat. Choline supple
m entation of the low protein diet did not 
completely prevent the accum ulation of 
neural lipids as this fraction increased 
slightly during the duration of the experi
ments.

The fatty acid composition of whole liver 
triglycerides, diglycerides and lecithin is 
shown in figures 2 through 4, with each 
point representing the data obtained from 
the livers pooled from  3 animals. Only 
the m ajor fatty acids of these lipids are 
shown, although myristic, pentadecanoic, 
isopalmitic, hexadecatrienoic and heptade- 
canoic acids were present in small quan
tities (less than  2% ). The changes in  the 
fatty acid composition of the liver lipids 
observed during the 28 days were similar 
with respect to the type of fa t used in  the 
diet. No im portant differences were noted 
in the fatty acid composition between ani
mals fed rations with or without the cho

line supplement, either when the hydrogen
ated vegetable oil or safflower oil was used 
as the dietary fat.

Generally, there was a steady increase of 
about 6 to 13% by weight in  the palmitic 
acid content of all lipids under all dietary 
conditions in  the 28-day duration of the 
experiments. This is most probably due 
to the high content of cabohydrate ( sucrose 
and dextrin) in the diet since MacDonald 
(2 3 ) has shown that the palmitic acid level 
of fiver lipids increases when anim als are 
fed high sucrose diets. The palmitic acid 
content of the triglycerides tends to be 
slightly higher in  the choline-deficient ani
mals, whereas in  the whole fiver lecithin 
fraction the anim als receiving the hydro
genated vegetable oil appeared to have a 
larger percentage of palm itate when com
pared with those consuming safflower oil.

The large increase in  the palmitic acid 
levels is reflected by the increase of palmit- 
oleic acid content of all fractions. The in 
crease of palmitoleic acid, which am ounts 
to 7% by weight in the triglycerides, may 
result from desaturase activity upon the in 
creased level of palmitic acid. In all frac
tions in which the hydrogenated vegetable 
oil was used, the level of palmitoleic acid 
attained was higher than  when safflower 
oil was utilized, but no large difference in 
the palmitoleic acid content of the lipids 
was detected between non-choline or cho
line-supplemented rations. Originally, the 
increase in  the palmitoleic acid content of 
the lipid fractions was thought to be due 
to the high palmitoleic acid content 
(14 .1% , see table 2 ) of the cod fiver oil 
used in the diet. However, an  experim ent 
was carried out in which the cod fiver oil 
was replaced by crystalline preparations of 
vitam ins A and D.12 The removal of cod 
liver oil from the diet did not prevent the 
increase of palmitoleic acid in  the lipid 
fractions.13

The greatest differences in fatty  acid 
patterns were observed with the changes of 
oleic and linoleic acid content of the fiver 
lipids. W hen hydrogenated vegetable oil 
was used as the dietary fa t the level of 
oleic acid increased markedly, especially 
in the diglyceride fraction with a 12% by

12 See footnote 3.
13 U n p u b lish ed  data, E. A. G lende, Jr. and  W. E. 

Cornatzer, 1965.



WHOLE LIVER TRIGLYCERIDES
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Fig. 2 Fatty acid com position of whole liver triglycerides of choline-deficient and choline- 
supplem ented rats. 0> hydrogenated vegetable oil; • ,  safflower o i l ; ------- -— , choline-defi
cient; ---------- , choline-supplem ented.

WHOLE LIVER DIGLYCERIDES

DAYS ON DIET
Fig. 3 Fatty acid com position of whole liver diglycerides of choline-deficient and choline- 

supplem ented rats. O, hydrogenated vegetable oil; • ,  safflower o i l ; ------------ , choline-defi-
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WHOLE LIVER LECITHIN

DAYS ON DIET
Fig. 4 Fatty acid com position of whole liver lecith in of choline-deficient and choline- 

supplem ented rats. O, hydrogenated vegetable oil; • ,  safflower o i l ; ------------ , choline-defi
cient; — ------- , choline-supplem ented.

weight increase, and the am ount of linoleic 
acid decreased markedly in  the triglyceride 
and diglyceride fractions. However, when 
safflower oil was utilized the oleic acid 
level rose only slightly and only a small de
crease in  the linoleic acid content was 
noted. The slight decrease in linoleic acid 
in the safflower oil diet is also in accord 
with the observations of MacDonald (23) 
who showed that the liver linoleic acid con
tent decreased as the dietary sucrose level 
was increased. As has been shown by a 
num ber of investigators, and observed 
again in these experiments, the changes in 
the oleic and linoleic acids of liver lipid 
is due to the variations of these fatty acids 
in the dietary fa t (2 4 -2 8 ). It is im portant 
to point out, nevertheless, that only with 
the exception of the greater decrease of 
oleic acid from triglycerides of choline- 
deficient ra ts as compared with choline- 
supplemented anim als, there is essentially 
no difference with choline deprivation in 
the oleic and linoleic acid content of the 
whole liver lipids reported.

Since arachadonic acid is a product of 
the chain lengthening and further desatu
ration of linoleic acid (29, 30) it is not 
unexpected to observe that arachadonic 
acid decreased concurrently with the de
pression of the linoleic acid content. This 
decrease is especially marked in the diglyc
erides. Again, however, there is no dif
ference between the arachadonic acid 
content of non-choline or choline-supple
m ented anim als with the exception of the 
slight increase of arachadonic acid in the 
triglycerides of the anim als fed a safflower 
oil, choline-deficient diet. The hydrogen
ated vegetable oil, which lowered linoleic 
acid levels more than  safflower oil, also 
caused a slightly greater decrease in  the 
arachadonic acid content of these 2 lipids.

The stearic acid content of liver triglyc
erides rem ained relatively constant at 
about 1 to 3% by weight, whereas in  the 
diglyceride and lecithin fractions a de
crease was observed. This decrease was 
greater in lecithin than in  the diglycerides, 
especially with the hydrogenated vegetable
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oil diet. In lecithin, after 28 days, the 
stearic acid level tended to increase to a 
small extent in both the hydrogenated 
vegetable oil and safflower oil, choline-defi
cient animals. W ith this exception no large 
differences in stearic acid content occurs 
in  non-choline versus choline-supple
m ented rats.

Table 3 shows the fatty acid composi
tion of whole liver and m itochondrial total 
phospholipids and m itochondrial lecithin. 
In general, the whole liver total phospho
lipid fatty acids exhibit changes similar to 
those observed in  the neutral lipid and 
lecithin fractions. However, the stearic 
acid content of the whole liver total phos
pholipid fraction rem ained constant in  the 
choline-deficient anim als fed safflower oil, 
whereas with the other dietary regimens 
the stearic acid level decreased at 10 days

and then increased again after the ani
mals had been fed the diets for 28 days.

Changes in the fatty acid composition of 
m itochondrial phospholipids also resemble 
those of whole liver lipids. The differences 
noted in m itochondrial lecithin reflect that 
of the total m itochondrial phospholipids. 
As before, the changes produced in  the 
fatty acid patterns of these lipids is most 
probably due to the carbohydrate and fat 
composition of the semi-purified diets 
ra ther than  to the removal of choline.

Other workers have noted changes in  the 
liver lipid fatty acids during dietary amino 
acid deficiencies. Lyman et al. (3 1 ) have 
recently shown that the fatty acid composi
tion of liver triglycerides formed in  a fatty 
liver during isoleucine deficiency differed 
slightly from that of isoleucine-supple- 
m ented anim als in  that palm itic acid in-

TABLE 3
Fatty  acid  composit ion of whole liver and liver mitochondrial phospholipids of normal

and  choline-deficient rats 1

Mitochondria Whole liver
Dietary

fat
Dietary
choline Total

phospholipids Lecithin Total
phospholipids

Days fed diet o 2 10 28 0 2 10 28 o 2 10 28

Palm itic HVO 3 + 22.7 32.7 35.2 40.2 47.0 48.6 25.8 36.0 38.8
acid HVO — 30.1 33.2 49.9 45.2 33.7 34.3

SO 4 + 22.7 30.1 30.8 40.2 43.5 46.5 25.8 36.6 35.5
SO — 29.7 30.8 41.5 44.0 33.2 34.8

Palm itoleic HVO + 1.1 6.4 4.7 1.4 6.0 4.3 1.0 4.3 4.0
acid HVO — 5.8 4.1 5.3 4.1 4.2 3.4

SO + 1.1 2.7 2.3 1.4 3.3 2.6 1.0 2.7 2.1
SO — 2.0 1.4 2.3 1.4 1.7 1.6

Stearic acid HVO + 18.8 13.5 15.0 20.9 13.0 13.3 23.1 17.4 18.1
HVO — 13.9 17.1 12.7 15.7 17.0 21.4
SO + 18.8 17.1 18.6 20.9 16.8 17.2 23.1 17.3 20.5
SO — 20.2 21.1 20.4 22.2 22.7 22.6

Oleic acid HVO + 8.7 14.5 14.0 8.0 16.5 15.4 7.8 12.9 12.4
HVO — 14.8 12.8 14.7 13.7 13.3 11.5
SO + 8.7 8.8 7.8 8.0 10.0 9.1 7.8 10.3 7.7
SO — 7.6 6.2 8.2 6.9 7.7 7.9

Linoleic HVO + 26.4 17.1 17.7 13.2 8.0 8.4 17.8 11.1 10.5
acid HVO — 19.3 18.7 8.0 9.5 12.4 12.4

SO + 26.4 24.0 23.0 13.2 13.6 12.4 17.8 16.4 15.7
SO — 23.3 22.1 13.9 10.6 14.8 13.8

Arachadonic HVO + 21.2 15.1 12.8 13.6 6.7 7.8 23.0 17.4 15.6
acid HVO — 15.5 13.7 5.6 10.1 18.6 16.6

SO + 21.2 16.7 17.1 13.6 10.8 10.8 23.0 15.3 18.1
SO — 16.7 17.5 11.7 13.1 19.4 18.7

1 Values expressed as per cent of total by weight.
2 Rats maintained with laboratory chow prior to the semi-purified diets.
3 HVO, hydrogenated vegetable oil.
4 SO, safflower oil.
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creased and linoleic acid decreased in the 
deficient rats, whereas the liver phospho
lipid fatty acid composition rem ained un 
changed. Viviani et al. (3 2 ) have reported 
that the weight percentage of linoleic acid 
is higher in the liver neutral lipid from a 
fatty  liver of lysine- and threonine-deficient 
rats, whereas the am ount of docosapen- 
tenoic and docosahexenoic acids in liver 
phospholipids is significantly lower in  the 
deficient animals.

Kennedy (33 ) has dem onstrated that 
diglycerides are interm ediates in  the bio
synthesis of phospholipids and triglyc
erides. This observation is further sub
stantiated by the similarity noted in  the 
changes of fatty  acid patterns of whole 
liver diglycerides (fig. 3) compared with 
whole liver lecithin (fig. 4) and triglyc
erides (fig. 2 ).

In this report we have attem pted to study 
the fatty  acid patterns of the m ajor lipids 
involved in  liver lipid metabolism with 
the in ten t to investigate whether the fatty 
acids of these compounds are involved in 
the abnormal lipid metabolism taking 
place during choline deficiency. Although 
the fatty acid content of liver lipids is in 
fluenced by the level of carbohydrate and 
the quality of fa t in  the diet, no significant 
alteration of liver lipid fatty  acids is evi
dent between anim als fed rations with and 
without choline. It is unlikely that the 
small differences observed occasionally in 
the lipid fatty acid patterns account for the 
ra ther high content of neutral lipid that ac
cum ulates during dietary choline defi
ciency, and it m ay be concluded from 
these experim ents that the fatty acid 
moiety of liver lipids does not appear to be 
responsible for the altered lipid m etabo
lism of the liver during choline deficiency. 
Other factors such as diminished transport 
of fat from the liver due to lower serum 
lipoprotein levels (3 4 ) m ay cause the ac
cum ulation of liver fa t in  choline defi
ciency.
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ABSTRACT  Zn65 and EDTA-2-C14 were adm inistered to 2 colostom ized laying hens 
in  a m etabolic chamber w hich permitted the collection of CO„ and excerta. EDTA-2-C14 
was absorbed from the gastrointestinal tract and C14 from it was recovered in  the 
respiratory C 02, urinary uric acid and liver fat.

O’Dell and Savage (1 )  reported that 
zinc is required by chickens and that zinc 
in soybean protein is less available than 
that in  casein and gelatin. Supplee et al. 
(2 )  observed zinc to be needed also by 
turkey poults and showed that the dietary 
requirem ent was reduced when the iso
lated soybean protein used in the diet was 
autoclaved. Kratzer et al. (3 )  reported 
better utilization of zinc not only by using 
autoclaved isolated soybean protein but 
also by the addition of EDTA to the diets. 
EDTA improved the utilization of zinc, 
m anganese and copper by chickens from 
a diet containing isolated soybean protein 
(4, 5). Scott and Ziegler (5 )  postulated 
ihe existence of natural chelates in some 
food m aterials which also improved the 
utilization of zinc. Forbes (6 )  reported 
improved utilization of zinc by rats when 
the diet contained EDTA.

It has been suggested that phytic acid 
contained in the isolated soybean protein 
may be involved in m aking the zinc u n 
available. Zinc or EDTA fed along with 
phytic acid largely counteracted the detri
m ental effect of phytic acid (7 -8 ) . Allred 
et al. (9 )  dem onstrated the in vitro bind
ing of zinc by isolated soybean protein and 
its release by EDTA. Isolated soybean pro
tein, with two-thirds of its phytic acid re
moved, bound less zinc than untreated 
isolated soybean protein. The exact m ech
anism by which EDTA improves zinc utili
zation is not clear.

About 18 and 5% of an orally adm inis
tered dose of Ca-EDTA-C14 was absorbed by 
rats and hum ans and less than  0.1% was 
respired as C140 2 by rats (1 0 ). Also, after 
an injection, 70% of the ionic zinc was

retained by the rats in  contrast with a 
retention of 12% of the dose if injected 
as Zn-Na»EDTA (1 0 ). Stevens et al. (11 ) 
also observed an absorption of about 4 to 
10% of EDTA-C14 by hum ans from an oral 
dose.

The purpose of the present work was to 
investigate the mechanism  by which 
EDTA improves zinc utilization and to 
determine its absorption and metabolism 
by chickens.

METHODS AND MATERIALS

The apparatus used for the collection of 
C 02 was essentially similar to the one 
described by MacKenzie et al. (1 2 ). A 
pressure cooker 35 cm in diam eter and 
35 cm in depth with a Plexiglass window 
was used as a metabolism cage.

The Zn65 activity was determ ined with 
a crystal scintillation detector after known 
am ounts of samples had been dried on a 
polyethylene planchet. C14 activity was 
determined by wet combustion of the sam 
ple by the method of Van Slyke et al. (13) 
and counting the C14 as BaCCh under a 
windowless gas-flow counter. Self-absorp
tion errors were compensated. Two experi
m ents were conducted with colostomized 
Single Comb White Leghorn laying hens. 
The birds were fitted in a harness to which 
was attached a polyethylene bottle for 
urine collections and a rubber balloon 
for fecal collections. The birds in  the 2 
experiments were 18 m onths and 9 * 1 2

R eceived  fo r  p u b lic a tio n  N o v em b er 16, 1964.
1 T h is  w o rk  w as  su p p o rted  in  p a r t  by  a  g ra n t  fro m  

th e  N a tio n a l In s t i tu te s  o f H e a lth , U.S. P u b lic  H e a lth  
Service  P ro jec t no . AM 5334.

2 P re s e n t a d d re ss : V illa  A bu-Z ied, E n g in ee rs  C ity , 
E m b ab a , C airo , E gypt.

J .  N u t r it io n . 8 6 ;  ’65 1 8 7
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m onths of age and weighed 1.5 and 2 kg, 
respectively. They were fed a zinc-defi
cient d ie t3 containing isolated soybean 
protein ( table 1) for three to six days and 
were transferred to the metabolism cage 
at least 26 hours before the radioactive 
m aterials were administered. Zn65Ck and 
EDTA-2-C14 solutions mixed together in 
gelatin capsules were adm inistered orally. 
In each experim ent approximately 5.1 X 
10G counts/m inute of Zn65 and 11.0 X 106 
counts/m inute of EDTA-2-C11 were ad
m inistered per bird. The total am ount of 
zinc in  experiments 1 and 2 was approxi
mately 0.0063 mmoles and of EDTA 
approximately 0.0074 mmoles. In the 
first experiment, blood samples were taken 
at various intervals and in the second 
experiment at the end of the experim ent 
only. The red cells were washed several 
times with 0.9% saline solution and the 
washings added to the plasm a fraction. 
Urine and feces were sampled at various 
times during the experiments. Urine was 
homogenized, m ade to volume with water 
and an aliquot was taken on a weighed 
plastic planchet for dry-matter determ ina
tion and Zn05 counting. A second sample 
was taken for the C14 determination.

Feces were repeatedly extracted with 
1.5% NHiOH (1 4 ) to recover EDTA and 
the extract was m ade up to a known vol-

TA BLE 1
Zinc-deficient diet for laying hens

Isolated soybean protein 1
%

20.0
Soybean oil 6.0
Cellulose 2 5.0
Cornstarch 59.63
Mineral m ixture 3 5.27
Lim estone, ground 2.5
Vitam in A, D, E cone 4 0.15
Choline chloride 0.1
Vitam in m ixture 5 0.15
NaHCCL 1.0
DL-Methionine 0.2

1 ADM  C -l A ssay  P ro te in , A rch er-D an ie ls-M id lan d  
C o m p an y , M in n eap o lis .

2 S o lka  F loe , B ro w n  C o m p an y , B e r lin , N ew  H a m p 
sh ire .

3 S u p p lied  in  g /k g  d ie t:  CaCC>3 , 3 .0; C a3( P 0 4) 2, 28.0; 
K2H ( P 0 4) 2, 9.0; M g S 0 4-7H 20 ,  2 .5; F e S 0 4-7H 20 ,  0.715; 
KI, 0 .04; Cu S 0 4-5H 20 ,  0 .02; H 3BO 3, 0.009; C o (A c )2- 
4H 20 ,  0 .00063; M n S 0 4, 0 .65; a n d  N aC l, 8.8.

4 S u p p lied  p e r  kg  d ie t:  v ita m in  A, 10,000 IU ; v i ta 
m in  D3, 600 IC U ; a n d  a -to co p h ery l a ce ta te , 5 IU .

5 S u p p lied  in  m g /k g  d ie t: th iam ine-H C 1 , 25; r ib o 
fla v in , 16; C a p a n to th e n a te ,  20; v ita m in  B i2, 0 .02; pyri- 
d o x in e -H C l, 6; b io tin , 0.6; fo lic  a c id , 4 ; in o s ito l, 100; 
p -am in o b en zo ic  a c id , 2 ; m e n a d io n e , 5; a sco rb ic  acid , 
250 ; a n d  n ia c in , 150.

ume. The C14 activity was determ ined in 
the extract, and Zn65 activity was deter
m ined both in  the extract and in  the dry 
residue that was left after extraction. Res
piratory CO2 was collected for varying 
intervals of time in  1 n  NaOH and aliquots 
were precipitated as BaC03 for counting.

Experim ent 1 was continued for 48 
hours and experim ent 2, for 6 days.

Crude uric acid isolated from the urine 
by the method of Fisher (15 ) was washed 
with 50% alcohol and further purified by 
a procedure of St. John and Johnson (1 6 ). 
Purity of the sample was checked from 
its nitrogen content as determ ined by the 
micro-Kjeldahl method. The filtrate from 
the urine after the uric acid separation 
was concentrated by lyophilization or 
under reduced pressure. Non-labeled 
EDTA was added to this concentrate, and 
the solution was made alkaline with NaOH 
to assure the dissolution of EDTA and 
filtered. The filtrate was applied to a 
filter paper as a narrow band and devel
oped by descending chromatography for 
16 hours, using a solution containing 
equal parts of isopropyl alcohol and 0 . 2  n  
HC1. The paper was dried. The EDTA 
band was detected from its fluorescence 
under ultraviolet light as well as the blue 
color produced by spraying the paper with 
5% CuSCh solution. The EDTA was found 
to be pure and uncontam inated with 
amino acids chromatographically. EDTA 
was eluted from the filter paper, dried and 
combusted for C14 determination.

RESULTS

The absorption of EDTA was rapid with 
a ra ther high activity of C14 in  the blood 
even 45 m inutes after the adm inistration 
of the radioactive dose to chickens (table 
2 ). The ratio of C14 to Zn85 was about 
double this value in  the orally adm inis
tered dose during the first 75 m inutes but 
subsequently reached one-half this value. 
It appears that C14 from EDTA is absorbed 
at a faster rate than  Zn65 for an initial 
period. The subsequent lowering of this 
ratio probably indicates the accum ulation 
of zinc and the metabolism and excretion

3 W e a re  g ra te fu l to M erck  a n d  C o m p an y , R ah w a y ,
N ew  Jersey , A m e ric a n  C y an a m id  C o m p an y , P e a r l
R ive r, N ew  Y ork, a n d  th e  D ow  C h em ica l C om p an y ,
M id lan d , M ich ig an , fo r  v a rio u s  d ie ta ry  su p p lem en ts .
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TABLE 2

C14 and Zn6s activit ies in  the whole blood after  
feeding EDTA-2-Cli and  Zn63 to a 

laying hen (exp. 1)

Time 
after 

adminis
tration 

of labels

C14 Zn65 C14
Zn65

hours: min count/min/ml
0:45 762 152 5.0
1:15 1712 288 6.0
4:45 270 534 0.5
8:00 365 561 0.65

12:00 520 406 1.3
24:00 443 337 1.3
36:00 340 328 1.0
48:00 264 277 1.0

Original 11 X 10 6 5.1 X 108 2.2

of EDT A with a lowering of the C14 in  the 
blood. The C14 activity was observed 
mainly in  the plasm a, confirming the ob
servation of Forem an (1 0 ) , and Forem an 
and Trujillo (1 4 ) , using rats and hum an 
beings in  which they observed that EDTA 
did not penetrate red blood cells. The Zn65 
was noted both in  the red cells and 
plasma.

The pattern of C14 excretion in  the res
piratory C 02 is shown in figure 1. In 
experim ent 1 the specific activity of C 02 
was still increasing at 42 hours which 
prom pted the extension of the experim en
tal period to 144 hours in the second 
experiment. In both of these experiments, 
the C14 activity reached a peak at 7 hours. 
The other peaks probably reflect the utili
zation of certain metabolic end products 
of EDTA. The C14 was present in  the res
piratory C 02 even at 110 hours after the 
adm inistration of EDTA-2-C14 in  experi
m ent 2. The metabolism of EDTA-2-C14 
in  these 2 experim ents appeared markedly 
different than  the metabolism of acetate-
2-C14 by a chicken 4 in  which a single peak 
of C14 in  the respiratory C 02 was reached 
m uch earlier.

The C14 activity in  the urine of the 
chicken reached a m axim al value at about 
11 hours in  experim ent 1 (fig. 2 ). It was 
difficult, however, to locate the peak ac
curately in  the second experim ent since 
no urine was passed between 2.5 and 12 
hours and between 12 and 30 hours after

4 U npublished data.

HOURS
Fig. 1 Respiratory C140 2 after the oral adm inistration of EDTA-2-C14 and Zn6DCl2 to laying hens.
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the dose adm inistration. A low level of 
C14 activity was still being excreted 144 
hours after the dose was adm inistered in 
experim ent 2. Zn85 excretion in the urine 
paralleled the excretion of C14 in experi
m ent 2, although at a somewhat lower 
level.

Some C14 activity was associated with 
the uric acid samples isolated from urine,

yet 73 and 67% of the C14 activity was 
observed in  the EDTA in the 2 experi
m ents, respectively. Although bile was not 
collected quantitatively, samples of it in 
both experiments 1 and 2 contained both 
C14 and Zn65 activity.

Calculations for the recovery of adm in
istered carbon (table 3) indicate that 4.2 
and 5.4% of the carbon was accounted

HOURS
Fig. 2  C14 and Zn65 in  the urine of laying hens after the oral adm inistration of EDTA-2-C14 and

Zn65Cl2.

TABLE 3

C14 and Zn65 recovery as percentage of dose after administration of EDTA-2-C14 
and Zn65Clz to laying hens

C14 Z n 6̂

E xp . 1 E xp. 2 Exp. 1 E xp . 2

Duration of trial, hours 48 144 48 144

1 co2 5.4 4.2
2 Urine 10.9 8.6 4.7 0.19
3 Feces 29.2 51.5 45 90.3

(to  36 hr)
4 Gastrointestinal tract washing
5 Feces +  gastrointestinal

25.6 1.4 20.1 0.9

tract washing (3  +  4 ) 54.8 52.9 65.1 91.2
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for by C 02 in  the 2 experiments, whereas
8.6 and 10.9% was observed in the urine. 
The am ount in  the feces differed some
w hat in  the 2 experim ents due to the 
differences in duration of the trials. How
ever, when the am ounts in  the feces and 
in  the gastrointestinal tract washings were 
combined, the totals were comparable, 
slightly greater than  50% . About 45 and 
47% of the C14 activity of EDTA rem ained 
in  the body of the chickens. Recovery of 
Zn65 in  the urine was 4.7 and 0.2% of the 
adm inistered dose, whereas the am ount in 
the feces and in  the gastrointestinal tract 
washings was 65 and 91% . It is probable 
that the differences were due to variability 
in  the rates of absorption of zinc by the 
2 experim ental chickens. It appears that 
the adm inistered Zn65 was absorbed and 
elim inated at a m uch slower rate than  the 
C14 from  EDTA.

DISCUSSION

A hypothesis m ay be proposed for the 
role of EDTA in improving the availability 
of zinc. EDTA, a chelating agent, can 
remove zinc from its complexes with die
tary proteins and form  an EDTA-Zn com
plex. The size of the EDTA-Zn complex 
molecule m ay be m uch smaller than the 
protein-Zn complex and perm it its absorp
tion through the gastrointestinal tract. In 
blood and tissues EDTA m ay release zinc 
to proteins and enzymes which have 
greater affinities for zinc than  EDTA. This 
m echanism  could not be accepted on the 
basis of Forem an’s work with rats and 
hum ans in  which EDTA as its calcium 
complex was poorly absorbed and m etabo
lized from an oral dose.

By the use of oral doses of equal molec
ular quantities of Zn65 Cl2 and EDTA-2-C14 
with colostomized laying hens, it was 
thought that a comparison of the ratio of 
C14 and Zn65 in  the blood with that of the 
given dose would indicate whether Zn“ 
was absorbed as the EDTA-Zn complex. 
From the differences in  the C14-to-Zn“ 
ratios in  the blood and oral dose, it ap
peared that C14 from EDTA and Zn65 from 
equal m olar quantities of an oral dose 
were absorbed at somewhat different rates, 
possibly influenced by the presence of 
other ions in  the complex biological sys
tem. It was difficult to establish from

these experiments whether zinc in the 
presence of EDTA was actually absorbed 
in the gastrointestinal tract as the EDTA- 
Zn complex. It m ight be concluded from 
the experim ents that EDTA was absorbed 
and metabolized by chickens, in contrast 
with studies with ra ts,5 and the C14 was 
recovered in the respiratory C 02, liver fat 
and urinary uric acid.
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ABSTRACT  Two experim ents were conducted, using a total of 220 young m ale 
albino rats, to study the effects of thyroxine on the response to varying intakes of 
Mg. W eight gain, tissue m ineral com position, m ineral balance, serum and kidney 
glycoprotein were criteria of response. Thyroxine reduced the weight gain but did not 
influence the Mg required for optim al w eight gain at a given thyroxine level, nor did it 
affect the Mg required for norm al levels of Mg in blood serum or in  bone ash; how
ever, thyroxine did prevent the kidney calcification norm ally occurring in  Mg-defi- 
cient anim als but did not prevent calcification of heart m uscle. Blood serum  glycopro
tein was reduced by thyroxine although kidney glycoprotein was not affected. Balances 
of Ca, P and Mg were reduced by thyroxine, m ainly as a result of reduced apparent 
absorption of these m inerals.

It has been reported previously ( 1 ) that 
markedly increased dietary levels of Mg are 
required to support m axim al weight gains 
and to prevent hyperem ia of the extrem 
ities and decrease in  blood serum  Mg levels 
in  young ra ts fed diets containing thyrox
ine. The conclusion that thyroxine in 
creases the Mg requirem ent is supported 
by the observation that, both in vitro and 
in vivo, thyroxine uncouples oxidative 
phosphorylation in  in tact mitochondria and 
that Mg restores this function (1 -3 ) .  
Nevertheless, not all investigators have 
successfully dem onstrated an effect of Mg 
deficiency on m itochondrial oxidative phos
phorylation (4 ) . It has also been demon
strated that, although appearing to in 
crease most of the sequelae of Mg defi
ciency, thyroxine markedly inhibits the 
characteristic deposition of Ca in the kid
ney tubules (3 , 5 ). The effects of thyrox
ine adm inistration on m ineral balance 
have been reported to include decreased 
balance of Ca due to increased fecal out
put (6 )  and to increased urinary loss (7,
8 ). Aub (8 )  also reports the increased 
urinary Ca to accompany increased uri
nary  P, but Rawson (9 )  reported urinary 
Ca not to be changed, whereas urinary P 
was increased markedly by thyroxine ad
m inistration.

The following experim ents were under
taken with the aim of studying further the 
effects of Mg and of thyroxine on m ineral 
balance and tissue m ineral composition, 
together with observations on the eifect of 
thyroxine on the Mg requirement.

METHODS
Two experiments were conducted in  this 

study, using a basal diet common to both 
and having the composition shown in 
table 1. Additions to the basal diet were 
made at the expense of glucose. The basal 
diets contained, by analysis, 0.50% of 
Ca and of P. W eanling m ale albino rats 
of Sprague-Dawley strain were used in 
both experiments. The rats were assigned 
at random  to treatm ent and to cage loca
tion.

In experim ent 1, additions of MgCOs and 
of L-thyroxine provided 5 levels of Mg (80, 
170, 280, 490 and 970 ppm ), each with 
and without 5 ppm thyroxine. The 80-ppm 
basal level of Mg was chosen as one which 
would be slightly inadequate for produc
tion of m axim al weight gain. Ten rats 
were individually fed each diet for a period 
of 4 weeks. During each of weeks 3 and 
4, 20 rats, two from each diet, were placed 
in  metabolism cages for collection of urine

R ece ived  fo r  p u b lic a tio n  J a n u a ry  28 , 1965.

J .  N u t r it io n , 8 6 : ’65 1 9 3
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TA BLE 1
Composition of the basal diet  used in 

both experiments

Casein 1
%

15.0
DL-Methionine 0.5
Corn oil 8.0
Cellulose 3.0
Salts 2 2.66
Vitam in m ix 3 5.0
Vitam in A and D concentrate 4 0.5
Glucose 65.34

1 “V ita m in -F re e ” T e s t C ase in , G e n era l B io ch em ica ls , 
In c ., C h a g r in  F a lls , Ohio.

2 C o n ta in ed : ( i n  % ) N aC l, 14.02; K2CO3 , 18.94; 
F e S 0 4 -7H 20 ,  1.50; M n S 0 4 H 20 ,  0 .45; C u S 0 4 -5H 20 ,  
0 .23; KI, 0 .01; Z n C 0 3, 0 .07; M g C 0 3, 0 .75; a n d  C aH P 0 4, 
64.02.

3 Fo rbes, R. M ., J. N u tr i t io n , 83: 225, 1964.
4 Cod l iv e r  o il c o n ta in in g  0.6 m g  v ita m in  A a n d  

250 U SP u n i ts  v ita m in  D /g .

and feces. Hence, 4 rats per dietary treat
m ent were used in this phase of the experi
ment. During the collection period all rats 
consumed 9 to 10 g of feed daily. W hen 
collections were not being made, the rats 
were fed ad libitum, and during the entire 
experiment deionized water was available. 
At the end of the experim ent the rats were 
decapitated. Blood samples were taken 
and tibias and kidneys saved for analysis.

In experim ent 2, additions of MgCCh 
and of L-thyroxine provided 5 levels of Mg 
(95, 185, 370, 690, and 1430 ppm ) at each 
of 4 levels of thyroxine (zero, 5, 10, 20 
ppm ). Three groups of 40 rats each were 
placed on experim ent in  3 consecutive 4- 
week periods, with 2 rats fed each diet in 
each period. The rats were control-fed for
3 weeks with excreta collections during 
week 3 when the rats were consuming 10 
to 11 g of feed daily. They were then fed 
ad libitum for the 4th week. At the ter
m ination of the experim ent blood sam 
ples, tibias, kidneys and hearts were ob
tained after decapitation.

Chemical analyses for Ca and Mg in 
experiment 1 were first made by chelo- 
metric titration and later most of these 
were checked by atomic absorption. In 
experim ent 2, analyses for Ca, Mg, and K 
were made by atomic absorption. One 
kidney from each ra t in experim ent 1 was 
preserved in  buffered 10% formalin, and 
after sectioning was stained with Calcon 
in accord with the principles used by 
Kaufm an and Adams (1 0 ). The other 
soft tissues were preserved by freezing un 
til they could be prepared for chemical

analysis. In experim ent 2 kidney and blood 
serum glycoprotein analyses were con
ducted by the method of Winzler (1 1 ); 
the results are expressed as milligrams of 
protein-bound hexose. M ineral analyses 
were conducted on soft tissues after deter
m ination of their dry-matter content and 
subsequent wet-ashing with nitric acid 
followed by hydrogen peroxide. Bone m in
eral analyses were made after dry-ashing 
the ethanol-petroleum ether extracted bone.

The data were treated statistically by 
standard analysis of variance procedures.

RESULTS 

Experim ent 1
The general appearance of the anim als 

was not affected by the thyroxine dosage 
used. The thyroxine-treated anim als were 
more active, but they showed no more se
vere symptoms of Mg deficiency than  did 
the controls. In both groups erythem a of 
the ears first appeared in 8 to 10 days in 
the ra ts fed at the basal level of Mg. This 
was followed by development of facial 
edema and scattered areas of skin lesions. 
Of the 20 rats fed at the 170-ppm Mg level, 
two showed a transient erythem a of the 
ears at day 13; these were not anim als 
treated with thyroxine.

The quantitative data of experim ent 1 
are shown in table 2. Urinary excretion 
data not shown in the tables m ay be cal
culated as the difference between absorp
tion and balance.

W eight gain. All levels of Mg supple
m entation resulted in weight gains greater 
than did the basal level, but statistically 
significant differences are not present be
tween the gains of the Mg-supplemented 
groups. Thyroxine adm inistration signifi
cantly lowered the weight gain over the 
experim ent as a whole but w ithin Mg 
levels the difference was significant only 
in anim als receiving the lowest level of Mg. 
Although not shown in the table, the feed 
intake of the rats was not influenced by 
thyroxine intake but decreased in those 
anim als fed at the basal level of Mg. 
Statistical adjustm ent of gains to equal 
food intake removed the Mg effect on gain 
and resulted in average 28-day gains of 
126 and 106 g for non-treated and thyrox
ine-treated rats, respectively.
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T A B L E  2

Effect of  m agnesium  and thyroxine on weigh t gain , mineral balance and tissue  
mineral concen tra tion1 (exp. 1)

M a g n e s i u m ,  p p m  P  v a l u e s  f o r  t r e a t m e n t
p p m 8 0 1 7 0 2 8 0 4 9 0 9 7 0 M g T  M g  x  T

W e i g h t  g a i n ,
g / 2 8  d a y s 0 8 6 1 2 7 1 3 2 1 4 5 1 2 9

5 6 5 1 0 8 1 1 4 1 2 5 1 2 9 0 . 0 1 0 . 0 1 N S  2
S e r u m  M g ,

m g / 1 0 0  m l 0 0 . 8 6 0 . 9 6 1 . 5 5 1 .8 1 2 . 0 1 0 . 0 1 0 . 0 1 0 . 0 5
5 0 . 8 3 1 . 2 9 1 .9 1 1 . 9 7 1 . 9 5

B o n e  a s h  M g ,  % 0 0 . 2 7 0 . 4 5 0 . 7 2 0 . 7 8 0 . 8 4 0 .0 1 0 . 0 1 N S
5 0 . 3 4 0 . 4 8 0 . 7 5 0 .8 1 0 . 9 0

K i d n e y  C a
%  o f  d r y  m a t t e r 0 0 . 6 3 7 0 . 8 1 7 0 . 0 5 9 0 . 0 4 0 0 . 0 5 4 0 . 0 1 0 . 0 1 0 . 0 1

5 0 . 1 6 4 0 . 0 6 0 0 . 0 4 4 0 . 0 5 4 0 . 0 5 8

C a  a b s o r b e d ,  % 0 7 8 7 5 8 4 8 4 6 9
5 6 1 7 1 7 0 8 0 7 0 0 . 0 1 0 . 0 1 N S

C a  b a l a n c e ,  % 0 7 7 7 3 8 1 8 1 6 5
5 6 0 6 7 6 7 7 7 6 8 0 . 0 2 0 . 0 1 N S

M g  a b s o r b e d ,  % 0 8 4 8 4 8 2 8 4 6 4
5 6 9 8 1 8 1 8 6 8 1 0 . 0 1 N S 0 . 0 1

M g  b a l a n c e ,  % 0 7 4 6 6 4 7 2 5 1 9 0 . 0 1 0 . 0 2 0 . 0 1
5 4 5 4 7 4 4 3 2 2 3

P  a b s o r b e d ,  % 0 9 0 8 5 8 9 9 0 7 9
5 7 9 8 2 8 2 8 7 8 1 0 . 0 2 0 . 0 1 N S

P  b a l a n c e ,  % 0 4 7 5 1 5 3 5 9 5 5 0 . 0 1 0 . 0 1 N S
5 3 3 4 3 4 6 5 4 4 6

1 T e n  r a t s / o b s e r v a t i o n  f o r  g a i n  a n d  t i s s u e
2 N S  i n d i c a t e s  n o n s i g n i f i c a n t .

a n a l y s i s ; f o u r  r a t s / o b s e r v a t i o n f o r  m i n e r a l b a l a n c e .

Serum, M g. Dietary supplements of Mg 
increased the serum Mg level. Thyroxine- 
treated rats had increased serum  Mg in 
comparison with non-thyroxine treated ani
mals at the 170 and 280 ppm Mg levels, 
but not at lower or higher ones.

B o n e  a s h  M g. The concentration of 
bone ash Mg was increased both by dietary 
Mg and thyroxine supplements, there be
ing no evidence of a differential response 
to Mg in the presence or absence of thy
roxine.

K id n e y  Ca. The usual kidney calcifica
tion accompanying low Mg diets was ob
served in  the anim als not treated with thy
roxine. This was largely elim inated by thy
roxine treatm ent. Histological exam ina
tion of the kidneys corroborated the chem 
ical analysis. Sharply delineated areas of 
calcification were observed in the cortico- 
m edullary zone. An arbitrary scoring sys
tem showed a good correlation between 
chemical and histological methods of ra t

ing degree of calcification. Expressed as 
a percentage of body weight, the dry kid
ney weight was increased by thyroxine 
treatm ent and decreased by Mg supple
mentation.

Ca a b so rp t io n  a n d  b a la n ce . Only 1 to 
4% of the Ca intake was excreted in  the 
urine, and this variation was not associ
ated with treatm ent. Thus the treatm ent 
effects on Ca absorption and balance are 
similar. The data show irregular differ
ences in  Ca absorption and balance be
tween Mg levels and that thyroxine low
ered Ca absorption and balance. The thy
roxine effect was most evident in anim als 
fed the 80- and 280-ppm Mg diets and was 
slight at other levels.

M g  a b s o r p t io n  a n d  b a la n ce .  Except for 
the low absorption by rats receiving the 
highest level of Mg without thyroxine and 
the lowest level of Mg with thyroxine, 
treatm ent did not markedly affect Mg ab
sorption. Urinary Mg varied from 10 to
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59% of the intake and increased as die
tary Mg increased. Hence the percentage 
Mg balance decreased with each supple
m ent of Mg. The presence of thyroxine 
stimulated urinary Mg excretion at the 2 
lower Mg levels, hence the Mg balance 
was adversely affected by thyroxine in 
these instances.

P absorption and balance. The pattern 
of P absorption followed that of Ca. Mg 
deficiency had no im portant effect on P 
absorption but did decrease P balance by 
increasing the urinary P. The presence of 
thyroxine increased urinary P and hence 
decreased P balance at all levels of Mg.

Experim ent 2
The second experim ent was undertaken 

as the result of certain inconsistencies in 
the m ineral balance data of experiment 1 
and to investigate the effects of several 
levels of thyroxine. As in  the first experi
m ent the time of appearance and the 
severity of Mg deficiency symptoms were

not influenced by the presence of thyrox
ine and were prevented by Mg supple
ments. The quantitative data of experi
m ent 2 are shown in tables 3 and 4.

W eight gain. The first level of Mg sup
plem entation resulted in  a m arked in 
crease in  weight gain which was not in 
fluenced fu rther by higher Mg levels. 
Thyroxine decreased weight gains, most of 
the effect being noticeable at the first thy
roxine level, although each succeeding 
level progressively reduced weight gain. 
Feed intake, as in the first experiment, was 
not significantly affected by thyroxine but 
was reduced in groups fed at the lowest 
Mg level.

Serum Mg. The basal level of Mg re
sulted in reduced serum Mg levels. The 
thyroxine had no significant effect on se
rum  Mg; at all thyroxine levels, 370 ppm 
Mg produced “norm al” levels of serum Mg.

Kidney Ca. Prevention by thyroxine of 
the kidney calcification encountered in  Mg 
deficiency is evident. At the lowest level

TA BLE 3

Effect of thyroxine and m agnesium  on w e igh t gains and tissue c o m pos it ion1 (exp. 2)

Thyroxine,
ppm

Magnesium, ppm P values for treatment
95 185 370 690 1430 Mg T Mg x T

28-Day wt gain, g 0 117 147 148 149 143
5 82 110 98 101 106

10 69 87 91 100 97 0.01 0.01 NS 2
20 67 83 81 75 83

Serum Mg,
m g /100 m l 0 0.90 1.77 2.16 2.33 2.39

5 1.03 1.82 2.15 2.36 2.72
10 1.12 1.76 2.27 2.33 2.48 0.01 NS NS
20 1.31 1.90 2.23 2.31 2.63

Kidney Ca,
% of dry matter 0 1.417 0.505 0.051 0.057 0.043

5 0.085 0.039 0.041 0.040 0.051 0.01 0.01 0.01
10 0.064 0.045 0.039 0.040 0.047
20 0.047 0.042 0.037 0.039 0.044

Bone ash Mg, % 0 0.28 0.59 0.85 0.83 0.92
5 0.41 0.67 0.84 0.89 0.96

10 0.43 0.67 0.83 0.89 1.00 0.01 0.01 0.01
20 0.51 0.73 0.82 0.86 0.96

Serum glycoprotein,
m g hexose /100  ml 0 135 149 134 150 139

5 102 128 105 119 116 NS 0.01 NS
10 103 103 104 113 96
20 92 98 84 107 98

Heart Ca,
% of dry matter 0 0.046 0.031 0.109 0.038 0.026

5 0.066 0.030 0.031 0.026 0.026 0.01 NS 0.01
10 0.055 0.028 0.061 0.022 0.028
20 0.219 0.028 0.033 0.028 0.025

1 S ix  r a ts /o b s e rv a tio n .
2 N S  in d ic a te s  n o n s ig n if ic a n t.
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TA B LE 4

Effect of thyroxine and m agnesium  on m ineral balance 1 (exp. 2)

M ag n e s iu m , p p m  P  v a lu e s  fo r  t re a tm e n t
p p m 95 185 370 690 1430 Mg T M g x T

C a  a b s o r b e d ,  % 0 81 79 72 78 74
5 60 63 65 65 59

10 60 58 59 64 55 0.01 0.01 N S 2
20 60 58 51 56 53

C a  b a l a n c e ,  % 0 79 77 68 76 71
5 57 61 62 61 55 0.01 0.01 N S

10 58 56 54 62 54
20 56 56 49 53 51

M g a b s o r b e d ,  % 0 84 86 84 83 69
5 74 73 78 76 70 0.01 0.01 N S

10 69 70 75 73 66
20 63 67 70 67 65

M g  b a la n c e ,  % 0 75 65 34 21 13
5 63 50 28 5 10 0.01 0.01 0.05

10 49 38 20 3 9
20 49 43 18 8 8

P a b s o r b e d , % 0 89 88 82 86 79
5 79 77 75 75 69

10 76 73 73 75 63 0.01 0.01 NS
20 74 70 65 67 64

P b a la n c e ,  % 0 53 52 51 50 47
5 40 36 38 38 38

10 37 34 35 36 31 N S 0.01 N S
20 29 33 25 30 30

1 Six ra ts /o b s e rv a tio n .
2 N S  in d ic a te s  n o n s ig n if ic a n t.

of dietary Mg, each thyroxine supplem ent 
decreased kidney calcification, although 
most of the effect was obtained with the
5-ppm thyroxine level. Kidney K averaged 
1.26% of the dry m atter and was uninflu
enced by treatm ent.

Bone ash Mg. As with blood serum 
Mg, 370 ppm  of dietary Mg produced “nor
m al” bone ash Mg values irrespective of 
thyroxine levels. In the case of the bone 
analyses the tendency for thyroxine to in 
crease Mg deposition at the lowest Mg 
level was statistically significant. This 
same tendency was present, but not statis
tically reliable, in the blood serum Mg 
values.

Blood serum glycoprotein. Mg supple
m entation did not affect the blood serum 
glycoprotein levels but they were lowered 
in  anim als receiving thyroxine supple
mentation. Kidney glycoprotein averaged 
213 m g /100 g of fresh kidney and was 
uninfluenced by treatm ent.

Heart Ca. At all levels of thyroxine, 
heart Ca was increased in  those anim als 
fed at the basal level of Mg. The high aver
age figure for the hearts of rats fed the 
highest thyroxine and lowest Mg diets is 
largely the result of 2 outstandingly high 
values of 0.64 and 0.33% . H eart K aver
aged 1.31% of the dry m atter and was not 
influenced by treatm ent.

Ca absorption and balance. The m ajor 
effect on Ca absorption and balance was a 
decrease accompanying the inclusion of 
thyroxine in  the diet. The statistical dif
ference observed between Mg levels is a 
result of lower values for Ca absorption 
and balance of those anim als receiving 
the 370- and 1430-ppm Mg diets.

Mg absorption and balance. The m ajor 
effect on Mg absorption was the decrease 
accompanying inclusion of thyroxine in  
the diet, although the highest level of die
tary Mg was less completely absorbed than  
the lower levels. Mg balance was likewise
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reduced by thyroxine, mainly an effect of 
inefficient absorption. The sharp reduc
tion in Mg balance with increased dietary 
Mg was largely a reflection of increased 
urinary excretion of Mg.

P absorption and balance. The P ab
sorption was reduced consistently by thy
roxine and also by the highest level of 
Mg. The P balance was also reduced by 
thyroxine but, as a result of reduced u ri
nary P of those anim als receiving the high
est level of Mg, the P balance was not sig
nificantly affected by Mg level.

DISCUSSION

The results of the 2 experiments re
ported here are in agreem ent in  most re
spects. The evidence concerning the ef
fects of thyroxine on the Mg requirem ent 
indicates that, according to the criteria of 
weight gain and concentration of Mg in 
blood serum and bone ash, the require
m ent is not changed appreciably. Although 
no attem pt was made to accurately access 
the requirem ent in  these studies, the data 
are consistent with our previous estimates
(1 2 ). In the current investigation the re
quirem ent for weight gain did not exceed 
170 ppm and that for norm al levels of 
Mg in blood serum and bone ash approxi
m ated 400 ppm Mg. These data are at 
variance with those reported by Vitale et 
al. (1 )  which indicated that 20 ppm thy
roxine increased the requirem ent for Mg 
for weight gain from less than  200 ppm 
to more than  400 ppm, and that this same 
level of thyroxine decreased serum Mg 
from 1.87 to 0.50 m g/100 ml in  rats re
ceiving 200 ppm Mg in the diet. In an
other report from the same laboratory (13) 
it appeared that thyroxine did not increase 
the Mg requirem ent for weight gain or for 
m aintenance of serum Mg levels. Also, 
Corradino and Parker (1 4 ) did not ob
serve an effect of dietary thiouracil on Mg 
requirem ent for weight gain of young rats, 
although rats treated with thiouracil that 
gained slowly did not show the typical 
visible symptoms of Mg deficiency.

Our data relative to the protective ef
fect of dietary thyroxine supplements on 
the kidney calcification typically accom
panying Mg deficiency are in  complete 
agreement with previously published re
ports (3, 5 ), but the m echanism  whereby

this effect is brought about rem ains ob
scure. Histological studies of Hess et al. 
(1 5 ) showed the initial reaction of the 
kidney to Mg deprivation to be swelling 
and increased enzymic activity of m ito
chondria in the proximal convoluted tub
ules. This was followed by epithelial ne
crosis accompanied by appearance of fine 
Ca deposits. It seems probable that the 
thyroxine effect is m ediated through pre
vention of the early changes such as in 
tegrity of the m itochondrial m em brane 
ra ther than  through a direct effect on cal
cification.

The glycoprotein analyses were made in 
an attem pt to determine whether this 
class of m aterial was increased dem on
strably in  the calcified kidneys of Mg-de- 
ficient animals. An increase in  histolog
ically detectable amounts of glycoprotein 
preceded the calcification of kidney in 
duced by parathyroid hormone; at the 
same time blood serum levels of glycopro
tein were increased from a norm al of 165 
to 233 m g/100 m l.1 Contrary to the effect 
of parathyroid hormone, thyroxine in  this 
experim ent had no effect on kidney gly
coprotein as determined chemically but 
did markedly decrease levels of serum gly
coprotein from 141 m g/100 ml for the 
control anim als to 96 m g/100 ml for those 
receiving 20 ppm thyroxine. The signifi
cance of this previously unreported effect 
of thyroxine is unknown, but the observa
tion may indicate that a proper balance 
between thyroxine and parathorm one may 
be a factor in the synthesis of serum gly
coproteins in the liver or in their transport 
or catabolism.

The bone ash Mg showed the same 
trends toward increase in response to thy
roxine in  both experiments although the 
effects reached significance only in experi
m ent 2 in  which the thyroxine-treated ani
mals fed at the lower levels of Mg had 
increased bone ash Mg. This effect is 
probably a reflection of the larger intakes 
of total feed and hence of Mg per un it 
body weight on the part of the thyroxine- 
fed anim als and is in agreem ent with the 
same tendency noted as a result of cold 
stimulus to feed intake (1 2 ). The lack

1 Grob, H. S. 1962 A study o f th e action s o f  
estrad iol and parathyroid extract on som e p h ases o f  
ca lc iu m  m etab olism  in  the alb ino rat. Ph.D. T hesis, 
N ew  York U niversity .
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of effect of Mg intake on heart and kid
ney K is at variance with results of W hang 
and Welt (16 ) and M anitius and Epstein
(1 7 ), probably because the Mg deficiency 
produced in this study was less severe.

Since the Ca and P intakes did not vary 
appreciably between treatm ents during the 
week of collection, the percentage balance 
of these nutrients is proportional to the 
absolute am ounts retained. Supplements 
of Mg did not have a consistent effect on 
Ca balance, but the thyroxine supplements 
uniformly lowered it. In general, P absorp
tion and balance followed the same pat
tern as that for Ca. Urinary excretion of 
Ca was not affected by treatm ent but that 
of P was increased by thyroxine and de
creased by the highest level of Mg. Alcock 
and MacIntyre (1 8 ) reported that Ca ab
sorption was greater in  Mg-deficient than 
in norm al rats and that the deficient ani
mals excreted less Ca in  the urine. Their 
basal diet (6  ppm  Mg) was more deficient 
than  that used in  this study (95 ppm ). 
This same fact m ay explain the lack of hy- 
perphosphaturia in the present study as 
compared with the m arked increase in 
urine P of Mg-deficient rats reported by 
Smith et al. (1 9 ). The decreased balance 
of Ca and P accompanying thyroxine ad
m inistration is generally compatible with 
previously published results (6, 9) al
though other data (7 -9 )  obtained with 
hum an subjects, indicate an increased u ri
nary excretion of Ca and P.

Mg absorption was depressed at all levels 
of supplem entary thyroxine but by Mg 
supplements only at the highest Mg con
centration, conditions under which Ca and 
P absorption also decreased. Thus the ap
parent absorption of these 3 elements was 
affected similarly by the treatm ents used. 
Urinary Mg was markedly increased by 
each Mg supplem ent; hence the balance 
of Mg was sharply reduced. Thyroxine 
supplements did not affect the urinary Mg, 
in agreem ent with their effect on urinary 
Ca but in  contrast with their effect of 
increasingly urinary P.

It appears likely that the effects of 
thyroxine on Ca, Mg and P balances are 
in part indirect ones, mediated through 
the general metabolic stim ulus of thyrox
ine and the relative deficiency in energy 
intake in the thyroxine-treated animals.

The energy deficiency is apparent from 
the data relative to weight gain, as the 
total feed intake was not affected by thy
roxine but weight gains were reduced. In 
corroboration of the Ca and P balances, 
thyroxine supplements decreased the 
weight of tibia ash, which averaged 213, 
177, 165 and 150 mg, respectively, as the 
thyroxine dosage increased. Evidence for 
effect of thyroxine in reducing net absorp
tion of Ca by everted gut sacks has been 
provided by Finkelstein and Schachter 
( 2 0 ) .
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ABSTRACT  To study the effects of pantothenic acid deficiency during pregnancy 
in the guinea pig, it was necessary first to establish the appropriate duration of the 
deficiency period, by subjecting adult anim als to the deficient diet. These experim ents 
showed that the adult guinea pig is sensitive to a deficiency of pantothenic acid. 
Thirteen non-pregnant adults died w ithin  10 to 41 days after institution of the defici
ent diet, and 3 pregnant anim als survived only 9 to 16 days. Liver pantothenic acid 
and coenzym e A levels were markedly reduced, and liver fat concentration w as greatly 
increased. Pair-feeding experim ents showed that this increase in  liver fa t was at least 
partially due to decreased food intake. A transitory dietary deficiency of pantothenic 
acid during the ninth or tenth weeks of gestation (total period 70 days) resutled in  
loss of fetuses through abortion, or death of the mother. Deficiency during the tenth  
week appeared to produce a significant increase in the liver fat of the newborn. Con
com itantly, liver pantothenic acid level w as lower than norm al, both at birth and at 7 
days of age. Young whose mothers had received the deficient diet during the ninth , the 
seventh or the sixth weeks showed no significant changes in  liver fat at birth, but 
liver pantothenic acid concentration w as lower than normal. No gross m orphological 
abnorm alities were noted. Liver fat concentration in  norm al newborn guinea pigs was 
found to be more than 10 tim es the norm al adult level. At 62 days of gestation, it was 
even higher than at birth, but it  decreased after parturition to one-third of the newborn  
level by 2 days of age. In contrast, liver cholesterol showed only slight changes in  the 
neonatal period. The experim ents suggest that the greatest need for pantothenic acid 
during fetal developm ent of the guinea pig is in  the period shortly before birth.

Pantothenic acid deficiency during ges
tation in  the ra t is known to result in  off
spring with a variety of congenital m alfor
mations (1-3). However, the biochemical 
changes underlying these anomalies are 
not known. The present paper reports the 
results of a study of pantothenic acid de
ficiency in  the pregnant guinea pig, espe
cially in term s of biochemical changes in 
the young.

Pantothenic acid deficiency during ges
tation in  the ra t can result in  various ef
fects ranging in  severity from mild m alfor
m ations to fetal death, depending on the 
duration of the deficiency period (1 -3 ) . 
It was therefore necessary first to estab
lish the period of deficiency appropriate for 
pregnant guinea pigs. This was accom
plished by subjecting adult anim als, preg
nan t and non-pregnant, to a pantothenic 
acid-deficient diet. The effects of a transi

tory deficiency of the vitam in during preg
nancy were then studied by m easuring 
levels of pantothenic acid and fat in the 
livers of the offspring, as well as by stand
ard observations of the young.

In a third phase of the work, changes in 
the liver fa t and cholesterol of norm al 
guinea pigs during development were ex
am ined to provide a firmer basis for in ter
preting the observations made in the ex
perim ental animals.

METHODS

Animals and diets. Young guinea pigs 
were purchased from commercial sources 
and were m aintained with a pelleted puri-

R eceived  fo r  p u b lic a tio n  J a n u a ry  4, 1965.
1 T h is  in v e s t ig a tio n  w as  su p p o rte d  in  p a r t  by  a 

g ra n t  f ro m  th e  N a tio n a l S c ience F o u n d a tio n .
2 A p re lim in a ry  re p o r t o f th is  re s e a rc h  w as  p re 

sen te d  a t  th e  F if th  In te rn a t io n a l  C ongress  on  N u tr i 
tio n , S ep tem b er, 1960, a t  W a s h in g to n , D. C.

J .  N u t r it io n , 8 6 : ’65 201
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fled diet3 which has been shown in our lab
oratory to support norm al reproduction in 
this species (4 ) . Ascorbic acid was given 
3 times weekly by mouth in  am ounts to 
supply 15 m g/day.4 a-Tocopherol in  corn 
oil was fed 2 times each week by m outh, 
providing 1.5 m g/day  for young animals 
and 3.7 mg daily for adult animals.

A pantothenic acid-deficient diet was 
prepared by omitting the vitam in from the 
pelleted purified ration.

To establish the length of time appropri
ate as a deficiency period in adult animals, 
6 m ale guinea pigs, 7 non-pregnant fe
males, and 3 pregnant females were trans
ferred from the complete purified diet to 
the pantothenic acid-deficient ration. The 
anim als were allowed to eat the ration ad 
libitum, and were given the diet until death 
occurred, or until the anim als were killed 
when a m oribund state was noted. The 
observation of soft, yellow livers in  defi
cient anim als led us to determine liver fat 
and moisture content. In some cases, liver 
pantothenic acid and coenzyme A values 
were also determined. Tissues from adult 
guinea pigs which received the complete 
purified diet throughout the experiment 
were used as controls. Pair-fed controls 
were examined to ascertain the influence 
of inanition on liver fat. In these cases, the 
food intake of the pair-fed control (receiv
ing the complete purified diet) was limited 
to the am ount of food eaten the previous 
day by the anim al receiving the deficient 
diet.

The effect of pantothenic acid deficiency 
during gestation in the guinea pig was 
studied by transferring pregnant females, 
whose time of m ating was known, from 
the complete purified diet to the panto
thenic acid-deficient diet for one week at 
various periods of gestation. One week was 
chosen as the period of dietary deficiency 
on the basis of the experim ents with adult 
anim als described above. Pregnancies 
were carefully timed by the use of daily 
vaginal smears. Males were placed with 
the females only during the short period of 
estrus; m ating was considered accom
plished when sperm were observed in  the 
vaginal smear. Since infertile m atings are 
frequent in guinea pigs, it was necessary 
to verify pregnancy by palpation, but this 
was not possible until the embryos were

large enough to be felt (about 30 days of 
gestation).

The females were allowed to deliver their 
young; some anim als from each litter were 
killed at birth and others at 7 days of age. 
The anim als were decapitated to avoid the 
effects of anesthetics on liver metabolism. 
Total pantothenic acid, moisture, and fat 
were determined in  the livers of the young. 
In one case, a litter born to a female that 
received the deficient diet during the n in th  
week of pregnancy, 3 newborn that were 
found dead were used for tissue analysis. 
These anim als had apparently died just 
before they were found; no autolysis was 
noted. Thirty-one females in which preg
nancy was established were used in  this 
experim ent: 17 females used as controls 
received the complete purified diet through
out pregnancy; 14 females were given the 
same control diet except for a period of 
one week during pregnancy.

Liver fa t concentrations during develop
m ent were studied in offspring of guinea 
pigs receiving either the complete purified 
diet, or a stock diet. The stock diet con
sisted of a commercial guinea pig chow5 
supplemented with ascorbic acid as de
scribed above and with fresh greens. Liver 
cholesterol concentrations were studied in 
offspring of females fed stock diet. Ani
mals were killed and liver analyses were 
made at ages ranging from 62 days of ges
tation to 21 days after birth.

Chemical analyses. Free and total pan
tothenic acid were determ ined by the 
method of Skeggs and W right (5 )  after 
enzymatic release of the bound panto
thenic acid by treatm ent with intestinal 
phosphatase and pigeon liver enzyme.

3 The diet had  th e fo llo w in g  percentage com posi
tion: v itam in-free case in , 30; cornstarch, 20; g lucose, 
10.6; sucrose, 10; w ood pulp, 10; agar, 5; sa lts , 6; 
cottonseed  o il, 5; potassium  acetate, 2.5; m agn esiu m  
oxide, 0.5; in osito l, 0.2; and ch olin e chloride, 0.2. 
V itam ins w ere added in  am ounts to provide for each  
kilogram  o f diet th e fo llow in g: ( in  m illig ra m s)
th iam in e  HC1, 16; riboflavin, 16; pyridoxine-H C l, 16; 
Ca pan tothenate, 40; n ico tin ic  acid , 200; b iotin , 1; 
fo lic  acid, 10; 2-m ethyl-naphthoquinone, 5; p-am ino- 
benzoic acid, 100; a-tocopherol, 100; v itam in  B 12, 50; 
also v itam in  A, 6000 IU; and v itam in  D, 600 IU. The  
sa lts  m ix  contain ed : ( in  g ram s) CaCOs, 300; K2H P 0 4, 
325; N aC l, 168; F eS 0 4-7H20 ,  25; M gS 04-7H20 ,  28; 
KI, 0.8; Z n C 03, 0.25; C uS04-5H20 ,  0.3; M n S 04, 2.3.

4 We are indebted to M erck Sharp and D ohm e, Inc., 
R ahw ay, N ew  Jersey, and to H offm ann-LaRoche, Inc., 
N u tley , N ew  Jersey, for supplies o f v ita m in  B i2 and  
ascorbic acid.

5 P u rina G uinea P ig  Chow, R alston  P u rina Com
pan y, St. Louis.
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Preparation of enzyme solutions was ac
cording to Novelli et al. (6 ) . Dowex treat
m ent for removal of endogenous coenzyme 
A from pigeon-liver extract was used (7 ) .

Coenzyme A was determined by the 
method of Kaplan and Lipm ann ( 8). Liver 
fat was m easured gravimetrically after ex
traction from the dried tissue with petro
leum ether. Moisture was determined by 
drying at 60° to constant weight. The 
method of Sperry et al. (21 ) was used for 
the determ ination of cholesterol.

RESULTS
The effect of a pantothenic acid-deficient 

diet on survival of adult guinea pigs is 
summarized in table 1. The non-pregnant 
guinea pigs died within 10 to 41 days 
(m ean, 25) when the vitam in was omitted 
from the diet. Three pregnant anim als died 
w ithin 9 to 16 days (mean, 13). At autopsy, 
most of the anim als had hemorrhagic ad
renals, and about one-fourth of them 
showed hem orrhages in the gastrointestinal 
tract.

The results of liver analyses in adult 
guinea pigs are summarized in  table 2. 
The pantothenic acid-deficient diet pro
duced a m arked decrease in both panto
thenic acid and coenzyme A levels in the 
liver. In contrast, the liver fa t concentra
tion was more than  10 times higher in the 
deficient anim als than in the controls fed 
ad libitum  (40%  of the dry weight as 
compared with 3.3% ). The pair-fed con
trols also, however, exhibited a high liver 
fa t (3 7 % ); thus, the fatty livers of the 
deficient anim als cannot be ascribed to a 
specific effect of pantothenic acid defi
ciency, since partial starvation alone could 
also produce the effect.

A comparison of food intake and body 
weight in  pantothenic acid-deficient and

TA BLE 1
S u r v i v a l  o f  a d u l t  g u in e a  p ig s  f e d  p a n to th e n ic  
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G roup No.
S u rv iv a l

M ean R an g e
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2 4 .7
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pair-fed anim als showed that food utiliza
tion was m uch better in  pair-fed controls 
than  in deficient guinea pigs. An example 
is shown in figure 1.

These results suggest that the adult 
guinea pig is highly susceptible to a die
tary deficiency of pantothenic acid.

The effect of a transitory dietary defi
ciency of pantothenic acid on reproductive 
perform ance in  this species is summarized 
in table 3. Of a total num ber of 17 fe-

males receiving the complete purified diet, 
eight either aborted or died before term. 
All of these abortions and deaths, however, 
occurred before the beginning of the n in th  
week of gestation, and three of the abor
tions occurred before the sixth week. Thus, 
the reproductive perform ance of the con
trols was somewhat better than  that of the 
anim als given the pantothenic acid-defi
cient diet during the tenth week of gesta
tion (in  which 4 litters with live young

Fig. 1 Food intake and body w eight in  a pair-feeding experim ent. The control anim al 
received the amount of food eaten the previous day by the anim al fed the pantothenic acid- 
deficient diet.

TA B LE 3
Effect of a transitory dietary deficiency of pantothenic acid  on reproductive  

performance of guinea pigs

W eek of 
g e s ta tio n  
in  w h ic h  
de fic ien t 
d ie t w as 

fed

No.
p re g n a n t
fe m a le s

R ep ro d u c tiv e  p e rfo rm a n c e
O ffsp ring

No.
w ith
liv e

y o u n g

No.
w ith

a ll
y o u n g
d ead

No.
a b o rted

No.
d ied

T o ta l
no.

b o rn

No.
b o rn
d ead

C o n tro ls
17  1 9 0 5 3 1
14 2 9 0 2 3 1 2 5 6

9  3 9 0 0 0 J

E x p e r i m e n ta l
1 0 th 5 4 1 0 0 13 3

9 th 6 1 2 2 1 7 4
7 th 2 1 0 0 1 5 2
6 th 1 1 0 0 0 3 0

1 T o ta l n u m b e r.
2 A t b e g in n in g  o f s ix th  w eek  o f g e sta tio n .
3 A t b e g in n in g  o f n in th  w eek  o f g esta tio n .
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were produced from 5 pregnancies), and 
was considerably better than  that of the 
6 females given the deficient diet during 
the n inth  week of gestation. In the ninth- 
week group, only one litter with living 
young was produced, and two abortions 
and one death occurred. Thus, there were
9 control females who started the n inth 
week of pregnancy; all of these produced 
litters with living young. In  the deficient 
group, however, there were 11 females who 
started the n in th  week of pregnancy; of 
these, 5 produced litters with living young. 
No gross morphological abnormalities were 
noted in any of the offspring of deficient 
anim als, but one showed behavioral dis
turbances (postural difficulties and some 
trem or) in  the 6 days it lived.

The effect of transitory pantothenic acid 
deficiency during gestation upon liver fat 
and pantothenic acid levels in  the offspring 
is shown in figure 2. The liver fa t level of 
the norm al newborn was found to be about
10 times higher than  that of the adult, but 
by 7 days of age it had decreased almost 
to the adult value. In contrast, liver pan
tothenic acid concentration in  the norm al

Fig. 2 Effect upon the offspring of a transi
tory dietary deficiency during gestation in guinea 
pigs. Each bar represents the mean of several 
samples, the number of which is shown above the 
bars.

newborn was about 60% of the adult value, 
but increased during the first 7 days after 
birth.

A dietary deficiency of pantothenic acid 
during the tenth week of gestation (day 
63 of gestation to b irth ) appeared to pro
duce a significant increase in  the liver fat 
of the newborn. (In  6 newborn controls, 
the range of values was 30 to 39% fat, 
whereas in  6 newborns whose m others 
were given the deficient diet during the 
tenth week, the range was 36 to 65% .) At 
the same time, the liver pantothenic acid 
level of this group was lower than  norm al, 
both at birth and at 7 days of age.

Young whose m others had received the 
deficient diet during the n in th  week (56 to 
63 days of gestation), the seventh week 
(42 to 49 days of gestation), or the sixth 
week (35 to 42 days of gestation) showed 
no significant changes in liver fat. In con
trast, all of these groups had liver panto
thenic acid levels at birth considerably 
lower than  those of the control newborns, 
but in  the seventh-week and sixth-week 
groups, concentration of the vitam in had 
reached the norm al value by 7 days of age.

The results of the study on liver fa t 
levels during development are shown in 
figure 3. Liver fa t concentration at birth 
was more than  10 times the adult level. 
At 62 days of gestation it was even higher 
than  at birth, but it decreased rapidly 
after parturition. By 2 days of age, the 
liver fa t level was about one-third that of

Fig. 3 Liver fat concentration in developing 
guinea pigs. Each point represents the mean of 
from 2 to 10 animals (in  most cases, 5 ); each 
mean represents animals born in from 2 to 6 lit
ters. Open circles indicate stock diet; closed 
circles, complete purified diet.
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the newborn. It continued to decrease 
until 7 days of age, and then rem ained 
quite constant to 21 days, although it was 
still above the adult level.

In contrast, liver cholesterol (sum m ar
ized in  table 4) increased slightly from 
birth to 4 days of age, decreased slightly at 
7 days, and then leveled off. Variation in 
liver cholesterol values was great; never
theless, liver cholesterol levels in  the neo
natal period did not follow the same pat
tern as did liver fat.

DISCUSSION

The experim ent on pantothenic acid de
ficiency in adult guinea pigs suggests that 
the adult of this species is highly suscepti
ble to a dietary deficiency of the vitamin. 
The pregnant guinea pig was even more 
susceptible than the non-pregnant animal. 
Adult rats, even with the added require
m ents of pregnancy, when given a panto
thenic acid-deficient diet show no ill effects 
after one month (3, 9 ), whereas adult 
non-pregnant guinea pigs died after a 
period of from 16 to 42 days. In the rat, 
pantothenic acid deficiency has a relatively 
small effect upon the m aternal organism, 
even when the deficiency is severe enough 
to cause fetal death and resorption in  the 
young (1 -3 ) .

The observation of high liver fat in pair- 
fed controls suggests that the fatty livers 
of pantothenic acid-deficient guinea pigs 
were the result of starvation. Neverthe
less, the production of fatty livers in these 
anim als is of interest. Guehring and co
workers (10 ) showed that pantothenic 
acid-deficient rats did not develop fatty 
livers even when fed a high cholesterol 
diet which greatly increased liver fat in 
rats receiving norm al am ounts of panto

thenic acid. Other diets which also pro
duced fatty livers in  rats given panto
thenic acid did not have this effect in 
pantothenic acid-deficient rats (11). There 
is thus a significant species difference in 
the response of liver lipids to pantothenic 
acid deficiency. The guinea pig, unlike the 
rat, is similar in this respect to the dog and 
the ham ster which also develop fatty livers 
when fed a diet deficient in  this vitam in 
(12, 13).

The results of the experiments concern
ing a transitory deficiency of pantothenic 
acid during gestation are in accord with 
observations on the changes in panto
thenic acid and coenzyme A levels in fetal 
tissue. Hurley and Volkert (1 4 ) have 
recently shown that pantothenic acid and 
coenzyme A levels increased sharply in 
developing guinea pig liver beginning at 
58 days of gestation, and reached a m axi
m um  at 4 days after birth. Thus, the die
tary deficiency of pantothenic acid im 
posed during the ninth week (days 56 to 
63) of gestation, at the time when the 
fetal liver was beginning to increase its 
accum ulation of the vitam in, appeared to 
have a more detrim ental effect on the 
young than the deficiency during the 
tenth week (day 63 of gestation to b irth ).

In one newborn, whose m other had been 
given the deficient diet from 56 to 63 days 
of gestation, behavioral abnormalities, as 
well as an extremely fatty liver, were ob
served. (Ershoff and Kruger ( 15) have ob
served a neurological defect in offspring of 
pantothenic acid-deficient ra ts .) This ani
mal m aintained its birth weight through
out its 6-day postnatal life; the high fat 
content of the liver could therefore not 
have been caused by inanition. The high

TABLE 4
Liver moisture and cholesterol in developing guinea pigs 1

Age No.
sam p les

M o istu re C h o leste ro l

R an g e M ean R an g e M ean

d a ys % fr e s h  w t % fr e s h  w t % dry  w t % d ry  w t
N e w b o r n 5 4 9 - 6 9 62 0 .4 3 - 1 .2 9 0 .9 2

2 3 5 3 - 7 4 64 0 .9 3 -3 .3 1 1.83
4 4 7 3 - 7 7 74 1 .5 1 -2 .5 1 1 .8 5
7 5 7 1 -8 1 74 1 .1 1 -1 .7 6 1 .55

14 5 6 4 - 9 3 75 1 .0 1 -4 .7 4 1 .9 5
21 4 7 2 - 8 7 77 1 .3 0 -3 .9 9 2 .0 8

1 F ed  stock  d ie t.
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liver fa t m ight be viewed as a fetal condi
tion which persisted into postnatal life, 
perhaps because of the absence of panto
thenic acid during the critical period of 
gestation. In another litter, deficient from 
63 days of gestation to birth, the young 
were born dead and had livers whose fat 
content was well above that of norm al 
newborns. This fa t accum ulation also 
could not have been a result of inanition; 
during the period of deficiency, the m other 
appeared to be in good health and contin
ued to gain weight satisfactorily.

These experiments suggest that the 
greatest need for pantothenic acid during 
fetal development of the guinea pig is in 
the period shortly before birth, possibly 
from about 58 days of gestation to term. It 
is of interest that nutritional deprivation 
coming at the very end of pregnancy 
should have a demonstrable effect upon 
the offspring. This is in  contrast with 
m any experiments on teratogenic effects of 
nutritional factors (16, 17). It is possible, 
however, that deficiencies of other n u tri
ents may also be critical during the period 
close to term.

The fat content of the liver in the new
born guinea pig was strikingly higher than 
that of adult liver, and decreased rapidly 
after birth. These results are of in 
terest in relation to the observation that 
coenzyme A levels in  the liver increased 
maximally in the 4 days after birth. It is 
possible that the decrease in liver fat oc
curring in the neonatal period is related to 
the increasing level of coenzyme A during 
this period. This coenzyme is involved in 
both synthesis and breakdown of fat, how
ever. It is therefore noteworthy that Hard 
et al. (1 8 ) have reported a sharp increase 
in the fetal liver fat of guinea pigs between 
55 and 62 days of gestation, a period in 
which there is a rapid accum ulation of 
coenzyme A (14).

The work of Goldwater and Stetten (19 ) 
showed that fetal liver fa t and cholesterol 
were not derived from the m aternal circu
lation, and Popjak (2 0 ) further concluded 
that there was no significant degradation 
of lipids by the fetus during intrauterine 
life. Popjak also noted a high liver fat 
content in the newborn rabbit.

LITERATURE CITED
1. Lefebvres, J. 1951 Rôle tératogène de la 

déficience en acide pantothénique chez le 
rat. Ann. Med. (P a ris), 52: 225.

2. Giroud, A., J. Lefebvres, H. Prost and R. 
Dupuis 1955 M alformations des membres 
dues à des lésions vasculaires chez le foetus 
du rat déficient en acide pantothénique. J. 
Embryol. Exp. Morph., 3: 1.

3. N elson, M. M., H. V. W right, C. D. C. Raird 
and H. M. Evans 1957 Teratogenic effects 
of pantothenic acid deficiency in the rat. J. 
Nutrition, 62: 395.

4. Everson, G. J., L. S. Hurley and J. F. Geiger 
1959 M anganese deficiency in the guinea  
pig. J. Nutrition, 68: 49.

5. Skeggs, H. R., and L. D. W right 1944 The 
use of Lactobacillus arabinosas  in  the m i
crobiological determ ination of pantothenic  
acid. J. Biol. Chem., 156: 21.

6. Noveüi, G. D., N. O. Kaplan and F. Lipmann  
1949 The liberation of pantothenic acid 
from coenzym e A. J. Biol. Chem., 177: 97.

7. Novelli, G. D., and F. J. Schmetz, Jr. 1951 
An improved method for the determ ination  
of pantothenic acid in  tissues. J. Biol. 
Chem., 192: 181.

8. Kaplan, N. O., and F. Lipmann 1948 The 
assay and distribution of coenzym e A. J. 
Biol. Chem., 174: 37.

9. Everson, G., L. Northrop, N. Y. Chung, R. 
Getty and C. Pudelkewicz 1954 Effect of 
varying the intake of calcium  pantothenate  
of rats during pregnancy. I. Chem ical find
ings in the young at birth. J. Nutrition, 53: 
341.

10. Guehring, R., L. S. Hurley and A. F. Morgan 
1952 Cholesterol m etabolism  in pantothenic 
acid deficiency. J. Biol. Chem., 197: 485.

11. Morgan, A. F., and E. M. Lewis 1953 The 
m odification of choline deficiency by sim ul
taneous pantothenic acid deficiency. J. Biol. 
Chem., 200: 839.

12. Arnrich, L., L. S. Hurley, B. R. Forker and 
A. F. Morgan 1956 Response to stress by 
riboflavin-deficient and pantothenic acid-de
ficient dogs. Am. J. Physiol., 184: 515.

13. Cohen, N. L., L. Arnrich and R. Okey 1963 
Pantothenic acid deficiency in  cholesterol- 
fed ham sters. J. Nutrition, 80: 142.

14. Hurley, L. S., and N. E. Volkert 1965 
Pantothenic acid and coenzym e A in the 
developing guinea pig liver. Biochim . Bio- 
phys. Acta, in press.

15. Ershoff, B. IT, and L. Kruger 1962 A 
neurological defect in the offspring of rats 
fed a pantothenic acid-deficient diet during 
pregnancy. Exp. Med. Surg., 20: 180.

16. N elson, M. M. 1957 Production of congeni
tal anom alies in  m am m als by m aternal die
tary deficiencies. Pediatrics, 19: 764.

17. Kalter, H., and J. Warkany 1959 Experi
m ental production of congenital m alform a
tions in  m am m als by m etabolic procedure. 
Physiol. Rev., 39: 69.



2 0 8 L U C IL L E  S. H U R L E Y , N ELD A  E. VOLKERT AND JO E L L E N  T . E IC H N E R

18. Hard, W. H., O. E. Reynolds and M. Win- 
bury 1944 Carbohydrate, fat, and m ois
ture relationships in  the pregnant, fetal, and 
newborn guinea pig. J. Exp. Zool., 96: 189.

19. Goldwater, W. H., and D. W. Stetten, Jr. 
1947 Studies in  fetal m etabolism . J. Biol. 
Chem., 169: 723.

20. Popjak, G., and M. L. Beeckm ans 1950 
Synthesis of cholesterol and fatty acids in  
foetuses and in  m am m ary glands of preg
nant rabbits. Biochem . J., 46: 547.

21. Sperry, W. M., and M. Webb 1950 A re
vision of the Schoenheimer-Sperry m ethod  
for cholesterol determ inations. J. Biol. 
Chem., 187: 97.



M i n e r a l  B a l a n c e  S t u d i e s  w i t h  t h e  B a b y  P i g :  E f f e c t s  o f  

D i e t a r y  M a g n e s i u m  L e v e l  u p o n  C a l c i u m ,

P h o s p h o r u s  a n d  M a g n e s i u m  B a l a n c e  1,2

E. R. MILLER, D. E. ULLREY, C. L. ZUTAUT, J. A. HOEFER 
A N D  R. W. LUECKE
D epartm en ts of A nim al H usbandry and B iochem istry, M ichigan State 
U niversity, East Lansing, M ichigan

ABSTRACT  Calcium, phosphorus and m agnesium  balance studies were conducted  
with baby pigs receiving a purified casein-glucose diet containing levels o f m agnesium  
of 75, 225, 325, 425 and 825 ppm. Dietary levels of Ca and P were m aintained at 0.8 
and 0.6% , respectively, w ith a constant dietary vitam in Da level o f 1800 IU /k g . Food 
intake and consequent m ineral intake were reduced in  anim als receiving 75 ppm  die
tary Mg. Increasing dietary Mg level above 225 ppm did not significantly affect Ca or 
P balance but the m axim al percentage retention of Ca and P was obtained w ith pigs 
receiving 325 ppm of dietary Mg. Urinary Ca excretion was significantly increased by 
increased dietary Mg. Excreta Mg and Mg balance were both positively related to Mg 
intake. M axim al percentage Mg retention was obtained w ith dietary Mg levels o f 225 
or 325 ppm.

Studies by H art and Steenbock ( 1) with 
adolescent pigs have shown that the addi
tion of m agnesium  salts to a basal bran 
diet results in  increased urinary calcium 
elim ination and m ay result in  a negative 
calcium balance. Studies by Bartley et al. 
(2 ) , Freese (3 )  and Lenkeit and Freese
(4 )  with baby pigs receiving a purified diet 
or milk diet have shown that m agnesium  
balance is positively related to magnesium  
intake. Studies with other laboratory ani
m als have generally shown adverse effects 
of increased dietary calcium  and phospho
rus upon dietary m agnesium  utilization
( 5 )  , but increasing dietary m agnesium  
has not generally greatly affected calcium 
and phosphorus utilization (6 ) .

The present study was undertaken to 
determine the effects of dietary m agnesium  
upon calcium, phosphorus and m agnesium  
utilization by the baby pig as determined 
by m ineral balance trials and to provide 
supplem entary inform ation toward a more 
accurate determ ination of the magnesium 
requirem ent of the baby pig (7 ) .

MATERIALS AND METHODS
Baby pigs used in  this study were from 

the second of 2 trials conducted to deter
mine their m agnesium  requirem ent (7 )  
when fed purified casein-glucose diets. 
Calcium, phosphorus and m agnesium  bal

ance studies were conducted with pigs re
ceiving 75, 225, 325, 425 or 825 ppm. 
Dietary levels of Ca and P were 0.8 and 
0.6% , respectively. Dietary sources of 
Ca, P and Mg were identical with those 
used in previous balance studies (8 -1 0 ). 
Vitamin D, was supplied by cod liver oil3 
at a dietary concentration of 1800 IU /kg.

Twenty-nine m ineral balance determ ina
tions were made when the baby pigs were 
4 to 6 weeks of age. Methods of perform ing 
the balance trials were sim ilar to those de
scribed previously (1 0 ). Three 3-day col
lections with controlled intakes were made 
on 2 anim als receiving dietary Mg at each 
level with the exception that the final col
lection for one of the pigs receiving 75 
ppm of dietary Mg was not completed be
cause it died suddenly in  Mg-deficiency 
tetany. A 3-day adjustm ent period with 
identical intake preceded each collection 
period. Distilled water served as the sole 
source of drinking water. Analyses of food, 
fecal and urine Ca, P and Mg were per
formed by methods indicated in a previous * 1

R eceived  fo r  p u b lic a tio n  S ep tem b e r 21, 1964.
1 P u b lish e d  w ith  th e  a p p ro v a l o f th e  D ire c to r  of 

th e  M ich ig an  A g ric u ltu ra l  E x p e r im e n t S ta tio n  as 
J o u rn a l  a r t ic le  no . 3473.

2 P re s e n te d  in  p a r t  b e fo re  th e  m e e tin g  o f th e  
A m e ric a n  I n s t i tu te  o f N u tr i t io n , A pril, 1963 (F e d e ra 
tio n  P roc., 22: 491, 1963, a b s tr a c t) .

3 S ta n d a rd iz e d  Cod L iv e r O il (6 .2 5  /¿g v ita m in  D :.i/g), 
P a rk e , D av is  a n d  C o m p an y , D etro it.

J . N u t r i t i o n , 86: ’65 209
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study (1 0 ). Data were examined by anal
ysis of variance, and statistical significance 
of treatm ent differences was determined 
by the multiple range test of Duncan (11 ). 
Correlation coefficients were determined 
for certain factors of m ineral balance and 
tested for significance (1 2 ).

RESULTS AND DISCUSSION

The summarized data from the balance 
studies are presented in table 1. Both of 
the pigs receiving 75 ppm of dietary Mg

had depressed appetites which necessi
tated reduced controlled food intakes and 
resulted in  reduced m ineral intakes. There 
was no depressing effect upon food intake 
of pigs receiving higher dietary Mg con
centration, and identical near-maximal 
controlled intakes were m aintained in 
simultaneous collections. Increasing the 
dietary Mg concentration above 225 ppm 
did not significantly affect fecal Ca or P, 
urine P, Ca or P balance, or Ca or P re ten
tion. Maximal Ca or P balance and the

TA BLE 1

Daily calcium , phosphorus and m agnesium  excretion and reten tion  as affected by
dietary m agnesium  level

Dietary Mg, ppm
75 225 325 425 825

No. of collections 5 6 6 6 6

Daily food 
in ta k e ,g 300 ± 3 3  1 433 ± 48» 433 ±48» 433 ± 48» 433 ±48»

Ca balance 
Daily Ca 

intake, g 2.40 ± 0 .2 6 3.46 ±0.38» 3.46 ±0.38» 3.46 ±0.38» 3 .4 6 ± 0 .3 8 a
Daily fecal 

Ca, g 0.46 ± 0 .0 8 0.43 ± 0 .0 5 0.35 ± 0 .0 6 0.47 ±  0.10 0.43 ±  0.10
Daily urinary 

Ca, g 0 .0 0 2 ±  0.001 0.006 ± 0 .0 0 1 0.014 ± 0 .0 0 4 0.014 ±  0.001 0.041 ± 0 .0 0 9 dd
Daily Ca 

retention, g 1.94 ± 0 .2 4 3.03 ±0.35» 3.10 ±  0.34* 2.98 ±0 .33» 2.99 ±0 .33»
Ca retention, % 81 ±  3 8 7 ± 1 89 ±  2» 8 6 ± 2 86 ± 2

P balance 
Daily P 

intake, g 1.80 ± 0 .2 0 2.60 ±0.29» 2 .6 0 ± 0 .2 9 “ 2.60 ±0.29» 2.60 ±0 .29»
Daily fecal

P ,g 0.22 ± 0 .0 4 0.22 ± 0 .0 3 0.20 ± 0 .0 4 0.27 ±  0.05 0.28 ± 0 .0 6
Daily urinary

P .g 0.22 ± 0 .0 5 0.32 ± 0 .0 6 0.29 ± 0 .0 4 0.33 ± 0 .0 8 0.33 ±  0.07
Daily P

retention, g 1 .3 6 ± 0 .1 4 2.06 ±0 .25» 2.11 ±  0.24» 2 .0 0 ±  0.18“ 1.99 ±0 .20»
P retention, % 76 ± 3 79 ± 2 81 ±  2 78 ± 3 7 7 ±  3

Mg balance  
Daily Mg 

intake, mg 23 ± 2 97 ±  13» 141 ±16»» 186 ±  21“»'b 357 ±  39lld
Daily fecal 

Mg, mg 8 ±  1 21 ±  3 28 ± 5 50 ± 9» 145 ±  24dd
Daily urinary 

Mg, m g 0.4 ± 0 .1 1.2 ± 0 .4 4 ±  1 9 ±  l bb»c 20 ±  3dd
Daily Mg

retention, mg 14 ±  2 75 ± 9» 109 ±14»» 126 ±14»» 192 ±  38cc,d
Mg retention, % 62 ± 3 77 ±  2aa’b 7 6 ±  5»“-b 68 ± 4» 52 ± 6
1 M ean  +  s e .

» S ig n if ic an tly  g re a te r  th a n  le a s t  v a lu e  (P  <  0 .0 5 ); »»P  <  0.01. 
b S ig n ific an tly  g re a te r  th a n  le a s t  tw o  v a lu e s  (P  <  0 .0 5 ) ; P <  0.01. 
'- S ig n ific an tly  g re a te r  th a n  le a s t  th re e  v a lu e s  (P  <  0 . 0 5 ) ; '« P  < 0 .0 1 . 
» S ig n if ic a n tly  g re a te r  th a n  a ll  o th e r  v a lu e s  (P  <  0 .0 5 ) ; dd P <  0.01.
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percentage Ca or P retention were obtained 
with pigs receiving 325 ppm of dietary Mg. 
Urine Ca excretion was significantly in 
creased by increased dietary Mg intake 
with a correlation coefficient of 0.73 (P  < 
0.01). Serum Ca and Mg concentrations 
in these anim als were positively related as 
were also serum Mg concentration and 
Mg intake (7 ) . The increased serum Ca 
concentration present concomitantly with 
increased serum Mg concentration as a 
consequence of increased Mg intake could 
account for the increased urinary Ca with
out changing the secretory constant for 
renal clearance (1 3 ). The failure of die
tary Mg level to affect Ca or P balance 
other than urinary Ca is illustrated in fig
ures 1 and 2.

The data in table 1 indicate that in 
creasing dietary Mg concentration results 
in both increased excreta Mg and increased 
Mg retention. This is in agreem ent with 
previous observations (2, 3) and is well 
illustrated in figure 3. This is further 
verified by the significant relationship be
tween the factors of Mg intake, excretion 
and retention. The correlation coefficients 
of all anim als for these factors were: Mg 
intake and Mg retention (0 .91), Mg in 
take and excreta Mg (0.90), Mg intake and

Dietary Mg, ppm

Fig. 1 Calcium  balance as affected by dietary 
Mg level.

Fig. 2 Phosphorus balance as affected by die
tary Mg level.

Fig. 3 M agnesium  balance as affected by die
tary Mg level.
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fecal Mg (0 .87 ), fecal Mg and urinary Mg 
(0 .79 ), Mg intake and urinary Mg (0 .75) 
and Mg retention and excreta Mg (0 .61). 
All of these correlation coefficients were 
statistically significant ( P < 0 .0 1 ) .  W hen 
Mg intake and the percentage Mg reten
tion of all anim als were correlated the 
coefficient was — 0.32 (nonsignificant); 
however, when values for the Mg-deficient 
pigs (75 ppm ) were not considered in  this 
correlation the coefficient became — 0.53 
and statistically significant ( P < 0 .0 1 ) .

Pigs in  this study (excluding those re
ceiving dietary Mg at the lowest level) 
made an average body weight gain of 
300 g daily during the course of the bal
ance trials. Using the assumption of Bart
ley (2 )  that Mg concentration of the pig’s 
body is 0.03% , the required daily Mg re
tention to m aintain this body Mg concen
tration is 90 mg. Pigs receiving 325 ppm 
of dietary Mg retained 109 mg daily which 
appears to be an adequate m argin of 
safety.

Data obtained in this study corroborate 
the work of Forbes (6 )  with the rat, in 
that increasing the level of dietary Mg did 
¡not significantly affect daily Ca or P 
retention but increased daily Mg retention. 
The balance data do not indicate a higher 
dietary Mg requirem ent than  that of 325 
ppm determined by other criteria (7 ) .
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ABSTRACT  The value of the Se contained in  a lfa lfa  grown at a low  level of 
available S, and in  a lfa lfa  grown at a high level of available S, w as compared w ith  
that o f Se from  N a2S e0 3 for the prevention of exudative diathesis in  chicks and liver 
necrosis in  rats. All o f the sources o f Se were supplied as additions to basal diets low  
in  vitam in E and containing Torula yeast as the principal source of protein. The 
am ount of alfa lfa  in the diets w as held constant by using a low  Se alfa lfa  in  the 
diets containing N a2S e0 3. Since the added alfalfa m ade up less than 2% of the total 
diet, levels o f dietary S were nearly constant for all com parisons of Se sources. Se 
from the different sources, i.e., N a2S e0 3, low S a lfa lfa  and high S a lfalfa, tended to 
be of sim ilar value for the prevention of liver necrosis in rats and in  the promotion 
of growth in both species. The Se in  the h igh S alfa lfa  w as about 25% less effective  
than the Se from  the other sources for the prevention of exudative diathesis in  chicks.

Several experim ental and naturally 
occurring anim al disease syndromes have 
been shown to respond to either dietary 
addition or subcutaneous injection of Se 
(1, 2 ). Much of the existing inform ation 
on the value of dietary Se in  the correction 
of these disease syndromes has been 
obtained by the addition of inorganic 
selenites to anim al diets fed under experi
m ental conditions (2 -4 ) .  There is evi
dence that different Se compounds vary 
in their effectiveness in the prevention of 
liver necrosis in  rats, and the existence of 
an especially effective form (Factor 3-Se) 
is postulated (5 ) . Although some studies 
(6, 7) indicate that the Se contained in  
forage plants is at least partially effective 
in the correction of Se-responsive diseases 
of sheep and cattle, quantitative compari
sons of the effectiveness of the Se in plants 
as compared with inorganic selenites are 
not available. This inform ation is needed 
in order to utilize the results of experi
m ents involving dietary additions of sele
nite in the diagnosis of “field” cases of Se 
deficiency where the Se contained in 
plants is the only dietary source of this 
element. Inform ation on the biological 
value of Se in  plants is also needed to 
evaluate the possibility of using Se treat
m ent of the soil as a technique for the

prevention of Se-responsive diseases in 
livestock.

These experim ents were designed to de
term ine the value of Se in alfalfa grown 
under controlled conditions of Se and S 
supply in  the soil for the prevention of 
exudative diathesis in  chicks and liver 
necrosis in  rats.

EXPERIMENTS AND RESULTS

Production of alfalfa. The alfalfa used 
in these experim ents was produced in 
4 beds, 1.8 m  X 4.9 m , 18.5 cm deep, con
structed in  a greenhouse. Each bed was 
lined with polyethylene sheeting and filled 
with a m ixture of 30% Hudson silty clay 
loam and 70% washed quartz sand. The 
Hudson silty clay loam  was taken from 
the top 14 cm of a Cornell University field. 
This field had been the source of hay used 
as a part of a ration that generally pro
duced nutritional m uscular dystrophy in 
lambs. The same uniform  m ixture of soil 
and sand was used in  each bed.

The alfalfa (inoculated seed, variety 
D upuit) was planted in  rows about 18 cm 
apart. All beds received a uniform ly heavy

R eceived  fo r  p u b lic a tio n  J a n u a ry  22, 1965.
1 T h is  in v e s t ig a tio n  w a s  su p p o rte d  in  p a r t  by  P u b lic  

H e a lth  S erv ice  R ese a rch  G ra n t no . N B -03517 fro m  th e  
N a tio n a l In s t i tu te  o f N e u ro lo g ic a l D iseases  a n d  B lin d 
ness.
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application of potassium, phosphorus, n i
trogen, and boron, added as a solution of 
reagent grade salts. Additional K2HPO, 
was added (in  solution) uniformly to all 
beds periodically during the course of the 
experiment. The spaces between the rows 
of alfalfa were kept covered with strips of 
black polyethylene, except when additions 
of Se or S were being applied.

The alfalfa was allowed to become well 
established and was cut 3 times before 
any differential treatm ents were applied 
to the beds. Immediately after the third 
cutting, 1 g of Se was added, as a water 
solution of reagent grade NaiSeO.-,, to each 
of 2 beds selected at random. The addi
tion of Se was made by pipetting the re
quired am ount of Se solution onto the 
surface of the soil-sand m ixture along 
each midspace between alfalfa rows.

Following the addition of Se, the alfalfa 
was allowed to grow and was cut at the 
first appearance of blooms. Three cuttings 
of the alfalfa were made following the 
addition of Se. Immediately after the 
third cutting, S was added to two of the 
beds, one previously treated with Se, and 
one without Se treatm ent, at the rate of 
50 g S/bed. The sulfur was added by 
pipetting a water solution of MgSCh onto 
the soil-sand m ixture in each row m id
space. An am ount of Mg acetate contain
ing the Mg equivalent to that in the MgSCh 
was added to the other 2 beds to eliminate 
any differences that m ight be due to dif
ferential levels of Mg in the S-treated and 
untreated beds. The addition of these S 
treatm ents resulted in  one bed with no 
treatm ent (low Se-low S), one treated 
with Se only (high Se-low S), one treated 
with S only (low Se—high S), and one

treated with both Se and S (h igh Se- 
high S).

Following the addition of the S, 3 addi
tional cuttings were made for a total of 9 
cuttings since planting, and the p lant m a
terial was dried, ground, and stored in a 
cold room.

The alfalfa grew vigorously at all times, 
and there were no consistent or marked 
differences in yield among the 4 beds. 
The growth was quite comparable to that 
obtained under good growing conditions 
in the field. The addition of S resulted in 
a yield increase of about 3% over tha t of 
the beds without S, for the 3 cuttings 
taken after S treatm ent.

Analysis of the alfalfa. The Se content 
of the alfalfa produced was m easured by 
a fluorometric method (8). The S content 
of the alfalfa was determined by X-ray 
fluorescence analysis, using a standard 
curve developed from analyses of forages 
by a chemical procedure.2

For the trials with chicks and rats, a 
composite of equal weights of the first and 
second cuttings following the application 
of S to the beds was utilized. The analy
ses of these composites are shown in 
table 1. The trichloroacetic acid (TCA)- 
insoluble Se was determined by shaking 
0.5 g of the alfalfa with 50 ml of 5% TCA 
for 10 hours at room tem perature, filter
ing, and washing the residue with distilled 
water. The Se content of the residue was 
then determined and reported as TCA- 
insoluble Se. Following dilution of the 
filtrate, an aliquot was treated with 
Na.AsOs and hypo-phosphorus acid to pre
cipitate SeO.T= and SeCh= as elem ental Se.

2 Lazar, V. A., U. S. Plant, Soil and Nutrition Labo
ratory.

TABLE 1

Com position of alfa lfa  produced in  the greenhouse w ith  selenium  and sulfur
trea tm en ts of the soil

Soil
treatment

Composition of alfalfa
Sample Total

sulfur
Total

selenium
TCA-

insoluble
selenium

Inorganic
selenium

Low Se-low S None
%

0.19
ppm

0.11
ppm ppm

Low Se-high S Sulfur 0.43 0.08 __ __
High Se-low S Selenium 0.20 4.7 ± 0 .3 7  1 3.5 0.7
High Se-high S Selenium  +  sulfur 0.48 4.6 ± 0 .4 9 ' 3.0 0.8

1 M ean  ±  s d .
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The Se precipitated in  this way was then 
redissolved in HNOs, m easured fluorome- 
trically, and is shown as inorganic Se in 
table 1. There is a possibility that organic 
Se compounds may have been converted 
to inorganic Se during the precipitation of 
elemental Se.

Experim ents w ith  chicks. A prelim i
nary experim ent was conducted to ascer
tain  whether it would be necessary to 
remove the vitam in E contained in the 
alfalfa in  order to assay the value of the 
Se in the alfalfa. Low Se-low S, and high 
Se-low S alfalfas, each one with and w ith
out extraction of the alfalfa with absolute 
ethanol to remove vitam in E, were added 
to a basal ration known to result in a high 
incidence of exudative diathesis in chicks. 
The additions of alfalfa ranged from 0.15 
to 0.6% of the diet. Male chicks of Cobb 
strain were used. The results of this pre
lim inary experim ent indicated that the 
Se in the alfalfa tended to protect chicks 
from exudative diathesis, and that it would 
not be necessary, as long as the additions 
of alfalfa to the diet were kept at a low 
level, to remove the vitam in E from the 
alfalfa to assay the value of Se in the 
alfalfa.

A second experim ent was designed to 
provide a more accurate m easurem ent of 
the value of Se contained in  alfalfa for 
the prevention of exudative diathesis, and 
to determ ine the effect of the level of S 
nutrition of the plant upon the value of 
the Se contained in the plant.

The basal diet is shown in table 2, and 
the additions to this basal diet for achiev
ing the desired levels and sources of Se 
are shown in table 3. The diets com
pounded as shown provided comparisons 
of sources and levels of Se without varia
tion in the total am ount of alfalfa added to 
the diet. Furtherm ore, the effect of the 
levels of S nutrition of the plant upon the 
value of the Se in  the p lant could be 
determ ined under conditions where the 
total S content of the entire diet was 
m aintained essentially constant because of 
the low percentage of alfalfa in the diets.

Duplicate lots of 11 one-day-old chicks 
were assigned at random  to each of the 
10 treatm ents. The chicks were hatched 
from eggs produced by a group of hens 
m aintained with a low vitam in E diet.3

TABLE 2
C om position of d ie t for chick e x p er im en t1

Torula y e a s t2
%

58.5
Glucose monohydrate 3 26.42
Stripped lard 4 4.0
Cellulose 3.0
L-Arginine-HCl 0.2
Glycine 0.4
DL-Methionine 0.3
DL-Phenylalanine 0.1
Vitam in m ix 5 1.22
M ineral m ix s 4.7
Ground alfa lfa  compounded  

as in  table 3 1.16

1 T rad e  n a m e s  a n d  co m p a n y  n a m e s  a re  in c lu d e d  
fo r  th e  b en efit o f th e  re a d e r  a n d  do n o t in f e r  an y  
e n d o rs e m e n t o r p re fe re n t ia l  t r e a tm e n t  o f th e  p ro d u c t 
lis te d  by  th e  U. S. D e p a r tm e n t o f A g ric u ltu re .

2 L ak e  S ta te s  Y east a n d  C h em ica l D iv is io n , St. 
R eg is  P a p e r  C o m p an y , R h in e la n d e r ,  W isco n s in .

3 C erelose , C o rn  P ro d u c ts  C o m p an y , A rgo, I llin o is .
4 D is ti l la t io n  P ro d u c ts  In d u s tr ie s ,  R o ch es te r, N ew  

York.
5 V ita m in s  in  g lucose , a m o u n t/k g  o f  d ie t:  10,000 

IU  v i ta m in  A ; 1,500 IC U  v i ta m in  D3; 2 .44  m g  m e n a 
d io n e  so d iu m  b isu lfite ; 0 .20  m g  b io tin ; 20  m g  C a 
p a n to th e n a te ;  4  m g  fo lic  a c id ; 50 m g  n ia c in ;  4 .5  m g  
p y rid o x in e -H C l; 10 m g  rib o f la v in ; 10 m g  th ia m in e -  
HC1; 20  fig  v i ta m in  B i 2; 2.2 g c h o lin e  c h lo rid e , 70%  
a q u eo u s  so lu tio n .

6 M in e ra l m ix tu re :  (%  o f d ie t)  1.25 C a H P O ^ H o O ; 
2.00 C aC 0 3; 1.40 N aC l; 0.05 M n S 0 4-H 20 ;  0 .00026 K I;
0.00017 CoC12-6H 20 ;  0 .00083 N a M o 0 4-2H 20 .

Feed and water were supplied ad libitum, 
and the chicks were m aintained with the 
basal diet without Se or alfalfa additions 
for 5 days before being fed the experi
m ental diets. The chicks were m aintained 
with the experim ental treatm ents for 17 
days. During this time, they were exam 
ined for exudative diathesis every other 
day.

The results of this experim ent are 
shown in table 4. Analysis of variance of 
the data on the percentage of exudative 
diathesis indicated that the differences be
tween the different levels of added Se 
were highly significant ( P < 0 .0 1 ) .  The 
inorganic selenite resulted in  significantly 
less (P  <  0.05) exudative diathesis than  
did similar am ounts of Se contained in 
alfalfa, and chicks fed diets compounded 
with the low S alfalfa had significantly 
less (P  <  0.05) exudative diathesis than 
did chicks fed diets compounded with 
high S alfalfa. However, at the 25- to 27- 
ppb level of added Se, there were fewer 
deaths among those chicks receiving Se 
from alfalfa than among those receiving 
N a2Se03. The statistical significance of 
this difference in  mortality was not evalu-

3 P o u ltry  D e p a r tm e n t, C o rn e ll U n iv e rs ity .
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TA B LE 3
Se levels and sources in  d iets for chicks and m ethod  of com pounding the Se additions

Treatment Level of 
added Se Material added to diet

C l
ppb

1.16% Low Se-low S alfa lfa
C2 — 1.16% Low Se-high S alfalfa
C3 27 0.58% Low Se-low S a lfa lfa +  0.58% high Se-low S a lfalfa
C4 27 0.58% Low Se-high S alfa lfa  +  0.58% high Se-high S alfalfa
C5 25 1.16% Low Se-low S a lfalfa +  Na2SeC>31
C6 25 1.16% Low Se-high S a lfa lfa +  N a2Se031
C7 54 1.16% High Se-low S alfalfa
C8 54 1.16% High Se-high S alfalfa
C9 50 1.16% Low Se-low S alfa lfa  +  N a2SeO,1
CIO 50 1.16% Low Se-high S a lfa lfa +  N a2S e0 31

1 Added in water solution.

TA B LE 4
Effects of differen t levels and sources of Se upon survival, 

exudative diathesis and grow th  of chicks

Treatment
no.

Level of 
added Se

Source 
of Se

Level 
of S in 
alfalfa

Deaths Exudative
diathesis Final w t1

ppb % % S
Cl — — low 78 100 218 ± 6 4
C2 — — high 64 100 1 6 0 ±  69
C3 27 Alfalfa low 4 68 255 ± 7 2
C4 27 Alfalfa high 0 78 243 ±  63
C5 25 Selenite low 22 50 273 ± 4 5
C6 25 Selenite high 14 64 264 ±  64
C7 54 Alfalfa low 0 19 289 ± 3 1
C8 54 Alfalfa high 0 36 285 ± 3 2
C9 50 Selenite low 0 22 290 ± 3 0
CIO 50 Selenite high 0 22 292 ± 2 7

1 Mean f i n a l  weight ±  s d  o f  chicks surviving for the duration of the experiment.

ated. Analysis of variance of the data on 
final weights indicated that the differences 
between levels of Se were highly signifi
cant ( P < 0 .0 1 ) ,  but that there were no 
significant differences in final weight due 
to sources of Se or to levels of S in the 
alfalfa used. All of these comparisons 
indicate that the different sources of Se 
tended to prevent exudative diathesis and 
to promote growth, and a general simi
larity in  effectiveness of the different Se 
sources was evidenced.

Experim ent w ith rats. An experiment, 
very sim ilar in  design to tha t conducted 
with chicks, was conducted to determine 
the value of the Se in  alfalfa for protec
tion of rats from liver necrosis. The diets 
for the ra t experim ent were compounded 
in  the same m anner as those for the chick 
experiment, except that the levels of added 
Se were 10 and 20 ppb instead of the 
25- and 50-ppb levels used for chicks.

The composition of the basal diet is shown 
in table 5, and the m ethod of m ixing high 
and low Se, high and low S alfalfa, and 
NaaSeOs to achieve the desired levels and 
sources of Se is shown in table 6.

Ten weanling male rats (H oltzm an) 
were allotted at random  to each treatm ent 
(2  replications of 5 rats each) and kept 
in  individual suspended wire-bottom 
cages. Feed and water were supplied ad 
libitum. All ra ts were m aintained with 
the basal diet without addition of either 
alfalfa or NazSeCh for a 10-day period, at 
which time feeding of the treatm ents de
tailed in  table 6 was started. The rats 
were checked 2 or 3 times each day, and 
any dead rats were examined immediately 
for gross evidence of liver necrosis. All 
the ra ts that died during the course of 
the experiment showed gross symptoms of 
liver necrosis.
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TABLE 5
D iet for ra t experim en t

Torula yeast 1
%

30.0
Sucrose 57.06
Cellulose 3.0
Stripped lard 2 4.0
Vitam in m ixture 3 1.5
M ineral m ixture 4 4.0
A lfalfa, com pounded as shown  

in  table 6 0.44

1 Lake States Yeast and Chemical Division, St. 
Regis Paper Company, Rhinelander, Wisconsin.

2 Distillation Products Industries, Rochester, New 
York.

3 Vitamins in dextrose, amount per kg of diet: 
13,500 IU vitamin A; 1,500 IU vitamin D; 675 mg 
ascorbic acid; 75 mg inositol; 1.125 g choline chloride; 
33.75 mg menadione; 75 mg p-aminobenzoie acid; 
67.5 mg niacin; 15 mg riboflavin; 15 mg pyridoxine- 
HC1; 15 mg thiamine*HC1; 45 mg Ca pantothenate; 
0.3 mg biotin; 1.35 mg folic acid; and 20 f i g  vitamin 
Bi2. (Nutritional Biochemicals Corporation, Cleve
land. )

4 Jones and Foster (9 ) plus cobalt chloride.

Feeding of the diets was continued for 
48 days, at which time all surviving rats 
were examined for gross symptoms of liver 
necrosis. Only 3 slight cases of liver ne
crosis were noted among the surviving 
rats.

The results of this experim ent are 
shown in table 7. The addition of 10 ppb 
Se to the diet provided relatively little 
protection from  liver necrosis. The addi
tion of 20 ppb Se to the diet, from all 
sources of Se, resulted in  complete pro
tection from liver necrosis and increased 
final weights of the rats. Because of the 
differences in  num bers of ra ts surviving 
the experiment, an over-all analysis of 
variance for the entire experim ent was 
not attempted. Analysis of variance of 
the final weights, considering only those

TABLE 6
Se levels and sources in  the diets for rats, and the m ethod  of com pounding the Se additions

Treatment Level of 
added Se Material added to diet

R1
ppb

0.44% Low Se-low S alfalfa
R2 — 0.44% Low Se-high S a lfalfa
R3 10 0.22% Low Se-low S alfa lfa-)-0.22% high Se-low S alfa lfa
R4 10 0.22% Low Se-high S a lfalfa +  0,22 % high Se-high S alfa lfa
R5 10 0.44% Low Se-low S a lfa lfa -f Na.SeCL1
R6 10 0.44% Low Se-high S a lf a lf a +  N a2Se03'
R7 20 0.44% High Se-low S alfa lfa
R8 20 0.44% H igh Se-high S alfalfa
R9 20 0.44% Low Se-low S alfa lfa-f-N a2S e0 31
R10 20 0.44% Low Se-high S alfa lfa-fN a.SeC V

1 Added in water solution.

TABLE 7
Effect of d ifferen t levels and sources of Se upon percentage of death , 

survival tim e, and grow th  of rats

Treatment
no.

Level of 
added Se

Source 
of Se

Level 
of S in 
alfalfa

Deaths Survival 
time 1 Final wt 2

ppb % 9
R1 — — low 50 32.2 ± 9 5 1 4 2 ± 5 5
R2 — — high 90 30.8 ±  6.1 174
R3 10 Alfalfa low 70 37.3 ± 1 0 .0 193 ± 4 2
R4 10 Alfalfa high 80 3 2 .0 ±  4.1 163 ± 7 4
R5 10 Selenite low 40 33.8 ±  2.6 188 ± 2 9
R6 10 Selenite high 40 35.8 ±  4.5 187 ±  13
R7 20 A lfalfa low 0 — 218 ± 2 6
R8 20 A lfalfa high 0 — 202 ± 3 1
R9 20 Selenite low 0 — 228 ±  26
R10 20 Selenite high 0 — 213 ± 3 6

i Survival time is the mean number of days ±  s d  following the start of the experiment that the 
rats on each treatment lived. Rats surviving to the end of the experiment were not considered in

i s  a v e r a g e .
2 Mean final weight ±  sd of rats surviving for the duration of the experiment.
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treatm ents supplying 20 ppb Se, indicated 
that there were no significant differences 
in  final weight due to the different sources 
of Se.

Se in rat livers. To determine the ef
fects of some of the different treatm ents 
upon the concentration and total amount 
of Se in the livers of the rats, the livers 
from 4 randomly selected rats from sev
eral different treatm ents were analyzed 
for Se. The rats were selected from those 
surviving the feeding experiment. The 
livers were lyophylized, their dry weight 
was determined, and then ground to a 
fine powder. One-half gram of the dry 
powder was taken for Se determination.

The results of these Se m easurem ents 
are shown in table 8. The concentration 
of Se in the liver and the total am ount of 
liver Se was greater in  rats receiving a 
diet containing 20 ppb Se than  from those 
fed the diet without added Se. Se concen
trations in the livers of rats receiving 
20 ppb of dietary Se from alfalfa did not 
differ greatly from that in the livers of rats 
receiving equivalent Se from N a2SeO:!.

DISCUSSION

The Se in both the low S and the high 
S alfalfa was of some value in  preventing 
exudative diathesis in chicks and liver 
necrosis in rats, and in the promotion of 
growth in both species. For the prevention 
of exudative diathesis in  chicks, Se from 
high S alfalfa was significantly less effec
tive than  Se from low S alfalfa, but the 
difference between the 2 sources of Se 
was not large. The Se in low S alfalfa 
could be considered to be about 25% more 
effective for the prevention of exudative 
diathesis in chicks than  Se from the high 
S alfalfa. Other criteria for comparison

of the value of the different Se sources 
did not indicate large or significant differ
ences between Se sources, and their order 
of effectiveness tended to shift with the 
different criteria used. Considering the 
variability inherent in  the types of assay 
experiments used, the similarity in  the 
value of the different Se sources used is 
possibly the most striking of the results 
presented here.

The authors interpret these results as 
indicative that if either a particularly ef
fective form of Se such as “Factor 3-Se” 
or a particularly ineffective form such as 
elem ental Se (10 ) is present in alfalfa, it 
is present only as a m inor part of the 
total Se. Furtherm ore, a m arked increase 
in  uptake by the plant of S from the soil 
brought about at most only a moderate 
shift of Se in  the p lant into compounds 
that are less effective in  prevention of the 
Se-responsive diseases.

The similarity in  value of Se from 
alfalfa as com pared with equivalent 
am ounts of N a2Se03 is in agreem ent with 
the observations of Schwarz and Foltz
(1 0 ) who reported similar effectiveness 
in prevention of liver necrosis for N a2Se03, 
Na:!SeOi, selenocy stine, selenocystathio- 
nine, and selenomethionine, all of which 
are possible constituents of alfalfa. It is 
also in agreem ent with the work of Jones 
and Godwin (1 1 ) who dem onstrated the 
assimilation of Se75 from alfalfa in mice.

The part (approximately 70% ) of the 
Se in the alfalfa found to be insoluble in 
TCA is probably in  the form of seleno 
amino acids combined into protein. A 
modest decrease in  value of Se in alfalfa 
as compared with that in N a2Se03 m ight 
be expected on the basis of incomplete 
digestion of the alfalfa protein by the

TABLE 8
Se in  rat livers

Treatment
no.

Level of 
Se in diet Source of Se

Concentration 
of Se in 
liver 1

Total 
liver Se

p p b p p m  d ry  basis fi9
R1 0 — 0.11 ± 0 .0 2 4 0.24
R7 20 High Se-low S alfalfa 0.16 ±  0.027 0.48
R8 20 High Se-high S alfalfa 0.21 ± 0 .0 2 5 0.64
R9 20 N a2S e0 3 +  low  Se-low S alfalfa 0.18 ±  0.014 0.44
R10 20 N a2S e0 3 +  low  Se-high S alfalfa 0.20 ± 0 .0 1 8 0.60

1 M ean  ±  s d  of 4 ra n d o m ly  se lec ted  ra ts  fo r  e a c h  tre a tm e n t.
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chick or ra t, although the effects of differ
ent sources of Se upon the concentration 
of Se in the livers of rats indicate rela
tively uniform  absorption of Se from the 
different sources.

It appears from these results that re
quired levels of Se for animals, as deter
m ined in controlled experiments involving 
additions of selenites to anim al diets, may 
be applied with some confidence to the 
diagnosis of “field” cases of Se-responsive 
diseases where the dietary Se comes from 
alfalfa. These conclusions will need to be 
confirmed using other plant species as 
carriers of the dietary Se.

It also appears, that, since the Se in the 
alfalfa p lant is effective in the prevention 
of Se-responsive diseases, addition of Se to 
the soil m ight be a possible route toward 
prevention of these diseases, providing 
such addition could be made without dan
ger of toxic concentrations of Se in the 
plants grown.

The effect of level of S nutrition of the 
plant upon the value of the Se in the 
plant, as investigated here, is only one of 
several possible points of interaction of S 
and Se in the soil-plant-animal system. 
Competitive effects of S and Se in bio
logical systems have been reviewed by 
Schrift (1 2 ). There are also reports of an 
increased incidence of Se-responsive dis
eases when rum inants have been fed diets 
high in sulfates and low in Se (13, 14). 
It is entirely possible that high levels of S 
in anim al diets may lead to an increased 
need for dietary Se, even though the Se 
contained in plants high in S is only 
slightly less effective than  the Se contained 
in plants low in S, when fed under the 
conditions of nearly uniform  levels of 
dietary S used in  the experiments reported 
here.
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