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A B ST R A C T  S tudies w ere conducted  to investiga te  u ltra s tru c tu re  of aortic  tissue of 
copper-deficient an d  contro l ch ick  em bryos. T he copper-deficient a n d  contro l em bryos 
w ere o b ta ined  by feed ing  h en s purified  diets co n ta in in g  2 an d  46 ppm  copper, respec
tively. T he ao rtas of these 18-day em bryos w ere s tud ied  by lig h t an d  electron  m icros
copy. T he tu n icae  m ed ia  of con tro l em bryos consisted  of a lte rn a tin g  layers of cells 
w h ich  w ere sep ara ted  by n a rro w  ex trace llu la r  spaces co n ta in in g  e longated  s tra n d s  of 
elastic  fibers. By e lectron  m icroscopy, i t  w as observed th a t  these e lastic  fibers h a d  
sm ooth con tours an d  consisted  of p a ra lle l fibrils em bedded in  a  m atrix  of low  electron  
density . T he tu n icae  m ed ia  of copper-deficient em bryos consisted  of an  un o rg an ized  
popu lation  of cells w h ich  w ere sep a ra ted  by w ide ex trace llu la r spaces co n ta in in g  
e lastic  fibers in  th e  fo rm  of globules o r sh o rt stran d s. By e lectron  m icroscopy, it w as 
observed th a t these  a lte red  e lastic  fibers h a d  knobby contours an d  consisted  of few  
sca tte red  fibrils em bedded in  a n  e lectron  opaque m atrix . As com pared  w ith  contro ls, 
it appeared  th a t  cells in  th e  tu n icae  m ed ia  of copper-deficient em bryos w ere im m atu re , 
and  the  e lastin  syn thesized  w as abnorm al.

Mortality from angiorrhexis occurs in 
chicks (1) and young swine (2) fed a 
copper-deficient diet. Such vascular dis
ease is characterized by connective tissue 
defects, especially fragmentation and dis
ruption of elastic fibers in all tunicae of 
the involved artery. These elastic fiber 
changes in the aortas of chicks fed a cop
per-deficient diet, as observed by electron 
microscopy, have been described (3).

Recently it was suggested that the role 
of copper in the metabolism of aortic 
elastin was anabolic in nature (4). This 
report of the chemical analysis of aortas 
of chicks fed 0.8 and 25 ppm dietary cop
per and of related isotope experiments of
fered evidence that copper was required 
for the synthesis of normal elastin. It has 
also been observed that feeding of a low 
copper, non-fat milk-solids diet to hens 
causes production of copper-deficient em
bryos (5) which die in the early blood 
stages without evidence of gross abnor
malities. Because of these reports, the 
present investigation was initiated in 
which copper-deficient embryos were pro
duced and their aortas studied by light 
and electron microscopy.

EXPERIM ENTAL

Thirty, 14-month-old, commercial egg- 
production type of hens (Hyline 934H)
J . N u t r it io n , 91:  ’67

were assigned at random to 6 groups of 5 
birds each, and maintained in individual 
cages. They had been fed a 17% protein 
practical-type diet composed of natural in
gredients (6). Two groups were fed a 
purified diet (table 1) containing 2 ppm 
copper by analysis (7). Two other groups 
were fed the same purified diet supple
mented with 46 ppm copper as anhydrous 
CuS04. The third 2 groups were continued 
with the practical-type diet and served as 
positive controls.

All hens were inseminated artificially 
with pooled semen at the start of the feed
ing trial and thereafter at 10-day intervals. 
Collection of eggs began 2 days after the 
initial insemination. The eggs were col
lected daily, stored at 13°, and set accord
ing to the date of lay at weekly intervals.

Eighteen-day, copper-deficient embryos 
from hens fed the purified diet containing 
2 ppm copper were used for microscopic 
study. They were the last embryos that 
had lived to 18 days. Subsequent embryos 
died within the first 6 days of incubation. 
Control 18-day embryos were from hens 
fed the purified diet containing 46 ppm
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TABLE 1
C om position  o f purified  d i e t 1

%
N on-fa t m ilk  solids 50.0
Sucrose 35.7
Corn oil 5.0
Glycine 0.5
DL-Methionine 0.3
Choline chloride 0.2
M icro-ingredients 2 1.0
Salt m ix  3 7.3

1 By analysis, d iet con tained  2 ppm  copper.
2 V itam ins added per 100 g of diet: v itam in  A, 

2000 USP un its; v itam in  D3, 433 ICU; and ( in  m illi
g ram s) m enadione, 2.5; a-tocopheryl acetate, 2.5; 
ethoxyquin  (San toqu in , M onsanto Co., St. L ouis), 
0.0125; thiam ine-H C1 1.0; riboflavin, 1.0; pyridoxine- 
HC1, 1.0; Ca p an to thenate , 3.0; n iac in , 5.0; inositol, 
50; bio tin , 0.04; folic acid, 0.2; an d  v itam in  B12, 0.003.

3 Salt m ix: ( in  g ram s) CaC03 , 500; CaHP04 , 200; 
NaCl, 20; Z nC 03, 4.5; M nS04-H20 , 3.1; FeC6H50 7- 
5H20 , 6.0; and  KIOa, 0.04.

copper. These were compared with em
bryos produced by hens that received the 
practical-type diet, and no differences were 
noted between the 2 groups.

A portion of the thoracic and abdominal 
aortas of 5 copper-deficient and 5 control 
18-day embryos were examined microscop
ically. For histological studies, aortas were 
fixed in 10% neutral formalin, embedded 
in paraffin, sectioned at 5 a, and stained 
with hematoxylin-eosin stain and with 
Orcein-Van Gieson stain for elastic fibers. 
For electron microscopy, a small portion 
of the aortas was fixed in 2% glutaralde- 
hyde in Sorenson’s buffer, pH 7.2 (8), 
post-fixed in 1% Os04 (9), embedded in 
Araldite (10), sectioned, stained with lead 
citrate (11) and examined with a Philips 
EM200 electron microscope. One-micron 
sections of Araldite-embedded aortas were 
stained (12), and examined by light mi
croscopy.

R E S U L T S

Feeding of the copper-deficient diet to 
laying hens resulted in mortality of all 
embryos within 10 days. However, some 
hens did not produce live embryos after 
receiving the deficient diet for only 4 days. 
This mortality was attributed to a copper 
deficiency, since no mortality was observed 
when the control diet was fed. Although 
hatchability was reduced to zero, egg pro
duction was not significantly affected. Egg 
production was slightly lowered in the 
groups receiving the diet containing 46 
ppm copper, as compared with hens receiv

ing the practical-type diet, but hatchabil
ity of fertile eggs was not affected.

Examination of most broken-out eggs 
indicated that they were fertile, but the 
embryo had died within the first 36 hours 
of incubation. The last embryo which sur
vived beyond 36 hours usually died about 
the sixth day of incubation. The embryo 
produced prior to this one was alive at 18 
days of incubation and was found to be 
copper-deficient by histopathologic studies.

When copper-deficient hens were re
turned to the practical-type diet, hatch- 
ability returned to normal in 18 days. The 
first surviving embryo at 18 days of incu
bation was copper-deficient according to 
histopathologic studies.

Light microscopy. The tunicae media 
of 18-day control chick embryos consisted 
of alternating layers of cells that were 
separated by narrow spaces (fig. 1). This 
extracellular space contained prominent, 
elongated strands of elastic fibers in the 
Orcein-Van Gieson stain, but not continu
ous elastic lamellae (fig. 2). These find
ings were also observed in 1-u sections of 
Araldite-embedded control aortas. In 1-u 
sections, most of the cells in the tunicae 
media of aortas of control embryos were 
spindle shaped and dark-staining (fig. 1A). 
Elastic fibers in the extracellular space 
were elongated strands which generally 
extended about the length of 2 confluent, 
longitudinally directed cells.

The tunicae media of the aortas of 18- 
day-old copper-deficient embryos differed 
from those of control embryos. The vas
cular wall of deficient embryos did not 
contain layers of cells. Instead, cells were 
observed as an unorganized population of 
cells, not closely associated with each other 
(fig. 3). As a result, the extracellular 
spaces were wider than those of controls. 
Moreover, elastic fibers in the extracellular 
spaces were fragmented, slightly swollen 
and consisted of short strands (fig. 4).

In 1-u sections of copper-deficient em
bryos, most of the cells in the tunicae me
dia were pale, round to oval in shape, and 
had pseudopod-like extensions (fig. 3A). 
The nuclei of these cells were large, had 
a vascular appearance, and their limiting 
membranes generally were smooth. Occa
sionally elongated, darker-staining cells 
having the characteristics of cells present



Fig. 1 T u n ica  m ed ia  o f the  ao rta  o f the  con tro l ch ick  em bryo co n ta in s a lte rn a tin g  
layers of cells. H&E. X 130. 1A: O ne-m icron section , th e  cells in  the  m ed ia  a re  spindle- 
shaped  (S ) ,  an d  th e  ex trace llu la r spaces ( a )  a re  sm all. C ontinuous e lastic  fibers (a rro w s)  
are  in d ica ted  by arrow s. T olu id ine  blue. X 1200.

Fig. 2 E lastic  fibers in  th e  tu n ic a  m ed ia  of the  ao rta  o f a con tro l em bryo consist of e longated  
s tran d s  (T ) .  O rcein-Van Gieson sta in . X 1200.



Fig. 3 T u n ica  m ed ia  of th e  ao rta  of th e  copper-deficient em bryo consists of a n  u n o r
gan ized  p o p u latio n  of cells. H&E. X 130. 3A: O ne-m icron section , th e  cells have  processes 
( p ) ,  an d  the  nu c leu s ( n )  is vesicu lar. T he ex trace llu la r space (S )  is d ila ted  a n d  con
ta in s  e lastic  fibers in  th e  fo rm  of droplets ( d ) .  T o lu id ine  blue, X 1200.

Fig. 4 E lastic  fibers in  the  tu n ic a  m ed ia  of the  copper-deficient ao rta  a re  broken  
stran d s  (T )  or d rop lets (D ). O rcein-Van Gieson sta in . X 1200.
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in the aortas of control embryos, were in
terspersed between the lighter-staining, 
prevalent cell type. The extracellular 
spaces in the tunicae media were more ex
tensive in deficient than control embryo 
aortas, and generally elastic fibers in this 
area were seen as small, dark droplets.

Electron microscopy. The tunicae media 
of the aortas of 18-day-old control chick 
embryos contained elongated cells. They 
were confined by a well-defined plasma 
membrane. Such cells contained irregular 
elongated nuclei having numerous inden
tations of the nuclear membrane, and they 
usually possessed prominent nucleoli (fig.
5) . The cells also contained abundant, 
rough-surfaced endoplasmic reticulum (fig.
6 ) . The cisternae of some endoplasmic 
reticulum appeared to be filled with amor
phous material of low electron density, 
and many cisternae were parallel to the 
longitudinal axis of the elongated cell. 
Numerous mitochondria were also ob

served in these cells, but no filaments were 
observed. A distinct, but relatively small 
extracellular space separated most adja
cent layers of cells in the tunica media. 
The space contained connective tissue con
sisting of elastic and collagenous fibers, 
delicate fibrillar elements, embedded in an 
electron translucent matrix. The elastic fi
bers were elongated strands in longitudinal 
section, had smooth contours and consisted 
of parallel fibrils embedded in a matrix of 
low electron density (fig. 6). Most of the 
elastic fibers were located close to the 
well-defined membranes of the spindle- 
shaped cells, or were in contact with the 
membranes. Collagenous fibers had perio
dicity. They were seen both in contact 
with the limiting membrane of the cells 
and free in the extracellular spaces.

The architecture of the tunicae media 
of the aortas of copper-deficient embryos 
did not resemble that of control embryos 
(fig. 7). Most of the cells in deficient em-

Fig. 5 T u n ica  m edia  of the  ao rta  of a  contro l ch ick  em bryo. T he spind le-shaped  cells (C )  are 
a rran g ed  in  layers. E longated  s tran d s  of e lastic  fibers (E )  are p re sen t in  the  ex trace llu la r space. 
X 8,000.



288 CHARLES F. SIM PSON, J . E. JONES AND R. H. HARMS

Fig. 6 T u n ica  m ed ia  of ao rta  of con tro l em bryo. T he cell co n ta in s a n  e longated  n u c leu s  ( N )  m i
to ch o n d ria  ( m ) ,  a n d  ro ugh-su rfaced  endoplasm ic re ticu lu m  ( e r ) .  T he e lastic  fiber h a s  sm ooth  su r
faces an d  consists o f m an y  delicate  fibrils ( P )  em bedded  in  a  m a trix  of low  electron  density . Col
lagenous fibers (L )  a re  also p re sen t in  the  e x trace llu la r  space. X 20,000.

bryos were round and had long extensions 
which were outpouching of the cell mem
branes. The nuclei of these cells were 
vesicular, round, bound by smooth mem
branes, and constituted a large area of 
the cells. Although rough-surfaced endo
plasmic reticulum and mitochondria were 
observed in these cells, these organelles 
were fewer in number in cells of deficient 
than control aortas. No filaments were 
seen in these cells.

The extracellular spaces in the tunicae 
media of deficient embryos were more ex
pansive than those of control embryos. 
This was caused by the lack of organiza
tion of cells into layers in the deficient 
tissue (fig. 7). Elastic fibers in the form 
of globules, or occasional short strands, 
were present in the extracellular space, 
along with collagenous fibers, unidenti
fied fine fibrils, and electron translucent 
matrix. Rarely, the extracellular space

was devoid of elastic fibers. Short strands 
of elastic fibers had knobby surfaces (fig. 
8). The fibers were either closely associ
ated with the cell surface, or they were 
free in the extracellular space. In the 
former situation, there was smudging of 
the cell membrane where elastic fibers 
were attached, and frequently such fibers 
were seen in indentations of the cell 
membrane. Elastic fibers were composed 
of an electron opaque matrix and fibrils. 
Such fibrils appeared to be slightly swol
len, scattered, and decreased in number, 
as compared with fibrils in elastic fibers 
of control embryos. Collagenous fibers ap
peared to be morphologically normal be
cause they had periodicity.

DISCUSSION

Copper deficiency in laying hens with 
resulting embryonic death has been pro
duced by others (5), using the procedures
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Fig. 7 T u n ica  m ed ia  o f ao rta  of copper-deficient em bryo. T he oval-shaped cells a re  scattered . 
T hey have  v esicu lar n u c le i (N )  an d  long  ex tensions (L ) .  E lectron  opaque e lastic  fibers ( £ )  are 
globular. E lastic  fibers are ab sen t in  som e a reas (A ) .  X 8,000.

outlined in the present paper. However, 
they reported that deaths occurred only in 
the early blood stage, and abnormalities 
resulting from a copper deficiency were 
not studied. In the present study, it was 
shown that the last embryo from hens fed 
a copper-deficient diet and which survived 
to 18 days had microscopic lesions of cop
per deficiency. Thus, by this technique it 
was possible to study copper deficiency in 
the developing chick embryo.

It has been shown by chemical analysis 
that the aorta of the copper-deficient chick 
accumulates a large fraction of nonelas- 
tin, noncollagen protein, and an increased 
concentration of soluble collagen (13, 
14). Isolated elastin contained an elevated 
concentration of lysine but less desmosine 
and isodesmosine (15). Chemical analysis 
of copper-deficient pig aortas showed a de
crease in elastin, an increase in hexosa- 
mine, but no change in collagen content 
(16). Thus, it has been suggested that

copper is involved in elastin biosynthesis. 
The data in the present paper appear to 
confirm this hypothesis by morphologic 
studies, and also indicate why deficient 
aortas contain decreased elastin by chem
ical analysis. The tunicae media of aortas 
of control 18-day chick embryos contained 
cells lacking filament which appeared to 
be fibroblasts or undifferentiated myo
blasts, since smooth muscle cells have a 
uniform cytoplasm, and contain few mito
chondria, scant endoplasmic reticulum, 
and myofilaments. This observation is in 
agreement with a previous electron micro
scope study of the normal 18-day chick 
aorta (17). However, the cells in the 
tunicae media of 18-day copper-deficient 
embryos appeared to be mesenchymal 
cells. Therefore, in copper-deficient em
bryos there appeared to be retardation of 
maturation of cells in the tunicae media 
of aortas and the synthesis by these cells 
of elastic fibers that differed morphologic-
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Fig. 8 T u n ica  m ed ia  o f ao rta  of a  copper-deficient em bryo. T he cell co n ta in s a v e sicu lar n u 
cleus ( N ) ,  rough-su rfaced  endoplasm ic re ticu lu m  ( e r )  an d  m itochondria . E lastic  fibers a re  globu
la r  (G ) or sh o rt s tran d s  w ith  knobby (K ) su rfaces. T hey co n ta in  a  few  fibrils em bedded  in  an  
electron  opaque m atrix . T here  is sm udg ing  of the  cell m em b ran es (a rro w s)  w here  th ey  co n tac t e las
tic fibers. X 20,000.

ally from those present in the tunicae 
media of control aortas of the same age. 
It has been reported that wet elastin iso
lated from copper-deficient chick aortas 
has less elasticity and tensile strength and 
tends to be more “sticky” than elastin iso
lated from normal chick aortas (13). The 
physical properties of connective tissue 
cannot be determined from thin sections 
examined by electron microscopy. How
ever, it is probable that since elastic fibers 
in the aortas of deficient embryos con
sisted of an electron opaque matrix and 
a few scattered elastic fibrils, they had 
less elasticity and a different consistency 
than elastic fibers in aortas of control 
chick embryos which consisted of parallel 
fibrils embedded in a matrix of low elec
tron density.

Lesions of the aortas of copper-deficient 
chicks observed by the electron micro

scope have been described previously (3), 
and were similar to those described in 
the present paper. The elastic fiber 
changes were described as degenerative 
in nature, commencing at the periphery 
of the fibers. In retrospect, it appears that 
in the previous work (3) the elastic fiber 
changes resulted from the synthesis of 
altered elastin, or the synthesis of altered 
elastin on the periphery of previously 
formed normal elastic fibers.

It is not known whether consumption 
of copper-deficient diets by dams of 
species other than the chicken cause a 
similar influence on the integrity of the 
connective tissue of the offspring and 
early embryonic death.
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The formulation for the purified copper- 
deficient diet was obtained from Dr. J. 
E. Savage, University of Missouri, Colum
bia, Missouri.
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Effect of Chronic Ethanol Feeding on 
Rat Liver Phospholipid 1,2

SA M U EL W . F R E N C H
D e p a r t m e n t  o f  P a t h o l o g y ,  S a n  F r a n c i s c o  G e n e r a l  H o s p i t a l ,  
U n i v e r s i t y  o f  C a l i f o r n i a  S c h o o l  o f  M e d i c i n e ,
S a n  F r a n c i s c o ,  C a l i f o r n i a

A B S T R A C T  D e te rm in a tio n s  o f  liv e r  p h o sp h o lip id  c o n c e n tra t io n  a n d  c o m p o s itio n  
w e re  m a d e  in  e x p e r im e n ts  to in v e s tig a te  th e  e ffe c t o f c h ro n ic  e th a n o l  in g e s tio n  on 
liv e r  p h o sp h o lip id  m e ta b o lism  in  th e  r a t .  E a c h  e th a n o l- fe d  a n im a l  w a s  g ro u p e d  w ith  
a  c o n tro l a n im a l  p a ir - fe d  th e  b a s a l  d ie t  p lu s  su c ro se  a n d  a  c o n tro l a n im a l  fe d  th e  
b a s a l  d ie t a d  l ib i tu m . B o th  m a le  a n d  fe m a le  a n im a ls  f e d  e th a n o l d ev e lo p ed  in c re a se d  
c o n c e n tra t io n s  o f  l iv e r  p h o sp h o lip id ;  th e  in c r e m e n t  in  th e  m a le s  w a s  g r e a te r  th a n  th a t  
in  th e  fe m a le s . Q u a n ti ta t iv e  tw o -d im e n s io n a l th in - la y e r  c h ro m a to g ra p h y  o f  th e  p h o s 
p h o lip id  f ra c tio n s  sh o w ed  a n  in c re a s e  in  ly so le c ith in  a n d  p h o sp h a tid y l  e th a n o la m in e  
in  th e  e th a n o l- fe d  a n im a ls ,  w h e th e r  c a lc u la te d  o n  th e  b a s is  o f p h o sp h o lip id  c o n c e n tr a 
tio n  o r  to ta l  l iv e r  c o n te n t .  T h e  in c re a s e  in  ly so le c ith in , a  m e m b ra n e - ly s in g  a g e n t,  m a y  
be  re le v a n t  to  a l te ra t io n s  r e p o r te d  in  e x p e r im e n ta l  a n d  c l in ic a l  c h ro n ic  a lco h o lism .

Evidence obtained in recent studies sug
gests that ethanol may alter cell membrane 
permeability and transport (1-7). Since 
phospholipid plays an important role in 
the structure and function of cell mem
branes, for example, membrane permeabil
ity and flow of solutes (8), it is possible 
that the effect of ethanol on membranes is 
mediated through alteration of membrane 
phospholipid. Studies in vitro indicate that 
ethanol can influence phospholipid-protein 
complexes (8, 9), thus suggesting a mech
anism by which ethanol might alter the 
phospholipid-protein structure of cell mem
branes. In chronic ethanol poisoning, a 
change in phospholipid content might be 
anticipated because the compounds that 
affect membrane permeability stimulate 
phospholipid synthesis (10). The present 
experiments were undertaken to investi
gate the effect of chronic ethanol ingestion 
on phospholipid metabolism in the rat. 
They included determinations of phospho
lipid concentration and composition.

E X P E R IM E N T A L

Weanling rats of the Wistar strain were 
fed a basal diet which included 30% casein 
and adequate amounts of vitamins together 
with 30% ethanol (w/v), as described pre
viously (4), for a period of 4 to 15 months. 
The ingredients of the basal diet are shown 
in table 1. Ethanol was offered in Richter 
tubes to minimize evaporation. The basal

diet was made into a thick paste with 
water and was offered fresh, twice weekly, 
in small jars to avoid spillage. Each eth
anol-fed animal (group 1) was paired with 
a control animal fed the basal diet plus 
sucrose in isocaloric amounts (group 2) 
and also with a control animal fed the 
basal diet ad libitum (group 3). Two ex
periments were conducted with the ani
mals maintained on these regimens. In 
the first experiment, the males fed ethanol 
consumed an average of 4.3 g of ethanol/ 
day and 5.9 g of protein/day. Ethanol ac
counted for 27% and protein for 21% of 
the calories/day. Table 2 shows the pro
portions of ethanol and of protein, carbo
hydrate, and fat consumption in the diet, 
and the average weight gain of the animals 
in the 3 groups in experiments 1 and 2. At 
the time of liver biopsy, the average weight 
gain of the ethanol-fed animals was con
siderably less than that of the isocaloric 
sucrose pair-fed control animals (table 2). 
The reason for this phenomenon is not 
known. Lieber et al. (11) suggest that 
either alcohol affects food utilization or in
creases caloric loss, or that the calories 
from ethanol are less available for growth. * 1 2

Received fo r pub lication  Ju ly  18, 1966.
1 T his investigation  w as supported  by Public H ealth  

Service R esearch  G ran t no. AM-05243-04 from  the  
N ational In stitu te  of A rth ritis  and  M etabolic D iseases.

2 P resented  in  p a r t a t the  50th A nnual M eeting of 
the Federation  of A m erican Societies fo r E xperim en ta l 
Biology, A tlantic City, N ew  Jersey, 1966 (F ren ch , S. W. 
1966 Chronic e thano l feeding and  ra t  liver phospho
lip id  content. Federation  Proc., 2 5:  478 ( a b s tra c t) ) .

2 9 2 J. N u t r it io n , 9 1 :  ’67
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TABLE 1

C om position  o f basal diet

%
C asein, v itam in-free 30
Sucrose 28
Starch 28
Corn oil 2
H ydrogenated  cottonseed oil 1 6
N o n -nu trien t fiber 2
H aw k Oser sa lt m ix tu re  2 4

m g/kg
C holine dehydrogen  c itra te 2 ,000
Inositol 100
p-A m inobenzoic acid 5
N ico tin ic  acid 20
M enadione 5
T h iam in e  • HC1 3
Pyridoxine-H C l 3
Riboflavin 5
Ca p a n to th e n a te 25
Folic acid 2
B iotin 0.1
V itam in  B 12 0.02
dZ-a-Tocopheryl ace ta te 165

units /kg
V itam in D 2 0 ,0 0 0
V itam in  A 2 0 0 ,0 0 0

1 Crisco, P rocter and  Gamble Com pany, C incinnati.
2 Hawk, P. B., and  B. L. Oser. Science, 74: 369, 1931.

Exp. 1. Phospholipid concentration. In 
this experiment, 8 male rats were fed eth
anol for 7 months, and 8 female rats, for 
4 months. When the regimen was termi
nated, the animals were anesthetized and 
liver tissue was obtained by biopsy. Lipid 
was extracted and purified according to 
the method of Folch et al. (12). Phos
phorus was measured by the method of 
Chen et al. (13).

Exp. 2. Isolation and measurement of 
phospholipid fractions. Four male rats 
were fed ethanol for 15 months. In this 
experiment the animals were killed and 
whole liver weights were obtained to en
able subsequent determinations of the con
tent of each phospholipid fraction.

Purified lipid extract was prepared as in 
the first experiment. Quantitative two- 
dimensional thin-layer chromatography 
(TLC) using the purified lipid extract was 
used to measure the phospholipid fractions.

Individual phospholipid fractions were 
isolated by a modification of the method 
described by Abramson and Blecher (1 4 ) . 
Chromatoplates (2 0  X 20 cm) of 500 u 
thickness were prepared with a suspension 
of 30 g of Silica Gel G in 63 ml of 0.01 m
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TABLE 3
E ffec t o f chronic e thano l feed in g  on liver phospholip id  concen tra tion

Group Diet
Phospholipid 1

Male 2 Female 2

i B asal +  e th an o l 38.2 ±  0.8 3 35.8 ±  0.9 4

2 B asal +  sucrose 30.4 ± 1 .1 26.6 ± 1 .4

3 B asal ad lib itu m 30.1 ± 0 .7 33.1 ± 0 .8

1 ¿¿moles phospholipid phosphorus/gram  wet liver (m ean +  s e ) .
2 Eight rats /group.
3 P <  0.001 compared with groups 2 and 3.
4 P <  0.05 compared with groups 2 and 3.

r
r SOLVENT FRONT 1

i

8

7

Fig. 1 Separation  of a m ix tu re  of re ference  phospholip ids (5 0  ¿ig e ac h ) by tw o-dim en
sional th in -layer ch ro m atography  an d  v isu a liza tio n  of spots w ith  m olybdenum  spray: 1,
o rig in ; 2, lyso lec ith in ; 3, sph ingom yelin ; 4, p h o sphatidy l cho line; 5, p h o sphatidy l inosito l 
and  serine; 6, un iden tified  spot seen in  the  re fe ren ce  p h o sphatidy l inosito l, p h o sphatidy l 
cho line , and  phosp h a tid y l e th an o lam in e ; 7, phosp h a tid y l e th an o lam in e ; 8, u n iden tified  spot 
seen in  re fe ren ce  p h o sphatidy l cho line; an d  9, card io lip in .

Na2C03. After activation of the plates at 
110° for 30 minutes, samples (50 pliters) 
were applied as a spot of less than 5-mm 
diameter on the lower right corner of the 
plates under a stream of nitrogen. Plates

were first developed in a Colab developing 
chamber with chloroform-methanol-glacial 
acetic acid-water 250:74:19:3 (v/v). The 
plates were dried in air for one hour and 
were then developed in the second dimen-
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SOLVENT FRONT 1

#  7

Fig. 2 T w o-d im ensional th in -layer ch ro m atography  of purified  lip id  ex tra c t of r a t  liver. 
Spots w ere iden tified  by com parison  w ith  th e  re fe ren ce  phospholip ids: 1, o rig in ; 2, lyso-
lec ith in ; 3, sph ingom yelin ; 4, pho sp h a tid y l cho line ; 5, p h o sp h a tid y l inosito l and  p h o sp h a 
tidy l se rin e; 6, p h o sp h a tid y l e th an o lam in e ; an d  7, card io lip in .

sion (90° rotation clockwise) with chloro
form-methanol-7 m  ammonium hydroxide 
230:90:15 (v/v). Developed plates were 
dried in air for 15 minutes, sprayed with 
0.2% iodine in methanol, and the yellow 
spots were outlined. The next day the sil
ica gel in each spot was scraped onto glas
sine weighing paper and then transferred 
to a 12-ml conical centrifuge tube. Phos
pholipids were eluted from the silica gel 
by the method of De Bohner et al. (15). 
To eliminate the nonspecific effect of the 
gel in the phosphorus determination, the 
same extraction procedure was carried out 
on silica gel from blank portions of com
parable size to the phospholipid spots. 
Quantitative phosphorus analysis of the 
eluted phospholipid was performed by the 
method of Marinetti (16).

Identification of individual phospho
lipid spots was accomplished by comparing

their positions with those of reference com
pounds.3 Phospholipids were stained with 
a molybdenum blue reagent (17). In addi
tion, phosphatidyl ethanolamine and phos
phatidyl serine were stained with 0.2% 
ninhydrin in 99% n-butanol and 1% pyri
dine (18).

RESULTS

Exp. 1. Phospholipid concentration. 
Since the whole liver weight was not ob
tained in this experiment, no statement 
can he made regarding total liver phospho
lipid content. The concentration of liver 
phospholipid was significantly increased 
by chronic ethanol feeding in both the

3 C ardio lip in  w as ob tained from  Sylvana C hem ical 
Com pany, M ilburn , N ew  Jersey. The o ther reference 
com pounds, phosphatidy l choline, phospha tidy l inos
itol, phosphatidy l serine, phospha tidy l en thano lam ine , 
lysolecithin, an d  sphingom yelin, w ere obtained  from  
Sigma C hem ical Com pany, St. Louis.
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male and female animals. The increment 
in the males was greater (table 3). This 
may be owing to the longer period of feed
ing males (7 months). Lieber et al. (11) 
observed a difference in phospholipid con
centration in male rats fed ethanol and 
pair-fed isocaloric sucrose-supplemented 
controls after 10 and 24 days, respectively.

Exp. 2. Phospholipid composition. 
With the exception of phosphatidyl serine 
and phosphatidyl inositol (figs. 1 and 2), 
the individual phospholipid fractions were 
completely separated by two-dimensional, 
thin-layer chromatography. Thus the val
ues for these 2 fractions are shown to
gether in table 4, which lists the values for 
each fraction calculated as total liver con
tent and as concentration. In general, 
recovery of the phospholipid fractions was 
good. It was better in the animals fed 
ethanol and in the controls fed the basal 
diet ad libitum than in the sucrose-fed 
animals. The lysolecithin and phosphatidyl 
ethanolamine fractions were increased in 
the ethanol-fed animals, compared with 
both control values, when calculated as 
total content and as concentration.

DISCUSSION

The increase in liver phospholipid con
centration in rats fed ethanol for 4 months 
or longer reported here is in agreement 
with the results of Lieber et al. (11), who 
reported that short-term feeding (10 and 
24 days) increased the liver phospholipid 
concentration and content. These results 
can be correlated with those of Beard and 
Barboriak (19), who observed an increase 
in plasma phospholipid in dogs during 
chronic ethanol feeding. Seakins and 
Robinson (20) noted an increase in the 
rate of synthesis during the recovery 
phase, 16 hours after a single tube feeding 
of ethanol. However, the effect of acute 
ethanol feeding on liver phospholipid may 
well be different from that of chronic etha
nol feeding: various investigators (20-
23) have reported that the concentration 
of liver phospholipid is not increased after 
acute ethanol feeding, and Scheig and 
Isselbacher (24) have shown that the in
corporation of fatty acids into triglyceride 
is stimulated at the expense of phospho
lipid.
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The effect of chronic ethanol ingestion 
on liver phospholipid is quite different 
from that of various dietary deficiencies. 
For example, in deficiencies of choline 
(25-27), protein (9, 29), pyridoxine (30), 
or thiamine (31), the liver phospholipid 
is diminished. It is unlikely, therefore, that 
ethanol ingestion affects phospholipid me
tabolism by means of increasing the re
quirement for essential nutrients.

In the present experiments, chronic 
ethanol feeding either increased or left 
unchanged the various liver phospholipid 
fractions, and none of the fractions were 
decreased. This is not true in choline de
ficiency with or without protein deficiency 
(25, 32), where the lecithin fraction is 
depressed.

Worthy of note is the previously un
reported ethanol-induced increase in lyso- 
lecithin. Studies in vitro have demon
strated an increase in lysolecithin in aging 
rat liver mitochondria, probably as a result 
of endogenous phospholipase A hydrolysis 
of phosphatidyl choline (33,34). Lyso
lecithin is a membrane-lysing agent (35, 
36). Elsbach et al.4 reported evidence that 
lysolecithin plays a role in the lysis and 
renewal of cellular membranes. Feldberg 
et al. (37) observed that lysolecithin per
fused through the dog liver liberated his
tamine, protein, and pigments, possibly 
because of its cytolytic action. Nygard et 
al. (38) showed that lysolecithin in vitro 
altered the morphology of mitochondria, 
and Pesch and Peterson (39) produced 
lysis of mitochondria in vitro with a high 
concentration of lysolecithin. However, it 
has not been determined whether the small 
increase in lysolecithin observed in the 
studies reported here could account for the 
membrane structural alterations (40) or 
functional alterations (1 ,5 ,4 ) described 
in chronic ethanol feeding.
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Effect of Indigestible Oils on Vitamin K 
Deficiency in the R at1,2
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A B ST R A C T  S tud ies of ind igestib le  oils such  as m in e ra l oil an d  squalene  w ere 
u n d e rta k en  to de te rm in e  th e ir  effect on  v ita m in  K deficiency in  th e  ra t. Severe hypo- 
p ro th ro m b in em ia  occurred  in  m ale  ra ts  fed  a  v ita m in  K-deficient d ie t co n ta in in g  as 
little  as 0.5%  of th e  oil an d  th e  effect w as reversed  by  feed ing  v ita m in  K. Fem ale  
ra ts  w ere p a rtia lly  re s is ta n t to th e  trea tm en t. D ie tary  sq ualene  also in te rru p te d  the  
assim ila tio n  of v ita m in  K in  ch icks w here  0.5%  of d ie ta ry  oil in h ib ited  the  u tiliza 
tion  of 0.1 /rg of p h y llo q u in o n e /g  of diet. S im ilar re su lts  w ere o b ta ined  in  chicks 
fed  re tin y l ace ta te  a n d  re tino ic  acid.

During studies on nutritional factors in
fluencing the development of vitamin K 
deficiency in the rat we observed severe 
hypoprothrombinemia after feeding diets 
containing squalene or oxidized squalene. 
Dietary oils have been studied with refer
ence to the assimilation of vitamin and 
provitamins A, but little evidence is avail
able concerning their effect on the absorp
tion of vitamin K. Elliott et al. (1 ), Barnes
(2) and Javert and Macri (3) have pre
sented evidence that mineral oil by mouth 
may induce vitamin K deficiency and 
Nightingale et al. (4) obtained similar re
sults with a triglyceride containing dihy- 
droxystearic acid. By comparison with 
these, the effect of squalene was unique 
since it was operative at low dietary con
centration and because oxidation of squal
ene enhanced its effectiveness. These 
observations led us to study the anticoagu
lant effect of several indigestible oils, the 
possible effect of oxidation of dietary lipids 
on blood coagulation and the use of these 
oils in the development of vitamin K de
ficiency in the rat.

METHODS

Experimental details of animal care, diet 
preparations, blood sampling, and assay 
of prothrombin have been reported previ
ously (5, 6). With the one exception 
noted, adult rats of the St. Louis Univer
sity strain were used. Diets were fed to 
individually caged animals and prothrom
bin was measured in cardiac blood, using 
Russell’s viper venom according to Hjort

et al. (7). The average concentration of 
prothrombin and its standard error are 
given as criteria of the effect of the diet. 
The reference standard for these assays 
was a pool of plasma prepared from adult 
male rats fed commercial laboratory ra
tion.4

Oxidation of the various lipids was ef
fected with monoperphthalic acid (8) in 
ether. After addition of a measured 
amount of oxidizing reagent, the reaction 
mixture stood at room temperature until 
analyses (9) indicated little or no residual 
peroxide. The initial stage of oxidation of 
squalene 5 was carried out in an ice bath. 
Other lipids were oxidized less rapidly and 
did not require cooling. After oxidation the 
ether solutions were extracted with sodium 
carbonate, washed with water and dried 
over sodium sulfate. The solvent was re
moved under reduced pressure and the oil 
was finally dried in vacuo at room temper
ature.

A standard diet deficient in vitamin K 
with the following composition was used 
throughout these studies: casein, 21; corn- * 1 2 3 4

Received fo r p ub lica tion  October 11, 1966.
1 These studies w ere supported  in  p a r t u n d e r con

tra c t an d  g ran t w ith  the  Office of the  Surgeon G eneral, 
D epartm ent of the  Army. The opinions expressed are 
those of the  au thors an d  no t necessarily  those of the 
D epartm ent of the  Army.

2 A p re lim inary  report of some of the  studies con
ta in ed  in  th is  paper w as presen ted  a t th e  m eeting  of 
th e  Federation  of A m erican Societies fo r E xperim en ta l 
Biology, A tlan tic  City, N ew  Jersey, April, 1961. #

3 P resen t address: D epartm ent of Derm atology, U ni
versity  of M iam i School of M edicine, M iam i, F lorida.

4 P u rin a  Laboratory Chow, The R alston  P u rin a  Com
pany , St. Louis.

3 E astm an  C hem ical Com pany, w hite  label grade; 
oxidized w ith  0.167 m ole of perph th a lic  acid per mole 
of squalene.
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starch, 43; glucose monohydrate,6 27; corn 
oil, 5; and a supply of vitamins and min
erals as described previously (5).

RESULTS AND DISCUSSION

After feeding the standard deficient diet 
containing 0.5% squalene or oxidized 
squalene, low prothrombin levels were ob
served in both adult and weanling rats 
(table 1). Although oxidized squalene ap
peared to be more effective, the feeding of 
either oil resulted in depressed coagulation 
activity. As shown in table 1, the anticoa
gulant effect was countered by the admin
istration of vitamin K.

Table 2 shows the effect of these oils 
fed to female rats of the same age and 
strain. As observed earlier (5), prothrom
bin levels in the female were higher than 
in the male. Furthermore, female rats 
exhibited little depression of prothrombin 
due to ingestion of squalene. This may 
be related to the general resistance of fe
male rats to vitamin K deficiency (10). 
Previously we observed that female rats 
are similarly insensitive to the hemorrha- 
genic toxicity of vitamin A (5).

TABLE 1
Prothrombin levels in male rats fed vitamin K- 

deficient diets containing 0.5% of squalene 
and oxidized squalene

Dietary
additions

Prothrombin 
Weanling 1 Adult 2

% of normal % of normal
N one 7 4 ± 7 3( 10) 7 5 ± 5 ( 2 0 )
Squalene 1 9 ± 5  ( 9 )  2 4 ± 5 ( 1 0 )
Oxidized squalene 7 ± 3  ( 6 )  1 0 ± 1 ( 1 0 )
Oxidized squalene

+  vitam in K 4 101 ± 3 ( 1 0 )

1 Weanling male rats fed the experimental diet for 8 weeks. Number of animals is shown in parentheses.2 Adult male rats fed the experimental diet for 2 
weeks.

3 SE.4 2.5 /ig of phylloquinol diphosphate/g of diet.

TABLE 2
Prothrombin levels in adult female rats fed 

squalene and oxidized squalene

Dietary
additions Prothrombin

% of normal
None 1 3 6 ± 3  1 ( 9 )  2
0.5% squalene 106 ± 5  (9 )
0.5% oxidized squalene 7 9 ±  12 (1 0 )
1 SE.
2 Number of animals is shown in parentheses.

In each of these experiments, oxidized 
squalene appeared to be more effective 
than the untreated oil and the possibility 
existed that untreated squalene was con
taminated with products of air oxidation. 
Squalene was purified by molecular dis
tillation 7 and by formation of the thiourea 
clathrate (11). Diets containing purified 
squalene were also protected with an anti
oxidant. The results of these studies 
shown in table 3 provide no evidence that 
oxidation products are required for the 
anticoagulant effect. Furthermore, oxidized 
squalene fed at 0.05% of the diet (imitat
ing the possible presence of 10% oxidized 
impurity in untreated squalene) had no 
effect on prothrombin concentration.

TABLE 3
Prothrombin levels in rats fed 0.5% 

purified squalene

Purification Prothrombin
% of normal

M olecular distillation 1 9 ± 2  ' ( 2 0 )  2
Thiourea adduct 1 8 ± 2  (1 9 )
Molecular distillation

+  antiox id an t3 2 3 ± 2  (3 9 )

1 SE.
2 Number of animals is shown in parentheses.
3 0.05% ethoxyquin (Santoquin, Monsanto Com

pany, St. Louis).

Despite this evidence that oxidation was 
not a prerequisite for the anticoagulant ef
fect of fed squalene, we examined several 
oxidized oils for possible induction of vita
min K deficiency. Cottonseed oil, beef fat 
and cod liver oil were oxidized with 0.6 
mmole of perphthalic acid per gram; 
methyl oleate and methyl linoleate were 
oxidized with one double bond-equivalent 
of perphthalic acid; and oxidized soybean 
oil was obtained as a commercial product.8 
Each of these oils mixed into the standard 
vitamin K-deficient diet replacing corn oil 
was fed to adult male rats without result
ing in the symptoms of anticoagulation 
noted after feeding squalene. Thus oxida
tion of edible oils does not appear to make 
them effective in the induction of vitamin 
K deficiency.

On the basis of these data it appeared 
that the effects of squalene and oxidized

6 Cerelose, Com Products Company, New York.
7 CMS-5 centrifugal molecular still, Consolidated 

Vacuum Corporation, Rochester, New York.
8 Drapex 6.8, Argus Chemical Company, Brooklyn, 

New York.
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squalene were related to their indigestibil
ity and that other oils may be equally ef
fective. Table 4 contains data obtained 
with squalane, mineral oil and other lipids 
fed at 0.5% of the diet. Squalane and 
mineral oil were as effective as squalene. 
Castor oil did not lower prothrombin and 
hence the effect observed with other oils 
is probaly not due to increased laxation. 
Dihydroxystearic acid at this low level also 
did not affect prothrombin concentrations; 
however, Lockhart et al. (4) have observed 
previously that rats fed approximately 8% 
of this acid in glyceride form had pro
longed prothrombin times and became 
hemorrhagic. As observed with squalene, 
the anticoagulant effect of mineral oil was 
countered by the administration of vitamin 
K.

Although squalene may occur in foods, 
the concentration of this oil is probably 
never sufficient to influence prothrombin 
levels. Rothblat et al. (12) reported 40 
to 50 ag of squalene per g of rat liver 
which is approximately 0.1% of rat liver 
lipid. We have assayed several other lipids 
by the same procedure and observed simi
lar low levels of squalene. The following 
percentages were detected: beef fat, 0.05; 
corn oil, 0.06; soybean oil, 0.15; and cot
tonseed oil, 0.03. These data and those 
obtained with oxidized oils indicate clearly 
that dietary anticoagulation due to lipids 
does not occur unless by the deliberate ad
ministration or ingestion of effective 
amounts of oil.

In mammalian species, simple nutri
tional deficiency of vitamin K in intact ani
mals leads to moderate hypoprothrom- 
binemia so that the anticoagulant effect of

TABLE 4
P ro throm bin  levels in  ra ts fed  0.5%  o f 

various oils

Dietary
additions Prothrombin

None
% o f  n o r m a l  
75 ± 5  K 20) 2

Squalane 2 5 ± 3  (1 0 )
M ineral oil 1 9 ± 3  (1 0 )
Castor oil 68± 5 (1 0 )
DHSA 3 66 ±  7 (1 0 )
Mineral oil +  vitam in K 4 100 ± 2  (1 0 )

1 SE.
2 N um ber of an im als is show n in  parentheses.
3 D ihydroxystearic acid.
4 2.5 fig  of phylloquinol d ip h o sp h a te /g  of diet.

dietary supplements can be clearly super
imposed on the effects of deficient regi
men; however in chicks, simple deficiency 
results in severe hypocoagulation which 
cannot be significantly intensified by fur
ther treatment. In chicks the effects of 
squalene were observed if the oil was fed 
in the presence of vitamin K. The results 
are shown in table 5. Under the condi
tions fed, 0.5% squalene lowered pro
thrombin in the chick in a manner equiva
lent to the loss of 0.1 ug of vitamin K/g of 
diet. Similar interference with the utiliza
tion of vitamin K in chicks was also ob
served after feeding diets containing 2500 
IU of retinyl acetate and 250 IU of retinoic 
acid/g of diet. In these experiments pro
thrombin levels indicated that 0.1 to 0.15 
ug of vitamin K/g of diet was neutralized 
or rendered otherwise unavailable. Previ
ous studies by Quick and Stefanini (14) 
indicated that excessive doses of vitamin 
A in the chick had no effect on one-stage 
prothrombin times. Differences in our 
experimental design preclude a clear inter
pretation of this difference, but the signifi
cance of the data in table 5 clearly indi
cates that interrupted utilization of vitamin 
K by indigestible oils and vitamin A previ
ously observed only in mammals also oc
curs in the chick.

On the basis of the data presented here, 
indigestible oils at relatively low concen-

TA BLE 5
P rothrom bin  levels in  ch icks fe d  diets con ta in ing  

squalene , re tin y l acetate or retinoic acid

Dietary 
additions 1 Prothrombin 2

None
% of n o r m a l
7 ±  1 3( 18) 4

0.05 fig vitam in K 5 1 7 ±  1 (1 6 )
0.1 fig vitam in K 33 ±  1 (1 7 )
0.2 fig vitam in K 64 ± 4 (1 8 )
0.2 ¡ug vitam in K +  squalene 8 36 ± 7 (1 8 )
0.2 /xg vitam in K

+  retinyl acetate 7 21 ± 2 (1 8 )
0.2 fig vitam in K

+  retinoic acid 8 28 ± 3 (1 6 )

1 Day-old chicks fed fo r 2 w eeks diets con ta in ing  
the  additions show n; fo r th e  com position of the  v ita 
m in  K-deficient d iet fo r chicks, see M atsch iner and 
Doisy (1 3 ).

2 C onditions of the  pro throm bin  assay have  been 
described previously (1 3 ).

3 SE.
4 N um ber of an im als is show n in  parentheses.
5 A dditions of phylloquinone in  ¡ig / g of diet.
6 0.5% squalene.
7 2500 IU  re tin y l a c e ta te /g of diet.
8 250 IU  retino ic  a c id /g  of diet.
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tration in the diet profoundly enhance 
vitamin K deficiency in the rat. Appar
ently, the massive amounts of mineral oil 
used earlier by Elliott et al. (1) and others 
are not necessary to produce the deficiency 
if proper dietary control is maintained. 
In addition, the present data substantiate 
that several oils may replace mineral oil 
in its effect on the assimilation of vitamin
K. In an early study, Mitchell (15) ob
served that higher melting paraffins were 
not as effective as liquid paraffins in re
stricting the absorption of provitamins A 
from spinach, and Bacon et al. (16) made 
reference to the production of vitamin K 
deficiency in rats by feeding polymerized 
sardine oil. The present study extends 
this list of effective oils to squalene, squal- 
ane and oxidized squalene and suggests 
that indigestible oils may be convenient 
agents for assistance in the development 
of vitamin K deficiency in mammalian 
species.

LITERATURE CITED
1. E llio tt, M. C., B. Isaacs a n d  A. C. Ivy 1940 

P ro d u c tio n  of p ro th ro m b in  deficiency an d  
response to v ita m in  A, D a n d  K. Proc. Soc. 
Exp. Biol. M ed., 43; 240.

2. B arnes, W . A. 1942 E ffective o f congo 
red  on p lasm a  p ro th ro m b in . Proc. Soc. Exp. 
Biol. M ed., 49; 15.

3. Jav ert, C. T ., a n d  C. M acri 1941 P ro 
th ro m b in  co n cen tra tio n  a n d  m in e ra l oil. 
Am er. J. Obstet. Gynecol., 42; 409.

4. L ockhart, E. E., H. S h erm an  an d  R. S. H arris  
1942 D ihydroxystearic  acid  an d  v ita m in  K 
deficiency. Science, 96; 542.

5. M atsch iner, J. T ., a n d  E. A. Doisy, J r . 1962 
Role o f v ita m in  A in  in d u c tio n  of v ita m in  K 
deficiency in  th e  ra t. P roc. Soc. E xp. Biol. 
M ed., 109: 139.

6. M atsch iner, J. T ., an d  E. A. D oisy, J r . 1965 
E ffect of d ie ta ry  p ro te in  on  th e  developm en t 
o f v ita m in  K deficiency in  th e  ra t. J . N u tr ., 
86: 93.

7. H jo rt, P ., S. I. R ap ap o rt an d  P. A. O w ren 
1955 A sim ple , specific one-stage p ro th ro m 
b in  assay  u s in g  R ussell’s v ip er venom  in  
cep h a lin  suspension . J . Lab. C lin. M ed., 46; 
89.

8. Böhm e, H. 1955 M onoperph thalic  acid. 
Org. Syntheses (C ollective v o l.) , 3; 619.

9. W illard , H. H ., a n d  L. H. G reathouse 1938 
T he vo lum etric  ox idation  of iodide an d  
brom ide by periodic  acid. J . A m er. Chem . 
Soc., 60; 2869.

10. M etta, V. C., an d  B. C. Jo h n so n  1960 
E ffect o f feed in g  v ita m in  K-deficient d iets 
to fem ale  ra ts . J . N u tr., 72; 455.

11. Isler, O., R. Rüegg, L. C hopard-dit-Jean , H. 
W agner a n d  K. B ern h ard  1956 Synthese 
von sq u a len  aus n a tü rlich e m  u n d  sy n th e 
tischem  nerolidol. Helv. C him . A cta, 39; 
897.

12. R othb lat, G. H ., D. S. M artak  an d  D. K ritchev- 
sky 1962 A q u a n tita tiv e  colorim etric  a s
say  fo r squalene. A nal. B iochem ., 4; 52.

13. M atsch iner, J . T., an d  E. A. Doisy, Jr. 1966 
B ioassay of v ita m in  K in  ch icks. J. N u tr ., 
90; 97.

14. Q uick, A. J., an d  M. S te fan in i 1948 E x
p e rim en ta lly  in d u ced  ch an g es in  th e  p ro 
th ro m b in  level of th e  blood. J . Biol. C hem ., 
175: 945.

15. M itchell, H. S. 1933 T he in fluence  of m in 
e ra l oil on  assim ila tio n  of v ita m in  A fro m  
sp in ach . Proc. Soc. Exp. Biol. M ed., 31; 231.

16. B acon, E. K., S. L assen , S. M. G reenberg , J. 
W . M ehl a n d  H . J. D euel, J r . 1952 T he 
in fluence of in g ested  m in e ra l oil u p o n  th e  
developm ent o f a n  essen tia l fa tty  acid  de
ficiency in  the  ra t. J. N u tr., 47; 383.



Mechanism of the Effect of Retinoic Acid and Squalene 
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A B ST R A C T  T he an tic o ag u lan t effect of sq ualene  an d  re tino ic  acid  w as stu d ied  in  
a d u lt m ale  ra ts  fed  purified  d iets deficient in  v ita m in  K. Both a p p ea r to in h ib it ab 
so rp tion  of v ita m in  K a lth o u g h  possib ly  by  d ifferen t m ech an ism s. T he req u irem en t 
fo r  v ita m in  K in creased  w ith  a d ie ta ry  increase  of sq ualene  b u t m ax im al action  of 
re tino ic  acid  w as easily  o b ta ined  an d  fu r th e r  in g estio n  of v itam in  A did no t affect 
p ro th ro m b in  levels. T he req u ire m e n t fo r v ita m in  K in  ra ts  fed  0.5%  sq ualene  or 50 IU 
of re tino ic  a c id /g  of d ie t w as abou t 9 /ttg/day w h ich  resem bles th e  re q u ire m e n t in  
germ free  ra ts . On th is  basis  ind igestib le  oils an d  re tino ic  acid  m ay  be u se fu l agen ts 
fo r th e  p roduction  of “sim ple” v ita m in  K-deficiency in  m am m alian  species.

An effect of dietary lipids on vitamin K 
deficiency has been observed with a num
ber of compounds ranging in composition 
from indigestible oils such as mineral oil 
and squalene, through substances of ques
tionable dietary significance such as di- 
hydroxystearic acid, tocopherolquinone 
and decanal, to the physiologically impor
tant members of the vitamin A family — 
the retinyl esters and retinoic acid (1). 
The mechanism of action of these com
pounds with respect to vitamin K defi
ciency is not known, but a number of 
speculations have been made. Mineral oil 
may affect the absorption of vitamin K; 
tocopherolquinone was considered to act 
systemically as an inhibitory structural 
analogue of vitamin K; and vitamin A has 
been viewed both as a systemic and an in
testinal anticoagulant (2,3).

Of these lipids, retinoic acid and squa
lene seemed most worthwhile for further 
studies. Squalene stimulates vitamin K de
ficiency in a dependable and effective way. 
Like mineral oil and other indigestible 
hydrocarbons, it probably interrupts the 
absorption of vitamin K. Retinoic acid is a 
remarkably potent antagonist to vitamin K 
in the rat and offers an excellent opportu
nity to examine the mechanism of hemor- 
rhagenic toxicity of vitamin A.

METHODS

Experimental details of animal care, 
diet preparation, blood sampling and assay 
of prothrombin have been reported previ
ously (4, 5). Diets were fed for 2 weeks to

individually caged adult male rats of the 
St. Louis University strain. Prothrombin 
was measured in cardiac blood according 
to Hjort et al. (6). The average concentra
tion of prothrombin and its standard error 
are given as criteria of the effect of the 
diet. The reference standard for these as
says was a pool of plasma prepared from 
adult male rats fed commercial laboratory 
ration.2 As determined earlier, single val
ues less than 85% were considered de
ficient.

The vitamin K - deficient diet used 
throughout these studies had the follow
ing composition: casein, 21; com starch, 
43; glucose monohydrate,3 27; corn oil, 5; 
and a supplement of vitamins and min
erals as described previously (4).

RESULTS AND DISCUSSION

The most direct evidence of the site of 
action of both squalene and retinoic acid 
was obtained by injection of these sub
stances into vitamin K-deficient rats. The 
results in table 1 indicate clearly that 
neither retinyl acetate nor retinoic acid 
are effective anticoagulants after intra- 
cardial injection. Sufficient vitamin A was 
injected to produce severe hypoprothrom-

Received fo r pub lication  October 11, 1966.
1 These studies w ere supported  in  p a r t u n d e r g ran t

no. DA-MO-49-193-62-G41 from  the  Office of the 
Surgeon G eneral, D epartm ent of th e  Army and  Public 
H ealth  Service R esearch G ran t no. AM-09909 from  
the  N atio n a l In stitu te  of A rth ritis  an d  M etabolic 
Diseases. The opinions expressed are those of the 
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TABLE 1
Effect of method of administration on the anticoagulant properties of squalene and vitamin A

E xperim ents w ith  squalene E xperim ents w ith  v itam in  A

T re a tm e n t1 Pro throm bin N orm al 
values 2 T re a tm e n t1 Pro throm bin N orm al 

va lues 2

% o f  n o r m a l %  o f  n o r m a l

None 81 ± 3  3 19 /40 E ster ( ic ) 67 ±  5 3 /1 7

0.1 m l/3  day ( ic ) 79 ± 8 6 /1 8 V ehicle ( ic ) 79 ± 6 8 /1 9

E s te r  ( ip ) 84 ± 6 10/20

0.1 m l/2  day  ( ip ) 8 7 ± 4 11 /20 V ehicle ( ip ) 7 6 ± 4 7 /19

0.1 m l/2  day (o ra l) 6 7 ± 6 7 /1 9 Acid ( ic )

CO+1CN00 6 /1 9

Vehicle ( ic ) 78 ± 3 7 /1 8

0.1 m l/d a y  (o ra l) 46 ± 5 0 /1 9 Acid (o ra l) 11 ± 2 0 /1 0

E ster (o ra l) 23 ± 8 0 /1 0

1 Squalene w as in jec ted  in tra ca rd ia lly  ( ic )  or in traperitoneally  ( ip )  in  the  am ounts an d  a t the  in tervals 
show n; 15,000 IU of re tin y l acetate  (e s te r)  w ere in jec ted  a t 3-day in te rv a ls  in  0.1 m l of 5% polyoxyethylene 
so rb itan  m onooleate (Tw een 80) in  sa line w h ich  w as the  vehicle; 1500 IU of retinoic acid  were in jec ted  a t 
3-day in te rv a ls  as th e  sodium  sa lt in  sa line  w hich  w as the  vehicle. Retinoic acid w as fed (o ra l)  a t 50 IU /g  
o f d iet; re tiny l acetate w as fed  (o ra l)  a t 500 IU /g  of diet.

2 N um ber of p ro throm bin  concen tra tions grea ter th a n  8 5 % /to ta l observations.
3 SE.

binemia if fed in a vitamin K-deficient 
diet. The results of feeding vitamin A are 
shown in table 1 for comparison. In a later 
experiment, vitamin K-deficient rats were 
injected intracardially with as much as 
6000 IU of retinoic acid at 3-day intervals 
without significant depression of pro
thrombin.

Results with squalene were similar. The 
concentration of prothrombin was un
changed after intracardial or intraperi- 
toneal administration of the oil. In these 
experiments the amount of squalene which 
could be injected intracardially was less 
than the effective dose administered by 
mouth, and hence it became necessary to 
estimate possible absorption of dietary 
squalene. The feces of rats fed the purified 
diet with or without added squalene were 
collected daily and analyzed to determine 
recovery of the oil. Squalene was purified 
and measured according to Rothblat et al.
(7). The purified oil was also identified by 
gas chromatography The results of these 
studies are shown in table 2. Approxi
mately 53% of the ingested squalene was 
recovered in the feces. An additional 
amount of excess fecal lipid equivalent to 
the remaining fed squalene was recovered 
but the chromatographic properties of this 
lipid were indistinguishable from those 
observed with lipid from control feces. 
These results indicate that some squalene

was transformed during ingestion, diges
tion and recovery, but together with the 
data obtained in the injection studies they 
substantiate that the anticoagulant effect 
of dietary squalene does not depend on 
absorption of the ingested oil.

Thus squalene and retinoic acid exert 
their anticoagulant effects in the intestine 
by interrupting in some way the supply of 
vitamin K. But the mechanism is obscure. 
Recently we made a study of fecal elimi
nation of vitamin K to ascertain whether 
any changes occur in absorption or syn
thesis of vitamin K. Feces were collected 
daily, stored at —5° and assayed for vita
min K in the chick (8). As shown in table 
3, rats fed the basal deficient diet for 2 
weeks excreted 1415 tig of vitamin K. 
Feces from rats fed the diet containing 
0.5% squalene contained 1095 ng. If vita
min K was added with squalene so that 
the rats ingested about 700 ug of vitamin

TABLE 2
Fecal lipids from rats fed purified diets with and 

without added squalene 1

W ithout W ith
squalene squalene 2

F e c a l l ip id  ( t o ta l ) ,  g 8.1 20.8

F e c a l sq u a le n e , g 0 .02 7.4

1 The to ta l feces of 130 r a t  days w ere exam ined in  
each experim ent.

2 A pproxim ately 14 g of squalene were ingested.
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TABLE 3
Fecal v ita m in  K in  a d u lt m a le  rats

Dietary 
additions 1 Feces 2

Vitamin K
F ecal3 Eaten Recovered

9 ß 9 / 9 fi9 ß 9 ß 9  %
N one 101 14.0 1415
Squalene 115 9.5 1095
S q u a len e -f v itam in  K 114 14.5 1655 700 560 80
V itam in  K 100 15.7 1570 600 155 25

R etinoic acid 107 12.7 1360
R etinoic acid  +  v ita m in  K 98 17.0 1665 600 305 51

1 The follow ing additions w ere m ade w here ind ica ted : sqnalene, 0 .5% ; phylloquinone (v ita m in  K ), 
0.25 n g / g  of d iet; and  retinoic acid, 50 IU /g  of diet.

2 T ota l feces (d ry  w eight, g ) w ere collected fro m  10 ra ts  fo r 13 days.
3 Fecal v itam in  K w as determ ined  by b ioassay an d  expressed as phylloquinone.

K during the experiment, 560 ug were re
turned in the feces; but if a similar amount 
of vitamin K was fed in the control diet 
only 155 ag were recovered. These data 
support a mechanism of interrupted ab
sorption and possible diminished bacterial 
synthesis of vitamin K for the action of 
dietary squalene.

Retinoic acid did not alter excretion of 
vitamin K significantly compared with the 
control diet but gave evidence of impaired 
absorption. About half of the vitamin K 
ingested with retinoic acid was recovered 
in the feces.

These data on fecal excretion of vita
min K were supported by the results of 
preliminary experiments with radioactive 
vitamin K. A sample of phylloquinone-3'- 
methyl-14C (sp. act. 0.1 mCi/mmole)4 was 
mixed with the standard deficient diet at 
a concentration of 0.1 ng/g of diet. The 
radioactive diet was fed with and without 
added squalene or retinoic acid. Biological 
response to the fed vitamin was deter
mined by prothrombin activity and absorp
tion of vitamin K was estimated by meas
uring fecal radioactivity. The results of 
these experiments are shown in table 4. 
Low prothrombin levels were accompanied 
by greater recoveries of 14C in the feces. 
Furthermore, chromatographic separation 
of the fecal radioactivity on silicic acid 
showed that the phylloquinone fractions 
obtained from animals fed squalene or 
retinoic acid contained twice as much I4C 
as the same fractions obtained from con
trol animals. The livers of the control rats 
contained 0.5% of the fed l4C but no 
radioactivity could be detected in the livers 
of the hypoprothrombinémie rats. The iso

TABLE 4

P rothrom bin  a n d  feca l excre tion  o f 14C in  rats 
fed  radioactive v ita m in  K

Dietary 
addition 1 Prothrombin Fecal «C 2

Fecal 
vitam in 
K-14C 2

% of normal % %
None 100 ± 3  3 48 30

Squalene 4 6 ±  7 76 60

R etinoic acid 20 ± 2 73 58

1 All diets con ta ined  0.1 f ig of rad ioactive  phyllo
q u in o n e /g of d iet as described in  the  text. The fol
low ing additions were m ade w here ind ica ted : squa
lene, 0.5% ; an d  retinoic acid, 50 IU /g  of diet.

2 Percentage of ingested  radioactiv ity . Fecal 14C w as 
m easured  in  a  to ta l lip id  ex trac t of the  dried  feces. 
Fecal v itam in  K-14C w as determ ined  a fte r  chrom atog
rap h y  of fecal lipids on silicic colum ns (M allinckrodt, 
SilicAR 100-200 m esh ). V itam in K-14C w as m easured  
in  those frac tio n s w hich  con ta ined  au th en tic  sam ples 
of phylloquinone.

3 SE.

topic content of the administered vitamin 
was too low to permit further exploration 
of the absorptive and metabolic events 
which occurred but these data clearly sup
port the view that squalene and retinoic 
acid inhibit the absorption of fed vitamin
K.

Squalene and retinoic acid probably do 
not interrupt absorption by the same me
chanism. Karvinen et al. (9) proposed 
that most of the increased excretion of 
cholesterol in rats fed mineral oil was due 
to solubility of the sterol in the oil. 
Squalene may have a similar effect on 
vitamin K but retinoic acid was fed in 
amounts too small to permit such a me
chanism. Evidence of a different site of

4 T his com pound w as p repared  by M ichael and 
E llio tt (Federa tion  Proc., 2 0 :  451, 1961) and  donated 
fo r th is  study.
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TABLE 5
P rothrom bin  response to dietary v ita m in  K in  rats fed  squalene a n d  retinoic acid

Phylloquinone 
added 1

Prothrombin
Experiments with 

squalene 2
Experiments with 

retinoic acid 3
0.5% 1.0% 50 IU/g 1001U/g

M/g % of normal % of normal
— 14 ± 2  4 1 3 ± 3

0.125 28 ± 4 41 ±  9 57 ±  9
0.250 66 ± 5  1 1 ± 1 8 0 ±  6 69 ± 6
0.500 95 ± 4 9 6 ± 3 102 ± 8

1 Phylloquinone added to the standard vitamin K-deficient diet.
2 0.5 or 1.0% dietary squalene added as indicated.
3 50 or 100 IU of retinoic acid added per g of diet as indicated.
4 SE.

action for retinoic acid was obtained dur
ing a study of its quantitative relationship 
with vitamin K. In contrast with the ef
fect of squalene which depends on the 
amount of oil ingested, the site of action 
of retinoic acid was easily saturated. As 
shown in table 5, doubling the dietary 
level of retinoic acid from 50 to 100 IU/g 
of diet did not significantly decrease pro
thrombin in rats fed three different levels 
of vitamin K. These data suggest that 
retinoic acid inhibits only part of the ab
sorptive capacity for vitamin K and that 
further ingestion of vitamin A is without 
effect on prothrombin concentration. This 
explains in part the general absence of 
hypocoagulation as a symptom of vitamin 
A intoxication in man. The amount of 
natural vitamin K normally ingested is 
probably protective and hence other symp
toms of vitamin A intoxication, but not 
hemorrhage, are observed. By comparison, 
excessive amounts of mineral oil result in 
prolonged prothrombin times (10) and re
quire a supplement of vitamin K.

On the basis of the results in table 5, 
squalene and retinoic acid should be use
ful for the development of vitamin K de
ficiency in the rat ar.d other mammalian 
species. The requirement for phylloqui
none in rats fed these compounds is about 
9 ug/day (based on 15-20 g of daily food 
consumption) which is similar to the re
quirement observed in germfree rats (11,
12). If squalene and retinoic acid are 
accepted as otherwise innocuous agents, 
they will be valuable additives for vita
min K-deficient diets in mammalian 
studies.
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An Evaluation of Factors Affecting Survival of 
Choline-deficient Weanling Rats with Special 
Emphasis on Dietary Sodium * 1
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D ep a rtm en t o f A n im a l Science, A gricu ltura l E xp erim en t S ta tion , 
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A B ST R A C T  E xtensive  d ea th  losses due to hem o rrh ag ic  k idney  dam age occur in  
w ean lin g  ra ts  a f te r  they  have  been  fed  a  choline-deficient d ie t fo r 7 to 10 days. W e 
have  in v estig a ted  th e  effect o f d ie ta ry  fac to rs  o th er th a n  cho line  con ten t, a n d  changes 
in  several physio log ical fu n c tio n s  on  th e  su rv iva l o f choline-deficient, m ale , w ean ling  
ra ts  d u rin g  th is  c r itic a l period . Special em p h asis  w as given in  these  stud ies to a lte ra 
tions in  th e  sod ium  c o n ten t of th e  d iets. A choline-deficient d ie t w as supp lem en ted  
w ith  o rgan ic  an d  in o rg an ic  sa lts , ch e la tin g  ag en ts, a n d  d iuretics. A sodium -deficient, 
choline-deficient d ie t w as also stud ied . Feed in ta k e , g row th  ra te , u rin e  vo lum e, u r in a ry  
m in e ra l excre tion  p a tte rn s  an d  p lasm a  N PN  levels w ere de term ined . W ean lin g  ra ts  
receiv ing  a  choline-deficient d ie t w ere su b jec ted  to a  physio logical c ris is on  ab o u t the  
sev en th  ex p erim en ta l day  cau sed  by re n a l dam age. Sixty-two p e r cen t of ra ts  w ith  
an  in it ia l  w e igh t above 75 g survived th is cris is , w hereas only 46%  of th e  ra ts  w ith  
an  in it ia l  w e ig h t less th a n  75 g survived. T he add itio n  of 0.7%  N aC l to  a  choline- 
deficient d iet th a t  co n ta in ed  ad eq u a te  sod ium  fo r grow th  in creased  th e  su rv iv a l o f th e  
heav ier ra ts  to 8 8 % . R esults o f th is d ie t w ith  th e  lig h te r  ra ts  w ere  variab le . The 
N aC l d ie t w as d iu retic  an d  cau sed  an  in crease  in  th e  u r in a ry  excre tion  of N a, Ca an d  
K. T he add ition  of EDTA to the  choline-deficient d iet in creased  su rv iva l of th e  heav ier 
ra ts  to  75%  a n d  th e  lig h te r  ra ts  to 8 1 % . EDTA depressed  feed  in tak e , u r in e  vo lum e, 
grow th, a n d  delayed th e  onset o f h ig h  p lasm a  N PN  levels an d  k idney  dam age p a s t 
7 days. T he sodium -deficient, choline-deficient d ie t also in creased  su rv iva l to 9 0 % , 
ap p aren tly  by depressing  grow th  d u rin g  th e  first 5 ex p erim en ta l days. N one of the  
d iets s tud ied , excep t th e  cho line-supplem ented  d iet, com pletely p ro tec ted  ra ts  fro m  
h em o rrh ag ic  k idney  dam age.

Various aspects of choline deficiency 
have been under study in this laboratory 
for a number of years (see for example 
(1—4)). Recently we have attempted to 
obtain new information relating to the 
often-observed hemorrhagic kidney syn
drome that develops in weanling rats after 
they have been fed a choline-deficient diet 
for 7 to 10 days. The possibility that the 
mineral composition of the diet may affect 
this condition was raised by the report of 
Sutherland and Hartroft3 that the addition 
of 0.7% NaCl to a choline-deficient, so
dium-deficient diet protected rats from 
death or hemorrhagic kidney damage. We 
have studied the effect of changes in the 
mineral composition of a choline-deficient 
diet on survival, kidney damage, plasma 
nonprotein nitrogen (NPN) levels, growth, 
feed intake, urine volume, and renal ex
cretion of several minerals in rats.

EXPERIM ENTAL PROCEDURE

The formula of the basal choline-defi
cient diet used in these studies is given in 
table 1. Other diets were obtained by vary
ing the mineral composition or adding the 
disodium salt of ethylenediaminetetraace- 
tic acid (EDTA) or choline chloride to the 
basal diet. Additions to the diet were made 
at the expense of sucrose. These diets 
were relatively high in fat. They were also 
low in methionine and vitamin Biz to limit 
the de novo synthesis of choline. The 
peanut meal and casein used in the diets 
were extracted 48 hours with 82% meth-

Received fo r pub lication  October 18, 1966.
1 T his investigation  w as supported  by Public  H ealth  

Service R esearch G ran ts no. CA-01018 from  th e  N a
tio n a l C ancer In s titu te  an d  no. HE-02615 from  the 
N atio n a l H eart In stitu te .

2 Dr. W. D. Salm on, Professor E m eritus, d ied  Feb
ru a ry  5, 1966.

3 S u therland , L., and  W. S. H artro ft 1964 A reno- 
protective effect of sodium  supplem ents in  low-choline 
diets. Federation  Proc., 2 3 :  880 (a b s tra c t) .
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TABLE 1
Basal cho line-defic ien t d iet

E x trac ted  casein
%
6

E x trac ted  p e an u t m eal 25
Sucrose 42
L ard 20
V itam in  m ix  '<* 2
Salt m ix  3 5

1 T he v itam in  m ix  fu rn ish ed  th e  follow ing concen
tra tion  of v itam in s per k ilogram  of diet:^ ( in  m illi
g ram s) m enadione, 5; riboflavin, 2; th iam in e  -HC1, 4; 
pyridoxine-H C l, 2; Ca pan to th en a te , 10; n iac in , 25; 
inositol, 40; d-a-tocopheryl acetate, 55; an d  v itam in  A, 
50,000 IU.

2 Two m illig ram s of fo lae in  an d  1600 USP u n its  of 
calciferol per k ilogram  of d iet w ere added  in  add ition  
to th e  v itam in  m ix.

3 T he sa lt m ix  fu rn ish ed  the  follow ing m inera ls per 
k ilogram  of d iet; ( in  g ) Ca phosphate , 31.50; potas
sium  chloride, 6.00; m agnesium  su lfate , 4.00; sodium  
bicarbonate , 7.00; ferric  c itra te , 1.23; m anganous sul
fate , 0.12; zinc carbonate , 0.10; cupric  su lfa te , 0.02; 
an d  po tassium  iodide, 0.03.

anol and 57 hours with 100% methanol in 
a continuous-extraction apparatus to re
move choline-containing phospholipids.

Charles River CD strain male weanling 
rats weighing approximately 45 to 75 g 
were used in most of the experiments. 
Older rats were used in some of the sur
vival studies. The rats were housed in in
dividual wire-bottom cages in an air condi
tioned room. The animals had continuous 
access to the experimental diets and fresh 
water.

In the first series of experiments over 
800 rats in groups of five were fed the 
basal diet or the basal diet supplemented 
with organic and inorganic salts, chelating 
agents and diuretic compounds. The ex
perimental criterion in these studies was 
rate of survival through 14 days.

Three studies were conducted to meas
ure plasma NPN levels and kidney damage 
in rats receiving either the (a) basal cho
line-deficient diet (basal diet) 4; (b) basal 
diet plus 0.7% NaCl (NaCl diet); (c) 
basal diet plus 2.23% NaaCioHiiNzOs^HbO 
(EDTA diet); or (d) basal diet plus 0.3% 
choline chloride (choline diet). NPN was 
determined by the method of Koch and 
McMeekin (5) and kidney damage by gross 
examination.

In a third experiment, groups of 15 rats 
were fed either (a) the basal diet; (b) the 
NaCl diet; or (c) a low mineral diet defi
cient in sodium and choline, which dif
fered from the diet in table 1 in that it 
furnished only 26.5 g of CaHPCX, no

NaHCO., and 3.0 g of KCl/kg of diet (so
dium-deficient diet). Folaein was also 
omitted from this diet because the folaein 
solution normally added to our diets con
tains NaHCOs. The sodium-deficient diet 
contained less than 0.01% Na and there is 
a possibility that the diet may have been 
limiting in potassium. Based on the nor
mal intake of the sodium-deficient diet, the 
rats received 13 to 14 mg of potassium/ 
day from the salt mixture plus an undeter
mined amount from the other ingredients. 
The reported (6) daily potassium require
ment for rats of the age used in this experi
ment is approximately 15 mg/day. This 
diet is adequate in calcium and phos
phorus (6). Five rats fed the choline diet 
were used as a control group in this ex
periment.

The initial average weight of the rats 
fed the 4 diets was approximately 70 g. 
The rats were maintained on test for 14 
days and weighed daily to determine the 
effect of diet on growth.

In a fourth phase of this work, five of 
the diets were fed to rats in special metab
olism cages to facilitate the daily collection 
of urine and measurement of feed intake. 
The diets used were (a) basal diet; (b) 
NaCl diet; (c) EDTA diet; (d) sodium- 
deficient diet; and (e) choline diet. The 
diets were fed to 3 rats in individual cages 
for 7 days. The urine was collected in 
flasks containing toluene as a preservative. 
Urine was filtered, diluted, and analyzed 
for sodium, potassium, calcium, and iron. 
Sodium, potassium, and calcium were de
termined by flame photometry and iron by 
atomic absorption spectrophotometry.

RESULTS AND DISCUSSION

Some 840 weanling rats received the 
basal diet or the basal diet supplemented 
with different salts, organic compounds, 
chelating agents, and diuretics. Of this 
number, 358 had an initial weight below 
75 g and 482 above 75 g. The survival 
rate was 48% for the lighter rats and 
73% for the heavier rats. Thus body 
weight (or previous diet since the heavier 
rats generally had received the stock diet 
for a longer period of time) in itself af
fected survival. This is in agreement with

4 In  subsequent discussions, the  diets w ill be id en 
tified by the  term  enclosed in  parentheses.
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the work of Griffith (7) in which he 
demonstrated that rats weighing over 69 g 
had a greatly increased survival rate when 
fed a choline-deficient diet. Several of the 
more significant results are presented in 
table 2. The weight of the rats in the 
heavy group ranged from 75 to 119 g and 
the lighter group from 45 to 74 g. The 
survival of the 2 groups fed the basal diet 
again demonstrates the effect of weight (or 
length of time fed previous diet) on sur
vival. The addition of NaCl or EDTA to 
the basal diet increased survival. How
ever, none of these diets prevented hemor
rhagic kidney damage in the rats but sim
ply appeared to decrease the mortality rate 
from this damage. Sodium chloride was 
more protective in the heavier rats. The 
protective action of NaCl does not appear 
to be a simple sodium effect since both the 
NaCl diet and the diet containing 1.66%

TABLE 2
E ffe c t  o f  in o rg a n ic  sa lts  a n d  E D T A  o n  th e  su r v iv a l  

o f  y o u n g  ra ts  f e d  a  c h o lin e -d e fic ie n t  
d ie t  fo r  14 da ys

Diet
No. of 
rats/ 

treatment
Survival

Initial w eight below 75 g
%

B a sa l1 56 46
Basal +  0.7% NaCl 16 69
B asal+ 1 .66%  N aH 2P 0 4 H20 11 55
Basal-)-2.23% EDTA 2 26 81

Initial w eight above 75 g
B a sa l1 52 62
Basal +  0.7% NaCl 17 88
B asal+ 1 .66%  N aH 2P 0 4-H20 14 57
Basal +  2.23% EDTA 2 12 75

1 See table 1.
2 N a2EDTA-2H20 .

NaHsPOvHzO contained 0.466% of sup
plemental sodium.

The data in table 3 demonstrate the 
effect of the basal, NaCl, EDTA, and cho
line diets on plasma NPN levels and gross 
kidney damage at 7 and 12 days. Rats fed 
the choline-deficient diet (basal diet) ex
hibited a tenfold increase in plasma NPN 
and severe kidney hemorrhage at 7 days. 
Similar NPN levels in choline-deficient 
rats have been reported previously from 
this laboratory (1). The addition of NaCl 
to the basal diet produced a small but con
sistent decrease in plasma NPN but it did 
not appreciably alter the degree of kidney 
damage at 7 days. Those rats that survived 
for 12 days with these 2 diets had NPN 
values comparable to normal levels. The 
rats receiving the EDTA had much lower 
NPN levels at 7 days and almost no kid
ney damage. However, at 12 days these 
rats had the highest NPN levels and ex
tensive renal hemorrhage. It appears that 
EDTA did not prevent kidney damage but 
simply delayed it past 7 days; this delay 
may be of critical importance in the sur
vival of young rats fed a choline-deficient 
diet.

One of the most striking discoveries in 
these studies was the observation that 70-g 
rats fed a low mineral, sodium-deficient, 
choline-deficient diet had over 90% sur
vival rates through 14 days and had very 
mild kidney damage. It occurred to the 
investigators that growth rate during the 
early part of the experiment (first 5 or 6 
days) might be involved in the increased 
survival of the rats fed the sodium-defi
cient diet. Thus an experiment was initi
ated to relate growth of rats receiving the

TABLE 3
P la sm a  N P N  lev e ls  a n d  degree  o f  k id n e y  d a m a g e

Diet Exp.
period

Plasma NPN level Kidney hemorrhage 2

Exp. 1 Exp. 2 Exp. 3 Exp. 1 Exp. 2

days m g / 1 0 0  m l m g / 1 0 0  m l m g / 1 0 0  m l

B a sa l1 7 270.0 265.4 284.2 2.0 1.8
NaCl 7 235.4 237.3 232.8 2.2 1.6
EDTA 7 81.3 83.4 163.9 0.6 0.6
Choline 7 20.4 26.4 22.9 0 0
Basal 12 — 47.4 — — 1.6
NaCl 12 — 41.9 — — 1.2
EDTA 12 210.3 67.2 — 2.0 2.2
Choline 12 23.2 23.8 — 0 0

i  c jp p  t c i b l c  1  •
s Given on a  scale in  w h ich  zero is no  dam age and  3 is  severe dam age.
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TABLE 4
E ffe c t o f d ie t on daily  ga in  during  the  first 5 days o f the  exp erim en t a n d  th e  re la tionsh ip  

o f ga in  to surviva l in  cho line-defic ien t rats

Diet
No. of 
ra ts / 

treatm ent

Avg
in itial

wt
14-day

survival
Avg 

daily 
gain i

9 % 9
B asal 15 70.3 47 5.1 ±  0.9 2
Sodium -deficient 15 70.2 93 2.8 ± 0 .8
N aC l 15 70.3 53 5.1 ±  0.6
C holine 5 70.2 100 5 .8 ±  1.0

1 The average gain is for the first 5 days of the experiment.
2 Mean +  s d .

different diets to their 14-day survival rate. 
This study is summarized in table 4. Daily 
gains given in the table are for the first 5 
experimental days. There were no signifi
cant differences in the 5-day daily gains 
among groups of rats fed the basal, NaCl, 
and choline diets; however, the sodium- 
deficient diet caused a marked decrease in 
daily gain. Only one rat died in the sodium- 
deficient group and that was a rat that 
gained 5.2 g/day -—- a rate similar to those 
receiving the basal and NaCl diets. Renal 
damage due to choline deficiency appar
ently is related to rate of growth during 
the first 5 days of the experiment and diets 
which suppress growth during this period 
are renoprotective as evidenced by the 14- 
day survival of the sodium-deficient rats. 
As noted in the experimental procedure, 
the sodium-deficient diet also contained 
less calcium, phosphorus, and potassium 
than the basal diet. Two other sodium- 
deficient diets were tested to determine 
whether the decreased growth rate was the 
result of either (a) the sodium deficiency 
alone, (b) the combined effect of the de
creased Na, K, Ca, and P content of the 
diet, or (c) the decreased K content. Rats 
weighing 60 g were used in this experi
ment and the daily gains of rats fed the 
basal and sodium-deficient diets were 
again determined. One of the diets was 
identical to the basal diet except that 
NaHCOs was replaced by sucrose. Daily 
gain for the first 5 days with this diet was
2.8 — 0.5 g.5 The second diet was equiva
lent to the original sodium-deficient diet 
except that the KC1 was increased to 6.0 
g/kg. The average 5-day daily gain was
2.3 ± 0.4 g. The average daily gain for 
rats fed the basal diet was 4.3 ±  0.4 g and 
for the sodium-deficient diet 2.3 ± 0.3 g.

The decreased gain apparently was related 
to the sodium content of these diets. The 
performance of rats fed the first diet also 
indicates that omission of folacin from the 
sodium-deficient diet was not a factor in 
the decreased growth rate.

The average daily feed intakes of rats 
fed the basal, NaCl, EDTA, sodium-defi
cient and choline diets are shown in figure
1. The rats fed the choline diet had the 
highest feed intake, whereas those fed the 
EDTA and the sodium-deficient diets had 
the lowest intake. There was a substantial 
decrease in the intake of all diets after 5 
days except for the rats fed the choline

Fig. 1 Average daily  feed  in ta k e  fo r m ale  
w ean lin g  ra ts  fed  the  follow ing d iets: b a sa l =  
choline-deficient (see  tab le  1 ) ;  N aC l =  b asa l p lu s  
0.7%  N aC l; EDTA =  b asa l p lu s  2.23%  EDTA; 
N a  def. =  sodium -deficient, choline-deficient; 
cho line  =  b asa l p lu s 0.3%  choline  Cl.

5 Mean +  s d .
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and sodium-deficient diets. The similarity 
in the feed intakes of rats fed the EDTA 
and sodium-deficient diets prompted an 
investigation of the growth rate of rats fed 
the EDTA diet during the first 5 experi
mental days. The rats receiving the EDTA 
diet gained 3.0 ±  0.6 g during this period 
(compared with 2.3 ± 0.3 g for the sodi
um-deficient diet). These results suggest 
that the protection afforded by the sodium- 
deficient diet is not a specific sodium 
effect; rather, any dietary addition or de
letion that lowers intake of the choline- 
deficient diet and thus decreases daily gain 
will likely increase 14-day survival. Figure 
2 illustrates the average daily urine vol
ume for the rats fed the 5 diets. The NaCl 
diet was definitely diuretic as was the so
dium-deficient diet, although to a lesser 
degree. The EDTA diet suppressed urine 
output; however, the animals fed this diet 
had mild diarrhea. The urine volume of 
rats that received the basal, NaCl, and 
EDTA diets tended to decrease as the ex
periment progressed, whereas that of rats 
fed the sodium-deficient and choline diets 
increased. The daily sodium and calcium 
excretion of the rats receiving the EDTA 
was equal to that of the rats fed the basal 
diet, although the EDTA rats had a mark-

Fig. 2 A verage daily  u r in e  volum e fo r m ale  
w eanling  ra ts  fed  th e  follow ing d iets: b asa l =  
choline-deficient (see  tab le  1 ) ;  N aC l =  b asa l p lu s 
0.7%  N aC l; EDTA =  b asa l p lu s 2.23%  EDTA; 
N a  def. =  sodium -deficient, choline-deficient; 
choline =  b asa l p lu s 0.3%  choline  Cl.

edly lower urine volume. The daily urinary 
excretion of iron was low and variable 
(10-70 ag); however, it appeared that rats 
receiving the EDTA had the highest daily 
excretion of iron of all the groups.

Figure 3 presents the daily urinary ex
cretion of sodium. The NaCl diet caused 
an elevated sodium excretion through 5 
days. The decrease after 5 days corre
sponds to a decrease in feed intake (fig. 1). 
The rats fed the sodium-deficient diet had 
no detectable sodium in their urine.

A relationship was observed between 
urinary sodium and calcium excretion. 
The curves for sodium excretion by rats 
fed the NaCl diet (fig. 3) and for calcium 
excretion (fig. 4) are almost identical. 
Furthermore, despite the adequate calcium 
in the sodium-deficient diet, rats fed this 
diet had no measurable excretion of cal
cium. A similar relationship between the 
renal excretion of calcium and sodium has 
been observed previously in dogs by Walser
(8) and Wesson (9).

Figure 5 shows the daily urinary excre
tion of potassium. Rats fed the NaCl 
diet had the highest potassium excretion 
through the first 5 days, whereas animals 
receiving the EDTA and sodium-deficient 
diets had the lowest. Rats fed the choline 
and sodium-deficient diets showed a defi
nite increase after the fifth day.

Fig. 3 Average daily  u r in a ry  excre tion  of so
d ium  fo r m ale  w ean lin g  ra ts  fed  th e  follow ing 
d iets: b asa l =  choline-deficient (see  tab le  1 ) ;
N aC l =  b asa l p lu s 0.7%  N aC l; EDTA =  b asa l 
p lu s 2.23%  EDTA; N a  def. =  sodium -deficient, 
choline-deficient; cho line  =  b asa l p lu s 0.3%  cho
lin e  Cl.
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Fig. 4 Average daily  u r in a ry  excretion  of cal
c iu m  fo r m ale  w ean lin g  ra ts  fed  th e  follow ing 
diets: b a sa l =  choline-deficient (see  tab le  1 ) ;
N aC l =  b asa l p lu s 0.7%  N aC l; EDTA =: b asa l 
p lu s 2.23%  EDTA; N a  def. =  sodium -deficient, 
choline-deficient; cho line  =  b asa l p lu s 0.3%  cho
lin e  Cl.

Fig. 5 Average daily  u r in a ry  excretion  of po
tassiu m  fo r m ale  w ean lin g  ra ts  fed  th e  follow ing 
d iets: b asa l =  choline-deficient (see  tab le  1 ) ;
N aC l =  b asa l p lu s 0.7%  N aC l; EDTA =  b asa l 
p lus 2.23%  EDTA; N a  def. =  sodium -deficient, 
choline-deficient; cho line  =  b asa l p lu s 0.3%  cho
lin e  Cl.

CONCLUSIONS

The effect of alterations in the mineral 
composition of a choline-deficient diet on 
the survival of weanling rats during the 
first 14 days of receiving the diet is ex
ceedingly variable. It is apparently related 
to such factors as weight of the rats, 
growth rate during the early days of the 
experiment, time at which the renal hem
orrhage occurs (by the seventh day or 
after) and possibly the diuretic action of

the diet. In several of the experiments, it 
appears that the effect of addition of a 
chelating agent or deletion of a mineral 
on survival is not related so much to its 
effect on mineral metabolism and renal 
function as it is to its effect on feed intake 
and growth. However, the protection fur
nished by NaCl cannot be explained on 
this basis, but it may be related to its di
uretic action or its effect on the renal ex
cretion of sodium, calcium, and potassium. 
The small but consistent decrease in plas
ma NPN levels exhibited by rats fed the 
NaCl diet (table 3) may be related to 
increased urine flow. It should be noted 
that the protection furnished by NaCl was 
inconsistent and highly variable. Weanling 
rats receiving the choline-deficient diet 
used in these experiments entered a physi
ological crisis on about the seventh experi
mental day. This crisis involves the hemor
rhagic degeneration of the kidneys, which 
is fatal in approximately 60% of the rats. 
Apparently the dietary alterations reported 
in these studies did not prevent hemor
rhagic renal damage but rather, mediated 
the crisis or delayed it to a time when the 
animal was better able to cope physiologi
cally with renal dysfunction. Apparently 
there is a very limited period (up to ap
proximately one month of age) in which 
a significant number of male rats succumb 
to the acute effects of hemorrhagic kidney 
damage produced by choline deficiency. 
Rats that survive this period or are fed the 
diet at an older age may live for many 
months when fed the choline-deficient diet.
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Estimation of the Extent of Conversion of Dietary Zein 
to Microbial Protein in the Rumen of Lambs * 1
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a n d  G. E. M ITCHELL, JR.
D ep a rtm en t o f A n im a l Sciences, U niversity  o f K en tu cky , 
L e x in g to n , K en tu cky

A B ST R A C T  A  m etab o lism  ex p erim en t w as con d u cted  to estim a te  th e  ex ten t of 
conversion  of d ie ta ry  n itro g en  to m icrob ial p ro te in  in  th e  ru m en  of lam b s fed  p u ri
fied d iets. Z ein  w as fed  as the  n itro g en  source w ith  2 cellulose-to-starch ra tio s. 
P h ysica l f rac tio n a tio n  p rocedures show ed 26.3 a n d  30.5%  m icrob ial p ro te in  in  the  
ab o m asal flu id  of lam b s fed  th e  h ig h  cellulose an d  h ig h  s ta rch  diets, respectively . 
B ased on  th e  changes o f lysine  ra tio s  be tw een  th e  d ie t a n d  abom asal flu id , th e  p e r
cen tag e  m icrob ial p ro te in  w as estim a ted  to  be 28.0 a n d  23.8 w ith  th e  h igh  cellulose 
a n d  h ig h  s ta rch  d iets, respectively . U sing  th e  estim a tes of conversion  based  on 
p h y sical sep a ra tio n  of ab o m asal flu id  p ro te in , an d  u sin g  th e  am ino  acid  com positions 
o f zein  a n d  m icrob ial p ro te in , a  p red ic ted  am in o  acid  com position  of abom asal flu id  
w ith  th e  2  d iets w as calcu la ted . P red ic ted  va lues w ere sim ila r to de te rm in ed  va lues, 
in d ic a tin g  th a t  am ino  acid  analyses of abom asal flu id  m ig h t be used  to  estim a te  
conversion  w h en  hom ologous p ro te in s a re  fed  to  ru m in a n ts .

The fermentation process in the rumen 
allows ruminants to utilize poor quality 
proteins and nonprotein nitrogen com
pounds. If the conversion of dietary nitro
gen to microbial protein were complete, 
the nature of the dietary nitrogen would 
be of little significance in ruminant nutri
tion. However, the reports of McDonald 
(1) and McDonald and Hall (2) indicate 
that the extent of conversion can vary con
siderably among different dietary nitrogen 
sources. Johnson et al. (3) suggest that 
nitrogen feeds which are converted to 
microbial protein in the rumen have sim
ilar biological values, whereas those nitro
gen feeds not utilized by rumen micro
organisms differ in biological value as 
when fed to nonruminants.

Dietary carbohydrates can play an im
portant role in conserving the ammonia 
released in the rumen from dietary nitro
gen (4, 5). If a dietary carbohydrate is 
degraded by rumen microorganisms at a 
rate comparable to the ammonia release 
from a poor quality dietary nitrogen 
source, maximal microbial protein syn
thesis should occur, resulting in more ef
ficient nitrogen utilization by the a n i m al.

The present research was initiated to 
study the effect of 2 cellulose-to-starch 
ratios on the extent of conversion of di
etary zein to microbial protein with the

changes in amino acid ratios between diet 
and abomasal fluid being observed.

EXPERIM ENTAL PROCEDURES

Six crossbred wether lambs, weighing 
35 kg and fitted with permanent abomasal 
cannulas (6), were fed the two purified 
diets described in table 1. Each diet was 
fed at the rate of 200 g/lamb twice daily. 
Thirty minutes were allowed for each 
lamb to consume the feed offered.

Following a 3-week dietary adjustment 
period, lambs were kept in individual 
stanchion-type metabolism crates. The ad
justment period was followed by a 6-day 
experimental period in which samples of 
abomasal fluid, feces and urine were 
taken. Samples of abomasal fluid were 
collected at each 2-hour interval after both 
the a m  and p m  feedings and feces and 
urine were collected every 24 hours. Treat
ments were then reversed and the pro
cedures repeated. This arrangement pro
vided 6 observations per treatment.

The extent of conversion of dietary zein 
to microbial protein was estimated by 
methods similar to those described by

Received fo r pub lica tion  A ugust 11, 1966.
1 The investigation  reported  in  th is  p ap er (no. 66-5- 

72) is in  connection  w ith  a  pro ject of th e  K entucky 
A gricu ltu ra l E xperim ent S tation  an d  is pub lished  
w ith  th e  approval of th e  Director.

2 P resen t address: F o rt H ays A g ricu ltu ra l E xperi
m en t S tation, Hays, K ansas.
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TABLE 1
C om position o f d iets fe d  to lam bs

Diet
High High

cellulose starch

% %
Z ein  1 12.8 12.8
Glucose 10.0 10.0
C ellulose 2 49.8 28.5
C o m starcb 21.4 42.7
M inerals 3 6.0 6.0

1 Purified p repara tion , 91 % crude protein.
2 Solka Floe BW-40 (B row n C om pany, B erlin , New 

H am p sh ire ), a purified wood cellulose.
3 Composed of: ( in  per cen t)  N aCl, 0.87; K2HPO4, 

1.12; KC1, 0.73; C aH P0 4-2H20 , 1.30; MgSOi, 0.3495; 
C aS04-2H20 , 1.478; C aC 03, 0.107; FeSOt, 0.0275; KI, 
0.0028; Z nS04, 0.001; C uS04-5H20 , 0.0011; CoS04 H 20 , 
0.0006; CaF2, 0.0008; an d  M nS04, 0.0050.

McDonald (1). A diagram of the frac
tionation of nitrogen components in 
abomasal fluid is shown in figure 1. Based 
on the assumptions of McDonald (1) con
cerning loss of nitrogen from the rumen, 
forms of nitrogen leaving the rumen and 
pepsin activity in the abomasum, the per
centages of the different nitrogen and pro
tein fractions of abomasal fluid were cal
culated from the following equations:

% Z ein  N  =
ethanol-soluble N  — TCA-soluble N 
----------  to ta lN  X

% N on-zein N  =
to ta l N  — zein  N  

to ta lN X 100

PPT<—[—»Supernatant--- >NPN

TCA

Abomasal fluid- »Total N

Ethyl alcohol

PPT* Supernatant ->Zein N + NPN
Fig. 1 F rac tio n atio n  schem e fo r  d e te rm in in g  

zein  a n d  non-p ro tein  n itro g en  in  abom asal 
fluid.

TABLE 2
N itro g en  d igestib ility  a n d  re ten tio n  o f lam bs fed  

tw o  cellulose-to-starch ratios w ith  ze in  1

Diet

H igh H igh
cellulose sta rch

N in ta k e /d a y /la m b , g 7.5 6.7
Fecal N , g 4.5 4.1
U rin a ry  N , g 3.3 2.7
A pparen t digestib ility , % 40.0 38.8
N re ta in e d , g - 0 . 3 - 0.1
N re ta in ed , % of in take - 4 . 0 - 1 . 5
N re ta in ed , % of d igested - 1 0 .0 - 3 . 8

i Six an im als/g roup .

% N PN  -
TCA-soluble N 

to ta lN X 100

T otal p ro te in  =  ( to ta l  N  — N P N ) X 6.25

% Z ein  p ro te in  = zein  N  X 6.25 
to ta l p ro te in X 100

% N on-zein p ro te in  =: 
to ta l p ro te in  — zein  p ro te in
------— . .- i---- -r r^ ---------X 100'to ta l p ro te in

Amino acids in hydrolysates of diet and 
abomasal fluid were determined by auto
mated ion-exchange chromatography pro
cedures (8). Samples were subjected to 
hydrolysis in 6 n  HC1 by methods de
scribed by Block and Weiss (7).

Statistical analyses were conducted ac
cording to the procedures set forth by 
Steel and Torrie (9).

RESULTS

The nitrogen digestibility and retention 
results are presented in table 2. No dietary

differences were noted for apparent nitro
gen digestibility. The low apparent digesti
bility indicates that the dietary zein nitro
gen was not efficiently utilized. All lambs 
were in negative nitrogen balance, indi
cating that the zein nitrogen was not util
ized to a large enough extent to maintain 
nitrogen equilibrium.

The percentage zein and non-zein pro
teins in abomasal fluid of lambs at dif
ferent times after feeding the 2 diets are 
shown in table 3. No significant dietary 
differences were noted. The mean per
centage non-zein protein in abomasal fluid 
was 26.3 and 30.5 with the high cellulose 
and high starch rations, respectively. 
These results indicate that microbial pro
tein synthesis was occurring in the rumen; 
however, the small extent of conversion 
supports the observation of low digestibil
ity and negative nitrogen balance with 
both diets (table 2).
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TABLE 3
Z ein  and  non-ze in  pro te in  in  abom asal flu id  o f lam bs a t d iffe ren t tim es a fte r  feed ing  

tw o cellulose-to-starch ratios w ith  ze in

Hours after feeding

0 2 4 6 8 10 Mean

H igh cellulose d iet:
Z ein  p ro te in , % 76 71 75 72 81 67 73.7
N on-zein p ro te in , % 24 29 25 28 19 33 26.3

H igh s ta rch  d iet :
Z ein  p ro te in , % 64 78 75 73 63 64 69.5
N on-zein p ro te in , % 36 22 25 27 37 36 30.5

A comparison of the essential amino 
acids, except tryptophan, in the diet and 
abomasal fluid of lambs fed the 2 cel- 
lulose-to-starch ratios is presented in table 
4. The dietary amino acids, except methio
nine, were significantly different in con
centration from the amino acids in 
abomasal fluid of lambs fed the high cel
lulose ration. With the high-starch diet, 
methionine and isoleucine were the only 
amino acids not significantly different be
tween diet and abomasal fluid. Leucine, 
methionine and phenylalanine were less 
concentrated in abomasal fluid than in the 
diet. Molar percentage lysine differed to 
the greatest extent between diet and 
abomasal fluid.

Table 5 shows the molar percentage of 
the essential amino acids in bacterial pro-

TABLE 4
E ssen tia l a m ino  acids recovered in  the  ra tion  and  

abom asal flu id  o f lam bs fe d  tw o cellulose-to- 
starch ratios w ith  ze in

Essential amino acids recovered 
Abomasal fluid

Diet High
cellulose

diet
High

starch
diet

molar % molar % molar %
T hreon ine  b,c 2.6 3.7 3.7
Valine b'c 4.2 5.4 5.2
M eth ion ine 0 1.3 1.0 1.2
Isoleucine b 4.1 4.8 4.5
L eucine a,b,c 20.6 16.7 18.1
P h en y la lan in e  a b-c 5.3 4.7 5.0
L ysine a'b-c 0.1 1.8 1.5
H istid ine  b,c 0.9 1.1 1.2
A rginine b-c 1.0 1.7 1.7

a Significant difference (P  <  0.05) between high 
cellulose and high starch abomasal fluid amino acids.

b Significant difference (P <  0.05) between diet and 
high cellulose abomasal fluid amino acids.

c Significant difference (P <  0.05) between diet and 
high starch abomasal fluid amino acids.

TABLE 5
E ssen tia l a m ino  acids recovered in  bacterial 

pro tein  and  abom asal flu id  o f lam bs fe d  
tw o cellulose-to-starch ratios w ith  ze in

Essential amino acids recovered
Abomasal fluid

Bacterial 
protein * 1 High

cellulose
diet

High
starch

diet
molar % molar % molar %

T h reon ine  a<b 7.0 3.7 3.7
V aline a-b 6.7 5.4 5.2
M eth ion ine a'b 1.5 1.0 1.2
Iso leucine a'b 6.4 4.8 4.5
L eucine a<b 7.0 16.7 18.1
P h en y la lan in e  a>h 3.8 4.7 5.0
Lysine a,b 6.5 1.8 1.5
H istid ine 1.2 1.1 1.2
A rginine a'b 3.2 1.7 1.7

a Significant difference (P <  0.05) between bacterial 
protein and high cellulose abomasal fluid amino acids.

b Significant difference (P <  0.05) between bacterial 
protein and high starch abomasal fluid amino acids.

1 Little, C. O., G. E. Mitchell, Jr. and G. D. Potter 
1965 Dietary influence on rum inal fluid proteins. 
J. Animal Sci., 24: 893 (abstract).

tein and that observed in abomasal fluid of 
lambs fed the 2 diets in this study. Con
centrations of all the abomasal fluid amino 
acids, except histidine, were significantly 
different from that of bacterial protein. 
The results shown in tables 4 and 5 sug
gest that the amino acids present in abo
masal fluid with both feeding regimens 
resulted from a mixture of dietary and mi
crobial proteins being present in the fluid.

If the amino acids in abomasal fluid 
are assumed to be primarily of dietary or 
microbial origin (1), the validity of con
version estimates based on physical separ
ation could be checked by comparing the 
actual amino acid composition with a pre
dicted amino acid pattern calculated for 
mixture of dietary and microbial proteins. 
Using the estimates of conversion based
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TABLE 6
C om parison o f actua l a n d  p red ic ted  am ino  acids in  abom asal flu id  o f lam bs 

fed  tw o cellulose-to-starch ratios w ith  ze in

Amino acids in abomasal fluid
High cellulose diet High starch diet

Actual Predicted 1 Actual Predicted 1
molar % molar % molar % molar %

T hreon ine 3.7 3.8 3.7 4.0
V aline 5.4 5.0 5.1 4.9
Isoleucine 4.8 4.7 4.5 4.8
L eucine 16.7 17.0 18.1 16.4
M eth ion ine 1.0 1.3 1.1 1.3
P h en y la lan in e 4.7 4.9 5.0 4.9
Lysine 1.8 1.8 1.5 2.1
H istid ine 1.1 1.0 1.2 1.0
A rgin ine 1.7 1.5 1.7 1.7

1 (100) (% amino acid in abomasal fluid) =  (%  zein) (% amino acid in zein) — (% bacterial 
protein) (% amino acid in  bacterial protein).

on physical separation (table 3) and the 
amino acid compositions of zein and 
microbial protein, the predicted amino 
acid composition of abomasal fluid with 
the 2 diets was calculated. These values 
are shown in table 6. The similarity be
tween the actual and predicted values veri
fies the validity of physical separation pro
cedures and suggests that information 
relative to the amino acid ratios in the 
diet, microbial protein and abomasal 
fluid might be used to estimate conversion 
of dietary protein to microbial protein. 
Since the differences between diets and 
abomasal fluids were greatest for lysine, it 
was selected as an indicator of the extent 
of conversion. Values for non-zein pro
teins in abomasal fluid calculated from 
lysine ratios at different times after feed
ing are shown in table 7. The similarity 
of results with the 2 methods of estimating 
conversion (tables 3 and 7) suggests the 
possibility of estimating the extent of con
version of homologous dietary proteins 
from amino acid analyses of abomasal 
fluid.

DISCUSSION
For a poor-quality protein to be utilized 

efficiently by ruminants, it must be hy
drolyzed in the rumen and the nitrogen 
used by the microbial population for syn
thesis of higher quality microbial protein 
(4). Although indicating that zein was 
not extensively converted, conversion esti
mates from this study show that signifi
cant quantities were converted to microbial

TABLE 7
N on-ze in  p ro te in  in  abom asal flu id  o f lam bs  

ca lcu la ted  fro m  lysine  ratios

Calculated non-zein protein 
j j ours in  abomasal fluid
after

feeding High
cellulose

diet
High
starch

diet
% %

0 23.9 23.8
2 31.7 20.2
4 27.9 27.2
6 26.3 25.6
8 26.7 25.3

10 31.3 20.6
M ean 1 28.0 23.8

1 Significant difference (P < 0.05) between diets.

protein. The changes that were noted be
tween the amino acid compositions of the 
diet and abomasal fluid provide further 
evidence of the important role of the 
microbial population in affecting the pro
tein nutrition of ruminants.

The “predicted” amino acid values with 
different ratios of zein and microbial pro
tein suggest the type of problem that may 
be encountered in attempting to meet the 
essential amino acid requirement of the 
tissue if a poor quality protein, such as 
zein, is not extensively converted to micro
bial protein. With poor conversion, char
acteristic amino acid patterns of such 
dietary proteins could be expected to af
fect the nutritional status of the animal; 
however, with complete conversion, the 
amino acid make-up of the dietary pro
tein would be of little significance. The ex
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tent of conversion would be less critical 
with a protein of quality similar to that of 
microbial protein because a balanced mix
ture of amino acids would be subject to 
absorption whether the protein was con
verted in the rumen or passed out of the 
rumen unattacked by the rumen micro
organisms.

The carbohydrate ratios in this study 
appeared to have little influence on the 
conversion of zein to microbial protein. 
The work of McDonald (10) suggests that 
zein is poorly converted because it is re
sistant to proteolysis by rumen micro
organisms, resulting in a slow release of 
ammonia (10). Likewise, the major in
fluence of dietary carbohydrates on rumen 
metabolism of nitrogen has been reported 
to be in utilizing the ammonia released 
from a readily soluble nitrogen source to 
synthesize cell protein and not in the rate 
of proteolysis of feed nitrogen sources 
(11). It may be surmised that the rate of 
proteolysis rather than uptake of released 
nitrogen limits conversion of zein to micro
bial protein.
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Effect of Vitamin D3 on the in vitro Transport of 
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A B ST R A C T  T he effect of v ita m in  D 3 trea tm e n t of th e  ch ick  on con cen tra tiv e  tra n s 
p o rt of calc ium  by in te s tin a l loops in  vitro , on  in te s tin a l p e rm eab ility  to ca lc iu m  in  
v itro  a n d  on  calc iu m  efflux fro m  tied-off in te s tin a l loops in  s itu  w as de term ined . Con
cen tra tiv e  tran sp o rt of calc ium  in  v itro  could  n o t be d em o n stra ted  w h en  ch ick  in te s tin e  
w as in cu b a ted  in  K-H buffer (N a  =  145 m M ) b u t w as observed w h en  everted  in te s tin a l 
loops w ere in cu b a ted  in  a  low  sodium  buffer (N a  =  2 6 m M ). In  th is  low  sodium  m e
d ium , con cen tra tiv e  tra n sp o rt of calc ium  w as observed only in  th e  ilea l segm en t and  
w as greatly  e n h an ced  by v ita m in  D3 tre a tm e n t o f the  chick . V itam in  D3 trea tm e n t w as 
also show n  to in c rease  th e  pe rm eab ility  to calc iu m  of th e  in te s tin a l loop in  v itro . In  
th e  in  v itro  p re p ara tio n s  calc iu m  w as no t tran s fe rre d  across th e  w all o f th e  duodenum . 
In  s itu , how ever, th e  m ost rap id  efflux of ca lc iu m  occurred  in  the  duodenal loop and  
w as greatly  e n h an ced  by v ita m in  D trea tm en t.

The concentrative transport of calcium 
by the everted intestine in vitro has been 
studied extensively in the rat, rabbit, gui
nea pig, mouse and hamster (1-3). In 
these animals, except for the hamster, the 
duodenum was found capable of trans
porting calcium against a concentration 
gradient when buffers containing approxi
mately 150 m M  sodium were used. Under 
such conditions, the serosa is electrically 
positive with respect to the mucosa (4) 
and hence calcium is transported against 
an electrochemical potential gradient. This 
concentrative transport of calcium was 
shown both by Schachter et al. (1, 5) and 
by Harrison and Harrison (2) to be en
hanced by vitamin D treatment of the ani
mal from which the intestine was taken. 
Such observations led Schachter to suggest 
that the physiological role of vitamin D is 
to promote the active transport of calcium 
in the intestine. Harrison and Harrison
(6), however, using an intestinal prepara
tion in which active ion transport was in
hibited by N-ethylmaleimide, showed that 
vitamin D treatment increased the perme
ability of the intestine to calcium.

Despite the usefulness of the chick as 
an experimental animal for calcium me
tabolism studies, there is little information 
on calcium transport by chick intestine in 
vitro. Sallis and Holdsworth (7) and 
Holdsworth (8) measured the uptake and

release of 45Ca from the intestine in vitro 
in an effort to explain the mode of action 
of vitamin D. There are no reports of mu
cosal to serosal transport of calcium by the 
chick intestine in vitro.

METHODS

One-day-old white leghorn male chicks 
were obtained from a commercial hatch
ery, placed immediately in an electrically 
heated battery brooder, and fed the vita
min D-deficient diet shown in table 1. This 
diet was designed to supply all nutrients 
including calcium and phosphorus at con
ventional levels but with no supplementary 
vitamin D. The chicks were divided into 
2 lots: one lot was fed up to 4 weeks the 
diet without further supplementation (ra
chitic) and the other received, by crop 
intubation, 1000 IU of crystalline vitamin 
D3 in propylene glycol at 10-day intervals 
(vitamin D-treated).

In vitro experiments. The chicks used 
for these experiments were between three 
and four weeks old. They were bled by 
heart puncture and anesthetized by the 
same route with sodium pentobarbital. The 
small intestine was removed, washed with
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TABLE 1

C om position  o f th e  exp erim en ta l v ita m in  
D -depletion c h ick  d iet

Soybean oil m ea l (50%  p ro te in )
%

45.00
Glucose 47.00
P e a n u t oil, refined 3.00
C holine chloride 0.10
DL-Methionine 0.15
V itam in  m ix tu re  1 0.25
Salt m ix tu re  2 0.50
P o tassium  p h o sp h a te , m onobasic 1.00
Sodium  p h o sp h a te , m onobasic 1.00
C alcium  carbonate , p recip ita ted 2.00

1 S upplied /kg  of ra tio n : ( in  m illig ram s) th iam ine , 
25; riboflavin, 16; Ca p an to thenate , 20; pyridoxine, 6; 
bio tin , 0.6; folic acid, 4; m enadione, 2; n iac in , 150; 
ascorbic acid, 250; inositol, 100; v itam in  B12, 0.02; and 
v itam in  A, 10,000 IU; an d  a-tocopherol, 5 IU.

2 Supplied in  m g /k g  ra tio n : NaCl, 2,877; FeS04 , 
286; M gS04, 1,000; MgCOs, 500; M nS04 H 20 , 150; KI, 
6; C uS04, 8; Z nC 03, 150; an d  N a2M o04-2H20 , 0.6.

physiological saline and placed in ice-cold 
20 mM KC1-135 mM NaCl solution. It was 
then divided into the appropriate 11-cm 
segments, everted and incubated under 
95% 0 2, 5% C02 atmosphere as described 
by Harrison and Harrison (2).

The small intestinal loops were used in 
either of 2 systems: (a) the “concentrative 
transport system” in which initially the 
solutions bathing both the mucosal and 
serosal surfaces contained the same con
centration of calcium and 43Ca, 0.25 mM 
and 25 pCi/liter, respectively. In this sys
tem calcium transport was measured both 
as micromoles calcium transported into 
the serosal compartment per loop and by 
the ratio of the concentration of calcium 
in serosal fluid to that in mucosal fluid 
(Cs/C,„); and (b) the “permeability sys
tem” in which concentrative transport was 
inhibited by 0.6 mM N-ethylmaleimide in 
the buffer, 2.5 mM calcium and 25 pCi of 
45Ca per liter were added to the mucosal 
solution only and the quantity of 43Ca en
tering the initially calcium free serosal 
phase was taken as the index of calcium 
permeability. The results are expressed as 
micromoles calcium transferred per loop 
per hour. The incubation times were 90 
and 60 minutes, for the transport and per
meability experiments, respectively.

Harrison and Harrison (9) have shown 
that concentrative transport of calcium 
in vitro by rat ileum occurred only if the 
everted ileal loops were incubated in a low

sodium medium. A low sodium medium 
(Na = 26 mM) was also tried in the pres
ent study with chick intestine to see if the 
same effect could be demonstrated in the 
chick and to find a suitable in vitro system 
for assaying vitamin D activity in the 
chick intestine. The incubation medium 
in this experiment contained in milli
moles per liter: mannitol, 198; KCl, 25; 
NaH2P04, 1.2; NaHCOs, 25; MgSCh, 1.2; 
glucose, 20; and CaCl2, 0.25; with 25 pCi 
of 43Ca per liter.

In situ experiment. The unidirectional 
efflux of 45Ca from various intestinal seg
ments in situ was determined as an esti
mate of the rate of absorption of calcium 
by the respective segments in vivo. Three- 
week-old rachitic and vitamin D-treated 
chicks were anesthetized by intravenous 
sodium pentobarbital and the left abdo
men was cleared of feathers. A longitudi
nal incision was made just above the ster
num, through the skin and peritoneum. 
The duodenum, lower jejunum and lower 
ileum were identified and 8-cm portions 
were separated from these segments leav
ing the blood vessels intact. These portions 
were flushed with physiological saline and 
air. One side was then tied off and a loose 
ligature placed on the other end. The 
buffer was introduced by use of a syringe 
with a blunt needle inserted through this 
end and the ligature was tightened around 
the needle. Four-tenths milliliter of the 
4SCa-containing buffer were injected and 
the ligature was tightened completely as 
the needle was withdrawn. After injecting 
the three intestinal portions, the skin and 
peritoneum were sutured and incubation 
was allowed for 20 minutes. The buffer 
contained in millimoles per liter: NaCl, 
126; KCl, 5; MgS04, 1.2; KH2PO4, 1.2; 
NaHC03, 10; CaCl2, 6.5; glucose, 20; and 
45Ca, 250 pCi per liter.

At the end of the incubation, each por
tion of intestine was removed and placed 
in a crucible. The samples were then dried, 
ashed, dissolved in n  HC1 and 45Ca was de
termined in each sample. The unidirec
tional efflux is defined as the amount of 
45Ca introduced minus the residual. In trial 
experiments it was found that the influx 
of 45Ca under these conditions is insignifi
cant and can therefore be neglected.
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RESULTS

The results of the transport experiments 
are shown in table 2. When everted intes
tinal segments were incubated in the stan
dard Krebs-Henseleit buffer, calcium was 
lost from the serosal solutions in all seg
ments tested, in both rachitic and vitamin 
D-treated chicks. These losses resulted in 
Cs/Cm ratios lower than unity. The Cs/Cm 
ratio decreased along the intestine from 
proximal to distal direction in both rachitic 
and vitamin D-treated chicks. There was, 
however, a small but consistent difference 
between the 2 groups with the Cs/Cm ratio 
being higher in the vitamin D-treated ani
mals. There was little change in serosal 
volume in the duodenum and upper jeju
num, but there was a marked mucosal to 
serosal fluid transport in the lower jeju
num and ileum.

Because of lack of concentrative trans
port of calcium by chick intestine in vitro 
in the medium containing 145 m M  so
dium, studies with the low sodium buffer 
were made. The results are included in 
table 2. Water transport into the serosal 
phase was markedly reduced by reduction 
of the sodium concentration of the me
dium. As compared with the results with 
Krebs-Henseleit buffer the net loss of cal
cium from the serosal solution was re
duced in the segments from rachitic chicks 
resulting in higher C5/C„ ratios. In the 
vitamin D-treated animals, there was a

significant mucosal to serosal transport of 
calcium in the ileal loop and a Cs/Cm ratio 
which approached two. Incubation in a 
low sodium buffer, therefore, resulted in 
concentrative calcium transport by the 
everted ileum of vitamin D-treated chicks.

Results of the permeability experiments 
are shown in table 3. N-Ethylmaleimide in 
a 0.6 mM concentration eliminated water 
transport in the ileum, but there was still 
some water transport in the jejunum. Un
der these in vitro conditions, the wall of 
the chick duodenum was found to be al
most totally impermeable to calcium. The 
intestinal permeability to calcium was 
highest in the jejunum and somewhat 
lower in the ileum. In both jejunum and 
ileum, vitamin D treatment significantly 
increased the calcium permeability.

The in situ experiment (table 4) indi
cated that in the rachitic chick there was 
no significant difference among the vari
ous intestinal segments with respect to 
calcium efflux. Vitamin D treatment con
siderably increased the efflux from all seg
ments, but most markedly from the duo
denum in which it was about tripled.

DISCUSSION

The in situ experiment (table 4) indi
cated that the in vivo absorption of cal
cium in the vitamin D-treated chick is 
highest in the duodenum, in agreement 
with similar observations in the rat (10).

TABLE 2
C alcium  transport across ch ick-in tes tin a l zuall in  vitro 1

Segment
R achitic V itam in  D -treated

AV 2 ACa 3 c s/ c m 4 AV ACa Cg/ Cm
m l /iM¡ 9 0  m i n m l ¡1M./90 m i n

K rebs-H enseleit buffer
D uodenum - 0 . 0 1 - 0 . 0 6 6 0 . 6 6 ± 0 . 1 3  5 0 . 1 1 - 0 . 0 4 3 0 . 7 4  ±  0 . 1 6
Je ju n u m , up p er 0 . 1 1 - 0 . 0 5 5 0 . 6 4  ± 0 . 1 8 0 . 0 2 - 0 . 0 6 5 0 . 7 3  ± 0 . 2 4
Je ju n u m , low er 0 . 2 2 - 0 . 0 4 2 0 . 4 4  ± 0 . 0 6 0 . 2 0 — 0 . 0 2 2 0 . 5 1  ± 0 . 0 6
Ileum , up p er 0 . 5 1 - 0 . 0 4 1 0 . 3 7  ±  0 . 0 9 0 . 3 1 - 0 . 0 4 9 0 . 5 0  ±  0 . 1 2
Ileum , low er 0 . 3 8 - 0 . 0 7 1 0 . 2 8  ± 0 . 0 5 0 . 3 0 - 0 . 0 4 7 0 . 4 5  ± 0 . 0 8

Low-sodium  buffer
D uodenum 0 . 0 0 - 0 . 0 5 8 0 . 6 4  ±  0 . 1 0 - 0 . 0 5 - 0 . 0 7 1 0 . 8 3  ±  0 . 1 8
Je ju n u m , low er - 0 . 0 5 - 0 . 0 5 5 0 . 7 1  ± 0 . 0 7 - 0 . 0 8 - 0 . 0 0 7 0 . 9 0  ± 0 . 2 9
Ileum , low er 0 . 1 6 — 0 . 0 2 0 0 . 6 7 ±  0 . 2 4 0 . 0 1 0 . 0 6 1 1 . 9 7  ± 0 . 7 8

1 Everted loops of designated  segm ents of sm all in testin e  incubated  fo r 90 m inu tes a t 37°.
2 Change in  volum e of serosal fluid d u rin g  incubation , in itia l volum e 0.6 ml.
3 Q uantity  of ca lc ium  added to or rem oved from  serosal fluid du ring  incubation .
4 The ra tio  of th e  concen tra tion  of ca lc ium  in  serosal fluid to th a t  in  m ucosal fluid a t end of incubation  

( in itia l Cs/Cm =  1).
5 The d a ta  are averages of a t leas t 5 experim ents ±  s d .
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TA BLE 3

E ffec t o f v ita m in  D3 on ca lc ium  perm eab ility  o f c h ic k  in te s tin e  in  v itro  1

R achitic V itam in  D-treated

AV 2 A C a3 AV ACa

m l fi M m l /¿M
D uodenum - 0 .0 2 0.035 ± 0 .0 3 5  4 - 0 .0 4 0.035 ± 0 .0 3 8
Je ju n u m , low er 0.18 0.247 ±  0.091 0.27 0 .4 1 7 ± 0 .1 8 3
Ileum , low er - 0 .0 3 0.189 ± 0 .0 4 5 0.00 0.320 ± 0 .0 3 6

1 P erm eability  ind ica tes m icrom oles ca lc ium  tran sp o rted  from  the  m ucosal to serosal m ed ia  by 
10-cm everted gut loops. The loops were incubated  fo r 60 m inu tes in  K rebs-H enseleit b icarbonate  
buffer con ta in in g  0.6 m M  N -ethylm aleim ide. The m ucosal so lu tion  con tained  2.5 m M  calc ium  and 
25 / i d  of 45C a /lite r ; the  serosal so lu tion  w as calcium -free a t the  s ta r t of th e  incubation .

2 AV =  change in  serosal volum e du ring  incubation .
3 ACa =  qu an tity  of calcium  en tering  the  serosal m edium  d u rin g  incubation .
4 T he data are averages of 5 birds ±  sd.

TABLE 4
E ffe c t o f  v ita m in  D on outflow  o f 45Ca fro m  

various seg m en ts o f c h ick  in te s tin e  in  situ

45 C a  outflow
Segm ent V itam in

D-treated R achitic

D uodenum
%

48.0 K 3 3 .5 -5 7 .0 )
%

1 1 .9 (9 .5 -1 4 .8 )
Je ju n u m 22.2 (1 9 .6 -2 4 .4 ) 1 1 .1 (5 .3 -1 4 .6 )
Ileum 16.9 (1 5 .2 -1 9 .7 ) 9 .5 (5 .7 -1 3 .2 )

1 Percentage of the in jec ted  dose, w ith  th e  range 
ind ica ted  in  paren theses; 0.4 m l of buffer con ta in ing  
5 mM calcium  and  250 /¿Ci of 45Ca per li te r  w ere 
in troduced in to  in te s tin a l sacs w ith  the  blood supply 
in tac t and incubated  to 20 m inu tes.

It was, therefore, unexpected to find that 
under the in vitro conditions the duode
num was impermeable to calcium (table
3), in contrast with observations in the 
rat (6). This lack of permeability may be 
due to thickness of the muscular coats of 
the tissue or to severe vasoconstriction 
under these conditions. Such a discrepancy 
between the calcium transport in vivo and 
in vitro calls for caution in the interpreta
tion of in vitro determinations of transport 
rates.

The lack of concentrative transport of 
calcium by everted chick intestine in vitro 
when incubated in Krebs-Henseleit buffer 
stimulated the experiments in which the 
everted loops were incubated in a low so
dium buffer. At a 26 mM sodium concen
tration, concentrative transport of calcium 
could be demonstrated with ileal loops 
although Cs/Cm ratios of greater than one 
were not developed by duodenal or jejunal 
loops. In the low sodium medium it was 
possible to demonstrate that vitamin D 
treatment of the animal greatly increased 
concentrative transport of calcium by 
everted intestinal loops. The chick ileum

can therefore be used to demonstrate the 
effect of vitamin D on calcium transport 
by chick intestine.

The mechanism for the inhibitory effect 
of sodium on concentrative calcium trans
port by small intestine in vitro requires 
further investigation. Although the poten
tial difference between serosal and mu
cosal compartments is altered by changes 
in sodium concentration of the bathing 
medium, preliminary observations indicate 
that the concentration difference of cal
cium between serosal and mucosal fluids 
is not directly related to the potential dif
ference. In other systems a competition 
between sodium and calcium for transport 
across a membrane has been demon
strated. Niedergerke et al. (11) found a 
reciprocal relation between sodium con
centration and uptake of calcium by frog 
heart muscle. Cosmos and Harris (12) 
demonstrated a similar inhibitory effect of 
sodium on calcium uptake by frog skeletal 
muscle. An effect of calcium concentration 
on sodium transport by intestine was re
ported by Dumont et al. (13). Walser (14) 
suggested that a common carrier for so
dium and calcium transport existed in the 
renal tubule since sodium loading in
creased calcium output in the urine. Com
petition between sodium and calcium for 
a transport mechanism was also suggested 
by studies of cation transport across the 
rabbit gallbladder wall (15).

Irrespective of the theoretical basis for 
the effect of sodium concentration on con
centrative calcium transport by chick in
testine in vitro, the low sodium medium 
provides a technique for determining re
sponse of chick intestine to vitamin D. The 
concentrative transport of calcium by
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chick intestine in vitro can be demon
strated only in the ileum. In this respect 
the chick intestine resembles that of the 
golden hamster (3). The in vitro studies 
of intestinal permeability to calcium under 
conditions in which concentrative trans
port is inhibited by N-ethylmaleimide show 
that vitamin D increases the rate of dif
fusion of calcium across the intestinal wall 
in the chick just as has been demonstrated 
for rat intestine (6). In the rat intestine, 
however, the intestinal permeability to cal
cium under in vitro conditions is greatest 
in the duodenal segment, whereas the 
chick duodenum in vitro does not permit 
the transfer of calcium from mucosal to 
serosal surface. This segment of the chick 
intestine has a much thicker muscular 
layer than the corresponding segment of 
the rat intestine and this may make it un
suitable for in vitro studies in which ion 
transport across the entire thickness of the 
intestinal wall is determined. The in situ 
studies of calcium efflux from tied off loops 
of intestine indicate that the duodenum is 
the site of the most rapid transfer of cal
cium out of the intestinal lumen and that 
this transfer of calcium is greatly en
hanced by vitamin D.
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Effects of Dietary Elaidic Acid on Membrane Function 
in Rat Mitochondria and Erythrocytes * 1
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A B ST R A C T  Possible changes of m em b ran e  fu n c tio n s  in  ra t  ery throcy tes an d  liver 
m ito ch o n d ria  due to inco rp o ra ted  elaid ic acid  w ere investigated . To th is  end , w ean 
lin g  ra ts  w ere fed  a  d ie t co n ta in in g  8% e la id in ized  olive oil w hich  led  to a sign ifican t 
in co rp o ra tio n  of e la id ic  acid  in to  the lip ids of these stru c tu res . A fter 6 w eeks, liver 
m ito ch o n d ria  fro m  th is  group sw elled a t a  ra te  2 to 3 tim es g reater th a n  those  from  
contro l ra ts  fed  n a tive  olive oil, w hen  the  ex p erim en ts w ere perfo rm ed  in  hypoton ic  
m ed iu m  co n ta in in g  in o rg an ic  phosphate . R ates o f a -lecith inase-induced  hem olysis 
w ere 5 tim es these  of contro ls. R esistance of th e  red  cells to osm otic stress, copper, 
chenodeoxycholate  an d  non-ionic so lu tes w ere n o t m u ch  d ifferen t in  b o th  groups. 
T ran sp o rt of sodium  ion proceeded a t a  sligh tly  fa s te r  ra te  in  red  blood cells rich  in 
e la id ic  acid.

In a previous publication (1), the in
corporation of dietary elaidic acid into 
lipids of depot fat, erythrocyte membranes, 
and mitochondria was reported. The ex
tent of incoporation of this trans fatty acid 
into the lipids of these tissues differed. Its 
influence on the fatty acid composition of 
the tissues was also different. Although 
the fatty acid composition of all tissues 
studied was significantly changed by the 
incorporated elaidic acid, that of depot 
lipid resembled the dietary fat more closely 
than did the lipid from mitochondria and 
red cell stromata. These results suggested 
a selective mechanism of incorporation of 
elaidic acid and raised the question 
whether the elevated trans fatty acid con
tent would reflect itself in changes of 
membrane function. That dietary lipids 
influence various functions in both mito
chondria (2) 3 and erythrocytes (3, 4) has 
been demonstrated, but little is known 
about the effect of trans fatty acids in these 
systems.

Therefore, the studies reported here 
were designed to measure some aspects of 
permeability and transport in isolated 
membranes from animals raised with and 
without dietary elaidic acid. Swelling rates 
of liver mitochondria were determined as 
a measure of permeability of these struc
tures to water. Membrane functions of 
erythroctyes were studied by measuring 
simple diffusion of non-ionic solutes, ac

tive transport of sodium, and the relative 
stability of the membranes to various 
forms of hemolytic stress.

EXPERIM ENTAL PROCEDURES

Male weanling rats, Walter Reed strain, 
were raised for 6 weeks with a 15% ca
sein ration. The fat, supplying 8% of the 
diet, consisted either of native olive oil 
(controls) or of olive oil elaidinized by 
treatment with S02 (supplemented rats). 
This procedure produced a yield of 55% 
trans fatty acids. At the end of 6 weeks, 
during which growth rates and general 
well-being were not different in both 
groups, the animals were killed and their 
tissues used for analysis of fatty acid com
position as well as for the studies pre
sented here. The details of these proce
dures, of isolation of erythrocytes and 
mitochondria, as well as the analytical re
sults, have been described (1).

Mitochondrial swelling. Mitochondrial 
swelling was measured by recording the 
decrease in absorbance at 520 mu, using a 
Guilford Multiple Absorbance Recording

Received fo r pub lication  October 13, 1966.
1 From  the  d issertation  presen ted  by W alter J. 

Decker to the  G raduate  Council, The George W ash
ing ton  U niversity , in  p a rtia l fu lfillm ent fo r the degree 
of Doctor of Philosophy, 1965.

2 P resen t ad d ress : R esearch and  D evelopm ent Serv
ice, W illiam  B eaum ont G eneral H ospital, E l Paso, 
Texas 79920.

3 Ito, T., and  R. M. Johnson 1963 S tudies on liver 
m itochondria  from  u n sa tu ra ted  fa t  deficient rats. 
F ederation  Proc., 22; 474 (a b stra c t) .
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Spectrophotometer. Cuvette temperature 
was maintained at 25°. The reaction mix
ture consisted of hypotonic swelling me
dium containing phosphate (5) 2 ml, or 
KCl-Tris (5), 2 ml; water, 0.8 ml; succi
nate or a-ketoglutaraie (300 nut), 0.1 ml; 
NAD (3 umoles) when a-ketoglutarate was 
the substrate, 0.1 ml; and a suspension of 
mitochondria obtained from 20 mg of liver 
in 0.1 ml. Results are expressed as change 
in absorbance units per minute during the 
initial linear portion of the curve.

Lecithinase-induced hemolysis. Nine 
and seven-tenths milligrams of bacterial 
a-toxin from type A Clostridiuvi perfri- 
gens 4 were diluted to 30 ml with isotonic 
saline. To 3 ml of this solution were added 
5 aliters of fresh blood, and the decrease 
in absorbance at 520 mu was followed, 
using the Gilford Spectrophotometer. De
crease in absorbance was taken as an in
dex of hemolysis. Decrease due to settling 
of erythrocytes in isotonic saline was found 
to be less than 0.01 absorbance units in 
10 minutes.

Sodium transport in erythrocytes. The 
procedure was a modification of that of 
Harris and Maizels (6). Fresh blood was 
centrifuged and washed twice with iso
tonic saline, 2 ml of packed cells were 
drawn off and added to 14 ml of incuba
tion medium (300 ml of 0.15 m  NaCl, 70 
ml of 0.15 m  KC1, 30 ml of 0.10 m  
Na2HP04, and 4 ml of 50% (w/v) glu
cose; pH 7.7), to which 2.0 uCi 22NaCl in 
isotonic saline had been added previously. 
This mixture was incubated in a Dubnoff 
metabolic shaker at 37° overnight to load 
the cells with 22Na. The next morning, the 
suspension was centrifuged at 3200 X g 
for 10 minutes; the supernatant solution 
was discarded. The erythrocytes were 
washed once with 40 ml of isotonic glu
cose 5 and the cells were added to 100 ml 
of nonradioactive incubation medium. 
This mixture was shaken on the Dubnoff 
apparatus at 37°; at 0, 0.5, 1, 2, 3, and 4 
hours, 10 ml of the suspension were with
drawn and placed into test tubes for radio
activity measurement. Ten milliliters of 
warm incubation medium were added back 
to the flask after each withdrawal to keep 
the pH constant and the external 22Na in 
the medium at a negligible level.

The test tubes were centrifuged, the 
supernatant solution was decanted, and the 
erythrocytes were hemolyzed by the addi
tion of 2 ml of distilled water. The he- 
molysates were assayed for radioactivity 
level in a Packard Auto-Gamma Spectrom
eter. Counts were corrected tc the starting 
volumes of erythrocytes, and were ex
pressed as a percentage of the original ac
tivity remaining. The logarithm of per
centage activity remaining was plotted 
against time in hours to obtain the rate of 
sodium transport out of the erythrocytes.

Osmotic hemolysis. Resistance of the 
erythrocyte to osmotic hemolysis was deter
mined by a modification of the method of 
Diggs (7). A series of 10 centrifuge tubes 
containing 4 ml of saline solution in con
centrations of 0, 0.3, 0.35, 0.4, 0.45, 0.5, 
0.55, 0.6, 0.65, and 1% received 7 aliters of 
fresh blood each. The tubes were shaken 
gently, allowed to stand for one hour at 
room temperature, and centrifuged at 
3200 X g for 10 minutes. Supernatant 
solutions were decanted into a colorimeter 
tube and read at 415 mu against a 1% 
NaCl blank in a Bausch and Lomb Spec- 
tronic 20 colorimeter. Hemolysis at each 
concentration of NaCl was calculated from 
absorbance using the following equation:

%  H em o ly s is  =
A test solution Ajo*. NaCl 

Ao% NaCl — Ai% NaCl
X 100,

where A is the absorption of the super
natant of the blood samples subjected to 
the indicated treatments.

Chenodeoxycholate-induced hemolysis. 
Five microliters of fresh blood were added 
to 3 ml of a solution containing 1.0% 
sodium chenodeoxycholate in isotonic sa
line; decrease in absorbance was measured 
as in the lecithinase-induced hemolysis 
experiments.

Metal-induced hemolysis. A modifica
tion of the procedure of Lambin et al. (8) 
was used. Seven microliters of fresh blood 
were incubated in 4 ml of isotonic saline 
containing from zero to 7 ug of copper for 
one hour at room temperature. The tubes 
were processed as in the osmotic hemolysis

4 K indly provided by Mr. J. R. Evans, D epartm ent of 
Bacteriology, W alter Reed Arm y In stitu te  of Research.

5 Five per cen t Dextrose In jec tion , U.S.P., C utter 
Laboratories, Berkeley, C alifornia .
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experiments, and the percentage hemolysis 
was calcualted:

% TX , . -Atest solution Ao ag Cu , , xH em olysis =  —  ------------------- ——  X 100,
Ao% NaCl — 1% NaCI

where A is derived as in above equation.
Permeability of erythrocytes to nonionic 

solutes. Three milliliters of 0.3 M solu
tions of thiourea, ethylene glycol, or gly
cerol and 5 uliters of fresh blood were used 
to determine relative rates of permeability 
through relative rates of hemolysis as de
scribed in the lecithinase-induced hemoly
sis studies (9).6

RESULTS

In a hypotonic swelling medium con
taining inorganic phosphate, the liver mi
tochondria from elaidic acid-supplemented 
rats exhibited significantly greater initial 
rates of swelling than controls. The mag
nitude of the difference depended on the 
substrate added: With succinate, the dif
ference was more than twofold (0.03 vs. 
0.07 absorbance units/minute); with a-

ketoglutarate and NAD, it was more than 
threefold (0.05 vs. 0.17 absorbance units/ 
minute) (fig. 1). In KCl-Tris medium, 
mitochondria from the two dietary groups 
behaved alike, regardless of substrate used.

A highly significant difference between 
the two dietary groups was noted when red 
blood cells were incubated with lecithin- 
ase (fig. 2). After a lag period of 2 min
utes, erythrocytes containing trans fatty 
acids hemolyzed at a rate 5 times faster 
than that of the control cells (0.15 vs. 0.03 
absorbance units/minute). After 12 min
utes, the rates of both groups were approxi
mately 0.03 units/minute; after 25 min
utes they slowed markedly and came to a 
standstill at approximately 2 hours. He
molysis apparently was complete at that 
time.

6 The an im als used  in  th is  study were trea ted  in  
accordance w ith  the  p rincip les of laboratory  an im al 
care as prom ulgated  by the  N ational Society fo r Medi
ca l Research. The m en tion ing  of trad e  nam es and  
m an u fac tu re rs  does no t constitu te  an  official endorse
m en t of these products by the  U.S. G overnm ent.

Minutes

x = controls 
o = trans supplemented

With
a — Ketoglutarate

Fig. 1 Sw elling of liv e r m ito ch o n d ria  in  hypoton ic  m ed iu m  (N  =  3 ) .
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Compared with these results, the differ
ences between the two dietary groups in 
the following experiments were much 
smaller. The erythrocytes of rats fed the 
elaidic acid-supplemented diet transported 
sodium ion at a slightly faster rate than 
those of the controls. The plot of logarithm 
of the percentage of initial radioactivity 
remaining in the cells, against time, re
sulted in straight lines for each group (fig. 
3). Both linear regressions of each rate as 
well as the difference between the rates 
were significant (P < 0.01 and < 0.05, re
spectively.

The results of experiments measuring 
the effect of various hemolytic agents on 
red blood cells are summarized in table 1 
and 2. The effects of copper, diethylene 
glycol and thiourea were nearly identical 
in the erythrocytes from both groups. The 
cells from elaidic acid-supplemented rats 
appeared somewhat more resistant to 
osmotic stress and to chenodeoxycholate, 
and less resistant to glycerol than their 
controls.

DISCUSSION

The data presented here indicate that 
the trans fatty acid incorporated into mito-

Fig. 3 Sodium  ex tru s io n  of r a t  ery throcy tes
(N  =  5 ) .

chondria and red cell membrane affects 
a number of functions related to perme
ability and transport; the magnitude and 
direction of these changes depended on 
the systems studied. The increase of the 
swelling rate in mitochondria from elaidic 
acid-supplemented rats is striking, as is 
the faster rate of lecithinase-induced he
molysis in erythrocytes from these animals.
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TABLE 1
Ef f ect  of  hem olytic  agents on ra t erythrocytes

C oncentration
Hemolysis

C ontrol
E laidic

acid-
supplem ented

N aC l Cu+ +

% M9 % %

O sm o tic  h e m o ly s is  1
0.45 61 .4  ±  8 .9 2 57.9  ±  7.1
0 .40 86 .2  ±  6 .7 80 .8  ± 6 .5
0.30 95 .0  ± 2 .9 9 0 .4 ± 3 .9  3

C o p p e r-in d u ced  h e m o ly s is  4
0 0 0
1 2 2  ± 4 21 ± 3
2 23 ± 2 22 ± 2
3 29 ± 4 29 ± 5
4 4 2  ±  2 4 7 ± 4
5 63 ± 6 63 ± 6
6 75 ± 4 71 ± 2
7 91 ± 8 89 ± 3

1 Controls, N =  10; elaid ic acid supplem ented, N — 
11.

2 M ean +  s d .
3 Difference betw een 2 groups significant (P  <  0.05).
4 N ;= 6 in  both categories.

A number of other stresses, nevertheless, 
produced nearly identical results in both 
groups, and it is not clear whether some 
of the small differences, although statis
tically significant, have physiological im
portance. These varied reactions, depend
ent on the particular stress applied, offer 
a tentative delineation of the sites in the 
red cell membrane and mitochondrion 
which are affected by the incorporated 
trans isomer.

One such site can be discussed in more 
detail. Since nearly all of the mito
chondrial lipid is part of the membrane
(10) , it appears reasonable to assume 
that the effect of dietary elaidic acid is due 
to its incorporation into the mitochondrial 
membrane. Of the various substances 
which induce swelling, the endogenous un
coupling factor, or U-factor (11) is of par
ticular interest in relation to our results. 
It has been described as a mixture of 
higher fatty acids, released through en
zymatic action from membrane phospho
lipids, and is responsible for uncoupling 
of oxidative phosphorylation and swelling
(11) . It is possible that membrane phos
pholipids containing elaidic acid are more 
susceptible to enzymatic hydrolysis than 
those of control animals. This possibility 
is supported by the results of experiments 
measuring hemolysis induced by a-lecithin-
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ase. Since it has been shown that he
molysis is proportional to the rate of hy
drolysis by the enzyme (12), the faster 
rate in the cells high in elaidic acid was 
probably the result of greater susceptibil
ity of the lecithins containing the trans 
fatty acid to enzymatic attack. The posi
tion of elaidic acid in a phospholipid mole
cule has not yet been defined.

It is not clear why the difference in 
swelling between mitochondria containing 
elaidic acid and controls was observed only 
in hypotonic swelling medium, and not in 
KCl-Tris. The former medium contains 
inorganic phosphate which, by itself, in
duces a measured amount of swelling (5), 
and it is possible that this may be a per
missive factor to reveal the differences be
tween the mitochondria from the two die
tary groups. The dependence of swelling 
rates on the exogenous substrate in our 
experiments confirms previous observa
tions (5).

The difference in rates of sodium trans
port between the erythrocytes from the 
elaidic acid-supplmented group and con
trols is small, and it is questionable 
whether any physiological significance 
can be attributed to these results. However, 
the fact that 2 groups of phospholipids, 
phosphatidic acid (13) and inositides (14) 
have been cited as specific carriers in so
dium transport, offers a possible explana
tion of the observed effects, in the light of 
our previous observations with lecithinase- 
induced hemolysis. The latter suggest that 
the incorporation of elaidic acid imparts 
a different property to the lecithin, and it 
appears possible that similar differences 
may exist for phospholipids involved in 
sodium transport, making them slightly 
more efficient as carriers. The absence of 
great differences between the dietary 
groups in the other experiments measur
ing hemolysis allows the conclusion that 
the membrane sites susceptible to the at
tack of hypotonic solutions, of chenodeoxy- 
cholate, of nonionic solutes and of copper 
were not much affected by elaidic acid.

To attribute the observed effects of die
tary elaidic acid to its incorporation into 
membrane phospholipids appears to be a 
reasonable hypothesis, but a second pos
sibility must also be considered. The feed
ing of the trans fatty acid produced a

change of lipid composition also with re
spect to other fatty acids (1). Particu
larly, the relative concentrations of lino- 
leic and arachidonic acids in the elaidic 
acid-supplemented mitochondria and stro
mata were considerably less than those of 
controls. It is known that dietary restric
tion of unsaturated cis fatty acids alone 
can alter mitochondrial stability,7 but the 
degree of these changes is far less than 
the degrees observed in the present experi
ments. Variations in the concentration of 
oleic and other unsaturated fatty acids have 
been linked with large changes in the per
meability of red blood cells to glycerol
(15), which, in our studies, was little af
fected. From these considerations, it ap
pears likely that the observed effects were 
caused directly by the elaidic acid in the 
tissues and not indirectly by its effect on 
the tissue distribution of other fatty acids.

The results presented here do not allow a 
conclusion as to the nutritional significance 
of elaidic acid for membrane functions, 
since it was impossible to obtain tissues 
free of the trans isomer (1). The study 
compared animals rich in elaidic acid with 
controls containing a small concentration, 
which may have been sufficient for main
tenance of a near-normal function. How
ever, the fact that small concentrations of 
the trans fatty acid were consistently noted 
in the tissues, but not in the diet of the con
trol animals (1), and the differentiated in
fluence of dietary elaidic acid on various 
aspects of permeability suggest that this 
acid may play a physiological role in the 
function of membranes.8
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Fatty Liver in the Rat after Prolonged Intake of Ethanol 
with a Nutritionally Adequate New Liquid D iet1,2

LEONORE M. De CARLI a n d  CHARLES S. L IE B E R 3 
L iver Disease and  N u tr itio n  U nit, Second (Cornell) M edical D ivision, 
Bellevue H ospita l and  D epartm en t o f M edicine , Cornell U niversity  
M edical College, N ew  York, N ew  York

A B ST R A C T  To de te rm in e  w h e th er p rolonged e th an o l in tak e  can  produce a fa tty  
liver, even w h en  associated  w ith  a d ie t co n ta in in g  adequate  am o u n ts  of p ro te in , m in 
erals and  v itam in s , ra ts  w ere given liq u id  d iets co n ta in in g  18% of calories as casein , 
supplem ented  w ith  m eth io n in e  (0 .3  m g /k c a l)  and  cystine  (0 .5  m g /k c a l) ,  choline 
(0 .25  m g /k c a l) ,  fa t  (35%  of to ta l c a lo rie s) , adequate  m in era ls  an d  v itam in s and , in  
the con tro l diet, 47%  of the  calories as carbohydra tes. A litte rm ate  of each  con tro l ra t  
w as pair-fed  w ith  th e  sam e d ie t in  w hich  carbohydra tes h a d  been isocaloricaU y re 
p laced  w ith  alcohol to th e  ex ten t of 36%  of the  to ta l calories. T hese  d iets assured  
con tin u ed  grow th in  all an im als  an d  n o rm al liver in  the  contro ls, w hereas in  the  ra ts  
fed w ith  alcohol, fa tty  liver developed, w h ich  w as ev iden t bo th  m orpholog ically  and 
on chem ica l an alysis; a fte r  24 days of alcohol, h ep atic  trig lycerides h a d  in creased  on 
the  average sixfold  an d  cholestero l esters fivefold, com pared  w ith  those of the  con
trols. T hese stud ies dem o n stra te  th a t  p ro longed alcohol in tak e  can  produce a fa tty  
liver even w hen  given w ith  a d iet w ith  n u tritio n a lly  adequate  co n ten t o f p ro te in , v ita 
m in s an d  m in e ra ls , and  an  am o u n t of fa t less th a n  th a t  of the  average A m erican  diet.

There is a widespread belief that when 
alcohol is ingested with an adequate diet, 
it produces no liver damage. This concept 
was challenged when we showed previ
ously that both in man and in rats, fatty 
liver could be produced by prolonged alco
hol intake despite diets with adequate con
tent in nutrients (1,2). To overcome the 
natural aversion of rats for alcohol, totally 
liquid diets, containing in one formula the 
necessary nutrients, as well as alcohol, 
were used. Our former purified diet con
tained a complete amino acid mixture as 
a substitute for protein, sucrose as carbo
hydrate and an amount of fat comparable 
to that of an average American diet (43% 
of total calories). With such a diet, iso
caloric substitution of carbohydrates with 
ethanol to the extent of 36% of total cal
ories resulted, after 24 days, in an average
7- to 8-fold increase of hepatic triglycer
ides (1, 2). The present study was under
taken to determine whether a similar 
ethanol effect could be demonstrated with 
a diet containing, instead of amino acids, 
a protein (casein), and instead of sucrose, 
a dextrin-maltose mixture which more 
closely resembles carbohydrates commonly 
found in food. The fat content of the diet 
was also reduced to 35% of the calories.

MATERIALS AND METHODS

Male rats of a Sprague-Dawley strain 
(CD) were used in 11 groups of 2 litter- 
mates each. They were maintained with 
a commercial laboratory ration 4 and tap 
water ad libitum until they had reached 
a weight of 100 to 150 g, at which time 
they were housed in individual wire-bottom 
cages and given liquid diets in drinking 
tubes as the only source of food and water.

The overall composition of the new diet 
is shown in figure 1, together with our pre
vious formula, to facilitate comparison of 
the changes made. The composition of the 
ethanol and control diets was as follows: 
casein5 (supplemented with methionine 
0.3 mg/kcal, and cystine 0.5 mg/kcal), 
18% of the total calories; fat, 35% of total 
calories; adequate vitamins and minerals;

Received fo r pub lication  Ju ly  28, 1966.
1 P resented  a t the  50th A nnual M eeting of the 

Federation  of A m erican Societies fo r E xperim ental 
Biology, A tlantic City, New Jersey, A pril, 1966. (Fed
eration  Proc., 25 : 304, 1966).

2 This investigation  w as supported in  p a rt by P ub
lic H ealth  Service R esearch G ran ts no. AM-06284, no. 
AM10-893 and  no. AM-09536 from  the N ational In s ti
tu te  of A rth ritis  and  M etabolic Diseases.

3 Dr. L ieber is rec ip ien t of Public H ealth  Service 
R esearch C areer Developm ent Award K3-AM22,590 
from  the N ational In stitu te  of A rth ritis  and  M etabolic 
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4 P u rin a  L aboratory Chow, Ralston P u rin a  Company, 
St. Lctuis.
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60 —

Calories 
1% of total) "

Fig. 1 C om position of liq u id  diets fed  to th e  ra ts ;  am ino  acid , v itam in  and  m in e ra l con
te n t w as as described prev iously  (2 2 ) . G ray section  below  corn  oil: ethyl-linoleate,
2 m g /k c a l. C asein  su p p lem en ted  w ith  m eth io n in e , 0.3 m g /k c a l an d  cystine , 0.5 m g /k ca l.

and in the control diet, carbohydrate,6 
47% of the total calories. In the ethanol 
formula, carbohydrate was isocalorically 
replaced to the extent of 36% of the total 
calories.

The choline content and the calculated 
methionine composition were 0.25 and
1.5 mg/kcal, respectively, which is equiva
lent to concentrations of 0.1 and 0.6% in 
solid diets, amounts found to be optimal 
for the rat (3). The diets contained 
1 kcal/ml, an adequate water-to-calorie 
ratio for the rat (4). Sodium carrageenate7 
(2 g/liter) was used to stabilize the liquid 
diet.

Animals were fed in groups of 2 litter- 
mates each: one rat was given the control 
diet, while the other received the same 
regimen in which dextrin-maltose, to the 
extent of 36% of calories, was isocalori
cally replaced with ethanol. Loss of etha
nol by evaporation was negligible in the 
diets kept in the graduated drinking tubes
(5) for periods of up to 48 hours. The diet 
was changed every 24 hours and, in some 
experiments, every 12 hours. Ethanol was 
introduced into the diet gradually. The 
final concentration of 50 g/liter of ethanol 
was achieved on the fifth day of feeding. 
During the first 2 days, the animals were 
given the liquid diet with 30 g/liter etha
nol which was increased to 40 g/liter for 
the third and fourth days. Observation dur
ing the initial days indicated in each pair 
of littermates which of the animals had

the lowest spontaneous food intake. This 
rate-limiting rat (which was usually the 
one given ethanol) received the liquid diet 
ad libitum and the corresponding litter- 
mate was fed isocaloric amounts of the 
other diet on the following day. During the 
24 hours preceding killing of the rats, the 
diets were given in three divided doses at 
approximately 8-hour intervals.

The body weight of the rats was deter
mined at least twice a week. After 24 days, 
the animals were decapitated and blood 
was collected from the neck vessels in 
heparinized tubes and plasma was ob
tained by immediate centrifugation in the 
cold. The liver was quickly excised and 
approximately one gram was weighed in
to tubes containing chloroform: methanol 
(2:1). The plasma and remaining liver 
were stored at —18°.

Total hepatic lipids were extracted (6) 
and quantitated by the method of Amenta
(7). An aliquot of the total lipid extract, 
containing approximately 20 mg of fat, 
was evaporated under nitrogen to a vol
ume of about 0.5 ml, and applied to a 0.5- 
mm thick silica gel chromatoplate (8) and 
developed in hexane:diethyl ether:acetic 
acid (83:16:1). The triglycerides, choles
terol esters and free cholesterol were eluted 
by the method of Goldrick and Hirsch (9); 
triglycerides were quantitated by determi

6 D exin, generously supplied by Dr. S ingleton, B ur
roughs W ellcom e an d  Com pany, T uckahoe, N e w  York.

7 V iscarin , M arine Colloids, Inc., P.O. Box 70, Spring- 
field, New Jersey.
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nation of ester linkages by the procedure 
of Snyder and Stephens (10), and choles
terol and cholesterol esters were deter
mined by the procedure of Searcy and 
Bergquist (11). Plasma alcohol was de
termined by the method of Bonnichsen
(12). Samples of hepatic tissue were 
fixed in 10% neutral formalin until they 
were processed for histological examina
tion.

The results obtained from each animal 
were compared with the corresponding 
values in the pair-fed control littermate. 
The means (±  s e )  and individual differ
ences were calculated and the degree of 
significance was determined by Student’s 
t test ( 13).

RESULTS

Twenty-four days of isocaloric replace
ment of carbohydrate by ethanol resulted 
in a significant increase of total hepatic 
lipids to 96.8 ± 6.6 mg/g, compared with 
only 46.1 ± 1.3 mg/g (P < 0.001) in the 
controls. This increase in hepatic total 
lipids resulted primarily from a change in 
hepatic triglycerides and cholesterol esters 
as indicated in figures 2 and 3, respec
tively. The average triglyceride increase 
was almost sixfold, from 10.8 ±  0.64 to
56.8 ± 4.6 mg/g, whereas the average in
crease in cholesterol esters was fivefold,

from 0.59 ± 0.05 to 2.92 ± 0.14 mg/g. 
Free cholesterol changed only slightly as 
indicated in figure 3.

Alcohol levels, determined on the plas
ma taken at the time of killing, varied

DEXTRIN-MALTOSE ETHANOL
(control) (36% cal)

Fig. 2 H epatic  trig lyceride co n cen tra tio n  in  
ra ts  pair-fed  fo r  24 days w ith  liq u id  diets con
ta in in g  e ith e r dex trin -m altose  (c o n tro l)  o r iso
caloric  am o u n ts of e th an o l (36%  of ca lo ries).

Fig. 3 H epatic  cho lestero l co n cen tra tio n  in  ra ts  pair-fed  fo r 24 days w ith  liq u id  diets 
co n ta in in g  e ith e r dex trin -m altose  (c o n tro l)  or isocaloric  am oun ts of e th an o l (36%  of 
calories ).
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widely with a mean of 145.1 ± 23.7 mg/ 
100 ml.

With both diets, rats continued to grow, 
with an average daily weight gain of
3.05 g.

With hematoxylin and eosin stains, 
hepatic morphology was found to be nor
mal in controls, whereas fat accumulation 
was evident in the rats given alcohol, sub
stantiating the chemical determinations.

DISCUSSION

The purpose of the present paper was 
to determine whether prolonged ethanol 
intake can result in fatty liver, despite a 
diet adequate in protein, vitamins and 
minerals. With conventional feeding tech
niques, that is, incorporation of alcohol in 
drinking water and administration of solid 
food, rats limited their alcohol intake, in 
most studies, to 20% of total calories or 
even less (14, 15); only in one study was 
the intake as high as 30% of total calories
(16). With these techniques, however, as 
long as the dietary intake was adequate, 
no pronounced accumulation of fat in the 
liver was detected (14-16). This lack of 
steatosis is not unexpected, since 20% of 
total caloric intake as alcohol is a very 
low dose which, in our laboratory, not only 
failed to produce an appreciable fatty liver, 
but also did not result in any significant 
blood level of alcohol (2). No blood alco
hol levels were reported in the one study 
in which 30% of total calories as alcohol 
failed to produce a fatty liver (16). To 
determine whether hepatic steatosis can 
be produced in rats with ethanol in the 
absence of dietary deficiency, an experi
mental method was needed to increase the 
amount of alcohol consumed by the rats. 
Alcohol, when given acutely without food 
in a large single dose by gastric tube, was 
found to produce fat accumulation in the 
liver (17-22) but the mechanisms in
volved in these acute experiments do not 
necessarily apply to more prolonged alco
hol intake such as observed in chronic 
alcoholic patients (2, 22, 23). In our pre
vious studies (1 ,2 ,24), prolonged intake 
of substantial amounts of alcohol was 
achieved by overcoming the natural aver
sion of rats for alcohol by incorporation of 
the ethanol in a completely liquid diet. 
This previous diet, however, contained, as

a substitute for protein, an expensive ami
no acid mixture. The present study dem
onstrates that a similar effect can be 
obtained with alcohol when the amino 
acids are replaced by casein, enriched with 
methionine and cystine. To eliminate pos
sible direct effects of sucrose on hepatic 
lipid metabolism which have been de
scribed by some (25, 26) but not observed 
by others (27), sucrose was replaced by a 
mixture of dextrin-maltose. The diet was 
further changed by decreasing its fat con
tent from 43 to 35% of total calories, an 
amount less than that of the average 
American diet (28). This decrease in fat 
content allowed an increase of the carbo
hydrate from 41 to 47% in the control 
diet; in the ethanol diet this resulted in a 
doubling of the remaining carbohydrate 
after incorporation of the ethanol. In addi
tion to a composition in all known re
quired nutrients in amounts considered to 
be adequate or optimal for the rat (29), 
the quality of the diet was evidenced by 
the continued growth of the rats as well as 
normal hepatic fat content and morphol
ogy in the controls.

Lipotrope content of our diet (0.25 mg 
of choline and 1.5 mg of methionine/kcal, 
including the methionine present in ca
sein) was equivalent to the amount of lipo
tropic substances reported by Klatskin et 
al. (30) and Best et al. (31) to fully pro
tect against fatty liver development in rats 
given a choline-deficient diet, with or with
out ethanol in drinking water. The amount 
of choline was also reported by others to 
be optimal for the rat (3). Since the possi
bility has been raised that ethanol may 
increase choline requirements (30), and 
since the ethanol intake in the present ex
periments was greater than that in the 
studies of Klatskin et al. (30), the possi
bility has to be considered that choline 
requirements may have been increased 
even further. It is unlikely, however, that 
simple enhancement of choline require
ments could fully explain our results, since 
in one of our previous studies, massive 
choline supplementation with 20 times the 
amount present in our diet failed to fully 
protect against steatosis; hepatic triglyc
eride accumulation, although reduced, still 
represented a threefold increase compared 
with the controls (24). It is therefore likely
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that ethanol produces steatosis through 
effects other than or in addition to those 
related to lipotrope metabolism. The pres
ent study demonstrates that this hepatic 
steatosis can be produced by ethanol even 
when our original formula (1,2,24) is 
modified to more closely resemble conven
tional diets by replacing sucrose by dex
trin-maltose, amino acids by protein, and 
by decreasing the fat content to an amount 
less than that of the average American 
diet. This improved procedure for the ex
perimental production of a fatty liver on 
prolonged alcohol ingestion is proposed as 
a convenient and inexpensive tool for fur
ther studies of the pathogenesis and pos
sibly the treatment and prevention of 
alcoholic liver disease.
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Estimation of Methionine Synthesis in Intact Cows 
after Administering Sulfide-3SS 1,2
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A B ST R A C T  A study  w as m ade  to de te rm in e  the  a m o u n t o f m eth io n in e  syn thesized  
in  th e  ru m en . Sodium  or b a riu m  sulfide-35S w as given orally  as a  source of su lfu r fo r 
ru m in a l m eth io n in e  syn thesis in  cows ad ju s ted  to con tro lled  levels of co n stan t feed  
in tak e . T he 24-hour tu rn o v er of m e th io n in e  w as de te rm in ed  by ad d ing  to the  daily  
ra tio n s in c rem en ts  of fish m eal, a  p ro te in  source fo u n d  to be 91%  u n d eg rad ed  in  p a ss
in g  th ro u g h  th e  ru m en . T he lo g arith m  of th e  decline  in  specific activ ity  of m e th io n in e  
in  m ilk  p ro te in  closely fitted  a l in e a r  regression  in d ic a tin g  th a t  m e th io n in e  w as be 
h av in g  as a  single  pool u n d ergo ing  sim ple d ilu tion . I t  w as th ere fo re  possible to 
e stim a te  th e  pool size of th e  n e t m e th io n in e  availab le  fo r u se  in  m ilk  syn thesis. N et 
m e th io n in e  availab le  w as resolved in to  syn thesized  an d  food m eth io n in e  by regression  
p rocedures. D aily  m eth io n in e  sy n th esis in  cows e a tin g  a lfa lfa  v aried  betw een  31 an d  
59 m g /k g  of body w eight.

This study is concerned with the bio
synthesis of methionine in the rumen and 
its transfer to milk proteins.

Most nitrogen compounds entering the 
digestive tract of cattle are degraded to 
ammonia totally or in part depending on 
their solubility in the rumen. In turn the 
ammoniacal nitrogen becomes the pre
cursor to the nitrogen of amino acids bio
synthesized during microbial growth. After 
protein digestion in the gastrointestinal 
tract, amino acids arising from the mi
crobial protein can enter the circulatory 
system and tissue fluids and be used sub
sequently for assimilation or in the inter
mediary metabolism of cow’s cells (1). 
Loosli et al. (2) showed that ten essential 
amino acids for rat growth were synthe
sized in the rumen of sheep and goats. 
Black et al. (3) observed that aside from 
the alimentary synthesis by rumen micro
organisms, cows require the same amino 
acids which are essential for the rat. These 
investigators bypassed the rumen and its 
population of rumen microorganisms by 
injecting 14C-labeled acetate, carbonate, 
butyrate and propionate intravenously. It 
was then possible to distinguish between 
amino caids originating exogenously and 
the amino acids synthesized in quantity by 
the cow’s tissue.

A corollary to these observations is that 
a particular essential amino acid may be

labeled during ruminal synthesis by intro
ducing into the rumen a precursory radio
active compound specific for the amino 
acid. If steady-state conditions prevail in 
the rumen with respect to microbial 
growth, the relative amount of labeled pre
cursor incorporated into the amino acid 
is proportional to the total amount of the 
amino acid that is produced.

The relative amount of labeled amino 
acid assimilated in the milk proteins pro
vides a sampling system. The specific ac
tivity of a milk amino acid so labeled is 
useful for describing the kinetics and 
quantitating the turnover of the amino 
acid. Of various approaches tried, we have 
had the most success with a procedure 
that utilized a single dose of 35S-labeled 
sodium or barium sulfide as a precursor to 
methionine sulfur in cows consuming feed 
at a uniform rate.

METHODS

An experiment with an individual cow 
included three consecutive 3-day periods. 
Sodium sulfide-35S or barium sulfide-35S 
was given orally at the beginning of each * 1

Received fo r pub lica tion  Septem ber 22, 1966.
1 Approved fo r pub lica tion  as Jo u rn a l A rticle _ no. 

83-66, by th e  A ssociate D irector of the  Ohio A gricul
tu ra l R esearch an d  D evelopm ent Center, W ooster.

2 This investigation  w as supported  in  p a r t by Public 
H ealth  Service R esearch G ran t no. EF  302 from  the 
D ivision of E nv ironm en ta l E ngineering  an d  Food 
Protection.

J . N u t r it io n , 91 :  ’67 337



338 H. R. CONRAD, R. C. M ILES AND JA NET BUTDORF

3-day trial. One to five millicuries of 35S 
were used. A steady state was maintained 
in the cows by feeding at 4-hour intervals 
during the first 36 hours of a trial and 
then at 12-hour intervals for the remain
ing 36 hours. The cows were also milked 
according to this time schedule.

In the first period no supplemental die
tary methionine was added. In the sec
ond period supplemental methionine was 
added in the form of fish meal. Fish meal 
was selected because it was known to be 
slowly degraded in the rumen and is rela
tively high in methionine (4, 5). In the 
third trial the amount of fish meal methi
onine fed was twice that used in trial 2. 
To estimate the amount of methionine de
graded in the rumen, two 24-hour diges
tion studies in vivo were carried out in the 
rumen of a fistulated steer, using a Dacron 
bag technique described by Hopson et al.
(6) and modified to include fish meal. The 
mean values used in estimating ruminal 
degradation of methionine are presented 
in table 1. In separate studies the half
time for disappearance of fish meal pro
tein placed directly in the rumen and 
mixed with the contents was found to be
8.6 hours. On the basis of disappearance 
and degradation rates it was estimated 
that 90.8% of the fish meal methionine 
passed out of the rumen undegraded.

Experiments involving 3 trials were car
ried out with 2 cows fed each of 2 lots of 
alfalfa. The alfalfa was harvested in the 
bud stage. The first lot of alfalfa was arti
ficially dried and preserved as chopped 
hay. It contained 3.30% nitrogen in the 
dry matter. The second lot of alfalfa had 
been harvested as silage at 32% dry mat
ter. It contained 3.01% nitrogen in the 
dry matter.

The milk proteins were separated from 
skim milk by acid precipitation, washed, 
solubilized for counting in a liquid scintil
lation counter or hydrolyzed for amino 
acid analyses. Casein was precipitated 
from skim milk with an acetate-acetic acid 
buffer at pH 4.45.

RESULTS

Milk specific activity. The radioactive 
methionine pattern found in milk protein 
was similar to that reported by Block et al.
(7). Labeling of methionine in total pro
tein tended to lag behind the labeling of 
casein (fig. 1). For this reason, casein 
was chosen as the preferred protein frac
tion for sampling methionine labeling of 
the nutrient pool. The specific activity of 
the milk protein presumably reflects the 
summation of the partial labeling pattern 
of proteins arising from several sites of

Fig. 1 C hanges in  th e  specific activ ity  of to ta l 
m ilk  p ro te in  and  casein  w ith  tim e a fte r  adm inis- 
terin g  a n  oral dose of b a riu m  sulfide-35S.

TABLE 1

D igestion o f fish  m ea l m e th io n in e  fro m  D acron bags suspended  in  the ru m en

Tim e Crude
pro tein M ethionine M ethionine

rem ain ing
h r m g m g %
0.0 298 3 .82 100
0.5 272 3 .60  ± 0 .0 2  1 94.5
2.0 268 3 .5 6  ± 0 .0 3 92.9
6.0 266 3 .5 2 ± 0 .0 5 92.1

12.0 252 3 .34  ± 0 .0 1 87.5
24 .0 246 3 .2 6  ± 0 .0 2 86.5

1 SD.
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synthesis. The changes in specific activity 
for successive trials with time after feed
ing labeled sulfide are typified by response 
curves presented in figure 2. Although the 
increase in specific activity during the 
early hours is not linear, efforts to improve 
the fit of a regression line by several meth
ods of rectifying the data failed to reduce 
the variability.

A semilogarithmic plot of the specific 
activity of casein methionine regressed on 
time is shown in figure 3. Directly beyond 
the maximal values, specific activity de
creased exponentially with time; the indi
vidual values fitting well the least squares 
linear regression. This result was inter
preted to mean that, once the effects of 
incorporating 35S into microbial methio
nine became nil, entrance of methionine 
into the mammary pool proceeded kineti-

cally as a single pool undergoing simple 
dilution.

Nutrient pool. The nutrient pool was 
designated as the total amount of methio
nine arising from protein digestion and 
tissue catabolism which enters the general 
circulation. Its size is proportional to the 
reciprocal of the specific activity. Theoret
ical content of the nutrient pool was cal
culated by regressing the reciprocal of the 
mean specific activity for two turnover 
times during the 3-day trials on the 
amount of methionine in the fish meal 
added in the diet during that time. The 
pool size is the regression constant for the 
intercept at zero methionine divided by 
the regression coefficient. It may also be 
found geometrically by extrapolating the 
regression line to the point where the re
ciprocal of the specific activity approaches

Hours after Dos ng

Fig. 2 R adioactiv ity  curve of 35S in  m ilk  m eth io n in e  d u rin g  72-hour periods a f te r  dosing. 
T l ,  no  m eth io n in e  added ; T2, 8.5 g of m e th io n in e  added  in  fish m ea l; and  T3, 17.0 g of 
m eth io n in e  added  in  fish m eal.
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Fig. 3 S em ilogarithm ic p lo t o f descending  slope of rad io ac tiv ity  in  m ilk  m eth io n in e . 
Kl; no  m eth io n in e  added ; K2, 8.5 g of m eth io n in e  added  in  fish m ea l; an d  K3, 17.0 g of m e
th io n in e  added in  fish m eal.

zero as indicated graphically in figure 4. 
Mean values for the nutrient pool are pre
sented in table 2.

Individual values for the pool size in 
each trial were obtained by solving the 
equation:

s
where Mi was the pool size in grams, M 
was the mean size of the 3 pools. The s 
was the mean specific activity of the 3-pool 
composite and Si was the mean specific 
activity of the methionine in a particular 
trial. In these calculations it was assumed 
that the changes in radioactive sulfur in 
the methionine of casein was proportional 
to changes in the amount of ruminally 
synthesized methionine entering the nu
trient pool.

The slope (k)  of the declining regres
sion line (fig. 3) multiplied by 2.3 to con
vert to natural logarithms represents the 
turnover rate (r) of the milk methionine 
pool. The milk methionine pool size was 
then obtained by multiplying the methi
onine flux by the turnover time, 1/r. The 
turnover time of the milk methionine pool 
was assumed to be equivalent to the turn
over time of methionine in the nutrient 
pool.

The daily methionine turnover (table 2) 
in terms of grams per day, was calculated 
from the nutrient pool and was therefore 
biased to the extent that there may have 
been net gains in methionine which arose 
from the tissue protein pool. Partitioning 
into the amounts attributable to microbial 
synthesis and the amount derived directly
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Fig. 4 E x trap o la tio n  of recip roca l o f the  spe
cific activ ity  of th e  m ilk  m eth io n in e  to zero w as 
used  to estim a te  th e  n u tr ie n t  pool. T i, n o  m e th i
on ine added ; T 2, 8.5 g of m e th io n in e  added  in  
fish m ea l; an d  T3, 17.0 g of m eth io n in e  added  in  
fish m eal.

from abomasal digestion of food protein 
was accomplished by statistical proce
dures. The total pool size for each of the 
3 trials was regressed on the microcuries 
of 35S contained in the pool. The synthe
sized methionine was estimated by multi
plying the regression slope, change in pool 
size per microcurie of change in radio
activity of nutrient pool, by the total micro
curies determined for the nutrient pool. 
Feed methionine was calculated as the 
difference obtained by subtracting the syn
thesized methionine from the total methi
onine in the nutrient pool.

Results of replications for 2 cows con
suming alfalfa are presented in table 2.

The amount of methionine synthesized 
conforms to theoretical expectations. Re
peatability of means of replicates indicates 
that reliable estimates were made with this 
method. Large sample (within trial) stan
dard errors in the first replicate of alfalfa 1 
and the second replicate of alfalfa 2 are 
caused partly by bias from differences be
tween regression points which arose from 
the variable turnover times determined for 
the radioactive methionine.

The usefulness of this method for esti
mating methionine synthesis was consid
ered to depend upon the validity of 3 
assumptions. They were 1) that, in cows 
fed at constant levels of feed intake, the 
contribution of undegraded feed methi
onine and net gains in methionine from 
the body protein pool remained relatively 
constant. (The corollary to this is that de
viations in the radioactive sulfur content 
of casein were in general proportional to 
the amount of synthesized methionine en
tering the nutrient pool); 2) that equiva
lent percentages of fish meal protein and 
microbial protein were absorbed from the 
intestinal tract; and 3) that the degrada
tion of methionine was estimated cor
rectly.
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D ried a lfa lfa E nsiled  a lfa lfa  2

R eplication  no. R eplica tion  no.

1 2 1 2
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Effect of Plane of Nutrition and Source of Nitrogen on 
Methionine Synthesis in Cows 1,2
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D epartm en t o f D airy Science, Ohio A gricu ltu ra l R esearch  and  
D evelopm en t C enter, W ooster, Ohio

A B ST R A C T  A study  w as m ad e  to ev alu ate  the  effects of level of feed  in tak e , ra tio n  
com position  and  source of n itro g en  on th e  syn thesis of m e th io n in e  in  the  ru m en . T he 
m ost sign ifican t effects on ru m in a l syn thesis of essen tia l am ino acids w ere level of 
dry m a tte r  in tak e  an d  level of n itro g en  in tak e . M ean daily  ru m in a l syn thesis of 
m eth ion ine  ran g ed  betw een  32.8 and  46.2 m g /k g  of body w eight. T he step-by-step 
in se rtio n  of the  v a riab les, k ilogram s of d ry  m a tte r , g ram s of a lfa lfa  n itro g en , percen tage  
n itrogen  absorbed a n d  trea tm e n t of a lfa lfa , in to  a m u ltip le  regression  analysis ac
coun ted  fo r 94%  of th e  to ta l va ria tio n . I t  w as concluded  th a t m eth io n in e  syn thesis 
in creased  a t a  ra te  o f 1.5 g /k g  of feed  consum ed  an d  6.7 g /1 0 0  g of a lfa lfa  n itro g en  
eaten . A m ark ed  decrease  in  m eth io n in e  syn thesis w as fo u n d  to be re la ted  to reduced  
n itro g en  abso rp tion  in  th e  digestive trac t. Synthesis of m eth io n in e  in creased  as the 
in teg rity  of p la n t p ro te ins w as preserved  a n d  soluble n o n p ro te in  n itro g en  decreased 
correspondingly . M eth ion ine syn thesis in creased  0.4 g /k g  of in ta c t p ro te in  fed.

The objective of this study was to quan
titate the effects of dietary factors on the 
synthesis of methionine in the rumen of 
lactating cows. Specific factors studied 
were plane of nutrition, composition of the 
ration, and the chemical form of nitrogen
ous compounds.

In an earlier study (1) the 24-hour turn
over of methionine was found to range 
between 23 g/day and 47 g/day. Among 
individual cows, synthesized methionine 
ranged between 31 mg and 59 mg/kg 
body weight per day.

Indirect evidence obtained in balance 
studies and feeding trials has led to the 
conclusion that the requirement of the 
lactating cow for essential amino acids is 
met through the synthesis of microbial pro
tein in the rumen (2-4). Subsequently 
more direct measures were made with 
ruminally synthesized protein labeled with 
35S and 15N (5, 6). In an elaborate study 
of the nitrogen metabolism of dairy cows, 
Virtanen (7) observed the plasma levels 
of histidine and methionine to be relatively 
low in cows fed a purified ration contain
ing only nonprotein nitrogen. The stud
ies with labeled sulfur and nitrogen were 
made on one and two cows, respectively, 
and consequently are inadequate for de
riving equations for quantitation and gen
eralization (5, 6).

METHODS

The milk proteins were separated from 
skim milk by acid precipitation, washed, 
solubilized for counting in a liquid scintil
lation counter, or were hydrolyzed for 
amino acid analyses. Casein was pre
cipitated from skim milk with an acetate- 
acetic acid buffer at pH 4.45.

Barium sulfide-35S was given orally as 
a source of sulfur for ruminal methionine 
synthesis in cows adjusted to controlled 
levels of constant feed intake. The 24- 
hour turnover of methionine was deter
mined by adding to the daily rations in
crements of fish meal as a methionine pool 
diluent in the rumen. It was thereby pos
sible to estimate the size of the methionine 
pool available for use in milk synthesis. 
New methionine available was resolved in
to synthesized methionine and feed methio
nine by regression procedures (1).

Four experiments were carried out to 
evaluate the effects of varying planes of 
nutrition.

Diets. The basal ration consisted of 
chopped alfalfa which had been either
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heat-dried or wilted and ensiled. The 
alfalfa supplied most of the dietary nitro
gen.

Plane of nutrition was varied in 3 ways:
1) by selecting different levels of alfalfa 
intake; 2) by adding either com meal or a 
semi-purified concentrate containing ap
proximately 3.5 kcal of digestible energy 
per g; and 3) by varying the proportions 
of alfalfa and concentrate in the rations 
of cows eating ad libitum.

In the first replicate, experiments 1 and 
2, different proportions of heat-dried al
falfa hay and ground corn were used. The 
rations contained 50, 60, 75 and 100% 
alfalfa by weight. Total feed eaten was 
set in these experiments as the maximal 
voluntary feed intake of each cow. In the 
second replicate, experiments 3 and 4, 
ensiled alfalfa was used. The level of 
alfalfa of each cow was adjusted to the 
minimal level observed among the three 
experimental cows so that the diets of 
each were essentially isonitrogenous. In 
experiment 3 the diets of 2 cows were en
riched with ground shelled com. Similarly 
in experiment 4, a semi-purified concen
trate was added to the ration of 2 cows. The 
concentrate contained 29% cornstarch, 
59% flaked soybean hulls, 2% dicalcium 
phosphate, 2% salt plus a trace mineral 
mixture 3 and 454 IU of vitamin A/454 g 
of feed.

Five additional cows, experiments 5 and 
6, were studied to determine differences 
which are associated with source of nitro
gen. The specific aim was to obtain data 
with a diet containing a high percentage of 
soluble nitrogen to compare with the re
sults obtained for the heat-dried alfalfa 
in experiments 1 and 2 and ensiled alfalfa 
in experiment 3 and 4.

The test for determining solubility of 
nitrogen was solubility in 5% trichloro
acetic acid. TCA-soluble nitrogen was 
12.8% for dried alfalfa, 38% to 46% 
for ensiled alfalfa, and 77% for the com 
silage-urea concentrate diet used in ex
periments 5 and 6.

In experiment 5, two cows were fed 
com silage as the basal diet in which were 
mixed 450 g of urea and 4 kg of the semi- 
purified concentrate described above for 
experiment 4. In experiment 6, the diet 
of the 3 cows was similar to that of ex

periment 5 but was further enriched with 
ensiled ear corn.

All cows were allowed 21 days or more 
of preliminary feeding to adjust to the 
experimental rations.

RESULTS AND DISCUSSION

Plane of nutrition. Results from ex
periments 1 to 4 are presented in table 1, 
arranged according to the experimental 
design. Results from one cow in each of 
the 2 replicates were ajudged meaningless 
and excluded because the cows in question 
failed to eat at uniform rates, a condi
tion necessary to maintain a steady state.

The distribution of the nutrient pool of 
microbially synthesized methionine and 
feed methionine that was not degraded in 
the rumen is related to feed intake, alfalfa 
nitrogen and nitrogen absorbability (table
1). Also shown is the methionine content 
of the feed and the methionine turnover 
in grams per day. Methionine synthesis 
varied among 10 cows from 10.7 to 24.1 g/ 
day. The deviations in daily rates of syn
thesis became physiologically meaningful 
when it was found that step-by-step inser
tion of three fixed experimental variables 
(total dry matter intake, amount of alfalfa 
nitrogen, and type of alfalfa) and the ob
served variable, nitrogen absorbability, in
to a multiple correlation analysis ac
counted for most of the variation. The 
multiple correlation coefficient was 0.97. 
This statistical outcome permitted sum
mary of the data in the following multiple 
regression equation:

M in  gram s =  18 +  1.5 ( I  — 9 .5 ) + 0 .0 6 7  (A  — 
2 3 9 ) +  10.7 (N'-4 -  9 .6 ) +  0.8 T ±  1.4,
where M is the methionine synthesized, I 
is the total dry matter intake, A is alfalfa 
nitrogen, N is the absorbability of total 
nitrogen, T equals + 1 when alfalfa hay is 
fed and — 1 when alfalfa silage is fed and 
± 1.4 is the deviation from regression.

It is concluded that methionine synthe
sis increased at the rate of 1.5 g/kg of 
feed consumed and 6.7 g/100 g of alfalfa 
nitrogen eaten.

A marked decrease in methionine syn
thesis was associated with reduced nitro
gen absorption (table 1). The statistical

3 T race m in era ls  w ere added to th e  concen trate  at
the  follow ing levels: ( in  pp m ) po tassium  iodide, 0.3; 
copper oxide, 3.75; ferrous carbonate , 22.5; zinc oxide, 
45; and  m anganese su lfa te , 60.
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result leads to the conclusion that this 
diminution in ruminal synthesis is a func
tion of the square root of the nitrogen ab
sorbability. The physiological meaning of 
this association is not discernible from the 
data obtained but is under investigation.

The type of alfalfa, dried or ensiled, 
produced differences (1.6 g of methio- 
nine/day) comparable to the residual er
ror and therefore were not statistically 
significant.

The specific effect of adding the starch- 
cellulose concentrate to a constant intake 
of alfalfa in experiment 4 is shown in 
table 2.

Additional computations resulted in esti
mating a net increase of 23% in alimen
tary methionine. However, considerable 
feed methionine was degraded in the ru

men. Degraded methionine was 44% or 
higher for dried alfalfa and 53% or higher 
for ensiled alfalfa. The degradation rates 
are in the general range of estimates ob
tained by other investigators (9). At the 
sites of absorption 57% of the absorbed 
methionine apparently originated from 
digestion of rumen microorganisms.

Sources of nitrogen. The distribution in 
the nutrient pool of microbially synthe
sized methionine and feed methionine that 
was not degraded in the rumen are shown 
in table 3. Feed intake, nitrogen intake, 
and other pertinent experimental vari
ables are included also. The enriched diet, 
experiment 6, effected a greater synthesis 
of methionine which was associated with 
a higher percentage of grain-concentrate 
in that ration than was used in experiment

TABLE 1
D istribu tion  in  th e  n u tr ien t pool o f m icrobially  syn th es ized  a n d  feed  m e th io n in e  no t degraded in  the  

ru m en  a n d  its re la tionsh ip  to feed  in ta ke , a lfa lfa  n itrogen , n itrogen  absorbability  in  lacta ting  cows

D ried a lfa lfa  E nsiled  a lfa lfa

Experiment no. 1-2 2 1-2 3-4 4 3-4
No. cows 2 1 2 2 1 2
No. of tr ia ls 6 3 6 6 3 6

Feed in ta k e , k g /d ay 8.84 10.56 10.01 7.38 9.60 10.95
A lfalfa  in ta k e , k g /d a y 8.84 7.81 5.45 7.38 7.75 7.25
G rain  su p p lem en t in tak e , k g /d a y  1 0.00 2.75 4.56 0.00 1.85 3.70
A lfa lfa  n itro g en  in tak e , g /d a y 292 304 187 222 241 222
Daily n itro g en  in tak e , g /d a y 292 338 269 222 261 260
N itrogen  d igestib ility , % 2 78.1 72.5 67.6 74.9 73.2 67.5
A bsorbability  of n itro g en , % 3 95.5 89.9 88.7 93.5 93.9 91.0
Feed m eth io n in e , g 26.5 33.1 26.6 20.2 24.5 26.8
N u trien t pool, g 50.0 68.5 30.6 39.3 47.3 43.5
M eth ion ine tu rn o v er, g /d a y 41.2 43.7 24.4 23.6 35.9 27.2
Feed m eth io n in e  u n d eg rad ed , g /d a y 19.0 19.6 10.4 9.3 16.5 10.6
Synthesized  m eth io n in e , g /d a y 22.2 24.1 14.0 14.3 19.4 16.6
S tan d ard  erro r, g ± 3 .8 ± 2 .2 ± 2 .9 ± 2 .2 ± 1 .5 ± 1 .0

Synthesized  m eth io n in e  ad ju s ted , g /d a y  4 17.8 19.2 19.5 17.8 18.0 16.3

1 C ontained corn  m eal or co rnstarch , flaked soybean hu lls  an d  m inerals.
2 A pparent, n itrogen  in tak e  m inus fecal n itrogen  divided by th e  n itrogen  in take.
3 N itrogen in take  m in u s  feca l n itrogen  m inus endogenous feca l n itrogen  divided by n itrogen  in take . Fecal 

endogenous n itrogen  estim ated  by m ethod of T itu s (8 )  as 5.6 m g /g  of feca l dry m atter.
4 Synthesized m eth ion ine  ad justed  by a m u ltip le  covariance m ethod fo r difference in  feed  in tak e , a lfa lfa  

n itrogen  an d  n itrogen  absorbability . The m ultip le  regression  equation , in  its  physiologically  m ean in g fu l form .
M in  gram s =  18.0 +  1.5 ( I  — 9.5) 4- 0.067 (A  — 239) +  10.7 (N y2 — 9.6). 

w here M is m eth ion ine  synthesized, I  is  to ta l feed  in take; A  is  a lfa lfa  n itrogen ; an d  N  is th e  absorbability  
of to ta l n itrogen.

TABLE 2
Increase in methionine synthesis with the addition of starchy concentrates

to a c o n sta n t in ta ke  o f a lfa lfa  1

Concentrate added, kg /d ay — 1.85 3.60

A lfalfa nitrogen, g /d a y 241 241 241

M ethionine synthesized, g /d ay 14.4 19.4 22.5

* Three trials per test.
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5. Apparent ruminal degradation of feed 
methionine was less, 43% with the higher 
concentrate diet than with the lower con
centrate diet used in experiment 5 in which 
67% was degraded.

Results of the comparative study on 
sources of nitrogen are summarized in 
table 4. Mean values for daily methionine 
turnover, “feed methionine undegraded” 
and synthesized methionine are arranged 
according to basal rations, nitrogen source 
and TCA-soluble nitrogen. The decreases 
in these values are obviously inversely as
sociated with percentage of TCA-soluble

nitrogen in the ration. Conversely, assum
ing that all of the TCA-soluble nitrogen 
was nonprotein nitrogen, the residual pro
tein nitrogen was found to be positively 
related to methionine synthesis. After set
ting other variables at their mean value, 
this relationship is represented by the fol
lowing linear regression:

M =  1.35 +  0.4 P,

where M is grams of methionine syn
thesized per kilogram of dry matter intake 
and P equals kilograms of intact protein 
consumed daily.

TABLE 3
D istribu tion  o f m e th io n in e  in  the  n u tr ie n t pool o f cozes fed  urea-supp lem en ted  corn silage 

d ie ts , a n d  its re la tionsh ip  to certa in  d ietary  com ponents

Com silage E nriched  
corn  silage

E xperim ent no. 5 6
No. of cows 2 3
No. of tria ls 6 9

D ry m a tte r  in tak e , k g /d a y 10.9 8.9
Corn silage, in ta k e , k g /d a y 8.0 6.2
G rain  co n cen tra te  in  d iet, % 62.5 74.0
U rea n itro g en , g /d a y 168 176
T otal n itrogen , g /d a y 302 291
N itrogen  d igestib ility , % 78.9 75.5
A bsorbability  of n itro g en , % 91.5 86.6
N itrogen  b a lan ce , g /d a y 17.2 23.4

Feed m eth io n in e , g /d a y 16.0 14.4
N u tr ie n t pool, g 28.6 44.1
M eth ion ine tu rn o v er, g /d a y 17.0 26.0
Feed m eth io n in e  un d eg rad ed , g /d a y 5.3 9.4
Synthesized  m eth io n in e , g /d a y 11.7 16.6
S tan d ard  erro r, g ± 3 .6 ± 2 .4

TABLE 4
D istribu tion  o f m e th io n in e  in  th e  n u tr ie n t pool a n d  its re la tionsh ip  to feed  in take , 

TC A-soluble n itrogen  a n d  absorbability o f n itrogen  1

B asal diet 

E xperim ent no.
Dried a lfa lfa  

1-2

E nsiled  a lfa lfa  

3 -4

Corn silage 

5-6

D ry m a tte r  in tak e , k g /d ay 9.7 9.3 9.7
A lfa lfa  n itro g en , g /d ay 252 226 0
U rea n itrogen , g /d a y 0 0 173
TCA-soluble n itro g en , % 10.4 38.5 76.5
T otal n itrogen , g /d a y 291 245 295
N itrogen  d igestib ility , % 72.8 71.5 76.9
A bsorbability  of n itro g en , % 91.4 92.6 88.6

Feed m eth io n in e , g /d a y 27.9 23.7 15.1
N u trien t pool, g 45.6 42.5 37.9
M eth ion ine tu rn o v er, g /d a y 34.9 27.5 22 .2
Feed m eth io n in e  u n degraded , g /d a y 15.6 11.1 7.3
Synthesized  m eth io n in e , g /d a y 19.3 16.4 14.7
S tan d ard  erro r, g ± 2 .3 ± 1 .3 ± 2 .5

1 F ifteen  tr ia ls  per ration .
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It is concluded that maximal synthesis 
of methionine by cows fed a particular 
ration is a function of the quantity of in
tact protein consumed. Since rumen mi
croorganisms are not known to have ob
ligatory requirements for organically bound 
nitrogen (10), it is suspected that the en
hanced synthesis that was positively cor
related with intact protein is referable to 
an optimal rate of production of ammonia- 
cal nitrogen, that is, microorganisms de
graded protein at about the same rate 
that they used nitrogen for growth.
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Prediction of Metabolizable Energy in 
Preadolescent Children * 1

DOROTHY S. M OSCHETTE,2 SARAH T. EHRLICH,3 
CHARLOTTE W . BEDELL 4 a n d  B. R. FARTHING 
Louisiana  A gricu ltu ra l E xp e rim e n t S ta tion , B aton  Rouge, L ouisiana

A B ST R A C T  M etabolizable energy (M E ) of p reado lescen t girls c an  be p red ic ted  
accu rate ly  from  gross energy  (G E ) in tak e  an d  d ie ta ry  n itro g en  (D N ). T hree  fo rm u 
las, based on  d ie ta ry  com position , have  been  developed u sin g  d a ta  o b ta ined  from  58 
sub jects on  con tro lled  m etabolic  ex p erim en ts co n ta in in g  various am o u n ts an d  q u a lity  
of p ro te in . T he fo llow ing p red ic tio n  fo rm u la  covers th e  m ost extensive  ran g e  in  d ie
ta ry  com position  of these  experim ents:
ME =  0.9746 (G E ) — 4.28 (D N ) -  57.24.

Estimation of metabolizable energy by 
determination of caloric intake and excre
tion by bomb calorimetry is a tedious and 
time-consuming process requiring special
ized facilities and procedures. Hence, 
more convenient but less precise methods 
have often been used to eliminate some of 
these disadvantages. Such methods in
clude calculation of dietary intake by the 
use of food composition tables with a 
standard allowance of 10% for energy 
lost in excreta (1). A more accurate 
method used involves analysis of the fat, 
protein, and carbohydrate content of the 
diet and calculations of metabolizable en
ergy using Atwater’s physiological fuel 
values. Values of 4 kcal/g of protein and 
carbohydrate and 9 kcal/g of fat allow a 
correction for energy loss of ingested food
stuffs in excreta. The primary limitation 
to this method is the tediousness of the 
chemical determinations.

A method of estimating metabolizable 
energy in humans based on caloric and 
nitrogen intakes has been devised by the 
Medical Nutrition Laboratory, U. S. Army 
(2, 3). Since this formula is limited to 
adults, the authors have developed similar 
formulas to predict metabolizable energy 
of normal preadolescent girls under vari
ous dietary conditions (4, 5). The devel
opment and evaluation are presented in 
this paper.

Metabolizable energy (ME) is defined 
as the amount of energy available for use 
after the gross food energy has been cor
rected for energy lost in urine and feces.

Analyzed or determined metabolizable en
ergy refers to that calculated from values 
obtained by bomb calorimetry of food, 
urine, and feces.

DESCRIPTIO N OF STUDIES

In the fall of 1954, and the summers of 
1956, 1957, 1958 and 1962, groups of 7- 
to 9-year-old girls participated in con
trolled dietary experiments. The general 
plan and organization, selection and man
agement of the subjects, dietary regimens, 
physical and biochemical measurements 
and analytical procedures have been de
scribed in detail (4, 5). Table 1 presents 
an outline of the experiments and gives 
the mean caloric and nitrogen intakes for 
each diet used. The experiments varied in 
length from six 6-day periods (36 days) 
in 1962 to sixteen 4-day periods (64 days) 
in 1954. A different menu was used on 
each day within each balance period for 
each diet; this meant a total of 48 menus, 
not including pre-experimental periods for 
which the data were eliminated.

Dietary descriptions and design. The 
daily energy balance data were collected

Received fo r pub lication  N ovem ber 21, 1966.
1 This study w as p a r t of the  Southern Regional 

R esearch Pro ject, S-28. R equirem ents and  U tilization  
of Selected N u trien ts by P readolescent C hildren , sup 
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u n d er the  R esearch  an d  M arketing  Act of 1946 and  
the  H atch  Act, as am ended. The H um an N u tritio n  
D ivision of the  A gricu ltu ral R esearch Service w as a 
cooperator in  th is  project. A series of papers h as been 
published  u n d er the title , “M etabolic P a tte rn s in  P re
adolescent C hildren .”

2 Professor E m eritus, School of Home Econom ics, 
L ouisiana  State U niversity.

3 P resen t address: L ansing, M ichigan.
4 P resen t address: Jackson, M ississippi.
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TABLE 1
D escrip tion  o f m etabolic  stud ies

Year Diet No. of 
subjects

Mean 
wt i Experim ental plan Energy 

intake 1
N

intake 1
Dietary
plant

protein
kg kcal/day g/day %

1954 i i i 30 60 g p ro te in 1982 10.50 32

1956 2 3 24 L igh t w t, 2 g p ro te in /k g 1977 7.70 30
3 3 27 L ight w t, 3 g p ro te in /k g 1966 11.64 22
4 3 31 H eavy w t, 2 g p ro te in /k g 2374 9.39 28
5 3 33 H eavy w t, 3 g p ro te in /k g 2415 14.12 19

1957 6 6 28 1.25 g p ro te in /k g 2412 6.16 34
7 4 36 1.25 g p ro te in /k g 2244 7.35 29

1958 8 13 28 0.8 g p ro te in /k g  (periods 1 -5 ) 2176 3.54 49
8' 13 2 29 0.6 g p ro te in /k g  (pe rio d s 6 -8 ) 2244 2.29 61

1962 9 an d  10 6 27 0.8 g p ro te in /k g 2200 3.54 100
11 an d  12 6 29 1.4 g p ro te in /k g 2320 6.34 100

1 M ean values p resen ted  in  th is  tab le w ere obtained  from  ind iv id u a l observations fo r subjects in  periods fo r 
w hich  com plete d a ta  w ere available. In  some cases com plete d a ta  w ere no t available  fo r a  subject, therefore 
the  m eans given here m ay differ slightly  from  values pub lished  previously.

2 These w ere the  sam e sub jects th a t  w ere receiving d iet 8.

over a wide range of protein intake from 
a low of 18 g to a high of 88 g. The per
centage ratio of animal protein to vegetable 
protein ranged from 75:25 to 0:100. The 
daily energy intakes ranged from 1966 to 
2415 kcal; these included values below 
and above the National Research Council’s 
recommended 2000 kcal and 60 g of pro
tein daily for the 27-kg 8- to 9-year-old 
reference child (6, 7). These were the 
recommendations in use when the studies 
were initiated.

PROCEDURES

Energy values for food were determined 
by bomb calorimetry under various experi
mental conditions (4, 5). Energy deter
minations were made in an Emerson bomb 
calorimeter and nitrogen determinations 
were made by the Kjeldahl technique.

Data from the above experiments were 
used to develop three regression formulas 
for predicting metabolizable energy. The 
first was based on data obtained from sub
jects fed mixed protein diets (306 obser
vations). A second formula for predicting 
ME with vegetable protein diets was de
veloped (72 observations). The third for
mula was based on all experimental data 
(378 observations) in which the plant pro
tein content of the diet ranged from 19 to 
100% of the total protein intake (table 1). 
The model for the formulas is y =  a + 
bixi + b2X2, where a is the y intercept,

bj and b2 are the appropriate partial regres
sion coefficients, xt is gross energy intake 
(GE) in kilocalories per day and x2 is die
tary nitrogen (DN) in grams per day (8). 
Formulas were derived in which both a 
correction and no correction were made in 
ME for nitrogen balance; for these data, 
the correction for nitrogen balance was 
found to be unnecessary (2).

Each formula was applied to the data 
from which it was derived to calculate the 
predicted ME. The variance due to devia
tions between predicted and observed val
ues, expressed as a fraction of the total 
variance in y, is estimated by R2. In order 
to evaluate the fit of the formulas to the 
data, the difference between the predicted 
and observed ME was calculated and 
expressed as percentage error; that is,
% error 100. A positive percent
age error indicates that the formula over
predicted ME whereas a negative value 
indicates that the formula underpredicted 
ME.

To test this method of predicting ME, 
the formula derived from all the data was 
applied to selected subjects from Macy’s 
studies (9), ranging in age from 6.5 to 
10.5 years, who had nitrogen and caloric 
intakes within the range of this study. 
The difference between the analyzed and 
predicted values are shown for these data 
(table 2). Comparisons between deter-
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TABLE 2

D ifference be tw een  d e term in ed  and  pred icted  m etabolizab le  energy fo r experim en ta l  
sub jects and selected M acy (9) sub jects

%  error 1
%  o f observations

Form ula 1 2 Form ula 2 3 Form ula 3 4 M acy data  5

- 3 3 2 i
- 2 8 11 25 18
- 1 4 6 4 0 16 2 3

1 38 31 3 6 3 5
2 6 10 11 17
3 1 4 3 5
4 0 .3 4 1
5 1 1
6 1
7 0 .3 0 .5

predicted  ME — determ in ed  ME 
% error — determ ined ME

2 D iets  con ta in ed  19-61%  vegetab le  protein .
3 D iets  con ta in ed  100% vegetab le  protein.
4 D iets  conta in ed  19-100%  vegetab le  protein.
5 T his in c lu d es ch ild ren  o f both sexes (9 ) .

X 100.

mined ME and ME calculated from both 
the physiological fuel values and the pre
diction formula were made to evaluate the 
effectiveness of the prediction formula.

R E S U L T S

The following prediction formulas were 
derived for the three dietary categories. 
Table 2 shows the range of differences be
tween the determined and predicted ME 
and the percentage of cases in each cate
gory.

1. Mixed protein diet with g N/day 
ranging from 2 to 14 and kcals./day rang
ing from 1948 to 2608. The formula ob
tained for predicting metabolizable energy 
for subjects fed mixed protein diets (1954, 
1956, 1957 and 1958) is:

M E  =  1 .0 0 5  ( G E )  -  5 .9 4 0  ( D N )  -  9 8 .4 1 7  ( 1)

In this equation 99.4% of the variation in 
ME was accounted for by the two dietary 
components (R2 = 0.994). For 98% of the 
data, the formula predicted ME within 
±2%  of the analyzed value.

2. Vegetable protein diet. The formula 
for predicting ME for subjects on vegetable 
protein diets (1962) is:

M E  =  0 .9 1 8 1  ( G E )  -  1 6 .7 4  ( D N )  +  8 1 .8 2  (2 )

In this equation, GE and DN accounted 
for 97.6% of the variation in ME (R2 = 
0.976). Ninety-two per cent of the observa
tions fell within ±2%  error, whereas 
99% fell within ±3%  error.

3. Diets containing 19 to 100% vege
table N (1954-1962). Metabolizable en
ergy can be predicted as follows:
M E =  0 .9 7 4 6  ( G E )  -  4 .2 7 8 2  ( D N )  -  5 7 .2 3 8 9  (3 )  

In this equation 97.6% of the variation in 
ME was accounted for by the independent 
variables (R2 = 0.976). Eighty-eight per 
cent of the predicted values are within 
±2%  of the observed ME, whereas 93% 
are within ± 3 % .

The results of applying this prediction 
formula to selected Macy data are shown 
in table 2. The formula was effective in 
predicting 99% of the data within ±3%  
of the observed ME; 93% were within 
±2%  of the observed value.

D IS C U S S IO N

Predicting ME from caloric and protein 
intakes. These results indicate that met
abolizable energy of preadolescent girls 
can be adequately predicted from gross 
caloric intake and nitrogen intake with a 
maximum of 4% of the variation due to 
other factors. The accuracy of predicting 
ME decreased slightly with the inclusion 
on the data in which vegetable protein was 
100% of the total protein intake. This in
dicated that the results obtained from feed
ing vegetable protein diets were not strictly 
compatible with those in which mixed pro
tein was fed. Fecal loss for subjects re
ceiving the vegetable protein diets was
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greater than for subjects receiving the 
mixed protein diets. When using equation 
1 to predict ME, 99% of the data fell with
in ±3%  error (table 2); if equation 3 
was used 93% of the data fell within 
±3%  error. When using equation 2 to 
predict ME on a vegetable protein diet, 
99% of the values were within ±  3% of 
the determined values.

Application to data from Macy’s studies. 
In evaluating the effectiveness of the pre
diction formula on data obtained by Macy 
on subjects within the 7- to 10-year age 
group (9), formula 3 was found to be the 
most effective predictor. Ninety-nine per 
cent of the observations were predicted 
within ±3%  error (table 2). Although 
there was more variation in formula 3 
when applied to the data from which it was 
derived, it appeared to be a better general 
prediction formula. This was probably be
cause of the wider range of dietary in
takes and composition on which this for
mula was based.

The predicted ME of these subjects was 
compared with the observed ME and with 
that calculated using the physiological fuel 
values (fig. 1). In the age range of 6.5 to
8.5 years, the predicted ME was closer to 
the determined ME than the values ob
tained using the Atwater factors. From 
ages 9.0 to 10.5, the two indirect meth
ods of calculating ME were about the same 
in relation to the determined ME.

Limitations in using the formulas. Use 
of the formulas to predict ME would be 
limited to situations similar to those under 
which they were derived; that is, for 
healthy girls, 7 to 10 years of age, ingest
ing diets containing 1966 to 2415 kcal/ 
day and 2 to 14 g N/day. The application 
of one of the formulas to data obtained by 
Macy (9) from children of both sexes 
showed that it could be used for children 
ingesting normal diets containing kilo
calories and protein within the experi
mental ranges. None of the formulas have 
been applied to data obtained under any 
extreme dietary conditions. Since less than 
4% of the ME was found to be influenced 
by factors other than dietary nitrogen and 
caloric intake, it is theoretically possible 
that the formula based on the vegetable 
protein diets would be applicable to situa-

AGE (YRS)

Fig. 1 C om parison of the  va lues de term ined  
by bom b ca lo rim etry  w ith  th e  ca lcu la ted  values 
by the  p red ic tion  fo rm u la  an d  th e  physiological 
fu e l values fo r selected M acy da ta .

tions in countries where diets are com
posed only of plant products.

The 3 formulas can be used to accu
rately predict metabolizable energy for 
preadolescent girls with minimal time 
spent for chemical analyses of gross en
ergy intake and dietary nitrogen. The ME 
can be predicted within an average of 
±2%  error and with a maximum of 
±4%  error. The precision to which the 
formulas predict is within ± 40-80 kcal 
on a daily intake of 2000 kcal. In an aver
age day’s diet, this caloric variation 
amounts to about 10 g (2 teaspoons) of 
butter, 23 g (1 slice) of bread or 12 g (1 
tablespoon) of sugar. In view of the 
sources of error which can arise from com
plete energy determinations by bomb cal
orimetry, this is a minute amount. Al
though these prediction formulas will not 
replace direct determination of energy bal
ance by bomb calorimetry, they could be 
used in situations where it is undesirable 
to do the extensive determinations neces
sary to calculate energy balance.
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Water Fluoridation: Effect on bone fragility and 
skeletal calcium content in the ra t* 1

PAUL D. SAVILLE
T he H ospita l fo r Special Surgery, affiliated w ith  T h e  N ew  Y o rk  H ospital- 
Cornell U niversity  M edical College, N ew  Y ork, N ew  York

A B ST R A C T  T he ca lc iu m  c o n ten t of th e  ax ia l skeleton  a n d  th e  fo relim b  is a l in e a r 
fu n c tio n  of body w eigh t an d  is in creased  in  ra ts  w h en  th ey  d rin k  w a te r  co n ta in in g  
20 ppm  of fluorine in  the  fo rm  of sodium  fluoride, b u t n o t in  the  h in d lim b  n o r w h en  
they d rin k  w a te r co n ta in in g  2 or 5 p p m  of fluorine. B reak ing  force o f th e  h u m eru s  
and  fem o ra l sh a ft is a lin e a r  fu n c tio n  of body w eigh t a n d  is un affec ted  by w a ter 
fluorida tion  up  to a co n cen tra tio n  of 20 ppm .

Fluoridation of water has long been 
known to cause qualitative changes in the 
teeth of animals and humans (1). In re
cent years reports have appeared of the 
therapeutic use of “fluoride” in Paget’s dis
ease of bone (2) and in osteoporosis (3). 
The latter is based upon the observation 
that osteosclerosis occurs in chronic fluor
osis. It has been postulated that fluorida
tion of water might possibly benefit not 
only dental health but also might mitigate 
against the osteoporosis that commonly 
affects aging women (4).

It is the purpose of the present paper to 
report quantitative and qualitative changes 
that occur in the skeleton of the rat with 
age and varying intake of “fluoride” from 
weaning to maturity.

MATERIALS AND METHODS

Eighty-nine male rats of the Charles 
River CD strain, 25 days old, averaging 
67 g, were divided into 4 groups so that the 
group averages were within one gram of 
each other. They were fed a commercial 
purified diet.2 This diet contained no added 
“fluoride,” manganese, copper, zinc or 
iodine. Our analysis of 6 samples of this 
diet showed an average calcium concentra
tion of 0.43% . The diet was submitted to 
neutron activation analysis and fluorine 
content was not detectable by this method, 
indicating a concentration of less than 
2 ppm. X-ray fluorescence spectroscopy 
revealed the presence of manganese and 
copper but not of zinc or iodine. The ani
mals were housed in galvanized wire cages 
and fed ad libitum the diet, which was

pressed into pellets. They were given dis
tilled water to which was added sodium 
fluoride so as to give a concentration of 
2, 5 and 20 ppm, respectively, of fluorine 
in groups 2, 3 and 4. No “fluoride” was 
added to the water of group 1 which acted 
as control.

The animals were killed five at a time 
from each of the 4 groups at predetermined 
weights. The average weight of the ani
mals killed did not differ significantly from 
the average weight of the remainder of the 
group and hence did not change the aver
age weight of the groups. The experiment 
ended with the killing of the last of the 
animals on day 98 when these animals 
were 123 days old. When the experiment 
started on the day 25, the average weight 
of each of the 4 groups was 67.2 g, 67.6 g,
67.0 g, and 67.4 g, respectively. At the 
end of the experiments when the animals 
were 123 days old, their average weights 
were 408 g, 424 g, and 405 g, respectively.

Received fo r p u b lica tion  M arch  23, 1966.
1 This investigation  w as supported  in  p a r t  by Public 

H ealth  Service R esearch G ran t no. 5 SOI FR-05495 
from  the G eneral Support B ranch  D ivision of R esearch 
Facilities an d  Resources; U.S.P.H.S. G raduate  T ra in 
in g  G ran t T1 AM-5414 from  the  N ational In stitu te  
of A rth ritis  an d  M etabolic D iseases, and  th e  W hitehall 
Foundation.

2 Percentage com position of d iet: v itam in-free casein , 
18; sucrose, 68; vegetable oil, 10; an d  salt m ix ture  no. 
2, USP 13, 4 (V itam in  B Complex T est Diet-Complete, 
N u tr itio n a l B iochem icals C orporation, C leveland). It 
w as supplem ented  w ith  one k ilogram  of v itam in  m ix
tu re  per 45.5 kg of diet. The v itam in  m ix tu re  con
ta ined : ( in  g ram s) v itam in  A cone (200,000 U /g ) ,  4.5; 
v itam in  D cone (400,000 U /g ) ,  0.25; a-tocopherol, 5.0; 
ascorbic acid, 45.0; inositol, 5.0; choline chloride, 75.0; 
m enadione, 2.25; p-am inobenzoic acid, 5.0; n iac in , 
4.5; riboflavin, 1.0; p y ridox ine■ HC1, 1.0; th iam ine-H C l, 
1.0; Ca p an to thenate , 3.0; an d  ( in  m illig ram s) bio tin , 
20.0; folic acid, 90.0; and  v itam in  B12, 1.35 (V itam in  
Diet Fortification  M ixture, N u tritio n a l B iochem icals 
C orporation).
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The fore and hindlimbs were disarticu
lated at the shoulder and hip, respectively.
The dismembered carcasses were eviscer
ated. Soft tissues were dissected from the 
femur and humerus from one side of the 
animal for measurement of breaking force.
The other femur, the other upper limb and 
the lower limb excluding the femur were 
ashed separately as was the remainder of 
the dismembered carcass at 525° for from 
24 to 48 hours, dissolved in 2 N  hydro
chloric acid and made up to volume in a 
volumetric flask. Calcium was determined 
by a semi-automatic EDTA method (5). 
Breaking force measurements were carried 
out on the entire humerus and on the 
distal half of the femoral shaft. The part 
of the femoral shaft used was the more-or- 
less cylindrical portion which lies between 
the end of the ridge of the third trochanter 
and the condyles at the distal end of the 
bone. The ends of each bone sample were 
imbedded by means of epoxy cement into 
plastic discs (approximately 1.3 cm in 
diameter and 0.6 cm in thickness). A 
shallow well to receive the bone was drilled 
into one face of each disc. A compressive 
force was applied to the sample through 
the discs to provide an even distribution 
of force across the ends of the bone. +"
The mounted femur samples were dried <3
in an oven maintained at 60° for a period §
of 48 hours (72 hours for the larger sam- 1
pie). The dried samples were then placed ^
in a dessicator until testing. The humerus <
samples were soaked in physiological saline 
which was degassed in a vacuum chamber 
for 1.5 hours. The mounted samples were 
tested to failure under compression in a 
Riehle material testing machine 3 calibrated 
to a precision of 1 % .

Since the calcium content of individual 
long bones (6) as well as the total rat 
carcass (7) are linear functions of the , 
body weight of the animals, by plotting the 
calcium content of various parts of the 
skeleton as a function of body weight and 
calculating the regressions so formed, it is 
possible by a comparison of these regres
sions to show differences in mineral con
tent in part or all of the skeletons of ani
mals under varying circumstances. We 
have also found that the breaking force of 
the femur and humerus, whether measured 
dry or wet, is a linear function of body

weight in the rat so that the same statis
tical methods can be used to compare bone 
fragility in animals having a varying “fluo
ride” intake (8).

Regressions were calculated by the 
method of least squares. These procedures 
and the subsequent analyses were per
formed as described by Snedecor (9).

RESULTS

The calcium content of the eviscerated 
dismembered carcasses (axial skeleton) as 
well as of the limb bones was compared 
in the 4 groups of animals. Examples of 
these regressions are graphed in figures 1 
and 2. The regression equations are given 
in tables 1, 2, 3 and 4. The analysis re
flects the design of the study in that each 
group is compared with the basic line or 
control group. The axial skeleton of rats 
drinking water containing 20 ppm of 
“fluoride” contained significantly more cal-

Fig. 1 C alcium  of ax ia l skeleton  is  p lo tted  
ag a in s t body w eigh t fo r groups 1 a n d  4. T he re 
gressions w ere ca lcu la ted  by th e  m eth o d  of lea s t 
squares. Since the  in te rcep ts  d id  n o t d iffer sig
n ifican tly  fro m  zero, th e  lin es w ere d raw n  th ro u g h  
zero a n d  the  sim plified  eq u atio n  Y  — k x  g iven. 
T he regressions w ere com pared  by ana ly sis  of 
covariance a n d  th e  in te rcep ts  w ere fo u n d  to differ 
sign ifican tly  fro m  each  o th er (0 .05  >  P >  0 .01 ) 
b u t th e  sca tte r an d  slopes did not.

3 Model PS-10 U niversal Screw Pow er tes ting  m a 
ch ine  (0-5000 k g ) R iehle T esting  M achines, a  d iv ision  
of Ametek, Inc., E ast M oline, Illinois.
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Fig. 2 Forelim b calc iu m  is p lo tted  ag a in st 
body w eigh t fo r  groups 1 an d  4. T he regressions 
w ere  ca lcu la ted  by th e  m eth o d  of lea s t squares 
an d  com pared  by analysis o f covariance. T here  w as 
a  s ign ifican t slope d ifference (0.01 >  P  >  0 .001).

TABLE 1
R egression o f ca lc ium  c o n ten t o f ax ia l skele ton  

(Y ) vs. body w e ig h t ( X ) 1

W ater content Y - Y  =  k ( X - 'X )

i d istilled  w a ter Y —1432 =  5.140 (X  —279.3)
2 2 p p m  F - Y —1523 =  5.465 ( X - 2 7 8 .4 )
3 5 p p m  F - Y —1475 =  5.275 ( X - 2 8 1 .7 )
4 20 p p m  F~ Y —1524 =  5.440 ( X - 2 7 9 .5 )

1 Regression 1 w as com pared w ith  regressions 2, 3 
an d  4, respectively. R egression 4 h ad  a  significantly  
h igher in tercep t th a n  regression  1. T here w as a n o n 
significant difference betw een e ither regressions 1 
and  2, or 1 and  3.

TABLE 2
R egressions o f ca lc ium  c o n ten t o f forelim b  

(Y ) vs. body w e ig h t (X ) 1

Group
no. W ater con ten t Y — Y =  k  ( X - J T )

1 d istilled  w a te r  Y - 100.9 =  0.3116 ( X - 280.7)
2 2 p p m  F -  Y -  109.0 =  0.3566 ( X - 284.5)
3 5 p p m  F -  Y -  101.0 =  0.3436 ( X - 281.3)
4 20 ppm  F -  Y -  104.3 =  0.3862 ( X - 282.0)

1 R egression 1 w as com pared w ith  regressions 2, 3 
an d  4, respectively. R egression 4 h ad  a significantly  
h igher slope ( k )  th a n  regression  1. There w as a  n o n 
significant difference betw een e ither regressions 1 
and  2, o r 1 and 3.

TABLE 3
R egressions o f ca lc iu m  c o n ten t o f  fe m u r  

(Y ) vs. body w e ig h t ( X ) 1 1

Group
no. W ater content Y — Y*= k (X — IT)

i d istilled  w a ter Y -  92.9 =  0.3760 ( X - 285.4)
2 2 p pm  F~ Y — 93.0 =  0.3969 ( X - 279.6)
3 5 p pm  F _ Y -  80.9 =  0.3843 ( X - 255.5)
4 20 p p m  F~ Y —91.8 =  0.3790 ( X - 275.8)

1 T here w ere nonsign ifican t differences betw een the 
regression fo r group 1 and  regressions fo r any of the  
o ther groups.

TABLE 4
R egressions o f ca lc ium  c o n ten t o f  h in d  leg 

w ith o u t the  fe m u r  (Y ) vs. body w e ig h t (X ) 1

Group
no. W ater content Y —Y =  k (X —X)

i d istilled  w a ter Y - 166.2 =  0.5954 (X -2 7 8 .7 )
2 2 p pm  F~ Y —168.9 =  0.6016 ( X - 279.7)
3 5 p pm  F _ Y - 140.0 =  0.5868 ( X -2 3 8 .2 )
4 20 p p m  F - Y -  163.3 =  0.5779 ( X - 276.9)

1 T here w ere nonsign ifican t differences betw een the  
regression fo r group 1 an d  regressions fo r any  of the 
o ther groups.

cium at any given body weight than did 
the controls (0.05 > P > 0.01). There was 
no significant difference between the con
trols and either those animals drinking 
water containing 2 ppm or 5 ppm of “fluo
ride.” Similarly, the calcium content of the

Fig. 3 B reak ing  force o f h u m eru s  o f group 1 
is  p lo tted  ag a in s t body w eigh t o f a n im a l (d is
tilled  w a te r ) .  T he lin e  best fitting  th is  regression  
w as ca lcu la ted  by the  m ethod  of lea s t squares.
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forelimbs of rats drinking distilled water 
contain more calcium than the forelimbs 
of rats drinking water containing 20 ppm 
of “fluoride”; but above this body weight 
the reverse is true; the fluoridated animals 
had significantly more calcium in the fore
limbs. There was no significant difference 
between the calcium content of the femurs 
of the controls and the other 3 groups nor 
between the calcium content of the re
maining bones of the leg in the controls 
compared with the other 3 groups. Figures 
3 and 4 show how the breaking force of 
the humerus and of the femur, respectively, 
are linear functions of body weight. The 
regression equations for breaking force of 
bones versus body weight are listed in 
tables 5 and 6. There were nonsignificant 
differences in breaking force of the humeri 
and the femurs at any given body weight 
between the animals drinking distilled 
water and the 3 groups drinking fluoridated 
water.

DISCUSSION

Fluorine is a bone-seeking element. In 
the rat, the concentration found in the 
skeleton depends partly on the amount in
gested but also on the rate of growth of 
the animal: rapidly growing animals re
tain more “fluoride” than slowly growing 
animals (10). Furthermore, the concen
tration of “fluoride” varies in different parts 
of the skeleton so that the vertebrae have a

TABLE 5
R egressions o f breaking  force o f fem ora l sh a ft  (Y ) vs. body w e ig h t (X) 1

Group
no. W ater con ten t Y —Y =  k ( X - X )

i d is til le d  w a te r Y -  98.95 =  0.4257 ( X - 2 7 9 .6 )
2 2 p p m  F - Y - 132.05 =  0.5530 ( X - 2 8 3 .4 )
3 5 ppm  F " Y - 112.49 =  0.4709 ( X - 2 7 3 .4 )
4 20 p p m  F - Y - 119.48 =  0.4462 ( X - 2 8 8 .9 )

1 R egression 1 w as com pared w ith  regressions 2, 3 an d  4, respectively. N onsignificant differences
w ere found.

TABLE 6
Regressions o f breaking force o f h u m eru s  (Y) vs. body w e ig h t (X)

Group
no. W ater con ten t Y — Y =  k (X — X)

i d is til le d  w a te r Y - 7.181 = 0 .0 2 5 1  (X  — 266.7)
2 2 ppm  F " Y - 7.515 =  0.0296 ( X - 2 5 3 .7 )
3 5 p p m  F - Y - 7.087 =  0.0253 ( X - 2 6 2 .3 )
4 20 p p m  F _ Y - 7 .8 3 1  = 0 .0 2 9 1  ( X - 2 6 7 .6 )

1 R egression 1 w as com pared w ith  regressions 2, 3 an d  4, respectively. N onsignificant differences 
w ere found.

entire disarticulated forelimbs increased 
more rapidly as body weight increased in 
the rats drinking water containing 20 ppm 
than in the controls (0.01 > P >0.001). 
Figure 2 illustrates these regressions. 
Under a body weight of about 250 g, the

o

Fig. 4 B reak ing  force  o f fem o ra l sh a ft in  
group 4 is p lo tted  ag a in st body w eigh t of an im a l 
(20  ppm  flu o rid e ). T he lin e  best flittin g  th is  re 
gression  w as ca lcu la ted  by th e  m ethod  of least 
squares.
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higher concentration than the femora (11). 
There is some evidence to suggest that the 
effect of “fluoride” on bone is dependent 
on bone fluoride attaining a critical level 
(12, 13). Therefore, it is not unexpected 
to find an increase in the calcium content 
of the axial skelton but not in the bones of 
the hindlimb which are largely cortical in 
type. Rich and Ivanovich (14) performed 
densitometric studies on a single patient 
suffering from osteoporosis who was given 
“fluoride” over a period of 122 weeks. They 
found that there was an increase in bone 
density following treatment, most marked 
in the lower end of the ulna but less in the 
oscalcis and that there were almost no 
changes in the phalanges. This report in 
a human is consistent with the observa
tions reported here in rats. It is of interest 
that when young rats drink water contain
ing 20 ppm of “fluoride,” the disarticulated 
forelimbs contain less calcium than the 
control animals, but in older animals the 
forelimb calcium in the fluoridated ani
mals becomes progessively greater than the 
controls. Morphological studies would be 
needed to elucidate this point further; how
ever, one explanation might be that osteo
malacia-like changes are induced in the 
bones of young animals by “fluoride.” Yet, 
if this were the true explanation, similar 
results would be expected elsewhere in the 
skeleton and these were not found. An
other explanation could be delay in matura
tion of ossification centers in young ani
mals, but once ossification had started, more 
dense bone was laid down in the forelimbs 
of animals consuming water containing 
20 ppm of “fluoride” than in the controls. 
Finally, the apparent decrease in forelimb 
calcium in young animals receiving “fluo
ride” may be an artifact of the method used 
for analysis in which regression lines may 
misrepresent the region of one extreme.

There have been few studies document
ing the effect of “fluoride” on skeletal fra
gility. The method reported in this paper 
in which breaking force of the femur or 
humerus is highly correlated with body 
weight lends itself to comparison of break
ing force between groups so that even small

changes in bone fragility would be detect
able. It is of interest to learn that breaking 
force of the humerus and of the femoral 
shaft is not affected by “fluoride” in a con
centration up to 20 ppm in the drinking 
water. The reason for this may be that 
breaking force tested in this way depends 
very largely on the quality and quantity of 
cortical bone which has not been affected 
at this dose level of “fluoride.”
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A  Comparative Study of the Nutritional and 
Physiological Significance of Pure Soybean 
Trypsin Inhibitors and of Ethanol-extracted 
Soybean Meals in Chicks and Rats

A. GERTLER, YEHU DITH BIRK a n d  A. BONDI
F aculty  o f A gricu ltu re , H ebrew  U niversity  o f Jerusalem , 
R ehovot, Israel

A B ST R A C T  Several experim en ts  w ere conducted  w ith  th e  p u re  soybean try p sin  
an d  a-chvm otrypsin  in h ib ito r  (A A ) an d  th e  c ry sta lline  K unitz  soybean try p sin  in h ib 
ito r  (C SB T I) to study  th e ir  specific effects on grow th  ra te  of chicks an d  ra ts , on  
p an crea tic  hyp ertro p h y  an d  on in te s tin a l p ro teoly tic  activ ity . For com parative  purposes 
ra w  soybean m ea l (R SB M ), h e a ted  soybean m ea l (H SB M ) an d  th e  residues a fte r 
e th an o lic  ex trac tio n  of RSBM (EER SB M ) w ere used . T he add ition  of th e  in h ib ito rs  to 
HSBM diets of ch icks an d  ra ts  re su lted  in  a  s lig h t depression  of grow th ra te  b u t caused  
a sign ifican t hyp ertro p h y  of th e  p an creas . H ow ever, th e  RSBM +HSBM  diet (1 :2 )  
w h ich  possessed th e  sam e try p sin -in h ib itin g  activ ity  a n d  approx im ate ly  40%  of the  
ch y m o trypsin -inh ib iting  activ ity  as the  HSBM +AA diet, cau sed  a considerab le  grow th 
depression . T he proteoly tic  activ ity  in  th e  sm all in te s tin e  w as decreased  by add ition  of 
in h ib ito r  AA b u t no t by CSBTI. T his p robably  arises fro m  th e  sm all activ ity  of CSBTI 
tow ards chym otrypsin  (8 %  of th a t  o f AA) an d  fro m  its  in ac tiv a tio n  du rin g  pep tic  
digestion. T he com parative  stab ility  of AA w as also in d ica ted  by  th e  various e thanolic  
ex trac tio n s of RSBM d u rin g  w h ich  AA m a in ta in e d  its  fu ll  po tency, w hereas CSBTI 
w as a lm ost com pletely  in ac tiv a ted . A ddition  of m eth io n in e  to  th e  d ifferen t m ea ls a t 
two p ro te in  levels (25%  and  15% ) re su lted  in  a decrease  in  g row th im p a irm en t 
caused  by th e  low  p ro te in  RSBM diets. T hese  ex p erim en ts c learly  in d ica te  th e  m in o r 
ro le o f soybean try p sin  an d  ch y m otrypsin  in h ib ito rs  in  grow th  depression  caused  by 
RSBM diets an d  suggest th e  p resence  of o th er responsib le  fa c to r ( s )  in  RSBM.

Raw soybean meal (RSBM) causes 
growth inhibition and pancreatic hyper
trophy when used as a source of proteins 
for animals (1). Various investigators 
have attributed these phenomena to the 
presence in RSBM of heat-labile trypsin 
inhibitors (2, 3), whereas others could not 
find a clear correlation between the pres
ence of the latter in the diet and growth 
depression (4, 5). In an earlier report (6) 
we have shown that the insoluble residue 
of RSBM at pH 4.2, which was of high pro
tein content and retained approximately 
50% of the original trypsin-inhibiting ac
tivity of RSBM, was only slightly superior 
to RSBM when added to diets of chicks 
and rats. This controversy as to which fac
tor or fraction in RSBM is responsible for 
a certain anti-nutritional or physiological 
effect in the animal, seems to have arisen 
because most of the investigations were 
carried out either with crude or partially 
purified soybean trypsin inhibitors or with

Kunitz’s (7) crystalline soybean trypsin 
inhibitor (CSBTI) but not with the pure 
soybean trypsin- and a-chymotrypsin- 
inhibitor AA (8, 9), which is stable to
wards peptic digestion. It was the aim of 
the present investigation to use the two 
pure and markedly different soybean tryp
sin inhibitors, CSBTI and inhibitor A A 
(7-9), as a means of elucidating the effect 
of these materials on pancreatic hyper
trophy and on growth depression and to 
seek the correlation between the two. An
other objective of this study was to deter
mine the effect of certain treatments, such 
as extractions with ethanol under different 
conditions, on the removal or inactivation 
of these biologically active factors.

MATERIALS AND METHODS

Soybean meals and soybean trypsin in
hibitors. Raw soybean meal (RSBM) was

Received fo r publication  Ju ly  18, 1966.
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prepared by milling soybeans (Harosoy va
riety) and defatting the soybean flour by 
extraction with ethyl ether in a Soxhlet 
apparatus. The nitrogen content of RSBM 
was 7.95%.

Properly heated soybean meal (HSBM)1 
was a commercial product with a nitrogen 
content of 8.0%.

Ethanol ex tracted  soybean meals 
(EERSBM) were prepared by using 60% 
and 80% ethanol, both at 25° and 55°. 
Each treatment was performed by two 
successive ethanolic extractions of finely 
milled RSBM, with constant stirring for 
one hour, using a 10:1 solvent-to-meal 
ratio for the first extraction and a 5:1 
ratio for the second extraction. The resi
dues were recovered by centrifugation at 
1500 X g  for 10 minutes, collected and 
dried overnight at 35°. The trypsin-inhibit
ing, a-chymotrypsin-inhibiting, and hem- 
agglutinating activities of the various 
meals, after 2 and 18 hours of extraction, 
were determined by methods described 
later.

The consecutive supernatants of the 
80% ethanolic extracts obtained from 1 kg 
of RSBM were combined and concentrated 
in vacuum to 500 ml. The concentrate was 
then added to 1 kg of HSBM, properly 
mixed and dried overnight at 35°. A prep
aration amounting to 1.12 kg and consist
ing of 1 kg HSBM plus the dry residues of 
an 80% ethanolic extract of 1 kg RSBM at 
55° or at 25°, was thus obtained.

For the determination of the effect of 
ethanolic extraction of RSBM on the re
moval and stability of soybean trypsin in
hibitors, 10 g of finely ground RSBM were 
extracted by 100 ml of 60% ethanol at 25° 
or 55° during 2 or 18 hours and then 
centrifuged at 1500 X g  for 10 minutes. 
The recovered residue was suspended 
again in 1000 ml water. After 2 hours of 
stirring at room temperature the insoluble 
residue was precipitated by centrifugation 
at 1500 X g  for 15 minutes and removed. 
The supernatants, aqueous as well as etha
nolic, were assayed for trypsin- and chy- 
motrypsin-inhibiting activities after appro
priate dilutions.

The trypsin inhibitor AA was prepared 
according to Birk et al. (9). A 60% etha
nolic extract of RSBM obtained at 55° was 
used for preparation of this inhibitor, since

it gave a higher yield (10). Crystalline 
soybean trypsin inhibitor (GSBTI) was a 
commercial product.2 Trypsin- and a-chy
motrypsin-inhibiting activities were deter
mined by the casein digestion method of 
Kunitz (7) and expressed in trypsin-inhib
itor units (TIU) and in chymotrypsin- 
inhibitor units (ChIU), respectively (8, 
10). Hemagglutinating activity was deter
mined by the photometric method devel
oped by Liener (11) and expressed in 
hemagglutinating units (HU); and proteo
lytic activity of the small intestine of 
chicks was determined by the casein diges
tion method of Kunitz (7) as modified by 
Nitsan and Alumot (12). The tryptic and 
chymotryptic activities in the small intes
tine were determined in the supernatant 
of homogenated chyme (12). Tryptic ac
tivity was assayed on N-benzoyl-L-arginine- 
ethyl ester (BAEE)3 as substrate, using 
the spectrophotometric methods described 
by Schwert and Takenaka (13).

Determination of enzymatic activities in 
chick pancreas. The chicks were killed 
by rapid bleeding and the pancreatic tissue 
was immediately removed, cleaned of fat, 
weighed and stored at —18°. The frozen 
tissue was minced, homogenized in 20 vol 
of distilled water and centrifuged at 8000 
X g for 10 minutes at 30°. Tryptic and 
chymotryptic activities were determined 
in the clear supernatant by the methods
(13) described above, after activation of 
the enzyme solution via incubation of the 
supernatant with one volume of 0.02% 
purified enterokinase 4 dissolved in 0.02 m 
sodium phosphate buffer, pH 5.8, during 
45 minutes at 37°.

Feeding trials with chicks and rats. 
One-day-old male White Leghorn or New 
Hampshire X White Leghorn chicks were 
fed sorghum grains for 4 or 5 days. They 
were then weighed individually, distrib
uted into groups of 10 or 20 chicks in one 
pen for each feed treatment and housed 
in electrically heated battery brooders with 
raised wire floors. The chicks were grown 
with an all-vegetable diet, the main pro
tein source being the different experimen-

1 P repared  at Izh a r  Oil In d u stry  of Israe l L td., by 
h ea tin g  the  defa tted  flakes a t 80° to 100° fo r 20 
m inu tes, steam ing  fo r 25 m inu tes a t 118° and  drying 
a t room tem peratu re.

2 W orth ing ton  B iochem ical Corporation, Freehold, 
New Jersey.

3 Sigm a C hem ical Com pany, St. Louis.
4 N u tritio n a l B iochem icals Corporation, Cleveland.
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TABLE 1
C om position  o f exp erim en ta l d iet fo r  ch icks

%
Soybean oil 3.0
a -C ellu lose1 3.0
G round oyster shells 1.5
D icalcium  p h o sp h a te  2.0
M ineral m ix tu re  2 0.5
V itam in  m ix tu re  3 0.2
C holine chloride 0.1
DL-Methionine 4 ( 98 % p u re  ) 0.6
Soybean p ro te in  source 5 
C arbohydrate  m ix tu re  6 to to ta l 100 +

1 A lphacel, N u tr itio n a l B iochem icals Corp., Cleve
land.

2 Com position in  per cen t: N aCl, 94.70; MnO, 3.36; 
KI, 0.06; C u (O H )2, 0.14; ZnO, 0.09; FeC 03-2H20 , 0.33; 
N a2MoC>4, 0.01; an d  Ca steara te  to m ake 100.

3 Com position per 2 g: ( in  m illig ram s) th iam ine- 
HC1, 5; riboflavin, 5; n iac in , 60; Ca pan to th en a te , 25; 
pyridoxine-H C l, 5; folic acid, 4; bio tin , 0.2; v itam in  
K, 0.5; an d  tocopheryl acetate, 30; and  v itam in  B i2, 
20 fig ; v itam in  D3, 480 IU ; an d  v itam in  A, 5000 IU.

4 In  c e r ta in  d ie ts  D L -m ethionine w as  o m itted .
5 Given to supply  17, 22 or 25% p ro tein  (6.25 x N )  

according to n itrogen  con ten t of various m eals.
6 Composed of equal am ounts of dextrose and  potato 

starch .

tal soybean meals, with or without added 
trypsin inhibitors. The composition of the 
experimental diet is shown in table 1. Food 
and water were given ad libitum and the 
trials were terminated after 7 to 10 days.

The amount of ingested food was deter
mined for the group as a whole, the chicks 
were weighed individually, killed by rapid 
bleeding and certain organs were removed 
immediately for determination of weights 
and activities.

As to the amounts of soybean trypsin 
inhibitors added to the diets, 5.5 mg of in
hibitor AA were added per gram of HSBM 
which corresponds to the calculated in
hibitor AA content in RSBM. In several 
experiments 16.5 mg inhibitor AA were 
added per gram of HSBM, yielding a diet 
which contained the same in vitro total 
trypsin-inhibiting activity as a correspond
ing diet with RSBM as the protein source.

CSBTI was added in amounts corre
sponding to those of inhibitor AA on a 
weight basis.

Six litters of weanling male rats and 6 
litters of weanling female rats, of an in- 
bred Wistar strain were taken for this feed
ing trial. Each litter included 4 brothers 
or 4 sisters. Twelve rats (6 males and 6 
females, one animal from each litter) were 
taken for each feed treatment. They were 
housed in groups of six (one group of 6 
males and one group of 6 females for each 
diet) in cages with wire floors in a room

maintained at 25°. The trial was carried 
on for 2 weeks and the rats were fed all
vegetable diets containing 10% protein 
supplied by the four experimental soybean 
meals (RSBM, HSBM, RSBM+HSBM in 
the ratio of 1:2, and HSBM supplemented 
with 0.55% of inhibitor AA) as the only 
protein source. The composition of these 
diets is presented in table 2. Food and 
water were given ad libitum. The rats were 
weighed individually at the beginning and 
at the end of the trial and the amounts of 
the consumed food were determined for 
each cage.

TABLE 2
C om position  o f exp erim en ta l diets for rats

%
D extrose 33.1
Potato  s ta rch 33.1
Soybean oil 8.0
a-Cellulose 1 1.0
Salt m ix tu re  no. 2, USP 2 4.0
V itam in  m ix tu re  3 0.3
Choline chloride 0.2
DL-Methionine 0.3
Soybean p ro te in  source 4 20.0

1 A lphacel, N u tr itio n a l B iochem icals C orporation, 
Cleveland.

2 N u tritio n a l B iochem icals Corporation.
3 Com positon per 3 g: ( in  m illig ram s) th iam ine- 

HC1, 10; riboflavin, 15; pyridoxine-H C l, 15; Ca p an 
to thenate , 20; folic acid, 2; n iac in , 30; b io tin , 0.3; 
inositol, 100; p-am inobenzoic acid, 25; v itam in  K, 4; 
and  tocopheryl acetate, 30; an d  v itam in  B i2, 25 /ig; 
v itam in  D, 5,000 IU, and  v itam in  A, 20,000 IU.

4 RSBM; or RSBM +  HSBM (1 :2 ) ;  or HSBM; or 
H SBM +  0.55% in h ib ito r AA ( th u s  supplying 0.11% 
in h ib ito r A A in  the d ie t) .

At the end of the trial the rats were 
killed, the pancreas was removed and 
cleaned of the accompanying fat tissue 
and then weighed.

RESULTS

Determination of amount of soybean 
trypsin inhibitors in RSBM

The trypsin- and chymotrypsin-inhib- 
iting activities in RSBM were determined 
in an aqueous extract (lOg/lOOml) of 
finely ground RSBM. It appears that the 
trypsin inhibitors of RSBM are fully sol
uble in water; this has been proved by the 
fact that the second and the third aqueous 
extracts of RSBM contained amounts of 
inhibiting activity that corresponded to 
their calculated content in the water ab
sorbed by the precipitated residue. It was 
found that 1 g RSBM contains 124 TIU 
and 61 ChlU.
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The specific inhibiting activities per 
milligram of inhibitor were determined as
8.0 TIU and 10.0 ChIU for AA and as
6.0 TIU 5 and 0.75 ChIU for CSBTI. Since 
we have found earlier that the trypsin- and 
the chymotrypsin-inhibiting activities of 
RSBM originate mainly in these 2 inhibi
tors,6 it can be calculated that 1 g of RSBM 
contains approximately 13.5 mg CSBTI 
and 5.5 mg of AA. Inhibitor AA is respon
sible for approximately 35% of the total 
trypsin-inhibiting activity and for approxi
mately 85% of the total chymotrypsin- 
inhibiting activity of RSBM, whereas 
CSBTI is responsible for 65% of the tryp
sin-inhibiting activity and for 15% of the 
chymotrypsin-inhibiting activity of RSBM.
Influence of ethanolic extraction of RSBM 

on the removal from and inactivation of 
trypsin inhibitors in the residue

Table 3 summarizes the fate of the tryp
sin- and chymotrypsin-inhibiting activities 
of RSBM after different ethanolic extrac
tions. As shown in table 3, the extractions 
performed at 55° destroyed about two- 
thirds of the total trypsin-inhibiting activ
ity, whereas the loss of chymotrypsin- 
inhibiting activity was much smaller. This 
fact shows that CSBTI, which possesses a 
smaller chymotrypsin-inhibiting activity, 
either loses its activity or becomes water- 
insoluble by this treatment, whereas the 
inhibiting activity of AA remains almost 
unchanged.

The 60% ethanolic extraction at 55° 
removed more inhibiting activity than at 
25° and contained only the AA inhibitor.

Extraction with 80% ethanol at 25° did 
not remove any inhibiting activity, but 
when the extraction was carried out at 55° 
the CSBTI was almost completely inacti
vated. Under all conditions no difference 
was found between 30 minutes and 2 
hours of extraction. The temperature of 
55° per se did not have any effect on 
either activity since aqueous extraction of 
RSBM at 55° for 2 hours did not cause any 
decrease or inactivation of either CSBTI 
or AA.
Influence of trypsin-inhibitor-supplemented 

diets on growth response of 
chicks and rats

The following three growth trials — two 
with chicks and one with rats — were car

ried out to study the effect of trypsin in
hibitors on the growth of these living or
ganisms.

Trial no. 1. This trial was performed 
with chicks. The influence of trypsin in
hibitors added to the diet on growth rate, 
on pancreas hypertrophy, on weight gain 
per food consumed and on proteolytic ac
tivity in the small intestine was examined. 
The results are presented in table 4 and 
figure 1. The addition of trypsin inhibitors 
to a HSBM-containing diet resulted in a 
slight and nonsignificant decrease of 
growth rate, although it caused a signifi
cant hypertrophy of the pancreas. The 
proteolytic activity in the small intestine, 
as measured by the casein digestion meth
od, was decreased by addition of AA but 
not influenced by CSBTI.

The diet that contained one-third of 
RSBM and two-thirds HSBM as protein 
source caused a significant decrease in 
growth rate, and was responsible for 
hypertrophy of the pancreas and for par
tial inhibition of the proteolytic activity in 
the small intestine. Of special note is the 
great difference in growth rate between 
the group that obtained RSBM+HSBM 
(1:2) and the group which was given 
HSBM+AA, although both diets contained 
the same trypsin-inhibiting potency in 
vitro, and the latter possessed 2.5 times 
more chymotrypsin-inhibiting activity.

Trial no. 2. In view of the resu lts  of 
tria l no. 1, an  additional fac to ria l grow th 
experim en t w ith  chicks w as carried  out. 
In th a t tr ia l the influence of the  addition  
of in h ib ito r AA to the diet on the  grow th 
response w as tested  a t tw o pro te in  levels 
(15% and  25% ) w ith  and  w ithou t addi
tion of 0.6% DL-methionine. The diets of 
two o ther groups of chicks h ad  a p ro tein  
level of 15% w ith  and  w ithou t addition  
of 0.6% DL-methionine an d  w ere supple
m en ted  w ith  in h ib ito r AA in  the am ount 
of 16.5 m g (in stead  of 5.5 m g as u su a lly ) 
per g of HSBM, th u s y ielding diets th a t 
con ta ined  the sam e in  v itro  trypsin-inh ib
itin g  activity as the  d iet w ith RSBM.

5 T his specific activ ity  of CSBTI w as tak en  from  the 
o rig ina l paper by K unitz (7 ) . Com m ercial sam ples 
of CSBTI con tained  u sua lly  m u ch  low er (50-70%  ) 
activity.

6 U npublished observations by the  authors.
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TABLE 4
E ffec t o f d iets su p p lem en ted  w ith  tryp sin  in h ib ito rs on  grow th  response o f chicks

No. Protein source 1>2
Activity 3 Growth

rate
Wt gain / 

food
consumed

Pancreas
wtTIU ChIU

units/9 food g/ch ick/day m g /100 g 
body w t

1 RSBM 62.0 30.5 3.24 a 4 0.24 859 a2 RSBM +  HSBM ( 1 :2 ) 20.7 10.2 5.31» 0.39 901 a
3 HSBM — — 6 .9 9 ' 0.50 5 4 3 '
4 H SB M +  0.27%  5 AA 21.6 27.0 6 .6 0 ' 0.48 809 a
5 HSBM +  0.27%  5 CSBTI 8.1 1.0 6 .7 6 ' 0.48 672 ‘

1 P ro te in  level 25% , 10 N ew  H am pshire  x L eghorn ch ick s/rep lica te , du ra tio n  o f tr ia l 7 days.
2 RSBM ind ica tes raw  soybean m eal; HSBM, h eated  soybean m eal.
3 TIU ind icates trypsin  in h ib ito r u n its ; ChIU, chym otrypsin  in h ib ito r un its.
4 All groups n o t designated  w ith  th e  sam e le tte r are  s ta tis tica lly  d ifferent a t the  5% level.
3 P er cen t in  diet.

Fig. 1 E ffect o f soybean try p sin  in h ib ito rs  
added  to th e  d iets on th e  p roteoly tic  activ ity  in  
sm all in te s tin e  of chicks. T he p ro te in  sources 
w ere RSBM (o p en  c irc le s ) , RSBM +  HSBM in  
th e  ra tio  of 1:2 (so lid  c irc le s ) , HSBM (o p en  
tr ia n g le s ), HSBM  supp lem en ted  w ith  5.5 m g  in 
h ib ito r AA p e r 1 g HSBM (o p e n  sq u a re s ) , an d  
HSBM supp lem en ted  w ith  5.5 m g  CSBTI p e r 1 
g HSBM (so lid  tr ia n g le s ) .

In this trial the total proteolytic activity 
in the small intestine was examined by the 
casein digestion method. The tryptic and 
chymotryptic activities of the pancreas 
were assayed as well. The results are 
shown in table 5 and figure 2.

The differences in growth rate and in 
the extent of the hypertrophy of the pan
creas were analyzed statistically by fac
torial analysis of variance (14) in 2 ways:
(a) factorial analysis of all the groups fed

at a 15% protein level, thus yielding five 
different protein sources in 2 levels of 
methionine (zero and 0.6%); and (b) 
factorial analysis of 4 groups fed different 
soybean meals: RSBM, RSBM+HSBM
(1:2), HSBM and HSBM+AA (5.5 mg/g 
of HSBM), every group at 2 levels of pro
tein and 2 levels of methionine, thus giv
ing a 3-factorial (protein source, protein 
level, methionine) 4X2X2 experiment.

The results of the analyses of the growth 
rate differed slightly by the two different 
statistical methods of analysis. With a pro
tein level of 15% the main effect, that is, 
protein source and methionine, was highly 
significant (P <0.01) but no significant 
interaction was noted.

Significant differences (P = 0.05) were 
found between the group given RSBM and 
RSBM+HSBM (1:2) and the others, but 
the differences between HSBM, HSBM+ 
0.16% AA and HSBM+0.48% AA were 
not statistically significant. In the 3-fac
torial analyses all 3 main effects, that is, 
protein source, protein level and methi
onine, were highly significant (P < 0.01) 
and the 4 protein sources were found to be 
significantly different (P = 0.05) from 
each other. In these analyses a significant 
interaction was found between the differ
ent protein sources and addition of methi
onine. As shown in table 5 the order 
of growth response to different protein 
sources remains the same at all levels of 
protein and methionine, but the relative 
growth rate as compared with HSBM 
varies in diets containing RSBM and 
RSBM+HSBM (1:2) with the addition of 
methionine.
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Fig. 2 Effect of addition of soybean trypsin inhibitors to diets w ith different protein and m ethi
onine levels on the proteolytic activity in  the sm all intestine of chicks, (a )  Protein level 15% , no 
m ethionine added; (b )  protein level 15% , 0.6% m eth ionine added, ( c )  protein level 25% , no m eth i
onine added; and (d )  protein level 25% , 0.6% m ethionine added. The protein sources were RSBM 
(open c ircles), RSBM +  HSBM in  the ratio of 1:2 (so lid  c ircles), HSBM (open squares), HSBM sup
plem ented w ith 5.5 m g CSBTI per 1 g HSBM (so lid  squares), HSBM supplem ented w ith 5.5 m g in 
hibitor AA per 1 g HSBM (open triangles) and HSBM supplem ented w ith 16.5 m g inhibitor AA per 
1 g HSBM (solid  triangles).

The statistical analyses of differences in 
pancreas hypertrophy caused by different 
diets were carried out in a similar way. 
Highly significant main effects of methi
onine and protein source were found by 
both methods of statistical analysis. The 
addition of methionine increased the pan
creas hypertrophy mainly in the lower 
level of protein, whereas in the higher level

of protein the effect was much smaller. 
No significant differences were found 
between the following protein sources: 
RSBM, RSBM+HSBM (1:2) and HSBM+ 
AA in two A A levels, but the effects of all 
these diets differed significantly from that 
of HSBM.

The diet which contained HSBM sup
plemented by CSBTI was compared by
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TABLE 6
Effect of diets supplemented with inhibitor AA on growth response of rats

Sex Protein source L*
Activity 3 Growth Wt gain/ 

food Pancreas
rate wtTIU ChIU consumed

u n i t s / g  f o o d g / r a t / d a y m g / 1 0 0  g 
b o d y  w t

Males RSBM 24.8 12.2 1.87 a4 0.16 725 a 4
RSBM +  HSBM (1 :2 ) 8.3 4.1 2.95 b 0.23 625 ab
HSBM — — 3.66 0 0.28 4 3 6 '
HSBM +  0.11% 5 AA 8.8 11.0 3.28 b' 0.27 541 1

Fem ales RSBM 24.8 12.2 1.37 a 0.14 783 a
RSBM +  HSBM (1 :2 ) 8.3 4.1 2.54 b 0.21 687 ab
HSBM — — 3 .4 0 ' 0.26 4 3 1 '
HSBM +  0.11% 5 AA 8.8 11.0 2.75 b 0.23 599 »

1 P ro te in  level 10% , d u ra tio n  of tr ia l 14 days.
2 RSBM ind ica tes raw  soybean m eal; HSBM, h eated  soybean m eal.
3 TIU  ind ica tes try p sin  in h ib ito r  u n its ; ChIU, chym otrypsin  in h ib ito r un its.
4 All groups no t designated  w ith  the  sam e le tte r  a re  s ta tis tica lly  d ifferent a t the  5% level.
5 P er cen t in  diet.

Student’s t test (14) with HSBM at a pro
tein level of 25% supplemented with me
thionine. As in trial no. 1, a small but 
nonsignificant decrease in growth rate was 
found, but a significant hypertrophy of the 
pancreas was caused by the CSBTI-supple- 
mented diet.

As shown in figure 2, similar proteolytic 
activities in the small intestine were found 
at all levels of protein and methionine and 
the differences in proteolytic activity were 
caused mainly by the variety in protein 
source. The trypsin and chymotrypsin ac
tivities in the intestine (table 5) are simi
lar to those shown in figure 2, although 
generally the comparative trypsin activity 
was inhibited to a greater extent than the 
chymotrypsin. The addition of CSBTI in
creased the proteolytic activity of both en
zymes in the intestine (fig. 2 and table 5).

Trial no 3. Since trials 1 and 2 showed 
only a small inhibiting effect of inhibitor 
AA on the growth rate of chicks, a com
parative experiment with rats was carried 
out. The trial was performed with males 
and females as described above. The re
sults are presented in table 6.

Similar results were obtained with males 
and females and no interaction between 
the sex and protein source was found. 
Similar to the growth experiments with 
chicks, the growth of rats was impaired 
only slightly by AA-supplemented HSBM 
diets, although a significant hypertrophy 
of the pancreas was noted as compared 
with that caused by HSBM diets with
out AA.

Determination of nutritional value and 
effect on pancreas of ethanol-extracted 

soybean meals by growth trials 
with chicks

Trials 4, 5, 6 and 7 were carried out on 
chicks fed EERSBM-supplemented diets. 
The effect of these protein sources on the 
rate of growth, on weight gain per food 
consumed, on the pancreas hypertrophy 
and on the proteolytic activity in the small 
intestine were studied.

In trials 4 and 5, EERSBM prepared by 
extraction with 60% ethanol at 25° served 
as the only protein source, and in trials 6 
and 7, EERSBM, prepared by extraction 
with 60% ethanol at 55°. Both diets were 
compared with the corresponding RSBM 
diets. The results are presented in table 7 
and in figure 3.

As shown by trials 4 and 5, EERSBM 
prepared by extraction with 60% or 80% 
ethanol at 25° was responsible for a 
higher, although not statistically signifi
cant, growth rate than RSBM. Extraction 
with 60% ethanol removes only about 
15% of total trypsin-inhibiting activity, 
whereas with 80% ethanol no inhibiting 
activity was removed at all. The two ex
perimental meals caused a significant 
hypertrophy of the pancreas, practically 
the same as with RSBM, and inhibited 
likewise the proteolytic activity in the in
testine.

As shown by trials 6 and 7, the nutri
tional value of EERSBM, prepared by ex
traction with 60% or 80% ethanol at 55°,
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TABLE 7

Effect of ethanol-extracted raw soybean meals (EERSBM)1 on growth response and pancreas
hypertrophy of chicks

Trial Protein Conditions 
of ethanolic  
ex trac tion

A ctivity 3 Growth W t g a in / 
g food 

consum ed
Pancreas

no. source 2 TIU ChIU ra te Wt

u n i t s / g  f o o d g / c h i c k / d a y m g / 1 0 0  g  
b o d y  w t

4  4 R SB M 60 %  E tO H , 25° 42.1 20.8 1.59 » 5 0 .25 7 3 2 “
E E R SB M 36.6 17.3 1.95 “ 0 .32 762  '
E E R SB M 80 %  E tO H , 25° 46 .0 23 .2 1.84 » 0 .28 757 '
H SB M 0 0 3 .8 2 » 0 .52 4 8 3 »

5 6 RSBM 54.6 27 .0 2 .7 2  3 0 .2 6 9 1 2  a
E E R SB M 80 %  E tO H , 25° 59.6 30.2 3 .4 7 “ 0 .36 908  »
H SB M 0 0 5.23 » 0 .46 6 6 3 »

6 7 R SB M 54.6 2 7 .0 2 .15  » 0.24 919  '
E E R SB M 6 0%  E tO H , 55° 5.8 2 .5 3 .9 6 ' 0 .44 6 6 2 »
E E R SB M 80 %  E tO H , 55° 28.1 2 7 .7 3 .0 7  b 0 .36 8 5 2  '
H SB M 0 0 4 .9 8  a 0 .4 6 6 1 5 »

7 8 R SB M 62.0 30 .5 3 .39  8 0 .29 849  3
E E R SB M 6 0%  E tO H , 55° 6.5 2.9 6 .0 8 ' 0 .44 6 5 0 »
E E R SB M 8 0%  E tO H , 55° 31 .9 31 .4 5 .35  b 0 .40 7 5 7 “
H SB M 0 0 7 .9 7 “ 0.56 4 1 7 '

1 R esidues a f te r  2 hou rs’ ethanolic  ex trac tion  o f RSBM u n d er condition  listed  w ith in  table.
2 RSBM ind ica tes raw  soybean m eal; HSBM, h eated  soybean m eal.
3 TIU ind ica tes trypsin  in h ib ito r u n its ; ChIU, chym otrypsin  inh ib ito r units.
4 P ro te in  level 17% , 10 L eghorn ch ick s/rep lica te , du ra tio n  of tr ia l, 7 days.
5 All groups n o t designated  w ith  the  sam e le tte r (w ith in  the  tr ia l)  a re  sta tis tica lly  d ifferent a t 5% level.
6 P ro te in  level 22% , 10 L eghorn ch ick s/rep lica te , du ra tio n  of tr ia l, 10 days.
7 P ro te in  level 22% , 20 Leghorn ch ick s/rep lica te , du ra tion  of tr ia l, 10 days.
3 P ro te in  level 25% , 20 N ew  H am pshire  ch icks/rep lica te , d u ra tio n  of tr ia l, 10 days.

Fig. 3 Effect o f ethanol-extracted raw soybean m eal, as protein source in  the diet of chicks, on 
the proteolytic activity in  the sm all intestine, (a )  Extraction w as performed at 25°; ( b )  extrac
tion w as performed at 55°. The protein sources were RSBM (open c ircles), HSBM (so lid  c ircles), 
RSBM extracted w ith 80% ethanol (so lid  squares), and RSBM extracted w ith 60% ethanol (solid  
triangles).
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is significantly superior to that of RSBM. 
Extraction with 80% ethanol removed or 
destroyed approximately 50% of the tryp
sin-inhibiting activity, and extraction with 
60% ethanol, about 90%. As shown in 
table 7 by trials 6 and 7, EERSBM ex
tracted with 60% ethanol at 55° caused 
only a small pancreas hypertrophy, and 
no inhibition of proteolytic activity in the 
small intestine was noted, but the growth 
rate was significantly lower than that 
caused by the HSBM diet.

Ethanol-extracted soybean meal, pre
pared by extraction with 80% ethanol at 
55°, caused a greater pancreas hyper
trophy, a lower growth rate and a partial 
inhibition of the proteolytic activity in the 
small intestine as compared with EERSBM 
prepared by 60% ethanol at 55°, but was 
significantly different from RSBM.

Growth trials with chicks fed the HSBM 
diet supplemented with the insoluble dry 
residue of 80% ethanolic extract (pre
pared at 25° or 55°) as the only protein 
source, showed no difference in growth 
rate, in pancreas hypertrophy nor in pro
teolytic activity in the small intestine as 
compared with the chicks fed HSBM diets. 
(The 80% ethanolic extract contained no 
trypsin- or chymotrypsin-inhibiting activ
ities.)

DISCUSSION

The results of the experiments with the 
two pure and different soybean trypsin in
hibitors (7-9) demonstrate clearly that 
both of them cause a pronounced pancre
atic hypertrophy in chicks and rats (table
5). This hypertrophy is accompanied only 
by a slight growth depression of the ani
mals, as also observed in other investiga
tions with partially purified preparations 
or with the Kunitz (7) crystalline soybean 
trypsin inhibitor (15, 16). This substan
tiates the assumption that pancreatic hy
pertrophy caused by trypsin inhibitors does 
not imply animal growth depression. The 
observations of Saxena et al. (5) that 
pancreatic hypertrophy is caused by soy
bean meal fractions devoid of trypsin- 
inhibiting activity does not rule out the 
possibility that other soybean proteins are 
also able to produce this phenomenon.

A pronounced difference between inhib
itor AA and CSBTI was noted in their

effect on the proteolytic activity in the 
small intestine. CSBTI-supplemented diets 
did not cause any inhibition of the proteo
lytic activity in the small intestine where
as A A did. This difference may be attrib
uted to the following: (a) CSBTI possesses 
only approximately 8% of the specific 
activity of AA toward chymotrypsin (9);
(b) CSBTI is generally less stable than AA 
as indicated by its inactivation while incu
bated in acidic medium or with pepsin (8,
17), as well as by the varying activities of 
the crystalline commercial preparations 7; 
and (c) CSBTI was given in a smaller 
amount than AA on an activity basis 
(TIU/g diet).

The comparative effects of the addition 
of pure soybean trypsin inhibitors on 
growth, as expressed in the various growth 
experiments, are summarized in the form 
of an index in table 8. The HSBM diet was 
taken as 100. The growth impairment 
caused by trypsin inhibitors added to 
HSBM diets was rather small as compared 
with diets that contained RSBM or RSBM 
—HSBM (1:2) and had the same range of 
trypsin-inhibiting activity. The RSBM con
tains, possibly, another heat-labile fac
to rs ) , which also remains in the RSBM 
residue after extraction at pH 4.2 (6), and 
causes growth impairment. This possibility 
was pointed out previously by Hayward 
et al. (18), who concluded that RSBM con
tains some “unavailable essential protein 
factor,” and was reported again by Lep- 
kovsky et al. (19) on the basis of their 
study of intestinal proteolysis of chicks 
given RSBM and HSBM meals for different 
lengths of time. These investigators have 
pointed out that such “unavailable pro
tein” can be also formed in the intestine 
through trypsin inhibitors from the raw 
soybean meal, the endogeneous protein or 
both, which is in agreement with the ob
servations of Bielorai and Bondi (20), and 
of de Muelenaere (21). The possibility, 
however, that the combination of the 2 in
hibitors or their association with other 
proteins in the intact raw meal is respon
sible for growth impairment, should not 
be ruled out.

Two inhibitory, growth-impairing mech
anisms resulting from RSBM in the diet 
may therefore be suggested.

7 See footnote 5.
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TABLE 8
Index of comparative influence of trypsin inhibitors on growth rate of chicks and rats1

Protein source 2 
in diet

Trial no.
1 3 2 4 2 5 2 6 2 7 3 8 39

HSBM 100 100 100 100 100 100 100
HSBM +  C SB T I10 97 91 — — — — —

HSBM +  AA 10 94 84 87 86 96 90 81
HSBM +  AA 11 — — — 81 78 — —
HSBM +  RSBM ( 2 : 1 ) 76 71 62 72 40 80 75
RSBM 46 41 22 40 16 51 40

1 R esults are tak en  from  tab les 4, 5 an d  6.
2 HSBM ind ica tes h eated  soybean m eal; CSBTI, c ry sta lline  K unitz soybean trypsin  in h ib ito r u n its ; 

RSBM, raw  soybean m eal; AA, in h ib ito r AA.
2 Chicks, p ro te in  level 25% , supplem ented  w ith  m ethionine.
4 Chicks, pro tein  level 25% , supplem ented  w ith  m ethionine.
5 Chicks, pro tein  level 25% , no  m eth ion ine  supplem ent.
6 Chicks, p ro te in  level 15% , supp lem ented  w ith  m ethionine.
2 Chicks, p ro te in  15% , no  m eth ion ine  supplem ent.
8 M ale ra ts , p ro te in  level 10% , supplem ented  w ith  m ethionine, 
s Fem ale ra ts , p ro te in  level 10% , supplem ented  w ith  m ethionine, 

to 5.5 m g in h ib ito r/g  HSBM. 
ii 16.5 m g in h ib ito r/g  HSBM.

(a) The trypsin inhibitors stimulate 
pancreatic hypertrophy and synthesis of 
proteolytic enzymes, thus increasing the 
requirements for amino acids and loss of 
endogenous nitrogen. Furthermore, the 
trypsin inhibitors inhibit directly the pro
teolysis in the small intestine, especially 
shortly after ingestion and digestion of 
RSBM, before the increased synthesis 
and secretion of pancreatic enzymes is 
achieved (19, 22, 23). The fact that the 
inhibition of proteolysis is found mainly 
in chicks but not in rats and mice 
((24) and fig. 1) may be attributed to 
the loss of trypsin-inhibiting activity of 
CSBTI due to the peptic digestion in rats 
and mice (6, 8, 17).

(b) RSBM contains a protein fraction, 
which becomes digestible only after heat
ing, as may be deduced from indirect evi
dence such as lower digestibility of 
RSBM (19,25,26) or greater growth im
pairment caused by RSBM diets as com
pared with HSBM diets supplemented with 
inhibitors (table 8). This possibility should 
not be ruled out even when the assumption 
concerning the presence of an additional, 
hitherto unknown, growth-impairing fac
tor in RSBM is verified.

It appears that mechanism a plays a 
rather small role as compared with me
chanism b. This is more obvious for chicks 
than for rats as the growth-impairing ef
fect of inhibitor AA was more pronounced 
on rats than on chicks.

Methionine supplementation (table 8, 
see also trial 2) did not change the 
relative growth impairment caused by 
HSBM+AA diets, whereas the addition of 
methionine to RSBM diets, especially to 
those of lower protein content, decreased 
the relative growth impairment. It should 
be noted that the apparent digestibility 
of methionine in raw and heated soybean 
meal for rats (25) and chicks (26) is 
similar to that of total nitrogen; however, 
since the digestibility of RSBM is lower 
than that of HSBM (19, 25, 26) the 
methionine, which is the most-limiting 
amino acid in soybean meal, becomes 
especially critical in RSBM.
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Mobilization of Liver Vitamin A  in Sheep 1,2

G. E. MITCHELL, JR., C. 0 . LITTLE, H. B. SEWELL 3 a n d  B. W. HAYES
Department of Animal Sciences, University of Kentucky,
Lexington, Kentucky

ABSTRACT Six ram  lam bs were injected  intravenously w ith vitam in A acetate 
labeled w ith tritium . Liver was sam pled by aspiration biopsy after 5, 33 and 61 days 
and then at 14-day intervals until 187 days after injection. Jugular blood w as sam pled  
frequently for the first 5 days and at the tim e of each liver biopsy. Feces and urine 
were collected for the first 5 days and for a 24-hour period im m ediately prior to each  
liver biopsy. Ether extracts o f serum collected 5 m inutes after dosing accounted for 
only 5.16% of the injected radioactivity. Liver vitam in A reserves decreased from  
260 /tig/g o f liver at 5 days to 89 Mg/g at 89 days. Radioactivity decreased a propor
tionate am ount during this period. Depletion from  the liver w as then stopped by 
vitam in A supplem entation. A half-tim e of 75 days w as calculated from  the decrease 
in  the specific activity of liver v itam in A betw een 89 and 187 days. Detection of radio
activity in  all blood sam ples supported the conclusion that there was continuous turn
over of v itam in A stores. Ether extracts o f feca l sam ples contained traces o f radio
activity. Radioactivity w as not detected in  urine.

Since the liver is the primary storage 
site for vitamin A, liver vitamin A stores 
are widely used to evaluate the vitamin A 
status of animals and their ability to com
pensate for a dietary deficiency. An im
proved understanding of the processes in
volved in the deposition and removal of 
vitamin A from the liver would increase 
the usefulness of such evaluations. Several 
workers have studied changes in vitamin 
A stores during periods of vitamin A deple
tion or following vitamin A therapy (1); 
however, little attention has been given to 
the stability of vitamin A reserves when 
total vitamin A storage is not changing. 
The results of preliminary experiments 
conducted at this station suggest continu
ous removal of vitamin A from the livers 
of rats fed adequate carotene and vitamin 
A to maintain total stores of vitamin A at 
a constant level. The experiment reported 
here was designed to extend this observa
tion to sheep and to provide an estimate 
of turnover time.

EXPERIMENTAL PROCEDURE

Six crossbred ram lambs, averaging 
32 kg, were fed green leafy alfalfa hay for 
60 days before each received an intrajugu
lar injection of 4.8 mg of vitamin A acetate 
labeled with 384 uCi of tritium attached to 
the carbons on either side of the second 
double bond from the ester end 4 suspended

in 4 ml of 20% aqueous polyoxyethylene 
sorbitan monooleate (Tween 80) by the 
procedure of Bieri (2). Although the sheep 
were fed ground alfalfa hay ad libitum, a 
continuous decrease in liver vitamin A 
stores occurred during the first 75 days 
after treatment. In order to stop this de
pletion, ground shelled corn supplemented 
with vitamin A palmitate was added to the 
hay. A daily allowance of 726 g of com/ 
sheep supplied 770 ng of the supplemental 
vitamin A, which was about 150% of NRC
(3) recommendations.

Jugular blood was sampled 5, 15 and 
30 minutes and 1, 3 and 6 hours after 
injection of the labeled vitamin A acetate. 
The first 4 samples were taken from the 
jugular vein that had not received the 
injection. Subsequent blood samples were 
collected once daily for the first 5 days and 
at the time of each liver biopsy. Feces and 
urine were collected and sampled daily for 
the first 5 days and for a 24-hour period 
immediately prior to each liver biopsy. * 51

Received fo r p ub lica tion  Ju n e  13, 1966.
1 The investiga tion  reported  in  th is  p ap e r (no . 66-5-

51) is  in  connection  w ith  a project of the  K entucky 
A gricu ltu ra l E xperim ent S tation  an d  is pub lished  w ith  
the  approval of the  D irector.

2 T h is investiga tion  w as supported  in  p a r t  by Public 
H ealth  Service R esearch  G ran t no. AM 08355-02 from  
th e  N atio n a l In stitu te  of A rth ritis  an d  M etabolic 
Diseases.

3 P resen t address: U niversity  of M issouri, Colum bia, 
M issouri.

4 P repared  an d  donated  by H offm ann-La Roche, Inc., 
N utley , New Jersey.

J. N u t r it io n , 9 1 : ’6 7 3 7 1



372 G. E . M IT C H E L L , J R .,  C. O. L IT T L E , H . B. S E W E L L  AND B. W . HAY ES

Liver samples were taken by the aspiration 
biopsy technique of Dick (4) 5, 33 and 61 
days after treatment, and then at 14-day 
intervals until the study was terminated. 
Samples were stored at — 20° until they 
were analyzed.

Serum was extracted by the method of 
Kimble (5). Liver and fecal samples were 
saponified and extracted as described by 
Gallup and Hoefer (6). Vitamin A in the 
extracts was determined with trifiuoro- 
acetic acid as described by Dugan et al.
(7 ) . Radioactivity determinations were 
made with a liquid scintillation counter.5 
Duplicate 1-ml aliquots of petroleum ether 
extracts were combined with 15-ml por
tions of a scintillator solution containing 
4 g 2,5-diphenyloxazole (PPO) and 50 mg 
1,4-di 2-(5-phenyloxazolyl)-benzene (POP 
OP) per liter of toluene. Larger volumes 
of low activity extracts were evaporated to 
dryness and redissolved in 1 ml of petro
leum ether. Urine was assayed for radio
activity by the method of Langham et al.
(8) . Background determinations were made 
with reagent blanks, and counting efficien
cies were determined by adding tritiated 
toluene to the samples and recounting.

Separations of vitamin A alcohol and 
vitamin A ester were conducted by the 
procedure of Thompson et al. (9).

RESULTS AND DISCUSSION

Recovery of tritium activity from ether 
extracts of periodic serum samples is pre
sented in table 1. When total blood vol
ume was estimated as described by Dukes
(10), radioactivity in the serum 5 minutes 
after injection represented 5.16% of the 
dose. This diminished to 0.31% by the 
fifth day. Rapid disappearance of vitamin 
A acetate injected intravenously into 
calves, rats and rabbits was noted by Kon 
et al. (11) and was confirmed in rats and 
rabbits by Pollard and Bieri (12). Dis
appearance of vitamin A from the blood 
could have resulted from its removal by 
the liver, its use by tissues, or its destruc
tion. Pollard and Bieri (12) reported that 
up to one-half of the vitamin A acetate 
injected into rats was destroyed within 5 
minutes. In studying possible mechanisms 
for this destruction, they found that hemo- 
lyzed blood cells would destroy vitamin A 
in vitro.

TABLE 1
Radioactivity in serum of sheep following 

intravenous injection of labeled 
vitamin A 1

Time
after

treatment
Tritium
activity

5 m inutes
dpm/ml
28,659

30 m inutes 21,771
1 hour 14,058
1 day 6,071
5 days 1,419

33 days 297
61 days 274
75 days 130
89 days 394

103 days 66
117 days 61
131 days 96
145 days 33
159 days 232
172 days 48
187 days 33

i 384 /iCi in  4.8 m g of tritium -labeled  v itam in  A 
acetate.

Only 70% of the activity in serum sam
ples could be recovered from alumina col
umns. When compared with 90 to 98% 
recoveries for both vitamin A and tritium 
activity from chromatographed liver ex
tracts, this low recovery suggests that an 
appreciable portion of the radioactivity in 
ether extracts of serum samples was asso
ciated with molecules other than vitamin 
A esters and vitamin A alcohol. About 
83% of the activity recovered from the 
column was associated with the alcohol 
fraction within 5 minutes. This rapid ap
pearance of the recovered activity in the 
alcohol fraction suggests rapid hydrolysis 
of vitamin A acetate.

No radioactivity could be detected in 
ether extracts of urine samples, which 
agrees with the report that no vitamin A 
is present in the urine of rats (14). An 
attempt to measure total radioactivity of 
the urine by the method of Langham et al.
(8) was not successful. Counts were er
ratic and counts of urine from untreated 
sheep were equal to or in excess of sample 
counts. Traces of radioactivity were de
tected in ether extracts of only a few fecal 
samples.

Data on storage of vitamin A and radio
activity in the liver are shown in table 2. 
Storage of tritium activity in the liver was

5 B aird Atomic Model 745.
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TABLE 2

Vitamin A and radioactivity in livers of sheep 
after injection with labeled vitamin A 1

Days
after

treatment
Vitamin A Tritium

activity

H9/9 102 dpm/g
Period of vitam in A depletion

5 260 ± 5 9  2 299 ± 3 0
33 203 ± 4 3 223 ± 1 1
61 124 ± 3 0 1 4 3 ±  17

Period of vitam in A supplem entation
75 95 ± 2 9 93 ± 4
89 89 ±  17 93 ± 1 0

103 89 ± 1 6 75 ± 3
117 91 ± 3 6 5 9 ±  11
131 105 ± 4 0 64 ± 5
145 65 ± 1 6 51 ± 3
159 75 ± 7 0 37 ±  10
172 70 ± 1 3 40 ± 1 5
187 66 ± 2 2 28 ± 5

1 384 itCi in  4.8 m g of tritium -labeled  v itam in  A 
acetate.

2 M eans ±  s e .

adequate for the study of possible turn
over; however, there was a marked and 
sustained depletion of vitamin A from 5 to 
89 days after treatment. Tritium activity 
decreased at a similar rate. Stress from 
liver biopsies and confinement to metabo
lism crates may have contributed to the 
rapid depletion of fiver vitamin A stores. 
Since the sheep were receiving high qual
ity alfalfa hay, the depletion suggests im
pairment in their ability to convert car
otene to vitamin A but could have been 
caused by carotene destruction prior to 
feeding.

Supplementation with ground shelled 
corn and vitamin A was started 68 days 
after treatment in order to stop depletion 
of vitamin A from the fiver. A stabiliza
tion period of 21 days was allowed and the 
data collected between 89 and 187 days 
were selected for the estimation of turn
over rate. Although the levels of vitamin 
A in the fiver during the first and second 
half of the vitamin A supplementation 
period (table 2) are not significantly dif
ferent, an apparent decrease in fiver vita
min A occurred between day 131 and day 
145. Reasons for this decline are not evi
dent. It may have resulted from errors 
inherent in sampling from a local area of 
the fiver by biopsy or to differences in vita
min A storage in different areas of the

fiver. The apparently continuous decrease 
in tritium activity in the liver and the 
detection of tritium activity in the blood 
throughout the trial, provide strong evi
dence for the continuous turnover of vita
min A stores.

Problems in estimating turnover which 
result from the apparent reduction in vita
min A stores between 131 and 145 days 
are minimized by using specific activity 
units (dpm/ug vitamin A).

The significant (P < 0.01) linear regres
sion of the log of specific activity with 
time is illustrated in figure 1. Specific ac
tivity of vitamin A in the fiver is plotted 
on a logarithmic scale against time. Zero 
day on the time scale represents the be
ginning of the turnover study or day 89 
of the experiment. The regression fine 
gives an estimated half-time of 75 days or 
a turnover time of 108 days (13).

Fig. 1 Specific tritium  activity o f liver vita
m in A stores plotted on a logarithm ic scale 
against tim e (day  89 through day 187).

These data demonstrate turnover of vita
min A stores beyond that inherent in their 
accumulation or depletion. Under the con
ditions of this experiment the half-time of 
vitamin A in the fiver was 75 days. Litera
ture values suitable for direct comparison 
with this determination are not available. 
Similar determinations for sheep under 
different experimental conditions and for 
other species should be of considerable 
interest.
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Dietary 90Sr Reductions through Food Substitutions 
in the Fruit and Vegetable Category * 1
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ABSTRACT M anagem ent of dietary practice to m inim ize intake of 80Sr by the 
hum an population requires knowledge of the relative 90Sr and calcium  contributions 
of different foodstuffs. An analysis is  presented for fruits and vegetables, a category 
generally neglected. The extent o f reduction possible depends on the nature of the 
diet and the degree of constraint im posed; for exam ple, the m axim al effect from  
m odifications in  patterns of consum ption and routine processing of fruits and vege
tables occurs w ith a diet of m inim al dairy products and am ounts to about a 40% 
reduction in  90 Sr/Ca intake. Inform ation of this type can be used in  conjunction  
w ith other practices designed to reduce radionuclide intake. This would permit an 
overall assessm ent of the potential reductions from  dietary decontam ination procedures.

The pathways of "Sr in the food chain, 
the incorporation of "Sr into man and the 
subsequent potential hazards have been 
investigated widely (1, 2). Networks of 
monitoring stations have been developed 
which give approximations of 90Sr intake 
from individual foods and total diets.2 
Foods have generally been considered in 
4 categories as far as 90Sr contribution is 
concerned: dairy products, grain products, 
fruits and vegetables, and meat, fish and 
eggs. Most emphasis has been given to 
dairy products because they have been the 
largest contributors of calcium and there
fore 90Sr to human diets in countries such 
as the United States where relatively large 
quantities of milk are consumed. Only 
small amounts of spotty data are available 
for fruits and vegetables; this is primarily 
because of the large number of individual 
products and sampling difficulties that 
must be taken into account.

The present paper treats in detail the 
role of fruits and vegetables as contributors 
of "Sr. Information of this type may be 
useful for assessment of risk to special 
population groups or for those who may 
follow dietary habits that tend to increase 
dietary levels of "Sr/Ca (for example, high 
plant food intake, minimal milk consump
tion, and minimal processing of foods). 
Such groups should be among the first to 
be considered following incidents that pro
duce increased environmental radiocon
tamination. Estimates are presented of the

reductions of "Sr intake that can be ob
tained by practical shifts of consumption 
within the fruit and vegetable category, 
with due attention being given to mainte
nance of nutritional balance.

The Federal Radiation Council has pub
lished a series of staff reports on back
ground material for the development of 
radiation protection standards.3 They range 
in scope from the development of protec
tive action guides for specific radionuclides 
to estimates of fallout levels and the health 
implications of such fallout. The Federal 
Radiation Council has concluded “that the 
health risk from radioactivity in food over 
the next several years would be too small 
to justify protective actions to limit the in
take of radionuclides either by diet modifi
cations or by altering the normal distribu
tion and use of food, particularly milk and 
dairy products” (3). They recommend that 
surveillance of the radionuclide content in 
food products be continued at levels appro
priate to the situation. The Federal Radia
tion Council has also recognized that long
term changes in agricultural practices, food
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processing and dietary habits could bring 
about reductions in the transmission of 
radionuclides to man but the annual radia
tion dose from environmental contamina
tion does not warrant such actions. If pro
tective actions should become necessary, 
the consideration of specific food categories 
such as fruits and vegetables would form an 
important part of any remedial measures.

METHODS

The proper nutrient or dietary balance 
is governed by the amounts of energy, pro
tein, vitamins and minerals. There is gen
erally little concern for providing sufficient 
calories if the diet is otherwise properly 
balanced. Fruits and vegetables are most 
important as contributors of vitamin A and 
ascorbic acid to the diet. Thus, any reduc
tion in dietary 90Sr intake by substitutions 
within this category should be accompanied 
by a maintenance of the levels of vitamin 
A and ascorbic acid. Under emergency 
conditions supplemental vitamin sources 
could be utilized if more drastic intake 
revisions were to be considered.

Analytical values of "Sr were used as 
reported by the Food and Drug Administra
tion for the raw, unwashed and unproc
essed product (4-8). As values for calcium 
were not given, the individual comparisons 
are made on a basis of 90Sr intake and 
conversions to a 90Sr/Ca basis are made 
later when considering relationships to the

total diet. It was necessary to average 
values over the 3-year period 1961-63 be
cause in no single year were enough sam
ples of different products taken to permit 
detailed analyses. Even though the nature 
of contamination was different in these 
years, the relative ranking of the various 
products as to S0Sr content was in reason
able agreement among the three sample 
periods. It was considered, therefore, that
3-year averages were satisfactory for the 
purposes of the study.

The major fruits and vegetables were 
ranked according to their 90Sr contributions 
with values also given for vitamin A and 
ascorbic acid (tables 1 and 2). Average 
90Sr levels for the 1961-63 period were 
used with average per captita consumption 
data to calculate the estimated annual 90Sr 
intake for each item (4—10). Data for vita
min intake were obtained in the same man
ner by using food composition tables (11). 
The fruits and vegetables included in these 
computations represent 85% of the total 
fruit and vegetable consumption. The 
major 90Sr contributors were oranges, pota
toes, lettuce, grapes and nuts. The primary 
sources of vitamins were cantaloupes, 
peaches, citrus, carrots, sweet potatoes, 
tomatoes, potatoes and spinach.

Two considerations were taken into ac
count for estimation of the effect of 
possible 90Sr reductions in the fruit and 
vegetable category: processing, and the

TABLE 1
S0Sr, vitamin A and ascorbic acid intake of major fruits, berries and melons 

in the United States, three-year average 1961-63

Per capita 
consumption

Estimated annual intake

s>°Sr Vitamin A Ascorbic
acid

kg/year pCi/year IU/year mg/year
Oranges 12.5 96 25,000 6,240
Grapes 2.3 67 2,300 90
Nuts 0.7 59 200 15
Peaches 6.9 42 89,600 480
Apples 10.9 38 9,800 430
W atermelons 7.1 22 42,000 500
Strawberries 1.3 22 800 780
Cranberries 0.5 16 200 60
Pears 2.2 13 400 90
Cantaloupe 3.9 11 132,000 1,280
Grapefruit 8.4 9 6,700 3,200
Cherries 1.0 6 9,500 100
Pineapple 2.7 4 1,900 460
Plum s and prunes 1.4 2 15,600 30
Apricots 0.8 1 21,300 80
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TABLE 2

s0Sr, vitamin A and ascorbic acid intake of major vegetables in the United States,
three-year average 1961-63

Per capita 
consumption

Estimated annual intake

90Sr Vitamin A Ascorbic
acid

kg/year pCi/year IV/year mg/year
Leafy vegetables:

Lettuce 9.4 73 30,900 560
Spinach 1.0 38 79,400 500
Cabbage 5.0 30 6,500 2,350
Celery 3.3 25 8,000 300
Cauliflower 0.9 3 500 690
Kale 0.1 3 5,700 100
Broccoli 0.4 3 11,000 510

Podded, root and other vegetables :
Potatoes 47.3 94 tr 9,500
Sweet potatoes 3.2 46 279,000 670
Tomatoes 13.3 35 120,000 3,060
Carrots 3.7 30 408,100 300
Onions 5.3 25 13,300 580
Green beans 3.4 24 20,600 650
Lim a beans 0.6 2 1,800 180
Other beans, dried 3.5 14 350 tr
Peas, green 2.8 16 19,000 590
Cucumbers 3.4 12 8,400 30
Beets 0.9 8 180 90
Peppers 1.2 1 4,900 1,500
Pum pkin and squash 0.3 1 3,300 50
Asparagus 0.7 1 6,200 230
Artichokes 0.1 1 180 10

balancing of 90Sr and vitamin contributors. 
Since many of these items are consumed in 
fresh form and the degree of preparation is 
unknown, it was necessary to determine 
the total reductions possible through proc
essing practices. Therefore, the quantities 
of fruits and vegetables normally consumed 
in fresh form were converted to processed- 
form equivalents. In this conversion proc
ess the effects of standard processing prac
tices on 90Sr intake totals would reflect the 
intake from an “all-processed” consump
tion pattern. The nature and magnitude 
of the 9°Sr reduction factors used in this 
conversion were obtained from studies con
ducted under actual commercial opera
tions (6, 7, 12). For those items in which 
no appropriate reduction factor was avail
able an average value of 40% was used. 
This corresponds to the reported removal 
rates which range from 20 to 60% (6). 
If conditions warranted, nearly all fruits 
and vegetables could be processed by sim-

ilar techniques in the home with about the 
same factors of reduction (13).

After the standardized reduction factors 
were used, it was necessary to develop 
some method of selecting maximal vitamin 
content and minimal "Sr contribution. 
This was done by ranking each fruit and 
vegetable according to a vitamin/"Sr selec
tion factor. These rankings determined the 
nature and direction of the transfers be
tween different fruits and vegetables and 
were calculated in the following manner: 

Selection factor =  
nutritive content (v itam ins A, C)

90Sr content (pC i 90S r/k g )
Thus, the higher the selection factor the 
more substitutable the food item insofar as 
vitamin content was concerned. Systems 
of linear equations were then used to quan
tify the actual interchangeability coeffici
ents between specific fruits or vegetables. 
Solutions to the equations in terms of con
sumption changes could then be evaluated
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for changes in 90Sr intake. For example, 
the normal intake of cantaloupes, grape
fruit and oranges would yield:

Vitam in A =  163,608 IU /year  
Vitam in C =  10,716 m g/year  
90Sr =  57 pC i/year

Deleting oranges and substituting grape
fruit or cantaloupes in the following man
ner could reduce the 90Sr intake to 26 
pCi/year :

CB (v itam in  Ag) +  Cc (v itam in  Ac) =  163,608 
Cg (vitam in  Cg) +  Cc (v itam in  Cc) =  10,716

Solving for Cg, the consumption of grape
fruit = 24.52 kg/year and for Cc, the con
sumption of cantaloupes = 4.24 kg/year. 
This would compare with normal intakes 
of 8.88 and 11.19 kg/year for grapefruit 
and cantaloupes, respectively. Similar cal
culations with apricots and grapefruit indi
cate an interchangeability coefficient of 
1.24/1.00 (apricots/grapefruit). These co
efficients can be used to determine the 
direction of substitutions among products. 
Successive eliminations or substitutions of 
this type were used to obtain the minimal 
90Sr intake.

The relative rankings of selection factors 
over the 3-year period are shown in table 3 
for vitamin A and ascorbic acid. The high
est ranked items for vitamin A were apri
cots, cantaloupes and carrots; those for 
ascorbic acid were peppers, grapefruit and 
cauliflower.

RESULTS

Tables 4 and 5 present the results of 
calculations that show the effects on aver
age annual intake of 90Sr that could be 
brought about by: (a) processing of all 
items; (b) processing plus restricted sub
stitution which emphasizes taste and pref
erence selectivity, denoted as Substitution 
1 (this substitution was made by estab
lishing sub-classes of fruits and vegetables 
on the basis of compatability and use cri
teria such as for dessert, salad, cooking, 
and snacks); and (c) processing plus 
maximal substitution without concern for 
taste or preferred usage and complete 
elimination of many items, denoted as 
Substitution 2.

TABLE 3

Relative ranking of major fruits and vegetables by selection factors (vitamin/90Sr ratio) 1

Fruits Vegetables

Vitamin A Ascorbic
acid Vitamin A Ascorbic

acid

Apples M M Leafy:
Apricots H M Broccoli H H
Cantaloupes H H Cabbage L M
Cherries M H Cauliflower L H
Cranberries L L Celery L L
Grapefruit M H Kale M M
Grapes L L Lettuce M L
Nuts L L Spinach H L
Oranges M H Other:
Peaches H M Artichokes L M
Pears L L Asparagus H H
Pineapple M H Beets L L
Plum s and prunes H L Carrots H L
Strawberries L M Cucumbers M L
W atermelon H M Green beans M M

Lima beans M H
Other beans, dried L L
Onions L M
Peas, green M M
Peppers H H
Potatoes L H
Pum pkin and squash M M
Sweet potatoes H L
Tomatoes H H

1 Selection fac to rs (v ita m in /90Sr ra tio ):
V itam in A: h igh  (H )  = 3 0 ,0 0 0  to 2,000; m edium  (M ) = 2 ,0 0 0  to 400; low (L ) = 4 0 0  to 0. 
Ascorbic acid : h igh  (H )  =  1,200 to 100; m edium  (M ) =  100 to 15; low (L )  =  15 to 0.



TABLE 4
Effect of various processing and substitution practices on S0Sr intake in the United States,

three-year average 1961-63
90Sr intake

Fruits
Average

Average 
if  all

Average under 
substitution i

processed 1 2
pCi/year pCi/year pCi/year pCi/year

Apples 38 18 9 —

Apricots 1 1 3 5
Cantaloupe 11 7 7 8
Cherries 6 6 7 —

Cranberries 16 13 — —

Grapefruit 9 6 12 20
Grapes 67 22 8 —
Nuts 59 59 — —

Oranges 96 44 25 17
Peaches 42 26 13 —

Pears 13 12 6 —
Pineapple 4 3 3 —
Plum s and prunes 2 2 5 3
Strawberries 22 16 18 —
W aterm elon 22 14 7 —

Total fruits 408 249 123 53

Reduction, % 39 70 87

1 S ubstitu tion  1 classifies f ru its  and  vegetables in to  use, taste , and  preference sub-categories so 
th a t  d ie tary  changes are in  accord w ith  no rm al practices. Substitu tion  2 uses m ax im al possible 
reductions w ithou t concern  fo r ta s te  or p reference criteria.

TABLE 5
Effect of various processing and substitution practices on 90Sr 

three-year average 1961-63
intake in the United States,

90Sr intake

Vegetables
Average

Average 
if  all 

processed

Average under 
substitution i
1 2

pCi/year pCi/year pCi/year pCi/year
Leafy:

Broccoli 3 3 9 34
Cabbage 64 30 12 35
Cauliflower 5 3 2 —
Celery 42 25 8 —
Kale 3 3 10 ---
Lettuce 136 73 24 —
Spinach 38 38 13 —

O ther:
Artichokes 1 1 — —
Asparagus 2 1 7 —
Beets 10 8 4 —
Carrots 35 30 46 56
Cucumbers 15 12 4 —

Green beans 39 24 8 —
Lim a beans 2 2 1 —
Other beans, dried 14 14 4 —
Onions 40 25 10 ----
Peas, green 19 16 19 —
Peppers 2 1 4 2
Potatoes 216 94 97 94
Pum pkin and squash 1 1 1 —
Sweet potatoes 66 46 16

21Tomatoes 36 35 37
Total vegetables 789 485 336 242

Reduction, % 38 57 69

i Substitu tion  1 classifies f ru its  an  vegetables in to  use, taste , and  preference sub-categories so 
th a t  d ietary  changes are in  accord w ith  no rm al practices. Substitu tion  2 uses m ax im al possible 
reductions w ithou t concern  fo r tas te  or preference criteria .
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Data in tables 4 and 5 show that process
ing alone could cause a reduction of about 
40% in 90Sr intake from fruits and vege
tables; restricted substitution in addition 
to complete processing, a reduction of 70 
to 90%.

Table 6 presents a summary of the over
all effects of the modifications proposed. 
It is noted that the initial losses in total 
bulk from a farm weight basis to an all- 
processed form averaged about 19%, 
whereas losses under Substitutions 1 and 
2 averaged 29 and 44%, respectively. 
Total intake of both vitamin A and ascorbic 
acid remained at the same relative levels 
for all modifications. Calcium intake was 
reduced by 17% during the processing and 
preparation activities. Substitutions 1 and 
2 brought about reductions in calcium in
take of 37 and 44% , respectively. In terms 
of total diet the calcium reductions are 
considered insignificant. However, the re
ductions in "Sr intake from 1197 pCi/year 
to 734 by processing and to 459 and 295 
pCi/year through Substitution 1 and 2 are 
relatively larger, representing a maximal 
75% reduction in 90Sr intake from fruits 
and vegetables.

Similarly the 90Sr/g Ca ratio was reduced 
from 27.7 to 19.8, 16.9 and 12.2 pCi by the 
mechanism of processing and the two sub
stitution exchanges.

DISCUSSION

Since fruits and vegetables are only one 
of the major food categories it is necessary 
to examine the effect of these changes on 
the total diet. Table 7 shows the results of 
such changes for a diet representing the 
New York City area. The major diet cate
gories are shown with their 90Sr and cal
cium contributions. The category for fruits 
and vegetables has been listed separately 
to show the differences in intake arising 
from processing and substitution practices. 
Total diet summaries are presented under 
each of the conditions considered for the 
fruit and vegetable category (Substitution 
1 considering the taste and preference cri
teria and Substitution 2 considering the 
maximal "Sr reduction). Reductions in 
total dietary "Sr intake of 13% are shown 
for processing fruits and vegetables, where
as processing coupled with substitution al
ternatives reduce the total intake by 21 
and 26% . Similar reductions occur in the

TABLE 6
Effects of various 90Sr reduction practices on consumption, calcium and 30Sr levels 

in the United States, three-year average 1961-63

In tak e  levels

U nprocessed
All

processed 1 Substitu tion  2
(fa rm  w eigh t) (edible

eq u ivalen t)

Fruit:
Total bulk, kg 78.1 62.5 54.4 44.1
Total calcium , g 13.6 11.9 9.5 8.2
Total s0Sr, pCi 408 249 123 53
90Sr/Ca, pC i/g 30.0 20.9 12.9 6.5

Vegetables:
Total bulk, kg 134.7 109.8 96.4 75.7
Total calcium , g 29.6 25.1 17.6 15.9
Total 90Sr, pCi 789 485 336 242
"Sr/C a, pC i/g 26.6 19.3 19.1 15.2

Total fruits and vegetables:
Bulk, kg 212.8 172.3 150.8 119.8
Calcium , g 43.2 37.0 27.1 24.1
90Sr, pCi 1,197 734 459 295
90Sr/Ca, pC i/g 27.7 19.8 16.9 12.2

1 Processed in  th is  con tex t refe rs to th e  s ta n d a rd  p rep ara tio n  practices com m only availab le  to 
hom em akers (a s  w ash ing  an d  peeling).

2 S ubstitu tion  1 classifies f ru its  an d  vegetables in to  use, tas te  and  preference sub-categories 
so th a t  d ietary  changes are in  accord w ith  no rm al p ractices. Substitu tion  2 uses m ax im al possible 
reductions w ithou t concern  fo r taste  or p reference criteria.
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TABLE 7
Relationship of substitution practices among 

fruits and vegetables to total annual dietary 90Sr 
intake, example for New York City area, three- 
year average 1961—63. 30

"Sr
intake 1

Calcium
intake

pCi
" S r/g Ca

Dairy products
pCi/year

3762
g/year
238.22 15.9

Grain products 1039 58.72 17.8
Meat, fish and eggs 162 44.78 3.4

Diet subtotal 4963 341.72 14.5

Fruits and vegetables (F  and V )
Unprocessed 2582 64.07 40.3
Processed 1583 53.18 29.8
Substitution 1 2 989 38.82 25.5
Substitution 2  2 636 34.63 18.4

Total diet w ith :
F and V

unprocessed 7545 405.79 19.1
F and V 

processed 6546 394.90 16.6
F and V

Substitution 1 5952 380.54 15.1
F and V

Substitution 2 5599 376.35 14.2

190Sr d eterm inations obtained  from  Tri-City Diet 
Study, H ealth  and  Safety L aboratory  F allou t P rogram  
Reports HASL-115, 1961 th rough  HASL-144, 1964. 
U.S. Atomic Energy Com m ission New York O pera
tions, N ew  York.

2 S ubstitu tion  1 classifies f ru its  an d  vegetables in to  
use, tas te  and  preference sub-categories so th a t  d ietary  
changes are in  accord w ith  no rm al practices. Sub
stitu tion  2 uses m ax im al possible reductions w ithou t 
concern fo r tas te  or p refe rence  criteria .

30Sr/g Ca level. Calcium intake under all 
conditions has been maintained at 93 to 
97% of initial levels. In addition, vitamin 
A, ascorbic acid and iron intake levels were 
also maintained well above recommended 
standards.

The effect of substituting under a non
dairy diet would produce some additional 
reductions in the 90Sr intake. However, the 
deletion of dairy products would result in 
a major calcium loss, a loss which could 
not be recovered by increases in the con
sumption of other foods. An example of 
this approach is shown in table 8 where 
dairy products have been deleted from the 
diet representing the New York City area. 
Although the net 90Sr intake has been re
duced by 46 to 67% , the calcium intake 
has also been reduced by more than 60% . 
Such a diet would require considerable 
calcium supplementation to maintain ade
quate nutrition (intake of 138-156 g cal
cium, whereas recommended diet levels 
are 290-510 g depending on the age of

TABLE 8
Example of substitution practices among fruits 

and vegetables for a non-dairy diet, New York 
city area, three-year average 1961-63

"Sr
intake 1

Calcium
intake

pCi
"Sr/g Ca

Grain products
pCilyear

1039
g/year

58.72 17.8
Meat, fish and eggs 162 44.78 3.4

Diet subtotal 1201 103.50 11.6

Fruits and vegetables (F  and V )
Unprocessed 2582 64.07 40.3
Processed 1583 53.18 29.8
Substitution 1 2 989 38.82 25.5
Substitution 2 2 636 34.63 18.4

Total diet w ith:
F and V

unprocessed 3783 167.57 22.6
F and V 

Processed 2784 156.68 17.8
F and V

Substitution 1 2190 142.32 15.4
F and V

Substitution 2 1837 138.13 13.3

190Sr determinations obtained from Tri-City Diet 
Study, Health and Safety Laboratory Fallout Program 
Reports HASL-115, 1961 through HASL-144, 1964. U.S. 
Atomic Energy Commission New York Operations, 
New York.

2 Substitution 1 classifies fruits and vegetables into 
use, taste and preference sub-categories so that dietary 
changes are in accord with normal practices. Sub
stitution 2 uses maximal possible reductions without 
concern for taste or preference criteria.

the subject). Supplemental additions of 
inorganic calcium could be used to further 
reduce the MSr/g Ca level but such prac
tices must await the proper medical in
vestigations before being available for 
general usage.
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Evidence that Creatine May Be One Factor in the Low 
Transamidinase Activities of Kidneys from 
Protein-depleted Rats * 1

JOHN F. VAN PILSUM, DORRIS TAYLOR a n d  J .  R. BOEN
Departments of Biochemistry and School of Public Health, Biometry 
Division, University of Minnesota Medical School,
Minneapolis, Minnesota

ABSTRACT Experim ents were carried out in  an attempt to determ ine whether 
high tissue levels of creatine are a factor in  the low  transam idinase activities of kid
neys from  rats fed a protein-free diet. Rats were killed at varying lengths of time 
after having been fed a protein-free diet and 7 days after having been fed  a com plete 
diet supplem ented w ith  creatine. Kidney transam idinase activities, in  vitro, and the 
am ounts o f creatine in  the blood and kidneys of the rats were determined. Two 
separate and distinct phases in  the loss of kidney transam idinase activity were ob
served in  the rats fed  the protein-free diet. These phases were separated by a period 
of tim e during w hich the enzym e values rem ained constant. The am ounts o f creatine 
in  the blood and kidneys were norm al in  the first phase but in  the second phase 
were sim ilar to those observed in  rats fed  com plete diets supplem ented w ith sufficient 
creatine to result in  low  kidney transam idinase activities. Elevated tissue levels of 
creatine were probably not a factor in  the first phase but are suggested as a pos
sible factor in  the second phase.

A large number of enzyme activities 
have been measured in tissues from ani
mals fed diets deficient in protein or cer
tain essential amino acids. Tissues from 
animals fed the deficient diets usually have 
lower enzyme activities, in vitro, than tis
sues from animals fed complete diets. The 
mechanisms of the alterations of the en
zyme activities have for the most part re
mained obscure. Recent observations about 
rat kidney transamidinase have made 
it possible to investigate a possible reason 
for its alteration in protein depletion.

Kidneys from rats fed a protein-free diet 
have only a fraction of the transamidinase 
activities, in vitro, as kidneys from rats 
fed a complete diet (1-6). It appeared 
possible that elevated creatine levels may 
be a factor responsible for the low activ
ities of kidneys from protein-depleted rats. 
Creatinuria has been observed in rats fed 
a protein-free diet (7). Kidneys from rats 
fed complete diets supplemented with 
creatine have much lower transamidinase 
activities than kidneys from rats fed the 
unsupplemented diets (4-6, 8-11).

Rats were killed at varying lengths of 
time after having been fed a protein-free 
diet. Also, rats were killed 7 days after 
having been fed a complete diet supple

mented with varying amounts of creatine. 
Kidney transamidinase activities, in vitro, 
and blood and kidney levels of creatine 
were determined.

METHODS

Male rats of the Holtzman strain, 100 g, 
were housed individually and fed a com
plete purified diet that was a modification 
of a diet published previously (12). The diet 
contained: (in grams),2'3 casein, 20; corn
starch, 53.7; corn oil, 20; salt mixture USP 
XIV, 4; DL-methionine, 0.25; and vitamin 
mixture, 1 or 2 g. Vitamin mixture A was 
used at the level of 2 g/100 g diet; and 
vitamin mixture B at the level of 1 g/100 g

Received fo r p ub lica tion  Ju n e  2, 1966.
1 These studies w ere supported  in  p a r t by Public 

H ealth  Service R esearch G ran t no. A-2731 from  the 
N atio n a l In s titu te  of A rth ritis  and  M etabolic Diseases.

2 Casein, sa lt m ix tu re  USP XIV, DL-methionine, and 
v itam in  m ix ture  A w ere ob tained from  N u tritio n a l 
B iochem icals Corporation, Cleveland. The v itam in  
m ix tu re  w as tr itu ra te d  in  dextrose, an d  1 kg of the 
v itam in  m ix tu re  con ta ined  the  follow ing: ( in  g ram s) 
v itam in  A cone (200,000 u n i ts /g ) ,  4.5; v itam in  D 
cone (400,000 u n its /g ) , 0.25; a-tocopherol, 5.0; ascorbic 
acid, 45.0; inositol, 5.0; choline chloride, 75.0; m en" 
adione, 2.25; p-am inobenzoic acid, 5.0; n iac in , 4.5; 
riboflavin, 1.0; pyridoxine-H C l, 1.0; th iam in e  -HC1, 1.0; 
Ca pan to th en a te , 3.0; ( in  m illig ram s) b io tin , 20; folic 
acid, 90; an d  v itam in  B 12, 1.35.

3 Casein, sa lt m ix tu re  USP XIV, DL-methionine, and 
v itam in  m ix ture  B w ere ob tained from  G eneral Bio
chem icals, Inc., C hagrin  Falls, Ohio. The v itam in  m ix
tu re  w as tr itu ra te d  in  co rnstarch  an d  0.454 kg of the 
v itam in  m ix tu re  con tained  the  sam e am ounts of v ita 
m ins as in  1 kg of v itam in  m ix tu re  A.

J. N u t r it io n , 9 1 :  ’67 3 8 3
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diet. The protein-free diet was identical 
with the complete diet with the exception 
that the casein was replaced with an equal 
weight of cornstarch. All rats had access 
to the complete diet and water, ad libitum, 
for 2 weeks prior to being fed the experi
mental diets so that they would have uni
formly high levels of transamidinase ac
tivity in their kidneys. The rats had access 
to the experimental diets, ad libitum. The 
rats were decapitated and the blood was 
collected in beakers containing potassium 
oxalate. The kidneys were saved for the 
analysis of creatine and transamidinase. 
A 5% homogenate of the kidneys was 
made in distilled water with a Potter- 
Elvehjem homogenizer; 0.5-ml aliquots of 
the homogenate were used for transami
dinase activities, in vitro. The procedure 
was as published previously (1) with the 
modification that the glycine and arginine 
were dissolved in 0 .0 9 9  m  phosphate 
buffer, pH 7.4. The total nitrogen 
was determined by a micro-Kjeldahl proce
dure (13), and the transamidinase activ
ities were expressed as micrograms of 
guanidinoacetic acid formed per milligram 
of kidney nitrogen per hour. Protein-free 
filtrates of the kidney homogenates were 
made by adding to 3 ml of 5% kidney 
homogenate 5 ml of H»0, 3 ml of 10%  
sodium tungstate and 3 ml of 2/3 n  H=S04. 
The protein-free filtrates of the blood (7) 
and kidney were neutralized to pH 5-7 
and used for the determination of creatine
(14).

Each dot on all figures represents an 
individual value. In figures 1-6 the fines 
were drawn through the averages of the 
individual values.

RESULTS AND DISCUSSION
The effects of the length of time of the 

feeding of a protein-free diet on kidney 
transamidinase activities, in vitro, and 
blood and kidney creatine levels were deter
mined. A group of 40 male rats of the 
Holtzman strain, weighing approximately 
100 g, was fed a complete purified diet for 
2 weeks. The rats, then weighing approxi
mately 170 g, were then fed the protein-free 
diet. A group of 5 to 6 rats was killed each 
day beginning on the last day of the com
plete dietary regimen and ending on the

sixth day after initiating the protein-free 
diet. The transamidinase activities of kid
neys from these rats are shown in figure 1. 
The fine was drawn through the means of 
the daily transamidinase activities. There 
was a decline of transamidinase activities 
with time fed the protein-free diet except 
for the period between days 3 and 4. Three 
similar additional experiments have been 
conducted and the patterns of the graphs 
were nearly identical to the pattern in fig
ure 1 in that the decline of enzyme activ
ities on days 1 to 3 and 5 to 6 was sepa
rated by a period of time (days 3 to 4) in 
which the activities remained relatively 
constant. The slopes (±  1 s e ) of the fitted 
least-squares fines for each of the 3 phases 
in transamidinase activities for all 4 ex
periments are listed in table 1. A com
bined one-sided P-value (15) for the null 
hypothesis that each regression curve is a 
level fine between days 3 and 4 against 
the alternative hypothesis that it is a de
clining fine is 0.44; thus it would not be 
rejected by a test of hypothesis.

The amounts of creatine present in the 
kidneys from the rats fed the protein-free

Length of Time Fed the Diet (Days}

Fig. 1 Transamidinase activities of kidneys 
from rats fed a protein-free diet for varying 
lengths of time.
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TABLE 1
Slopes of the fitted least squares lines for kidney transamidase activities of rats 

fed a protein-free diet for varying lengths of time

Exp.
no.

Days fed protein-free diet
1 to 3 df 3 to 4 df 5 to 6 df

i  (fig. i ) - 0 .1 9 0  ± 0 .0 7 1  1 14 0.007 ± 0 .4 3 10 - 0 .2 5 3  ± 0 .0 1 6 10

2 - 0 .0 7 8  ± 0 .0 1 5 12 - 0 .0 1 8  ± 0 .0 2 7 10 — 0 .1 1 8 ± 0 .0 3 5 7

3 - 0 .0 6 2  ± 0 .0 1 9 7 — 0 .0 1 7 ±  0.040 4 - 0 .0 4 3  ± 0 .0 9 7 2

4 - 0 .0 7 0  ± 0 .0 2 2 7 0.000 ± 0 .0 2 3 4 — 0.107 ±  0.047 4

1 Slopes ±  1 s e .

diet are shown in figure 2. Kidneys from 
rats fed the complete diet for 2 weeks and 
from rats fed the protein-free diet for 1 to 
4 days contained similar amounts of crea
tine — approximately 2.5 ug/mg kidney 
nitrogen. Kidneys from rats fed the pro
tein-free diet for 5 to 6 days had much 
greater amounts of creatine (6 and 10 
Mg/mg kidney nitrogen, respectively) than 
the rats fed the diet for shorter periods of 
time.

The amounts of creatine observed in the 
blood of the rats fed the protein-free diet 
are shown in figure 3. Blood from rats fed 
a complete purified diet for 2 weeks and 
rats fed a protein-free diet for 1 to 4 days

Fig. 2 Creatine in  kidneys from rats fed  a 
protein-free diet for varying lengths of time.

Length of Time Fed the Diet (Days)

Fig. 3 Creatine in  the bloods from  the rats 
fed the protein-free diet for varying lengths of 
time.

had similar amounts of creatine — approxi
mately 2 mg/100 ml. Blood from rats fed 
a protein-free diet for 5 to 6 days con
tained larger amounts of creatine (4 and 
5 mg/100 ml, respectively) than rats fed 
the diet for shorter periods of time.

The effects of feeding a complete puri
fied diet supplemented with varying 
amounts of creatine upon kidney trans- 
amidinase activities and blood and kidney 
creatine levels were determined. A group 
of 70 male rats of the Holtzman strain 
was fed a complete purified diet for 2 
weeks. The rats, then weighing approxi
mately 170 g, were fed the same diet sup
plemented with varying amounts of crea
tine (0.08 to 0.18 g/100 g diet). Each 
diet was fed to a group of 10 rats and the 
rats were killed after having been fed the
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creatine-supplemented diets for 7 days. It 
had been determined in previous experi
ments that kidneys from rats fed a crea
tine-supplemented diet had a gradual de
cline in transamidinase activities with 
length of time fed the diet for as long as 
5 to 6 days. The activities of kidneys from 
rats fed creatine-supplemented diets for 
longer periods of time remained at a con
stant low level.

The transamidinase activities of kidneys 
from the rats fed the creatine-supple
mented diets are shown in figure 4. It is 
considered that rats fed the complete diet 
supplemented with 0.10 g or more of crea
tine/100 g diet had slightly lower (P < 
0.001) enzyme activities than the rats fed 
the unsupplemented diet.

In figure 5 are plotted the amounts of 
creatine in the same kidneys from which 
the transamidinase activities were plotted 
in figure 4. The average amount of crea
tine present in the rats fed the 0.12% 
creatine-supplemented diet was approxi
mately 5 ag/mg kidney nitrogen. Although 
the average amount of creatine in the kid
neys from the rats fed the 0.12% diet was 
twice that in kidneys from rats fed the

Fig. 4 Transam idinase activities o f kidneys 
from  rats fed  a com plete diet, supplem ented with  
varying am ounts of creatine, for 7 days.

diets supplemented with smaller amounts 
of creatine, this was not a significantly 
larger amount because of the large stand
ard deviations of the values.

The amounts of creatine in the blood 
from the rats fed the creatine-supple
mented diets are plotted in figure 6. The 
blood from the rats fed the 0.12% crea
tine-supplemented diet had a significantly 
greater (P < 0.001) average amount of 
creatine (3.5 mg/100 ml) than blood from 
rats fed the unsupplemented diets (1.5 
mg/100 ml).

The data plotted in figures 1 to 6 indi
cate a considerable variation in kidney 
transamidinase activities and also in tis
sue levels of creatine — particularly in the 
later stages of protein-depletion and with 
the larger amounts of creatine in the com
plete diet. In figures 7 and 8 are plotted 
the individual blood and kidney levels of 
creatine against the kidney transamidinase 
activities noted for the rats fed the pro
tein-free diet. The decline of enzyme ac
tivities without any increase in blood and 
kidney creatine levels which occurred on 
days 1 to 3 is apparent. The decline of 
enzyme activities along with the increase

Fig. 5 Creatine in  the kidneys from rats fed  
the com plete diet supplem ented w ith varying  
am ounts of creatine.
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Creatine in Diet (g/iOOg Diet)

Fig. 6 Creatine in  bloods from  rats fed  the 
the com plete diet supplem ented w ith varying 
am ounts of creatine.

in blood and kidney creatine levels (which 
occurred on days 5 to 6) is also apparent. 
In figures 9 and 10 are plotted the data 
from the rats fed the creatine-supple
mented diets. There was a good correla
tion between high levels of creatine in the 
blood and kidney and low kidney transami- 
dinase activities.

It is believed that there were two sepa
rate and distinct phases in the loss of

transamidinase activity in protein deple
tion. There were two time periods (days 
1 to 3 and 5 to 6) in which a decline of 
enzyme activity was observed. These 
periods of decline of enzyme activity were 
separated by a period in which the enzyme 
activities remained constant (days 3 to 4). 
There was no significant increase in the 
amounts of creatine present in the blood 
and kidneys from the rats fed the protein- 
free diet during the first phase (days 1 to 
3). It was therefore concluded that crea
tine probably was not a factor responsible 
for the decline of activities during this 
time period. It is not possible to state the 
reason or factor responsible for the first 
phase in the loss of enzyme activity.

Creatine may well be a factor responsi
ble for the decline of enzyme activities in 
the second phase (days 5 to 6). Kidneys 
from rats killed after having been fed the 
protein-free diet for 5 to 6 days had sig
nificantly greater amounts of creatine in 
their blood and kidneys than observed in 
the rats killed after 1 to 4 days. Further
more, the average amount of creatine ob
served on day 5 (6  ng/mg kidney nitrogen 
and 4 m g/100 ml blood) was similar to 
the average amount present in the blood 
and kidneys from rats fed a complete diet 
supplemented with 0.12% creatine (5 ug/ 
mg kidney nitrogen and 3.5 mg/100 ml 
blood). The kidneys from the rats fed the

6
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Fig. 7 Kidney transam idinase activities and am ounts of creatine found in bloods from  
rats fed  the protein-free diet.
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0 20 40 60 80 100 120 140 160
Transamidinase ( p g Guamdinoacetic acid / mg Kidney N / Hour)

Fig. 8 Kidney transam idinase activities and am ounts of creatine found in kidneys from  
rats fed the protein-free diet.
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Fig. 9 Kidney transam idinase activities and am ounts o f creatine found in kidneys from  
rats fed the creatine-supplem ented diets.

0.12% creatine diet had significantly lower 
enzyme activities than the kidneys from 
rats fed the unsupplemented diet.

It is not known why rats fed a creatine- 
supplemented diet have low kidney trans
amidinase activities, in vitro. It has been 
reported by Walker (6) that creatine, 
added to kidney homogenate, has no ef
fect on transamidinase activities, in vitro. 
This report has been confirmed in our 
laboratories. Also it has been determined 
in our laboratories that homogenates of

kidney from protein-depleted rats do not 
inhibit normal rat kidney transamidinase 
activities. Therefore, it is not possible to 
state that the large amount of creatine in 
the blood and kidneys of rats fed the 
creatine-supplemented diets was a direct 
factor or cause of the low enzyme activ
ities. At present it can be stated only that 
there was a good correlation between large 
amounts of creatine in the blood and kid
neys and the low enzyme activities in both 
the protein-depleted rats (days 5 to 6) and
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Transamidinase ( ug Guanidinoacetic acid / mg Kidney N /  Hour)

Fig. 10 Kidney transam idinase activities and am ounts of creatine found in blood from  
rats fed  the creatine-supplem ented diet.

the rats fed a complete diet supplemented 
with creatine. It is true that the appear
ance of the large amount of creatine on 
days 5 to 6 of protein depletion may be 
coincidental with the depression of en
zyme activities. The fact that the 2 phases 
of depression of enzyme activities were 
always separated by a period (days 3 to 4) 
in which enzyme activities remained con
stant is interpreted to indicate that two 
separate and distinct factors or causes were 
involved in the loss of transamidinase in 
protein-depletion. There certainly was no 
indication that creatine was a factor in the 
decline of enzyme activities during the 
first 3 to 4 days that the rats were fed the 
protein-free diet.

A circadian periodic variation in kidney 
transamidinase activities, in vitro, has 
been reported (16). Mice, standardized 
for one week prior to sampling, in light 
from 0600 to 1800 alternating with dark
ness, have been found to have a variation 
in activities with clock hour. These varia
tions were small — the differences be
tween the maximal and minimal activities 
were approximately 15% of the mean val
ues. Not only does transamidinase have 
what is considered to be a low amplitude 
rhythm, but this rhythm can be demon
strated only after a period of light-dark 
standardization. The times of killing the 
animals in the present study were not re

corded. However, it can be stated that to 
the best of our knowledge all animals were 
probably killed between 0800 and 1200. 
Furthermore, the animals had not been 
standardized to a light-dark regimen at any 
time. It is believed that the alterations in 
the transamidinase activities observed in 
the present report were independent of any 
possible circadian periodic variation.
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Carcass Transamidinase Activities, in vitro, and Rates 
of Creatine Synthesis, in vivo, in Normal 
and Protein-depleted Rats * 1
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ABSTRACT Experim ents were conducted in  an attem pt to determine whether 
there w as any correlation between carcass transam idinase activities, in  vitro, and 
rates of creatine synthesis, in  vivo. Protein depletion w as the m ethod used to pro
duce alterations in  the transam idinase activities. Rats were fed  either com plete or 
protein-free diets for a period of 7 days and then given intraperitoneal injections of solu
tions of glucose, or arginine plus glycine. Carcass transam idinase activities, in  vitro, 
and the am ounts o f creatine and creatinine in  the urine and carcasses were deter
m ined. The difference in  the am ounts of creatine plus creatinine between the rats 
injected w ith arginine-glycine and the glucose-injected rats w as defined as the rate 
of creatine synthesis, in  vivo. There was a good correlation between rates o f creatine 
synthesis, in  vivo, and carcass transam idinase activities, in  vitro, that is, both m eas
urem ents were 2 tim es as great in the rats fed the com plete diet as in  the rats fed  
the protein-free diet.

Transamidinase activities, in vitro, have 
been observed in rat kidney, pancreas, 
heart, muscle, spleen, testes, brain, thy
mus, lung, and decidua (1-6). Kidney, 
pancreas and decidua have greater activ
ities than the other above listed tissues. 
However, the sum of the calculated total 
tissue activities of spleen, muscle, lung, 
brain and testes was similar to the sum of 
the calculated total tissue activities of kid
ney and pancreas (6). Much has been 
reported about the alteration of kidney 
transamidinase activities, in vitro, by vari
ous experimental procedures, for exam
ple, protein-depletion and creatine supple
mentation (2, 6, 7-13). There has been 
some indication that there may be little 
correlation between kidney transamidinase 
activities, in vitro, and rates of creatine 
synthesis, in vivo (14, 15).

In the present series of experiments at
tempts were made to determine whether 
there was any correlation between the 
rates of synthesis of creatine, in vivo, and 
the carcass transamidinase activities, in 
vitro. Normal and protein-depleted rats 
were given intraperitoneal injections of 
either a solution of arginine plus glycine 
or a solution of glucose. After a period of 
time (2 or 4 days), during which urine

was collected, the animals were killed and 
homogenates of their carcasses prepared. 
The transamidinase activities, in vitro, of 
the carcasses and the amounts of creatine 
plus creatinine in the urine and carcasses 
were determined. It was found that the 
amount of creatine plus creatinine in the 
carcass plus urine of the rats that had 
received injections of arginine and glycine 
was greater than in the rats that had re
ceived injections of glucose. The differ
ences in the amounts of creatine plus 
creatinine (expressed as mg creatinine/ 
100 g carcass) between the rats injected 
with arginine-glycine and the glucose-in
jected rats were defined as the rate of 
creatine synthesis, in vivo.

METHODS

Male albino rats of the Holtzman strain 
weighing approximately 100 g, were fed 
either a complete (16) or protein-free diet 
for 7 days. The protein-free diet was 
identical with the complete diet except 
that the casein was replaced with an equal 
amount of cornstarch. The rats were

Received fo r pub lica tion  Ju n e  2, 1966.
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housed in metabolism cages with access to 
food and water ad libitum, l -Arginine 
(free-base) and glycine were dissolved in 
distilled water and adjusted to pH 7.4 by 
allowing C02 gas to bubble through the 
solution. Creatine or glucose were dis
solved in distilled water. The rats were 
injected with the test solutions and were 
continued with the same diets as fed the 
first 7 days. The urine collections were 
started immediately following the injec
tions of the test solutions and were con
tinued for 2 to 4 days. The urine collection 
flasks contained toluene and a small 
amount of thymol. The rats were killed by 
intraperitoneal injections of 0.5 ml/100 g 
body weight of a solution of 50 mg/ml of 
pentobarbital sodium.2 The skins, claws, 
and tails were removed and discarded. A 
10% homogenate of the carcass (including 
viscera), in ice cold water, was prepared 
with a 3.8-liter Waring Blendor. The 
transamidinase activities, in vitro, were 
determined by incubating 2-ml aliquots of 
the carcass homogenates with 0.5 ml of a 
solution containing 25 nmoles each of 
canavanine sulfate and glycine in 0.33 m  
phosphate buffer, pH 7.4 (6). One-milli
liter aliquots of the incubation mixture 
were withdrawn prior to and after a 7- 
hour incubation period at 37° with shak
ing and with an air phase over the vessels. 
The protein in these aliquots was precipi
tated by the addition of 3 ml of 0.3 n  
Ba(OH)2 followed by 3 ml of 5% ZnSO,
(17). Two milliliters of the protein-free 
filtrate were used for the modified Saka- 
guchi color reaction (17). The guanidino- 
acetic acid formed was directly propor
tional to the time of incubation (fig. 1) 
and to the amount of carcass homogenate 
(fig. 2). The transamidinase activities 
were expressed as milligrams guanidino- 
acetic acid formed per gram (wet weight) 
of carcass per 7 hours.

To 10 ml of the carcass homogenate 
were added 170 ml of H20, 10 ml of 2/3 
n  H2SO4 and 10 ml of 10% sodium tung
state. The protein-free filtrate was ad
justed to pH 5-7 and analyzed for crea
tine and creatinine (17). To 10 ml of the 
urine were added 5 ml of 10% sodium 
tungstate, 5 ml of 2/3 n  H2S04 and 80 ml 
of H2O. The protein-free filtrate was ad
justed to pH 5-7 and analyzed for crea-

Fig. 1 Effect o f duration of incubation on 
guanidinoacetic acid form ation by norm al rat 
carcass hom ogenate. Eight m illiliters o f 10% 
rat carcass hom ogenate were m ixed w ith 2.0 m l 
of a solution containing 125 /¿moles each of 
canavanine su lfate and glycine in  0.33 M phos
phate buffer, pH 7.4. One-milliliter aliquots were 
removed prior to and after 1-hour incubation  
periods for guanidinoacetic acid analysis as u n 
der Methods. The total incubation period was 7 
hours.

Fig. 2  Effect of am ount of rat carcass ho
m ogenate on guanidinoacetic acid form ation. 
Flasks containing 0 .5 , 1 .0 , 2 .0 ,  or 3 .0  m l of rat 
carcass hom ogenate were m ixed w ith 0 .5  m l of 
a solution containing 2 5  /¿moles each of canavan
ine su lfate and glycine in  0 .3 3  m  phosphate  
buffer pH 7.4. The total volum e in  each flask 
w as m ade up to 3 .5  m l w ith  water. Incubation  
w as for 7 hours and guanidinoacetic acid analy
sis was as described under Methods.

2 N em butal, Abbott L aboratories, Inc., N orth  C hi
cago, Illinois.
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tine and creatinine (17). The creatine and 
the creatinine were both expressed as milli
grams of creatinine/100 g carcass or as 
milligrams of creatinine/100 g carcass ex- 
creted/48 hours, or as milligrams of crea- 
tinine/100 g carcass excreted/96 hours. 
The term carcass was defined as the ani
mal without skin, claws and tail. The 
viscera were included in the carcass ho
mogenate. All data are listed in table 1 as 
the average values ± the standard devia
tion.

RESULTS AND DISCUSSION

A. Fate of small doses of creatine in
fected intraperitoneally into normal rats. 
It has been reported previously that 89% 
of a large dose (227 mg) of creatine in
jected into rats was recovered as creatine 
plus creatinine (18). A group of 20 male 
albino Holtzman rats, weighing approxi
mately 100 g, were fed a creatine-free, 
complete purified diet (16) for 7 days. 
The rats were housed two to a cage with 
access to food and water ad libitum. On 
the seventh day 10 rats were given intra- 
peritoneal injections of 10 ml of an aque
ous solution of creatine, 2.6 mg/ml 
(equivalent to 2.24 mg creatinine/ml). 
The remaining 10 rats were given intra- 
peritoneal injections of 10 ml of an aque
ous solution of glucose, 2.6 mg/ml. All 
rats were killed 2 days later. The proce
dures for killing the rats and for the analy
sis of carcass and urine creatine and crea
tinine were as described in Methods.

The results are shown in table 1 (series
1). The average of the total carcass and 
urine creatine plus creatinine of the rats 
that were injected with glucose was 187 
mg creatinine/100 g carcass, and the value 
for the rats that were injected with crea
tine was 210 mg creatinine/100 g car
cass. The average carcass weight of both 
groups was 115 g; therefore the amount of 
creatine (as creatinine) recovered was 
23 X 1.15 or 26.4 mg.

Statistically, the question arises: does 
the quantity 26.4, which is the difference 
of the averages of groups 1 and 2, depart 
significantly from the target value of 22.4, 
the number of milligrams of creatine (as 
creatinine) injected? The usual calcula
tion (18) from the individual values yields 
a standard error for the sample difference

of 6.9. Hence the departure of the re
covered from the injected, 26.4 to 22.4, 
relative to the standard error is 0.43. The 
probability of a normal deviate of this 
absolute magnitude or greater arising by 
chance is 67%. Hence the values 22.4 
and 26.4 do not differ significantly. More
over, in view of the large significance prob
ability, the quantities 22.4 and 26.4 are 
statistically of the same order of magnitude 
(19).

It was believed, therefore, if the animal 
did synthesize relatively small amounts of 
creatine from the exogenous arginine and 
glycine, that the creatine would not be 
destroyed and furthermore could be de
tected by our techniques.

B. Rate of creatine synthesis in rats in
jected with arginine + glycine. Forty 
male albino Holtzman rats weighing ap
proximately 100 g were divided into 2 
groups of 20. One group was fed the com
plete diet and the other the protein-free 
diet. After the rats had been fed the diets 
for 7 days, rats from each group were 
given an intraperitoneal injection of argi
nine plus glycine or were given an intra
peritoneal injection of glucose. The solu
tions contained 50 mg glucose/ml or 40.0 
mg L-arginine (free base) and 17.5 mg 
glycine/ml. Both solutions were injected 
in amounts equivalent to 0.06 ml/g body 
weight. The animals were killed 2 days 
after the injection and the results are 
shown in table 1 (series 2 and 3). The 
total carcass and urine creatinine and 
creatine in the rats fed the complete diets 
and that received injections of glucose was 
180 mg/100 g carcass. The value for the 
rats fed the complete diet and that received 
an injection of arginine plus glycine was 
203 mg/100 g carcass. The difference be
tween these 2 values, 23 mg creatinine, 
was defined as the rate of creatine synthe
sis in the rats fed the complete diet. The 
rate of creatine synthesis in the rats fed 
the protein-free diet was 244 — 234 or 10 
mg creatinine/100 g carcass. Thus the 
estimate of the rate of creatine synthesis, 
in vivo, in the protein-depleted rats was 
10/23 or 43.5% of that in the normal 
rats.

The average transamidinase activities of 
the carcasses from the rats fed the normal 
diet (series 2, group 1 and group 2 in table 1)
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was estimated to be 0.745 mg guanidino- 
acetic acid/g kidney/7 hours, whereas the 
sample average activities for the protein- 
depleted rats (series 3, group 1 and group 
2 in table 1) was 0.362 mg guanidinoacetic 
acid/g kidney/7 hours. Thus the carcasses 
of rats fed the protein-free diet had, in 
vitro, 48.7% (that is, 0.362/0.745) of the 
transamidinase activity of carcasses from 
rats fed the complete diet.

Because of the closeness of these rela
tive rates, it was of interest to determine 
whether there was a substantial probability 
that the difference between the in vivo and 
in vitro rates, 43.5% and 48.7% , was due 
to chance. As with the previous analysis, 
the probability was obtained by referring 
to the normal curve of error the sample 
difference relative to its standard error. 
However, the calculation of the standard 
error in this situation was not routine. 
Specific notation is helpful. Let y represent 
the average creatine determination for a 
sample group of n rats. Similarly, denote 
by x  the average transamidinase activity 
for such a sample. The 4 samples in this 
experiment will be labeled in the sequence:
1) protein-depleted diet, arginine-glycine 
injection; 2) protein-depleted diet, con
trol glucose injection; 3) normal diet, 
arginine-glycine injection; and 4) normal 
diet, control glucose injection. For the in 
vivo analysis, the means are then yL =  244, 
5/2 = 234, y3 = 203, j/4 = 180, and the rate 
of creatine synthesis may be denoted by

yi — y2 (i.e., 10 in the present case) 
y 3 — y 4 2 3

The in vitro relative rate for the transami
dinase activity is

(Xi + x2)/2
(x 3 +  x4V 2

wherein xt = 0.386, x2 = 0.339, x3 = 0.758 
and Xi — 0.731 (i.e., 0.362/0.745). Hence, 
the contrast between the in vitro and in 
vivo rates is

y i — y~2 x i - f  x 2 
yi) — y< xi) +  x 4

and it is the precision of this contrast, as 
measured by the standard error, that is 
required.

Taking in account the correlation be
tween x and y in the data, the standard

error formula for the contrast, as derived 
by propagation of error theory (20) for 
non-independent precision indices (21), 
is as shown in figure 3, wherein r*m desig
nates the correlation coefficient (22) be
tween the Xi and yt values and similarly 
for the remaining correlations.

For the present data, calculation yields 
SE„„„tI.aSt = 0.17. Hence relative to this 
standard error, the difference between the 
in vitro and in vivo rates is 0.29. The prob
ability of a normal deviate of this absolute 
magnitude or greater arising by chance is 
77%. That is, the rates do not differ sig
nificantly. Thus, it is substantiated statis
tically that the closeness of the rates 48.7% 
and 43.5% represents a good correlation 
between carcass transamidinase activities, 
in vitro, and creatine biosynthesis, in vivo. 
A more detailed treatment of the statistical 
analysis of these data appears elsewhere.3

In the third experiment, 24 male Holtz- 
man rats weighing approximately 100 g 
were fed a complete diet for 10 days. 
Eleven of the rats were continued with the 
complete diet and 13 were fed a protein- 
free diet. Seven days later rats from each 
group were given intraperitoneal injections 
of 0.03 ml/g body weight of the solution 
of arginine plus glycine. The control rats 
were injected with the glucose solution. 
Each rat was given one injection per day 
for a period of 4 days. Urine was collected 
over the 4-day period in which the injec
tions were given. The results are shown 
in table 1, series 4. The amount of crea
tine synthesized from the exogenous gly
cine plus arginine in the rats fed the com
plete diet was estimated to be 259 — 219 
or 40 mg creatinine/100 g carcass. The 
rats fed the protein-free diet synthesized 
266 — 250 or 16 mg creatinine/100 g car
cass. The transamidinase activities, in 
vitro, of the carcasses from the rats fed the 
complete diet, averaged over both injec
tions, were estimated at 0.49, whereas the 
sample average activities for the protein- 
depleted rats were 0.23. Again there was 
a good correlation between carcass trans
amidinase activities and biosynthesis of 
creatine, the relative rates being 46% and 
40%, respectively.

3 M cHugh, R. B., J. F. V an P ilsum  and F. W. Briese 
V alidation  of an  in  vitro  enzym e assay  ind irectly  
m easuring  an  in  vivo biosynthesis. (Subm itted  for 
p u b lica tion ).
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Rats fed the complete diet and given 
injections of arginine plus glycine syn
thesized daily an amount of creatine which 
was 7% (series 2) and 5% (series 4) of 
the total carcass creatine. Rats fed the 
protein-free diets synthesized about one- 
half these amounts (series 3 and 4). It 
is not known whether the amount of crea
tine synthesized would have been greater 
if the dose of arginine plus glycine had 
been larger than was used in these 2 ex
periments. Also, is is not known whether 
the incorporation of a methyl donor, such 
as methionine, into the solutions of argi
nine-glycine would have increased the 
amount of creatine that was synthesized. 
However, it appears that the amount of 
creatine synthesized per day after the in
jections of arginine plus glycine was 
greater than the amount which equals 2% 
of the total carcass creatine. Bloch et al.
(23) have calculated that a normal adult 
rat synthesized daily an amount of crea
tine equal to 2% of the total carcass crea
tine.

It is believed that the rats synthesized 
amounts of creatine greater than an 
amount equivalent to 2% of the total car
cass creatine because they were given large 
doses of arginine and glycine. Bloch et 
al. (23) did not use large doses of arginine 
plus glycine in their investigations. Also, 
possibly the rates of creatine synthesis may 
be greater in young than in adult animals 
which were used by Bloch et al. (23). It 
is also possible that the reason for the 
relatively large rates of creatine synthesis 
after the administration of arginine and 
glycine was that the transamidinase was 
more saturated with its substrates than it 
was without the injections. It is not known 
whether the administration of arginine 
plus glycine resulted in a transitory in
crease in the transamidinase activities. If 
the injection of arginine plus glycine did 
alter the transamidinase activities, it could 
only have been transitory, since the carcass 
activities of the rats that received the in
jections were similar to the activities of 
the carcasses from the rats that were given 
injections of glucose (table 1).

Of the 9 tissues present in the carcass 
homogenate that have transamidinase ac
tivity, only pancreas and kidney have been
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shown to be low in protein depletion (6). 
Kidney and pancreas from rats fed a pro
tein-free diet for 5 days had 32% and 
55%, respectively, of the activities found 
in rats fed a complete diet (6). Longer 
periods of protein depletion (7-9 days) 
produce still further reduction (15-20% 
of normal) in kidney activities. There is 
no doubt that the low kidney and pancreas 
activities were a factor in the low carcass 
activities of the rats fed the protein-free diet. 
In this study, when rats were given large 
doses of arginine plus glycine, there was 
an excellent correlation between carcass 
transamidinase activities and rates of crea
tine synthesis, in vivo. This was certainly 
a better correlation than would have been 
found between kidney transamidinase ac
tivities and rates of creatine biosynthesis. 
One possible reason for this good correla
tion may have been that in both determina
tions (the rate of creatine biosynthesis 
and the carcass transamidinase activities) 
the transamidinase was saturated with its 
substrates.

It has not been possible to determine 
which tissue or tissues are a major fac
tor (s) in the synthesis of guanidinoacetic 
acid, in vivo. Therefore alterations in any 
one tissue transamidinase activity cannot 
be identified as alterations in rates of 
creatine biosynthesis, as has been done 
by others (9). The fact that we found the 
good correlation between the carcass trans
amidinase activities and creatine biosyn
thesis is considered as evidence that guani
dinoacetic acid synthesis, in vivo, is not 
restricted to kidney.

The problem should be investigated fur
ther by determining rates of creatine syn
thesis, in vivo, with the use of the trace 
amounts of isotope labeled creatine pre
cursors. The results of the present work 
and of the isotope incorporation studies 
should be helpful in interpreting the mean
ing of transamidinase activities, in vitro, 
as far as their effects on the biosynthesis 
of creatine are concerned. At any rate, at 
present, there is no justification for identi
fying alterations in kidney transamidinase 
activities, in vitro, as the “metabolic con
trol of creatine biosynthesis” (9).
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Lack of Effect of Thiamine Deficiency on Oxidation 
of Methylglyoxal-14C in the Rat

VICTOR C. BRUM
G eneral M edical R esearch  Laboratory, V eterans A d m in is tra tio n  Center,
Togus, M aine

A B ST R A C T  T he effect o f th ia m in e  deficiency on th e  in  vivo o x idation  of m ethyl- 
glyoxal-l,3-14C a n d  m ethylglyoxal-2-14C to UC 0 2 w as stud ied  in  th e  ra t. T he rap id ity  
w ith  w h ich  the  14C labe l app eared  in  th e  exp ired  COa favors th e  in te rp re ta tio n  th a t 
m ethylglyoxal m etabo lism  is n o t im p a ired  in  th e  th iam ine-defic ien t ra t. T he ap p ear
ance of 14C labe l in  liver glycogen a n d  u rin e  keto acids also in d ica ted  th a t it rap id ly  
en tered  th e  c lass ical m etabolic  p a thw ays. T he d a ta  suggest a ra p id  tran s fo rm a tio n  of 
m ethylglyoxal to p y ru v a te  an d  e n tran ce  in to  th e  Krebs cycle.

The reported occurrence of methylgly
oxal as an aberrant metabolite in vitamin 
Bi deficiency has held the interest of nu
merous investigators in the field of carbo
hydrate metabolism.

This compound was first detected in the 
body fluids of patients with beriberi and 
the observation was made that there was 
a more marked toxemia in the presence of 
appreciable quantities of methylglyoxal 
(1). It has been reported frequently that 
an accumulation of methylglyoxal exists 
in the thiamine-deficient animal (2, 3). 
Information on the metabolic origin of 
methylglyoxal is lacking and what little 
exists is controversial. Early investigators 
(4, 5) believed its appearance and exist
ence to be a non-enzymatic artifact of 
muscle metabolism. Others (1 ,6) believed 
it to be real and to be a toxic product de
rived from carbohydrate metabolism in 
the absence of thiamine pyrophosphate. 
Two independent studies are not in accord
ance with these results and have failed to 
confirm its suggested role in carbohydrate 
metabolism (7, 8).

Because of the widespread distribution 
of the enzyme glyoxalase in the cells of 
both vertebrates and invertebrates it ap
pears that the natural substrate for gly
oxalase is methylglyoxal and a possible 
role in the carbohydrate scheme exists for 
this compound.

Although the metabolic pathways of 
methylglyoxal have not been defined 
clearly, it has been established that methyl
glyoxal is metabolized rapidly in the pres

ence of glutathione by the enzyme gly
oxalase which consists of 2 components. 
The first component acts with glutathione 
to form a condensation product. This con
densation product is then catalyzed by the 
second glyoxalase component to reduced 
glutathione and D-lactate (9). Recent in
vestigations show that methylglyoxal may 
play a significant role in cellular metabo
lism as well as a prominent role as an 
intermediate in the aminoacetone cycle
(10). At present this is the only known 
enzymatic synthesis of methylglyoxal in 
the animal organism and results through 
degradation of threonine through amino
acetone to methylglyoxal. To clarify the 
fate of methylglyoxal in the thiamine-de
ficient rat, both methylglyoxal-1, 3-14C and 
methylglyoxal-2-14C were prepared and 
studied to determine the rate and mechan
ism of oxidation. The following study pro
vides experimental data on the ability of 
thiamine-deficient animals to metabolize 
methylglyoxal and on the pathways in
volved compared with a control group.

EXPERIM ENTAL PROCEDURES

Animals. Rats of both sexes (siblings 
of a Sprague-Dawley-descended strain) 
that have been propagated in our labora
tory in a random-bred closed colony pro
gram for 4 years were used as experi
mental animals.

Animals whose initial weights ranged 
from 81 to 121 g were divided into pairs 
according to sex and weight. The animals

Received fo r pub lication  August 18, 1966.
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were maintained in individual metabolic 
cages.1 A pair-feeding regimen was used 
during the entire study.

Thiamine deficiency was induced in the 
animals by feeding a commercial thia
mine-deficient diet.1 The control animals 
were fed a similar diet to which thiamine- 
HC1 was added in the quantity of 1 ag/g 
of diet. Thiamine-deficient animals and 
their paired controls were maintained 
with the diets for a period of 5 weeks. On 
the completion of this period, all animals 
fed the thiamine-deficient diet showed an 
advanced “thiamine deficiency syndrome” 
characterized by anorexia, inanition (a
20-30% loss of body weight from peak 
weight), loss of muscular coordination, 
and general debility.

MATERIALS AND METHODS

Methylglyoxal -1, 3-14C (14CH,C014CH0 ) 
and methylglyoxal-2-14C (CH314COCHO) 
were prepared by the oxidation of r e 
labeled acetone (obtained from Nuclear- 
Chic ago Corporation) with selenium diox
ide. The crude methylglyoxal was puri
fied by fractional distillation under a 
nitrogen atmosphere and concentrated un
der reduced pressure by the method of 
Brum (11) and Winteringham.2 *

The distribution of the radioactivity in 
the expired C02, liver glycogen and in 
urine metabolites in the rat was measured 
after injection with methylglyoxal-1, 3-J’C 
and methylglyoxal-2-14C. All animals prior 
to being given 14C-labeled methylglyoxal 
were fed 5 ml of a 25% glucose priming 
solution by mouth to activate the Embden 
Meyerhof and Krebs cycles and to enhance 
glycogen formation in the liver. The ani
mals were then injected intraperitoneally 
with 2.28 uCi (0.25 amolé) of methyl- 
glyoxal-l,3-14C or 1.64 uCi (0.30 amolé) 
of methylglyoxal-2-14C made up in 1 ml of 
N a2HPOi-KH2POi Sorenson buffer (pH 
7.48)/100 g of body weight. The animals 
then were placed immediately in a glass 
metabolic chamber swept with a slow 
stream of air and they remained there for 
6 hours. Twelve one-half-hour samples of 
expired C02 were collected in 100 ml of 
1 N NAOH and the 14C02 activity was 
assayed by standard procedures (12). 
Urine collected during this period was 
saved for analysis by paper chroma

tography (13). On completion of the col
lection period the animals were anesthe
tized with 5 mg of pentobarbital sodium, 
the liver was rapidly extirpated, glycogen 
extracted, and the radioactivity determined
(14).

Samples of barium carbonate, glycogen, 
and urine metabolite derivatives were all 
plated to infinite thinness on preweighed 
stainless steel planchets and the radio
activity was determined by a Picker pro- 
porional flow counter used with a six 
direct reading plug-in decade clinical 
scaler.

RESULTS AND DISCUSSION

The results of the oxidation of methyl- 
glyoxal-l,3-14C and of methylglyoxal-2-14C 
by both thiamine-deficient and control 
rats are graphically represented and inter
preted in figures 1 and 2. Figure 1 shows 
that the thiamine-deficient rats metabol
ized methylglyoxal-1, 3-14C more rapidly 
and to a greater extent than the control 
rats after the first 1.5 hours. In the thia
mine-deficient animals, 71.5% of the ad
ministered dose was utilized and appeared 
as 14C in C02 at the end of a 6-hour period. 
In the controls, 52.7% of the dose was 
utilized and appeared as 14C in the expired 
C02 during the same time period. The dif
ference was significant at P < 0.05. 
Figure 2 shows that the controls meta
bolized more of the methylglyoxal-2-’4C 
than the thiamine-deficient animals. The 
controls in this study utilized 87.2% of 
the total dose administered and the thia
mine-deficient rats, 75.3%. However, the 
difference was not significant.

The total counts per minute per milli
gram of carbon expired as C02 by the 
thiamine-deficient rats shown in figure 3 
was greater for all periods following the 
first hour than by the control group. How
ever, the total metabolism of carbon com-

1 Percentage com position of th iam ine-deficient d iet; 
v itam in  test casein , 18; sucrose, 68; vegetable oil, 10; 
sa lt m ix tu re  no. 2, USP XIII, 4; and  v itam in  diet- 
fortification  m ix tu re  w hich  con ta ined  p er 45.5 kg of 
diet: ( in  g ram s) v itam in  A cone (20 0 ,0 0 0 u n its /g ), 
4.5; v itam in  D cone (400,000 u n i ts /g ) ,  0.25; «-tocoph
erol, 5.0; ascorbic acid, 45.0; inositol, 5.0; choline 
chloride, 75.0; m enadione, 2.25; p-am inobenzoic acid, 
5.0; n iac in , 4.5; riboflavin, 1.0; pyridoxine-H C l, 1.0; 
Ca p an to thenate , 3.0; and  ( in  m illig ram s) bio tin , 20.0; 
folic acid, 90.0; v itam in  B12, 1.35. Test d iet w as ob
ta in ed  from  G eneral B iochem icals, C hagrin  Falls, 
Ohio.

2 Personal com m unication  from  F. P. W in teringham ,
H ead, B iochem istry D epartm ent, A griculture R esearch
Council, E ngland , 1963.
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Fig. 1 Cum ulative percentage of total m ethylglyoxal-l,3-14C expired as 14C 0 2. Ten ani

m als were started in  each group. One deficient anim al died during the sixth period. Ani
m als were injected intraperitoneally w ith 2.28 /rCi (0 .25  /im olesVlOO g body weight.

Fig. 2 Cum ulative percentage of total m ethylglyoxal-2-14C expired as 14C 02. Eleven ani
m als were started in  each group. One deficient anim al died during the eighth period and 
one control anim al died im m ediately after receiving injection of m ethylglyoxal-2-14C. Ani
m als were injected intraperitoneally w ith 1.64 uCi (0 .30  /¿moles) /1 0 0  g body weight.
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TIME (HOURS)
Fig. 3 R ate  of excretion  of m ethy lg lyoxal-l,3 -14C in  exp ired  C 0 2, to ta l c o u n ts /m in /m g  

of carbon. T en  an im als  w ere s ta rted  in  each  group. One deficient an im a l d ied  d u rin g  the  
s ix th  period. A n im als w ere in jec ted  in trap erito n ea lly  w ith  2.28 u.Ci (0 .25  ,um oles)/100  g 
body w eight.

pounds exhaled as C02 was greater in the 
controls than in the thiamine-deficient 
rats administered methylglyoxal-l,3-14C. 
It appeared that the pair-fed controls util
ized more of the glucose (fed to all rats 
injected with methylglyoxal-I4C) than did 
the thiamine-deficient rats. The fact that 
thiamine pyrophosphate (TPP) was still 
available in the pair-fed rats and was not 
as plentiful in the thiamine-deficient rats 
would account for the greater C02 pro
duction from glucose via the Krebs cycle. 
The conversion of methylglyoxal in the 
thiamine-deficient rat to a dicarboxylic 
acid intermediate is offered as a possible 
alternate pathway to the Krebs cycle. Fol
lowing the conversion of methylglyoxal 
to pyruvate the formation of a 4-carbon 
dicarboxylic acid, malate or oxalacetate 
takes place in the absence of thiamine 
pyrophosphate by the condensation of 
pyruvate with C02 (15).

Pyruvate oxidation studies using r e 
labeled pyruvate in both thiamine-defi
cient and control rats under similar ex
perimental conditions have been reported

(16) and favor a dicarboxylic acid inter
mediate prior to admission into the Krebs 
cycle. However, Jones and de Angeli (17) 
in their studies on the oxidation of r e 
labeled lactate and pyruvate in the thia
mine-deficient animal noted that in re
spect to production of 14C-labeled 14C02 
there was no difference between deficient 
and control animals and that clinical 
manifestations resulting from thiamine- 
deficiency were not the result of a spe
cific failure of the animal to decarboxy- 
late pyruvate.

The counts per minute per milligram of 
carbon for the 2 groups receiving methyl- 
glyoxal-214C coincided. Production of C02 
(from all available carbon sources includ
ing the methylglyoxal-2-14C) was dimin
ished in the thiamine-deficient rats. This 
is shown in figure 4.

The appearance of 14C label in liver 
glycogen and urine keto acids indicated 
that methylglyoxal rapidly enters the clas
sic metabolic pathways. Paper chromato
grams of the dinitrophenylhydrazine de
rivatives of neutral carbonyl compounds
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T I M E  ( H O U R S )
Fig. 4 R ate  of excre tion  of m ethylglyoxal-2-14C in  exp ired  CO2, to ta l c o u n ts /m in /m g  of 

carbon . E leven  a n im a ls  w ere s ta rted  in  each  group. One defic ien t an im a l died d u rin g  the  
e ig h th  period  an d  one con tro l a n im a l exp ired  im m edia te ly  a f te r  receiv ing  in je c tio n  of 
m ethylglyoxal-2-14C. A nim als w ere in jec ted  in trap erito n ea lly  w ith  1.64 /¿Ci (0 .30 /¿moles) 
/1 0 0  g body w eight.

and acidic keto acids present in rat urine 
collected for 6 hours after both methyl- 
glyoxal-l,3-14C and methylglyoxal-2-14C ad
ministration showed 14C activity in both 
ketoglutarate and pyruvate as well as in 
an unidentified fraction having an RF 
value of 0.49. This is represented in 
figures 5 and 6. The dinitrophenylhydra- 
zone of pyruvic acid gives 3 spots. These 
are three isomeric forms of the hydra- 
zones of this compound and have been 
observed previously and reported (18). 
The higher levels of a-ketoglutarate ob
served in the urine of thiamine-deficient 
rats compared with controls are in agree
ment with elevated levels reported by 
Wright and Scott (19). They also reported 
that in the thiamine-deficient rat pyru
vate is the predominant keto acid in 
blood, whereas ketoglutarate predomin
ates in the urine.

In advanced thiamine deficiency as 
well as other vitamin deficiency states 
transaminase reactions are depressed

GLUTARIC
ACID

Rf
V A L U E S  0.19 0.20  0.41 0 .49

Fig. 5 A ctivity o f r a t  u rin e  keto  acid  din itro- 
ph en y lh y d raz in e  derivatives a fte r  th e  ad m in is
tra tio n  of m ethy lg lyoxal-l,3 -14C. U rin e  w as col
lec ted  fo r 6 h o u rs  fo llow ing in tra p e rito n ea l 
in je c tio n  of 2.28 /¿Ci (0 .25  /¿m o le s )/100 g body 
w eight.
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(20). The rate of animation of a-ketoglu- 
tarate from an amino donor to form glu
tamate is decreased. The endogenous a- 
ketoglutarate pool is extended and the 
elevated a-ketoglutarate levels are reflected 
in the urine. In the pair-fed controls, this 
is also observed but to a much lesser de
gree.

The presence of glyoxylate in the urine 
of both controls and thiamine-deficient 
rats has been reported by Liang (21). He 
concluded that the formation of glyoxy
late was chiefly the result of deamina
tion of glycine but could also arise from 
oxidation and demethylation of methyl- 
glyoxal. Table 1 gives the results of the

incorporation of methylglyoxal-14C into 
liver glycogen. The deficient animals in
corporated less of the 14C label than their 
controls and both the liver size and weight 
and glycogen content were markedly re
duced.

The present study showed that both the 
thiamine-deficient and control animals 
readily metabolized 14C-labeled methyl- 
glyoxal and the rapidity with which the 
14C label appeared in the expired C02 
favored the interpretation that methyl- 
glyoxal metabolism is not impaired in the 
thiamine-deficient rat. An alternate path
way for the oxidation of methylglyoxal in 
the thiamine-deficient rat is suggested

G L U T A R IC
A C I D

Rf V A L U E S  0.19 0 . 2 0  0 .21  0 . 2 9  0.41 0 . 4 9

Fig. 6 A ctivity  of r a t  u r in e  keto acid  d in itro p h en y lh y d raz in e  derivatives a fte r  th e  ad 
m in is tra tio n  of m ethylglyoxal-2-14C. U rine  w as collected  fo r  6 h o u rs  fo llow ing in tra p e r i
to n ea l in jec tio n  of 1.64 .u.Ci (0 .30  « m o le s ) /100 g body w eight.

T A B L E  1
I n  v ivo  incorporation  o f ,4C -m e th y lg lyo xa l1 in to  liver glycogen o f th iam ine-defic ien t

and  control a n im a ls

Status of 
anim al Liver wt 2 Glycogen wt

Specific 
activity 
of liver 

glycogen

9 mg coun t/m in /m g

M ethylglyoxal-l ,3-14C
T hiam ine-defic ien t 4.8 144 53
C ontrol 7.5 300 126

M ethylglyoxal-2-14C
T hiam ine-defic ien t 5.2 140 100
C ontrol 6.0 225 188

1 Dose injected: 2.28 /tCi (0.25 /tmole) methylglyoxal-l,3-14C/100 g body weight; 1.64 ,aCi (0.30 
jtimole) methylglyoxal-2-14C/100 g body weight.

2 Livers extirpated from both groups of anim als 6 hours after receiving 14C-labeled methylglyoxal.
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since rats in a state of thiamine deficiency 
oxidized more of the labeled methyl- 
glyoxal-1, 3-14C than their controls. Oxida
tion of methylglyoxal normally occurring 
via the Krebs cycle is evidently impaired 
in the thiamine-depleted rat, resulting in 
a greater pool to be oxidized by an alter
nate route. In general where a significant 
difference existed in the rate of methyl
glyoxal oxidation between the thiamine- 
deficient and control rat it was in favor of 
a greater rate of oxidation or utilization 
in the deficient rat. The data further sug
gest that thiamine was not essential for 
the metabolic pathway studied and in the 
deficient animal lack of thiamine resulted 
in a larger labeled pool available for oxida
tion than existed in the control. It is pos
sible that the evaluation of the radioac
tivity in the expired C02 was not a meas
ure of the oxidation of the radioactive 
carbon-1 of methylglyoxal-1, 3-14C but only 
of carbon-3. Since the integrity of the 
tricarboxylic acid cycle is necessary for 
oxidation of both carbon-2 and carbon-3 
of pyruvate, it might be assumed that the 
metabolic fate of carbon-2 and carbon-3 
of methylglyoxal also enter an identical 
pathway. This could occur following con
version to pyruvate and admission into 
the tricarboxylic acid cycle via oxidative 
decarboxylation to acetyl-CoA for by con
densation with C02 to form a dicarboxylic 
acid intermediate prior to further cycling. 
It is known that the C02 of the carboxyl 
group of lactic acid can be replaced by 
the CO? of tissue cells by the carboxyla- 
tion of pyruvate forming malate and 
oxalacetate. A comparable exchange in
volving the labeled aldehyde carbon of 
methylglyoxal-1,3-14C might also occur. 
The data presented, however, favor an 
interpretation of a minimum of random
ization and exchange taking place. Since 
71.5% of the labeled carbon appeared in 
the respiratory C02 of the thiamine-de
ficient rats and 52.7% in the controls, 
the integrity of the Krebs cycle is neces
sary for the oxidation of carbon-3. Addi
tional confirmation was obtained by pre
paring methylglyoxal-2-I4C and studying 
its metabolism in thiamine-deficient and 
control rats. Presumably the proper func
tion of the Krebs cycle is necessary for 
the biological oxidation of the radioactive

carbon of this compound. The activity 
of both pyruvic acid a-ketoglutaric acid 
decarboxylase is dependent on thiamine 
pyrophosphate (TPP) as a coenzyme. A 
difference in total counts per minute or 
more specifically in counts per milligram 
of carbon might therefore be anticipated 
between the thiamine-deficient and con
trol animals. The data show that the con
trol rats metabolized a greater amount of 
methylglyoxal-2-I4C than the thiamine-de
ficient rats and are presented in figure 2. 
The differences, however, were not sig
nificant.

The data obtained from these experi
ments favor the conclusion that following 
a rapid conversion to pyruvate the major 
pathway for methylglyoxal metabolism 
is via the Krebs cycle, and provides con
clusive evidence that methylglyoxal does 
not accumulate in the thiamine-deficient 
rat.
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A B ST R A C T  In  an  a tte m p t to d is tin g u ish  th e  in it ia l  effects of an  am ino  acid  im 
b a lan ce  fro m  th e  in d ire c t effects of th e  depressed  food in tak e , several b iochem ical 
changes w ere d e term ined  in  p ro tein -dep leted  ra ts  in  short-term  experim en ts. T he ra ts  
w ere fed  fo r 24 h o u rs  a n  im b a lan ced  diet, m ad e  by add in g  3.1%  of an  am ino  acid 
m ix tu re  lack in g  th reo n in e  to a  b asa l d ie t co n ta in in g  10% w h ea t g lu ten  supp lem en ted  
w ith  0.8%  of lysine  an d  0.1%  of DL-threonine. In  pa ir-feed ing  ex p erim en ts i t  w as 
observed th a t  th e  p ro te in , am in o  acid  N  an d  th reo n in e  co n ten t in  liv e r of ra ts  fed  
th e  im b a lan ced  d iet w as h ig h er th a n  in  those  fed  th e  b asa l diet. R elative h ig h  levels 
of liver p ro te in  co n cen tra tio n  in  p ro tein -dep leted  ra ts  a f te r  feed ing  th e  im b a lan ced  
d iet w ere also observed in  ad  lib itu m  experim ents. T hese observations su p p o rt the  
a ssu m p tio n  th a t  th e  im b a lan ce  could  act in itia lly , s tim u la tin g  th e  liv e r p ro te in  
syn thesis. An in crease  in  liver w e igh t co rre la ted  w ith  a  h ig h  glycogen co n ten t w as 
also observed in  p ro tein -dep leted  ra ts  fed  th e  im b a lan ced  and  the  corrected  d ie t ( im 
b a lan ced  p lu s 0.1%  D L-threonine) bo th  in  ad  lib itu m  or in  the  pair-feed ing  experi
m en ts. T hese observations in d ica te  the  u tiliza tio n  of th e  excess of am ino  acids p ro 
v ided  by th e  am ino  acid  m ix tu re  fo r glyconeogenesis. As a consequence of th e  changes 
in  liver an d  p lasm a  co n cen tra tio n  of th reo n in e  an d  am ino  acid  N , som e of th e  ra tio s  
th a t  reflect th e ir  re la tiv e  p roportions w ere m ark ed ly  a ltered . T he possib ility  th a t  the  
depression  in  food in ta k e  c h arac te ris tic  of th e  im b a lan ce  could  be re la ted  to those 
changes is d iscussed .

Depression in food intake, retarded 
growth and changes in food preference 
were the first effects reported to appear 
in rats fed diets in which an imbalance 
of amino acids was created (1,2). Later, 
it was likewise observed that the plasma 
amino acid pattern was markedly altered 
within a short time after the ingestion of 
an imbalanced diet (3 ,4). As these 
changes began at the time when the de
crease in food intake was first detected, 
it was assumed that some relationship 
might exist between the altered blood 
amino acid pattern and the decrease in 
food intake (4).

Further studies demonstrated that con
currently with those effects some changes 
occurred in the liver of depleted and non- 
depleted rats after feeding for 2 weeks an 
imbalanced diet containing 10% of wheat 
gluten (5). These observations raised the 
question of whether these changes were 
direct effects of the imbalance or were 
only the consequence of a depressed food 
intake.

In the present paper we describe some 
biochemical changes observed in tissues 
of protein-depleted rats after feeding an 
imbalanced diet for 24 hours. As sug

gested by Harper et al. (6) these changes 
that occur in a short period of time can 
be considered as initial and direct effects 
of the imbalance, effects that are different 
from those observed after long-term ex
periments that could be the indirect ef
fects of an adaptation of the organism to 
adverse conditions. The relationship that 
may exist between some of these changes 
and the depression in food intake is also 
discussed here.

EXPERIM ENTAL

Male rats of the Wistar strain, having 
an average weight of 80 to 85 g, were 
used in these experiments. All rats were 
depleted by feeding them a protein-free 
diet for 7 days. Animals that lost approxi
mately 15 to 17 g were selected and 
separated into groups of 6 rats each.

The rats were housed in individual 
suspended cages with screen bottoms and 
water was offered ad libitum. The diets

Received fo r pub lication  Ju ly  26, 1966.
1 Supported in  p a r t by g ran ts from  th e  R esearch 

C orporation and  from  the  Consejo N acional de In 
vestigaciones C ientíficas y Técnicas (A rg en tin a).

2 T his pap er is  a  p a r t of a  thesis to be p resen ted  by 
M aría  E. Rio in  p a r tia l fu lfillm ent of the  requ irem ents 
fo r th e  Doctor’s degree, of the  U niversity  of Buenos 
Aires, Buenos Aires, A rgentina.
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TABLE 1
C om position  o f diets

Basal
(A)

Imbalanced
(B)

Corrected
(C)

Corrected
(D)

Basal
(E )

% % % % %
W heat g lu ten  1 10 10 10 10 10
L-Lysine 2 0.80 0.80 0.80 0.80 0.80
DL-Threonine 0.10 0.10 0.20 0.60 0.60
A m ino acid m ix tu re  3 — 3.10 3.10 3.10 —
M inerals 4 5 5 5 5 5
V itam in  m ix tu re  4 0.25 0.25 0.25 0.25 0.25
C holine chloride 0.15 0.15 0.15 0.15 0.15
Corn o i l 5 5 5 5 5 5
D ex trin  6 78.70 75.60 75.50 75.10 78.20

T otal p ro te in  co n ten t 7 9.28 12.38 12.48 12.88 9.78
T otal L -threonine co n ten t 0.25 0.25 0.30 0.50 0.50

C ontain ing  13.4% N  (83.8%  of p ro te in ), 2% of th reon ine  and  1% of lysine.
2 As 1,-lysine-HCl.
3 The am ino acid m ix tu re  provided in  % in  the  d iet: L-arginine-H Cl, 0.2; r-lysine HCl, 0.4;

DL-isoleucine, 0.4; L-leucine, 0.3; DL-methionine, 0.4; DL-phenylalanine, 0.2; r-h istid ine-H C l, 0.4; 
D L -tryptophan, 0.4; a n d  DL-valine, 0.4.

4 H arper, A. E. (7 ).
5 Fat-soluble v itam ins w ere inc luded  in  the  co m  oil (7 ) .
6 Moist co rnstarch  h eated  a t 121° in  an  autoclave for 3 hours.
7 Includ ing  added am ino acids.

were similar to those described in a 
previous paper ( 5) and are outlined in 
table 1.

In all experiments, the animals were 
fed the experimental diets for 24 hours. 
A control group continued the consump
tion of the protein-free diet for another 24 
hours after the depletion period. In the ad 
libitum experiments food intake was 
measured. In the pair-feeding experiments 
the 2 groups of animals receiving the 
basal and corrected diets were pair-fed 
with those receiving the imbalanced diet 
which was fed ad libitum. Therefore, in 
the pair-feeding experiments the basal and 
the imbalanced groups had identical in
takes of threonine, the limiting amino 
acid for growth.

In all experiments rats were weighed 
4 hours after the feeding period; they 
were then killed and plasma samples and 
organs were taken for analysis.

Collection of material. The rats were 
anesthesized with ether, and blood was 
withdrawn by heart puncture. The blood 
of each group of 6 rats was pooled and 
the plasma was separated from the 
heparinized blood by centrifugation. Ali
quots of plasma samples were deprotein- 
ized according to the method described be
low for the subsequent determination of 
urea, and amino acid N. Whole plasma 
was used for threonine determination.

After weighing the whole liver of 
exsanguinated rats, a sample was placed 
in 10% perchloric acid and blended in a 
Virtis homogenizer; suitable aliquots of 
this suspension were used for protein de
termination. A large sample was frozen 
for subsequent lipid determination. The 
remaining liver was divided into 2 pieces; 
one was homogenized in 30% KOH for 
glycogen determination and the other was 
homogenized in distilled water for threo
nine and amino acid N evaluation.

The right gastrocnemius muscle was 
weighed, placed in 10% perchloric acid 
and blended in a Virtis homogenizer. Ali
quots of this suspension were used for 
protein determination.

Chemical analysis. Tissue protein was 
determined by the method of Marenzi et 
al. (8), liver lipid content by the pro
cedure of Sidransky and Baba (9), liver 
glycogen according to Krisman (10) and 
threonine by the method of Neidig and 
Hess (11) after the microdiffusion tech
nique of Winnick (12). Urea was de
termined by the method of Archibald as 
modified by Ratner (13) and the deter
mination of amino acid N was performed 
by the method of Danielson as described 
by Hawk et al. (14).

For the determination of urea and 
amino acid N, the samples of plasma and 
liver homogenates were previously depro-
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teinized with zinc sulfate-sodium hydrox
ide.

RESULTS

Ad libitum experiments
Body and organ weights and food in

take. Table 2 shows the food intake and 
changes in body and organ weights (liver 
and gastrocnemius muscle) of protein- 
depleted rats fed the experimental diets ad 
libitum for 24 hours. As would be ex
pected, the rats fed imbalanced diet B 
had a lower consumption than those re
ceiving the basal diet. The average weight 
of the imbalanced rats was slightly re
duced after the experimental period; in 
contrast, rats fed the basal diet regained 
approximately half of the weight they had 
lost during the depletion period.

The group fed corrected diet C gained 
more weight than the basal diet group, 
indicating that the imbalance was wholly 
overcome by the addition of 0 .1 %  of d l - 
threonine. Protein-depleted rats fed cor
rected diet D, containing a high concen
tration of DL-threonine, showed a gain 
in weight and a food intake somewhat 
greater than those fed basal diet E. Hence, 
this result confirms that no effects of the 
imbalance occur when the basal diet con
tains a large amount of the limiting amino 
acid.

The gain in liver weight of rats fed 
balanced diets over that of animals fed 
the protein-free diet appears to be related 
to the quantity of protein consumed. The 
highest liver weights were observed in 
groups fed corrected diets D and C, that 
had protein intakes of 1.47 and 1.37 g, 
respectively. The increase in weight was 
less for groups fed basal diets A and E, 
with protein intakes of 1.18 and 1.05 g, 
respectively. On the contrary, this rela
tionship was not observed in rats fed im
balanced diet B, that had a liver weight 
not significantly different from that of ani
mals receiving the basal diet A, even 
though their total protein intake was only 
of 0.80 g.

Biochemical changes. A summary of 
the liver protein, glycogen and lipid con
tent of the animals fed the experimental 
diets ad libitum is shown in table 2.

The increase in liver protein content in 
the group fed imbalanced diet B was sim

ilar to that for the groups receiving more 
balanced diets, even though the protein 
intake of the imbalanced group was great
ly reduced in comparison with that of the 
others.

The liver lipid content was essentially 
the same in all the groups fed the experi
mental diets and similar to that of the 
protein-free group.

The gastrocnemius muscle protein con
tent in rats fed imbalance diet D was 
similar to that of the protein-free diet and 
significantly different from the value for 
the basal group. No significant differences 
in that component were observed between 
the basal group, and those fed diets C, 
D and E.

Pair-feeding experiments
Body and organ weights. The results 

obtained in these experiments are shown 
in table 2. Protein-depleted rats fed equal 
amounts of the basal or the imbalanced 
diet (6.5 g) showed a slight decrease in 
weight after the experiment but those 
pair-fed the corrected diet regained 2.3 
g of the weight lost during the depletion 
period.

The mean wet-weight of the liver was 
significantly increased in the rats fed the 
imbalanced and the corrected diets as 
compared with those fed the basal diet. 
Here again, as observed in the ad libitum 
experiments, the gain in liver weight ap
pears to be related to the amount of pro
tein ingested. The gastrocnemius muscle 
weight was essentially the same in the 3 
groups and similar to that of the protein- 
free group.

Biochemical changes. In protein-de
pleted rats killed 4 hours after the termin
ation of the 24-hour pair-feeding experi
ments, the total amount of liver protein 
was significantly higher in rats receiving 
the imbalanced diet than in those pair-fed 
the basal diet, despite the intake of threo
nine, the first limiting amino acid of the 
diet, being the same for both groups. 
Moreover, the protein content in the liver 
of rats fed the imbalanced diet was sim
ilar to that of the rats pair-fed the cor
rected diet, despite their lower intake of 
threonine.

The liver glycogen content was similar 
in groups fed the imbalanced and the
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corrected diet and significantly higher 
than that of rats fed the basal diet. There 
were no significant differences in the liver 
lipid content for all groups; nor were 
changes observed in the protein content 
of the gastrocnemius muscle in the 3 
groups fed the experimental diets as com
pared with that of the protein-free group.

Table 3 shows the changes in the con
centration of threonine and amino acid N 
in plasma and liver observed in rats pair- 
fed the experimental diets.

The concentration of threonine in 
plasma was markedly lower in the im
balanced than in the basal group, al
though its consumption was the same for 
both groups. In contrast, the group fed 
the corrected diet showed a high concen
tration of threonine that could be cor
related with the large intake of this amino 
acid. However, a high value was also ob
served in the group fed the protein-free 
diet in which there was obviously no 
threonine consumption. These results are 
similar to those observed in plasma histi
dine concentration in rats fed an im
balanced diet containing fibrin reported 
in a previous paper (4).

In sharp contrast with the results ob
tained in plasma, the liver threonine con
centration was significantly higher in rats 
fed the imbalanced diet than in those on 
the basal diet. It is also noteworthy that 
this value for the imbalanced group was 
not significantly different from that ob
served in groups fed the corrected and the 
protein-free diets.

In plasma, the total amino acid N con
centration was slightly higher in the group 
fed the imbalanced diet than in the other 
2 groups. But in liver, the amino acid N 
percentage was substantially higher for 
groups fed the imbalanced and the cor
rected diets than for the basal group.

No differences were observed in plasma 
urea concentrations in groups fed the 
basal, the corrected, and the protein-free 
diet, but this value was substantially in
creased in the group fed the imbalanced 
diet.

These changes in threonine and total 
amino acid concentration observed in plas
ma and liver of rats fed the imbalanced 
diet are reflected in the values of the ratios 
derived. Some of the ratios were marked-
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TABLE 4
R ela tive  concen tra tions o f threon ine  a n d  am ino  acid  N  in  liver a n d  p lasm a  1 o f 

protein-depleted  ra ts pa ir-fed  the exp erim en ta l diets fo r  24 hours 2

Diet PT/PAA 3 LT/LAA 3 LT/PT 3 LAA/PAA 3

% %
Basal A (10% w heat g luten) 4 7.7 10.4 ± 0 .2 3  5 9.1 6.9
Im balanced B (A +  3.1% A A m ix ) 6 3.4 9.5 ± 0 .4 3 26.5 8.5
Corrected C (B +  0.1% ra.-threonine) 9.9 14.8 ± 0 .8 1  7 11.7 8.5
Protein-free 7.0 1 0 .8 ± 0 .1 1 10.8 8.6

1 From  pooled blood of 6 ra ts.
2 R ats were k illed  4 hours a f te r  the  experim ental period.
3 PT: th reon ine  N  in  p lasm a; PAA: am ino acid  N in  p lasm a; LT: threon ine N  in  liver; LAA: 

am ino acid  N in  liver.
4 Supplem ented w ith  0.8% of E-lysine as E-lysine HC1, and  0.1% of DL-threonine.
5 M ean value ±  s e  of m ean .
6 For com position, see footnote 3, tab le  1.
7 H ighly significantly  (P  <  0.01) different from  basa l group m ean.

ly different from those observed in ani
mals fed the more balanced diets. As 
shown in table 4, the ratio of plasma 
threonine to plasma amino acid N 
(PT/PAA), was markedly lower in the 
imbalanced rats than in animals fed the 
basal and the corrected diets. However, 
the liver threonine-to-plasma threonine 
(LT/PT) ratio was greatly increased for 
the imbalanced rats as the net result of 
the increase in liver with the concomitant 
decrease in plasma concentration. The 
values for these ratios in groups fed the 
basal and the corrected diets were similar 
to those for the protein-free group.

The liver amino acid N-to-plasma 
amino acid N ratio (LAA/PAA) was 
slightly increased in the imbalanced and 
corrected groups compared with the value 
for the basal group. No differences were 
observed in the ratio of liver threonine 
to liver amino acid N (LT/LAA) between 
the basal and the imbalanced groups, but 
this ratio was greatly increased in the 
corrected group.

DISCUSSION

Dietary amino acid pattern and organ 
composition. Of the changes observed in 
organ composition, those relating to the 
protein and amino acid content of liver 
are worthy of note.

Koeppe and Henderson (15) reported 
that an imbalanced diet may stimulate 
protein synthesis. Harper et al. (6) after 
isotopic experiments suggested that the 
excess of amino acids provided by an im
balanced diet could act by stimulating 
protein synthesis or by reducing the rate 
of protein breakdown.

The results of the present study, show
ing an increase in the threonine and 
amino acid N concentration in the liver of 
imbalanced rats that occurs simultaneous
ly with the increase in the protein content, 
support the thesis that the stimulation of 
protein synthesis could be considered an 
initial effect of the imbalance.

It is conceivable that the liver of pro
tein-depleted rats having an especially 
great need for protein takes up from the 
plasma the surplus of amino acids pro
vided by the imbalanced diet for protein 
synthesis; but, as efficient synthesis oc
curs only when all essential amino acids 
are supplied in proper proportion, threo
nine, the limiting amino acid, would be 
drawn also from the plasma to a maximal 
extent to attain the right balance with the 
others. On this basis, a higher rate of liver 
protein synthesis in the group fed the 
imbalanced diet than in the group fed the 
basal one could be explained, even though 
the intake of threonine was the same for 
both groups.

However, as threonine is the deficient 
amino acid in the imbalanced diet, its 
concentration in plasma will fall to a level 
in which normal protein synthesis can no 
longer be supported.

This depression in plasma amino acid 
level is similar to that observed in previ
ous studies of rats fed imbalanced diets 
(3-5) or of dogs after the consumption 
of a diet completely devoid in one es
sential amino acid (16).

The diminished total-body protein syn
thesis observed in long-term experiments
(5) could be a consequence of the high 
threonine uptake which is reflected in the
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below-normal plasma threonine concen
tration resulting from the concurrent de
pression in food intake.

These changes in the concentration of 
amino acids in plasma and liver lead to 
changes in the ratios that reflect the rela
tive proportions in plasma and tissue 
fluids. Hence, the LT/PT and LAA/PAA 
ratios were higher in rats fed the im
balanced diet than in those fed the basal 
diet. The latter ratio was not so severely 
altered as the former, possibly owing to 
increased plasma amino acid concentra
tion resulting from the imbalanced diet.

The decrease in plasma threonine con
centration of imbalanced rats is reflected 
in the PT/PAA ratio that is lower for this 
group than for the group fed the basal 
diet.

The values for these ratios observed in 
animals fed the corrected diet are similar 
to those for the basal group, reflecting the 
more balanced pattern of amino acids pro
vided by the diet. The values for the group 
fed the protein-free diet are also close to 
those of the basal group; this last result 
agrees with the observation made in a 
previous study (4) in which a balanced 
plasma amino acid pattern was produced 
after feeding a protein-free diet, despite 
the fact that this was accompanied by 
weight loss.

The results obtained in liver glycogen 
content were similar to those observed in 
long-term experiments (5). High levels 
of glycogen are associated with the con
sumption of diets containing the amino 
acid mixture, both in the ad libitum or in 
the pair-feeding experiments. These ob
servations and those concerning liver 
lipids in which no changes were observed 
confirm the suggestion about the possible 
utilization of the excess of amino acids, 
not used for protein synthesis, for the 
synthesis of glycogen (5). However the 
fact that the glycogen was similarly in
creased in the liver of rats fed both im
balanced and corrected diets, does not 
support the thesis that the depression in 
food intake, characteristic of the imbal
ance, could be related to the high levels 
of liver glycogen.

The results obtained for gastrocnemius 
muscle weight and protein content in the 
pair-feeding experiments indicate that

these values are not affected per se by the 
dietary amino acid pattern. Therefore the 
changes observed in ad libitum experi
ments would be only the consequence of 
the differences in food intake.

Appetite and body amino acid composi
tion. The results of this study suggest 
that the depression in appetite could be 
related not only to an altered blood amino 
acid pattern, as reported (4), but also to 
changes in the relative proportion of 
amino acids between the plasma and tis
sue fluids. The depression in food intake 
in rats fed the imbalanced diet coincided 
with a high value for the LT/PT ratio 
as the result of the increase in liver and 
the decrease in plasma threonine concen
tration. In contrast, when the animals 
were fed the corrected diet and no signs 
of the imbalance occurred, the value for 
this ratio remained unchanged compared 
with that observed in rats fed the basal 
diet. The preference for a protein-free diet 
showed by rats that have been fed an im
balanced diet for a few days, reported 
in previous papers (2, 17), might also 
be explained as a consequence of the 
more normal distribution of amino acids 
between plasma and tissues; in fact, the 
value for the LT/PT ratio in protein-de
pleted rats was similar to that for the 
normal rat.

A similar picture was obtained when 
protein-depleted rats fed an imbalanced 
diet were injected with cortisol.3

Some of the results reported in this 
study are similar to others observed in 
kwashiorkor. Whitehead (18) and Stuart 
et al. (19) reported an altered blood 
amino acid pattern and high liver gly
cogen in children suffering from severe 
protein malnutrition. The theory that 
these symptoms could be related not only 
to a low protein intake or to a low pro- 
tein-to-calorie ratio but also to the imbal
anced amino acid pattern of the diets 
commonly used in areas in which kwashi
orkor is prevalent (20) appears to be a 
reasonable working hypothesis.
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