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Jean Baptiste Boussingault
— A Biographical Sketch
(February 2, 1802 —  May 11, 1887)

A s tu d e n t of n u tr i t io n  in  a  to u r o f P a ris  
w o u ld  find  a v isit to  th e  C o n serv a to ire  des 
A rts e t M etie rs  o f som e h is to r ic a l an d  
sc ien tific  in te re s t. In  th e  co u rty a rd  is a 
s ta tu e  1 e re c te d  as a m e m o ria l to th e  sc ie n 
tis t  w ho  o ccu p ied  th e  c h a ir  o f a g ric u ltu re  
a t  th e  C o n se rv a to ire  fo r  42  y ea rs , fro m  
1845 u n ti l  h is  d e a th  in  1887. F o r h is  
s tu d ie s  in  n u tr i t io n  a n d  a g r ic u ltu ra l c h e m 
is try  th is  m a n  o ccup ies  a n  im p o r ta n t  p lace  
in  th e  h is to ry  n o t only  of th ese  b u t  o th e r 
sc ien tific  d isc ip lin es  as well.

J e a n  B a p tis te  B o u ss in g a u lt w as  b o rn  in  
P a r is  on  F e b ru a ry  2, 1802, th e  son  of a 
m idd le -c lass  g rocer. H is sc ien tific  e d u c a 
tio n  w as  o b ta in e d  a t th e  School o f M ines 
of S a in t-É tie n n e , w h ere , as a  s tu d e n t, he  
w as  ch o sen  by T h e n a rd  to  be a  p re p a ra to r  
in  c h em is try . E v id en tly  th e  y o u n g  s tu d e n t 
h a d  som e ta le n t  fo r  re se a rc h , ev id en ced  
by th e  fa c t  th a t  in  th e  cou rse  of h is  w ork  
as a la b o ra to ry  a s s is ta n t  h e  m a d e  som e 
o b se rv a tio n s  w h e n  a tte m p tin g  to  m e lt 
p la tin u m , a n d  th ese  led  to  som e e x p e ri
m e n ts  w h ic h  w ere  d esc rib ed  in  a p a p e r  
e n title d , “N o te  on  th e  C o m b in a tio n  of 
S ilicon  W ith  P la tin u m  a n d  on  its  P re sen ce  
in  S tee l” ( 1 ) .  T h is  re p o rt w as  p u b lish e d  
w h e n  h e  w as  on ly  19 y ea rs  o f age. O n 
g ra d u a tin g  h e  w as ca lled  to  d ire c t a  sm a ll 
a sp h a lt  m in e  in  A lsace, a n d  in  th is  w ork  
h a d  a close re la tio n  w ith  th e  D irec to r of 
M ines in  B ech e lb ro n n . N o d o u b t th is  h a d  
so m e th in g  to  do w ith  h is  b e in g  offered  a n  
a p p o in tm e n t by  th e  S p a n ish  G o v ern m en t 
to  a  p ro fe sso rsh ip  a t th e  school o f m in e s  
in  B ogotá, C olom bia , S ou th  A m erica , 
w h ich  h e  accep ted . D u rin g  th is  p e rio d  th e  
S p a n ish  co lon ies in  S o u th  A m erica  w ere  
in  rev o lt a g a in s t th e ir  m o th e r  co u n try . 
B o u ss in g a u lt jo in e d  th e  reb e ls  a n d  b ecam e 
a tta c h e d  to  th e  s ta ff  o f th e  fa m o u s  S im on  
B olivar. W h e n  th e  fig h tin g  ceased , B ous
s in g a u lt  c o n tin u e d  to  en g ag e  in  te c h n ic a l 
w ork  re la te d  to  m in in g , tra v e lin g  e x te n 

sively  in  th e  reg io n  a n d  k eep in g  reco rd s  
of v a rio u s  k inds. D u rin g  th ese  tra v e ls  h e  
h a d  th e  good fo r tu n e  to  becom e a c q u a in te d  
w ith  th e  fa m o u s  G e rm a n  sc ie n tis t an d  
trav e le r, A le x a n d e r von  H u m b o ld t w ho  
“w arm ly  p ra ise d  B o u ss in g a u lt’s c h em ica l, 
m e teo ro log ica l, g eo g ra p h ic a l a n d  a s tro 
n o m ic a l a c c o m p lish m e n ts” ( 2 ) .  I t  w as 
d u r in g  th is  p e rio d  th a t  h e  m a d e  h is  co n 
tr ib u tio n  to  th e  p ro b lem  of io d in e  supp ly  
in  re la tio n  to  go itre  w h ic h  is d isc u sse d  in  
som e d e ta il la te r .

O n h is  re tu rn  to  F ra n c e  in  1832, B ous
s in g a u lt  w as g iven  a  d o c to ra te  in  th e  sc i
en ces  a n d  n a m e d  p ro fe sso r o f ch e m is try  
on  th e  fa c u lty  o f Lyon. T h is  p o s itio n  w as 
h e ld  fo r  on ly  a  sh o r t tim e . H e rev is ited  
A lsace w h ere  h e  m a rr ie d  th e  s is te r  o f a 
fe llow  s tu d e n t a t St. E tie n n e . By th is  m a r 
r ia g e  B o u ss in g a u lt b e cam e , w ith  h is  
b ro th er-in -law , jo in t  p ro p r ie to r  o f the  
e s ta te  a t B ech e lb ro n n . H is b ro th er-in -law  
w as  th e  f a th e r  of th e  J. A. Le Bel (1 8 4 7 — 
1 9 3 0 ) w ho  la te r  ach iev ed  fa m e  in  s te re o 
c h e m is try . O n th is  e s ta te  B o u ss in g a u lt 
e s ta b lish e d  a  la b o ra to ry  so th a t  he  cou ld  
m ak e  v a rio u s  s tu d ie s  re la tin g  c h e m is try  
a n d  phy sics  to  p ro b lem s in  a g ric u ltu re . 
T h is  la b o ra to ry  h a s  lo n g  b een  reco g n ized  
as  th e  f irs t a g r ic u ltu ra l e x p e r im e n t s ta tio n  
in  th e  m o d e m  sense . In  1839 th e  d e a th  
of H u z a rd  p ro v id ed  a n  o p e n in g  in  th e  
A cadem ie  des S c iences, a n d  B o u ss in g a u lt 
w as  e lec ted  as  th e  successo r. In  1845, 
L ec le rc-T hou in , P ro fe sso r o f A g ric u ltu re  a t 
th e  C o n serv a to ire  des A rts e t M etie rs, died. 
As h is  su ccesso r B o u ss in g a u lt w as  n o m i
n a te d  by th e  F re n c h  A cadem y  o f S ciences
( 3 ) .  F ro m  th e  tim e  of h is  m a rr ia g e  
B o u ss in g a u lt g en e ra lly  sp e n t a b o u t h a lf  
o f th e  y e a r  in  A lsace a n d  th e  o th e r  h a lf  
in  P a ris .

T h e  re v o lu tio n  of 1848 in  F ra n c e  fo rced  
h im  m o m e n ta r ily  to  c h a n g e  o ccu p a tio n s .

1 T h e  w o rk  o f th e  scu lp to r, D a lo u ; u n v e ile d  in  1895.
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H e w as e lec ted  re p re se n ta tiv e  of th e  
D e p a r tm e n t B as-R hin  to  th e  C o n s titu e n t 
A ssem bly  w h ere  h e  s a t  a m o n g  th e  m o d 
e ra te  R ep u b lican s . H e vo ted  a g a in s t th e  
po lic ies ad v o ca ted  by th e  d is tin g u ish e d  
L ouis B lanc , a g a in s t th e  ab o litio n  of the  
d e a th  p e n a lty  a n d  in  fa v o r  of th e  b a n n in g  
of c lubs. H e w as  ta k e n  in to  the  C ouncil 
o f S ta te  w h ere  he  p a r tic ip a te d  in  d raw in g  
u p  new  leg is la tio n . L ouis B lanc  w as  a 
p u b lic is t, h is to r ia n  a n d  p o litic ia n  w ho  be
cam e  m u c h  in te re s te d  in  th e  p lig h t of 
lab o re rs , a n d  h is  w ritin g s  w ere  in  fa v o r of 
im p ro v in g  th e ir  lo t in  th e  socio-econom ic 
scene. B lanc  is d esc rib ed  as h a v in g  b een  
a fo rc e fu l o ra to r  a n d  a n  u n c o m p ro m is in g  
id e a lis t w ho  in  the  C o n s titu e n t A ssem bly 
s a t  w ith  th e  ex tre m e  “le f t .” F ro m  th is  it 
w ou ld  a p p e a r  th a t  B o u ss in g a u lt d id  n o t 
app rove  of B la n c ’s ex tre m e  a tti tu d e , w as 
m o re  of a  re a lis t  a n d  w as c lo se r to  th e  
“m id d le ,” b u t n e v e rth e le ss  so m e w h a t le ft 
o f th e  “m id d le .” R eg ard less  o f how  w e 
m a y  try  to c lassify  h im  now , th e  g overn 
m e n t re g a rd e d  h im  as b e in g  “a n t i” an d  
th is  led  to  h is  b e in g  d ep rived  o f h is  po st 
a t th e  C o n serv a to ire , w h ic h  a c t so a roused  
h is  p ro fe ss io n a l co lleag u es th a t  they  
th re a te n e d  to  re s ig n  in  a  body if  he  w ere  
n o t re in s ta te d . T he  im p e ria l g o v e rn m en t 
re le n te d  a n d  gave h im  b a c k  h is  post.

T h e  F ran c o -G e rm a n  T re a ty  of F ra n k fo r t 
in  1871 fo rced  B o u ss in g a u lt to leave  Al
sace. H e took  re fu g e  w ith  h is  co lleague, 
H o ltzer, d ire c to r  o f th e  steel m ills  n e a r  
St. E tie n n e , in  w hose  la b o ra to ry  h e  w as 
a llow ed  to  c o n tin u e  h is  s tu d ies . T h is  
e v e n tu a lly  led  to  h is  p u b lic a tio n  in  1875 
of “S tu d ies  o f th e  T ra n s fo rm a tio n  of Iro n  
in to  Steel by C e m e n ta tio n .” ( 4 ) .  T h e  la s t 
w ritin g  a ss ig n m e n t w h ic h  h e  gave h im 
se lf co n sis ted  in  ed itin g  h is  five-volum e 
M em oirs w r itte n  fo r  h is  fa m ily  an d  m ad e  
av a ilab le  to  a sm a ll c irc le  o f re a d e rs ; they  
w ere  fin a lly  p r in te d  p o sth u m o u sly  in  the  
y ea rs  1892 to  1900.

T h e  sc ien tific  co n tr ib u tio n s  o f B ous
s in g a u lt  a re  s ig n if ic a n t to  s tu d e n ts  of 
n u tr i t io n  in  m a n y  w ays. R efe ren ce  h a s  
a lread y  b een  m a d e  to  th e  fa c t  th a t  h is  
la b o ra to ry  a t B ech e lb ro n n  w as  th e  first 
a g r ic u ltu ra l e x p e r im e n t s ta tio n  in  a n y 
th in g  like th e  m o d e rn  sense . In  th is  co n 
n e c tio n  I c a n n o t do b e tte r  th a n  to  quo te  
M cC ollum  (5 , p. 1 0 0 ) w ho  w ro te :

Boussingault deserves the title of founder 
of scientific agriculture because he studied  
problems both in  the field and in the labora
tory. He conducted experim ents on soils, 
crops, fertilizers, the assim ilation of atm os
pheric nitrogen by plants, and changes in  
com position of seeds during germ ination, as 
w ell as utilization of food by anim als, and 
applied all available knowledge in  the p lan
ning and conduct of his experim ents. He 
was the friend and collaborator of Dum as, 
one of the greatest French chem ists of all 
time. All of his studies bear the stam p of 
philosophic insight.

O n e x a m in in g  B o u ss in g a u lt’s w ork  on 
the  m a n y  top ics m e n tio n e d  by M cC ollum  
it is  ev id en t th a t  he  h a s  m a n y  firsts to  h is  
c red it. T h ey  deserve  som e d e ta iled  c o m 
m en ts .

Nitrogen studies
A m ong  th e  q u es tio n s  m u c h  d e b a te d  by 

m a n y  of the  ea rly  w o rk ers  w ere  w h e th e r  
p la n ts  a n d  a n im a ls  u tilize  a tm o sp h e ric  
n itro g e n ; w h e th e r  n itro g e n  is e x c re te d  by 
the  lu n g ; n itro g e n  b a la n c e s ; a n d  re la te d  
p rob lem s. I t h a d  lo n g  b een  k n o w n  th a t  
c rops g row n  on  soil w h e re  b e a n s  h a d  been  
th e  p re c e d in g  cro p  developed  b e tte r  th a n  
on  la n d  fro m  w h ich  o th e r  c rops h a d  been  
h a rv e s te d . As ea rly  as 1806 V a u q u e lin  an d  
F o u rc ro y  ( 6 )  show ed  by n u m e ro u s  a n a l
yses of ba rley , peas a n d  b e a n s  th a t  th e  
leg u m es are  r ic h e r  in  “a n im a l m a tte r ,” by 
w h ich  they  m e a n t m a te r ia l p a r tly  so lub le 
in  ace tic  ac id  a n d  c o n s is tin g  in  p a r t  of 
g lu tin o u s  flakes p ro d u ced  on  h e a tin g . 
W h e n  B o u ss in g a u lt b eg an  h is  w ork , c h e m 
is ts  co n sid ered  c a se in  of m ilk , th e  fib rin  of 
c lo tted  blood, w h ite  o f egg, g e la tin , an d  
th e  c o a g u lu m  fo rm ed  on  h e a tin g  b lood 
se ru m  as d is tin c t c h em ica l su b s ta n c e s , b u t 
knew  n o th in g  of th e ir  ch e m ic a l n a tu re . 
F ro m  h is  ex ten siv e  an a ly ses  M u ld e r n o 
ticed  th a t  th ese  su b s ta n c e s  c o n ta in e d  ab o u t 
th e  sam e  p e rc e n ta g e  co m p o sitio n  of c a r 
bon , h y d ro g en , n itro g e n  a n d  oxygen , 
w h ich  su g g ested  th e  e x is ten ce  o f a ra d ic a l 
o f som e sort. F or th is , in  1839, h e  p ro 
posed  th e  te rm  protein ( 7 ) .  W h en ce  cam e 
th e  e x tra  n itro g e n  fo u n d  in  the  le g u m e s : 
fro m  th e  soil o r th e  a tm o sp h e re ?

B o u ss in g au lt s tu d ied  th is  q u e s tio n  in  th e  
fo llow ing  m a n n e r  (5 , p. 1 0 1 ). C lay  soil 
w as a sh e d  to destroy  any  o rg a n ic  m a tte r  
p re sen t. T h is  soil w as p laced  in  p o rc e la in  
d ish es  an d  k ep t w e t w ith  d is tilled  w a te r . 
S am p les  of seeds w ere  d ried , w e ig h ed  an d



A BIO G R A PH IC A L SK ETC H 5

an a ly zed  fo r  c a rb o n , h y d ro g e n  a n d  n i t ro 
gen  by th e  co m b u s tio n  m e th o d s  av a ilab le  
a t th a t  tim e . S eeds w ere  th e n  p la n te d  in  
the  a sh e d  soil a n d  th e  d ish es  k e p t in  a 
g lass h o u se  th a t  w as  h e rm e tic a lly  sea led  
b u t w as p ro v id ed  w ith  good i l lu m in a tio n  
by su n lig h t. D u rin g  th e ir  g ro w th  th e  p e a s , 
lu c e rn e  ( a l f a l f a )  a n d  re d  clover show ed  a 
m a rk e d  in c re a se  in  n itro g e n  c o n te n t over 
th a t  o f th e  o r ig in a l seeds; w ith  w h e a t a n d  
o a ts , how ev er, n o  n itro g e n  h a d  been  ad d ed  
to w h a t w as o rig in a lly  p re se n t in  th e  seed. 
T he  e x tra  n itro g e n  in  th e  leg u m es m u s t 
h av e  com e fro m  th e  a ir  a n d  n o t th e  soil —  
or so i t  seem ed . T h e  f in a l e x p la n a tio n  of 
th ese  p h e n o m e n a  by th e  d iscovery  of n i t ro 
gen-fix ing  b a c te r ia  in  th e  n o d u le s  o f th e  
roo ts of le g u m e s  d id  n o t com e u n ti l  a b o u t 
50 y e a rs  la te r .

T he  possib le  u til iz a tio n  of a tm o sp h e ric  
n itro g e n  w as  a lso  s tu d ie d  in  a n im a ls  in  
w h a t w as one of th e  f irs t, i f  n o t th e  first, 
se ries o f n itro g e n  b a la n c e  e x p e rim e n ts . 
B o u ss in g a u lt’s ea rly  p a p e rs  on  th is  su b je c t
( 8 )  d e a lt w ith  a  3-day s tu d y  on  a  cow  a n d  
a  2 4 -h o u r e x p e r im e n t o n  a  ho rse . T h e  
e x p e r im e n ta l a p p ro a c h  w a s  th e  in d ire c t 
d e te rm in a tio n  o f n itro g e n  lo s t th ro u g h  th e  
lu n g s  d u r in g  a  n itro g e n  b a la n c e  e x p e r i
m e n t. T h e  r a t io n  a n d  th e  e x c re ta  w ere  
an a ly zed  (w ith  th e  cow , th e  m ilk  as w e ll) . 
In  th e  2 4 -h o u r n itro g e n  b a la n c e  p eriod  
w ith  th e  h o rse , 17 .2  p e r  c e n t of th e  n i t ro 
gen  ta k e n  in  cou ld  n o t be fo u n d  in  th e  
e x c re ta . In  th e  3-day e x p e r im e n t w ith  a 
cow , 13.5 p e r  c e n t o f th e  n itro g e n  w as  n o t 
a c c o u n te d  fo r  in  th e  feces , u r in e  a n d  m ilk . 
B o u ss in g a u lt a ttr ib u te d  th is  lo st n itro g e n  
to  e x c re tio n  th ro u g h  th e  lu n g s . Is i t  p o ss i
ble th a t  m o s t o f i t  w as  in  ex c re te d  a m 
m o n ia  lo s t by  v o la tiliz a tio n  b efo re  th e  
a c tu a l a n a ly ses?

T h re e  y e a rs  la te r  h e  p u b lish e d  ( 9 )  a d d i
tio n a l d a ta  o b ta in e d  fro m  a la c ta t in g  cow  
a n d  a  h o rse . In  th e  in tro d u c tio n  to  th is  
p a p e r  B o u ss in g a u lt m a k e s  a d is tin c tio n  
b e tw e e n  g ro w th  a n d  m a in te n a n c e ;  th e  d ie
ta ry  re g im e n  fo r  th e  la t te r  h e  ca lled  ‘l a  
ra tio n  d ’e n tre t ie n .” A sa tis fa c to ry  food 
m ix tu re  w as  fed  d u r in g  a p re lim in a ry  
p erio d  o f one m o n th , th e  s tu d y  th e n  m a d e , 
a n d  a b a la n c e  sh e e t se t up . H e c o m m en ted  
th a t  by u s in g  th e  e x p e r im e n ta l d ie t fo r  a 
m o n th  p rev io u sly  h e  w a s  ab le to  co n c lu d e  
th a t  th e  c o n d itio n s  w o u ld  be c o n s ta n t  d u r 

in g  th e  tim e  th e  b a la n c e  d a ta  w ere  ob
ta in e d . As in  th e  e a r lie r  e x p e rim e n t, th e  
n itro g e n  b a la n c e s  show ed  a n  ap p rec iab le  
a m o u n t o f n itro g e n  u n a c c o u n te d  fo r. T h is  
tim e , how ever, h e  w ro te  th a t  “i t  is  e x 
trem e ly  p ro b ab le  th a t  th e  n itro g e n  in  the  
a ir  w as  n o t  a ss im ila te d  d u r in g  th e  a c t of 
re s p ira t io n ;” also , th a t  h is  re su lts  con 
fo rm e d  w ith  those  of o th e r  in v e s tig a to rs , 
p a r tic u la r ly  th o se  of D u lo n g  w ho  re a c h e d  
the  sa m e  c o n c lu s io n  on  th e  b asis  o f q u ite  
d iffe re n t co n s id e ra tio n s . H e a d d e d  th a t  
h e  p la n n e d  o th e r  s tu d ie s  to  d e te rm in e  
w h e th e r  in se c ts  a n d  m o llu sk s  c a n  fix  
a tm o sp h e r ic  n itro g e n . So f a r  as  c a n  be 
a sc e r ta in e d  fro m  th e  p r in te d  reco rd s , su ch  
a d d itio n a l s tu d ie s  w ere  n e v e r m ad e . H e 
d id  p u rsu e  th e  p ro b lem , how ev er, w ith  a 
tu r t le  dove ( 1 0 ) .

T he  b ird  w as  fe d  m ille t. O ne e x p e r i
m e n t la s te d  fo r  five d ay s, a n o th e r  fo r  
seven . T h e  n itro g e n  b a la n c e  sh ee t show ed
35 .04  p e r  c e n t u n a c c o u n te d  fo r, a n d  th is  
w as  a ttr ib u te d  to  loss th ro u g h  th e  lu n g s . 
M cC ollum  su g g ests  th a t  th is  la rg e  loss m ay  
h a v e  b e e n  d ue  to  fo rm a tio n  o f a m m o n ia  
in  th e  d e je c ta  by b a c te r ia l a c tio n , a n d  loss 
o f th is  a m m o n ia  by  v o la tiliz a tio n  befo re  
th e  feces  w ere  d ried  fo r  an a ly s is . In  th is  
case  B o u ss in g a u lt’s co n c lu s io n  o f loss of 
n itro g e n  v ia  th e  lu n g s  w as  e rro n eo u s . T h is  
e rro r  w as  co rre c ted  in  th e  la te r  b a la n c e  
s tu d ie s  re p o rte d  in  1852  by B id d e r a n d  
S c h m id t ( 1 1 )  on  a  g row n  c a t  fe d  m e a t 
u n d e r  b e tte r-co n tro lled  a n d  m o re  e x a c tin g  
e x p e r im e n ta l co n d itio n s ; a n e a r ly  p e rfe c t 
n itro g e n  b a la n c e  w as  o b ta in ed . T h e  s lig h t 
a m o u n t o f u n a c c o u n te d -fo r  n itro g e n  (o n ly  
0 .7  p e r  c e n t  o f th e  n itro g e n  in  th e  m e a t 
e a te n )  w as  a ttr ib u te d  to  e x p e r im e n ta l 
erro r.

Rating of foods and feeds by 
nitrogen content

O n th e  a ssu m p tio n  th a t  th e  n u tr it iv e  
v a lu e  of foods fo r  fo rm a tio n  of blood, 
m u sc le , m ilk  a n d  th e  like  m ig h t be b ase d  
on  th e ir  resp ec tiv e  c o n te n t o f n itro g e n  
( a n  id e a  h e ld  by M u ld e r a n d  L ieb ig  b u t 
n o t a c tu a lly  te s te d  by  th e m ) , B o u ss in g a u lt
( 1 2 )  m ad e  n u m e ro u s  a n a ly ses  by  th e  co m 
b u s tio n  m e th o d  of D u m a s , a n d  fro m  th e  
re su lts  d rew  u p  a  tab le  o f eq u iv a le n ts , 
ta k in g  te n  p o u n d s  of h a y  as th e  u n i t  fo r  
co m p ariso n . H e ca lled  h is  tab le . “T h e o re ti
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c a l Q u a n titie s  o f D iffe ren t K inds of V ege
tab le  F eed s W h ic h  W ill P ro d u ce  E q u a l 
E ffec ts  on  th e  G row th  of M u sc le .” T w en ty - 
s ix  ite m s  are  lis ted  in  th e  tab le . In te re s t
in g  g ro u p in g s  of th e  v a lu es a re  th e  fo llow 
in g : lin se e d  oil cake a n d  v e tch es , 2; p e a s , 
3; w h e a t, rye , o a ts  a n d  p e a  s tra w , 5; m aize , 
6; v e tc h  s tra w , 7; clover h a y  in  flow er a n d  
lu c e rn e  in  flow er, 8; b ra n , 9; c a rro t leav es, 
13; p o ta to es , 28 ; c a rro ts  a n d  g reen  lu c e rn e , 
35; p o ta to  leav es, 36; w h ite  cab b ag e , 37; 
old p o ta to es , 41 ; w h e a t s tra w  a n d  b arley  
s tra w , 52; o a t s tra w , 55; rye s tra w  a n d  
tu rn ip s , 61.

T h e  b a la n c e  s tu d ie s  m a d e  on  cow s ( 1 3 )  
fe d  b e e t ro o ts  a n d  p o ta to e s  a re  o f p a r t ic u 
la r  in te re s t  to  s tu d e n ts  o f n u tr i t io n  b e
ca u se , as M cC ollum  h a s  p o in te d  ou t, th e se  
e x p e r im e n ts  w ere  th e  firs t

to show by chem ical analysis, the effects on 
anim als of foods inadequate in  quality. Thus 
he found that w hen fed  ad  l ibitum  as the 
sole food potatoes or beet roots, both of which  
are deficient in  protein, were incapable of 
preventing w eight loss in  cows. These were 
the first chem ical studies in  w hich anim als 
were restricted to rations derived from  a 
single plant source. From these observations 
Boussingault drew the conclusion of funda
m ental im portance, that anim als could not 
use nitrogen from  the atmosphere to supple
m ent inadequate protein in  the rations for 
svnthesis o f nitrogenous anim al matter 
(blood, flesh) (5 , p. 101).

Digestion and absorption of food
B o u ss in g a u lt p e rfo rm e d  e x p e r im e n ts  re 

la te d  to  th is  top ic. A n ex c e lle n t ex a m p le  is  
se e n  in  th e  s tu d y  c a rr ie d  o u t on  d u ck s
( 1 4 ) .  In  one e x p e r im e n t he  m a d e  a  d u ck  
sw allow  50 g ra m s  o f g u m  a ra b ic  a n d  a f te r  
n in e  h o u rs  reco v e red  46  g ra m s of th e  g u m  
fro m  th e  a lim e n ta ry  tra c t. U sin g  th is  
sa m e  te c h n iq u e , h e  a d m in is te re d  d iffe ren t 
a m o u n ts  o f v a rio u s  foods w h ic h  cou ld  be 
d ig ested  a n d  ab so rb ed  w ith in  a  g iven  tim e. 
T h e  d u ck s w ere  fa s te d , th e n  fe d  c a re fu lly  
w e ig h ed  a m o u n ts  of th e  te s t food. A fte r  a 
s ta te d  p e rio d  th e  d u c k  w as  k illed . All 
e x c re ta  w ere  co llec ted , as w ell a s  th e  
a m o u n t o f m a te r ia l  re m a in in g  in  th e  a li
m e n ta ry  tra c t. F ro m  th ese  d a ta  h e  c a lc u 
la te d  th e  a m o u n t o f th e  food  th a t  a d u ck  
co u ld  d ig es t a n d  abso rb  in  one h o u r. F ro m  
th e se  d a ta  h e  c o n s tru c te d  a  tab le  g iv ing  
c o m p a ra tiv e  v a lu e s  fo r  d iffe re n t foods 
(5 ,  p. 1 0 5 ). F ro m  th e  o n e -h o u r v a lu es  
B o u ss in g a u lt e s tim a te d  th e  a m o u n ts  w h ich

cou ld  be d ig ested  a n d  ab so rb ed  in  tw en ty - 
fo u r  h o u rs , a n d  h e  co n sid e red  th is  to  re p 
re s e n t  th e  d u c k ’s c a p a c ity  to  h a n d le  th a t  
food  in  one day.

In  w o rk in g  o u t a  c a rb o n  b a la n c e  h e  
m e a su re d  n o t m ere ly  th e  c a rb o n  in  th e  
food  a n d  d e je c ta  b u t  th a t  in  th e  c a rb o n ic  
ac id  gas ex p ired  in  a  day. H is d a ta  led  
h im  to  tw o im p o r ta n t  co n c lu s io n s : ( a )  
i t  is  im p o ssib le  fo r  th e  b ird s  to secu re  suffi
c ie n t c a rb o n  fro m  “a n im a l m a t te r ” a n d  
su g a rs  to  m e e t th e ir  re q u ire m e n ts  fo r  th e  
“m e ta m o rp h o s is  o f m a t te r ” w ith in  th e ir  
bod ies, a n d  th e re fo re  ( b )  i t  is n e c e ssa ry  
th a t  som e f a t  be  in c lu d e d  in  th e  d ie t to  
p re v e n t a  defic it o f ca rb o n . As he  p u t  i t :

The results set forth in  this m emoir show  
that album in, fibrin and casein , although  
absorbed in  considerable am ount from  the 
alim entary tract, do not furnish enough  
com bustible elem ents to the organism , thus 
explain ing w hy these sam e substances, al
though w ell assim ilated, are insufficient if  
fed as the sole food. For nourishm ent to be 
com plete there m ust be enough m aterial to 
be burned to furnish heat; these nitrogenous 
bodies need to be in  som e proportion to 
non-nitrogenous substances.

H ere  w e see a  c le a r  re c o g n itio n  of th e  
im p o rta n c e  in  n u tr i t io n  of w h a t th e  m o d 
e rn  w o rk e r w o u ld  ca ll th e  calorie fa c to r  
as d is tin g u ish e d  f ro m  th e  protein fa c to r .

Fat formation in the body
B o u ss in g a u lt m a d e  in te re s t in g  c o n tr ib u 

tio n s  to  th e  co n tro v e rsy  over th e  m e tab o lic  
q u e s tio n  w h e th e r  th e  a n im a l body  c a n  co n 
v e rt c a rb o h y d ra te s  to  fa t. I t  b e g a n  ab o u t 
1843 a n d  cam e  to  invo lve F re n c h  in v e s ti
g a to rs  v e rsu s  G e rm an s  re p re se n te d  ch iefly  
by L ieb ig  a n d  h is  p u p ils . T h e  F re n c h  
g ro u p  en d e a v o re d  to  show  by  d ire c t e x p e r i
m e n ts  th a t  h e rb iv o ro u s  a n im a ls  ta k e  as 
p a r t  o f th e ir  food e n o u g h  f a t  to m e e t th e ir  
n e ed s  fo r  fa t te n in g  a n d  m ilk  p ro d u c tio n ; 
a n d  th e re fo re  th e y  h a v e  no  n eed  to  fo rm  
fa t, a n d  in  fa c t  ( ? )  a re  u n a b le  to  do so. 
A n e x ce llen t su m m a ry  of th e  F re n c h  id e a s  
of th a t  tim e  is  fo u n d  in  th e  p a p e r  p re 
se n te d  by D u m a s  b efo re  th e  F re n c h  A cad 
em y  in  1843 ( 1 5 ) .  T h e  G e rm a n  w o rk e rs  
h e ld  th e  opposite  view . T h ey  c ited  e x p e r i
m e n ts  in  w h ic h  c e r ta in  a n im a ls  c o n ta in  
f a t  a n d  p u t  o u t in  th e ir  e x c re ta  a n d  m ilk  
a m o u n ts  la rg e r  th a n  w h a t w as  p re s e n t  in  
th e ir  food. In  su ch  cases , i t  seem ed  obv i
ous th a t  th e y  m u s t  h a v e  m a d e  som e f a t
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fro m  o th e r  su b s ta n c e s . M cC ollum  p o in ts  
o u t th a t  th e  tw o  schoo ls a ttr ib u te d  d iffe r
e n t m e a n in g s  to  th e  te rm  fat. T h e  F re n c h  
c h em is ts  c o n s id e red  as  f a t  e v e ry th in g  th a t  
w as  e x tra c ta b le  by e th e r . L ieb ig  a n d  h is  
co-w orkers re s tr ic te d  th e  m e a n in g  to  e th e r- 
so lub le  su b s ta n c e s  th a t  h a v e  th e  g e n e ra l 
p ro p e rtie s  o f tru e  f a t ,  th u s  ex c lu d in g  
ch lo ro p h y ll, w ax , bile re s id u e s  in  th e  feces , 
e t c e te ra . In  th is  c o n n e c tio n  m a n y  w ork 
e rs  c a rr ie d  o u t in te re s t in g  e x p e r im e n ts  
w ith  bees. Som e G e rm a n  w o rk ers  h a d  
c la im e d  th a t  b ees c a n  m a k e  w a x  w h e n  
fe d  on ly  su g a r ; b u t  D u m a s  a n d  M ilne- 
E d w a rd s  ( 1 6 )  re p e a te d  th e ir  w ork , a n d  
u p o n  c a re fu lly  a n a ly z in g  th e  “s u g a r” fe d  
by th ese  G e rm a n  w o rk ers , d e m o n s tra te d  
th a t  i t  c o n ta in e d  som e w a x  as  a n  im p u rity . 
I f  p u re  su g a r  w a s  fe d  to  bees, th e y  cou ld  
n o t su rv ive  ve ry  lo n g ; w h e n  g iven  h o n ey  
w h ic h  c o n ta in s  som e w a x  (a n d  o th e r  th in g s  
o f c o u rs e ) ,  th e y  re m a in e d  h e a lth y  a n d  p ro 
d u ced  w ax . D u m a s  a n d  M iln e-E d w ard s, 
in  th e ir  p a p e r , e m p h a s iz e d  th e  im p o rta n c e  
of d o ing  good c h e m ic a l an a ly se s  as p a r t  
o f re se a rc h e s  o f th is  sort. By n u m e ro u s  
e x p e r im e n ts  w ith  p igs, d u ck s  a n d  cow s, 
B o u ss in g a u lt ( 1 7 )  a n d  P ersoz  ( 1 8 )  fina lly  
o b ta in e d  d a ta  sh o w in g  th e  c o rre c tn es s  o f 
L ieb ig ’s p o in t o f view .

In  B o u ss in g a u lt’s book, Rural Economy, 
(1 9 , p. 562  e t s e q .)  one fin d s a n  in te re s t
in g  d e ta ile d  d isc u ss io n  o f th is  to p ic  in  
w h ic h  m u c h  l i te ra tu re  is  c ited . O ne g a in s  
a  good im p re ss io n  o f th e  k in d  of c r itic a l 
re s e a rc h e r  B o u ss in g a u lt re a lly  w a s  fro m  
h is  c o n c lu d in g  s ta te m e n t:

The facts on w hich that opinion (that body 
fat m erely represents ingested food fa t)  
is based, despite their number, probably 
are as yet insufficient to constitute a per
fectly  satisfactory or conclusive theory. N ew  
researches are therefore indispensable. It 
would be requisite to show that a cow  kept 
on a regim en abundant in  point of quantity, 
but as poor as possible in  m atters analogous 
to fat, w ill continue to m aintain  her condi
tion and yet yield m ilk abounding in  cream; 
and that it is really possible, as some persons 
affirm, to fatten  anim als rapidly on roots and 
tubers alone.

Distinction between nitrogen of 
ammonia and urea in urine 

B o u ss in g a u lt’s ex te n s iv e  an a ly se s  of 
foods, feces , u r in e , tis su e s , e t c e te ra , fo r  
n itro g e n  c o n tr ib u te d  to  h is  m a k in g  a n  
im p o r ta n t d iscovery  o f a  d is tin c tio n  to  be

m a d e  b e tw e e n  th e  n itro g e n  of a m m o n ia  
in  u r in e  a n d  th a t  of u re a  a n d  o th e r  su b 
s ta n c e s . A p p a re n tly  h e  w as  th e  f irs t to do 
th is . H e a d d ed  lim e  w a te r  to  th e  u rin e  
u n ti l  th e  flu id  w as a lk a lin e  in  re a c tio n  a n d  
th e n  m e a su re d  th e  a m o u n t o f a m m o n ia  
p ro d u ced . W h e n  th is  w a s  d one  w ith  u re a  
so lu tio n s , how ev er, a m m o n ia  w as  not 
evolved  ( 2 0 ) .

Mineral nutrients
B o u ss in g a u lt’s in te re s t  in  m in e ra l  su b 

s ta n c e s  in  n u tr i t io n  is sh o w n  in  sev e ra l 
p a p e rs . In  th e  on ly  e x p e r im e n ts  h e  a p 
p e a rs  to  h a v e  m a d e  o n  g ro w in g  o rg a n ism s  
as  c o n tra s te d  w ith  a d u lts , h e  s tu d ie d  th e  
d e v e lo p m en t o f m in e ra l su b s ta n c e s  in  th e  
sk e le to n  of th e  p ig  ( 2 1 ) .  A n a ly ses  w ere  
m a d e  o f b o n es of a  n e w b o rn , a p ig  8 
m o n th s  o ld  a n d  a  p ig  11.5 m o n th s  old. 
T h e  a n a ly se s  w ere  re p o rte d  as  “ca lc iu m  
u n ite d  to  p h o sp h o ric  ac id ,” “c a lc iu m  u n ite d  
to  c a rb o n ic  ac id ,” “m a g n e s iu m ” a n d  “p h o s 
p h o ric  a n d  ca rb o n ic  a c id s .” T h e  d a ta  re 
p o rte d  w ere  th e  w e ig h t o f th e  p ig , i ts  d ried  
sk e le to n  a n d  its  ash . T h ese  a p p e a r  to  be 
th e  f irs t e s tim a te  of w h a t th e  d ie t o f th e  
p ig  m u s t  fu rn is h  in  th e  w ay  o f ca lc iu m  
p h o sp h a te  in  o rd e r  to  p rov ide  fo r  n o rm a l 
sk e le ta l d ev e lo p m en t. In  h is  book, Rural 
Economy, (1 9 , p. 5 5 3 ) , one fin d s th a t  h e  
a lso  m a d e  som e b a la n c e  s tu d ie s  w ith  a 
six -m on th -o ld  c a lf  a n d  a  m ilc h  cow  in  calf. 
T h e  re su lts  c a u se d  h im  to  em p h a s iz e  p a r 
tic u la r ly  th e  im p o rta n c e  o f lim e  in  th e  
ra tio n .

Salt in the ration
A n o th e r B o u ss in g a u lt c o n tr ib u tio n  to

( 2 2 )  th e  su b je c t o f m in e ra l n u tr ie n ts  is 
seen  in  h is  e x p e r im e n ts  w ith  tw o g roups 
of o xen , th re e  in  e a c h  g roup . O ne w as  
fe d  th e  r a t io n  w ith  a d d ed  sa lt; th e  o th e r  
rece iv ed  on ly  th e  s a lt p re s e n t  in  th e  ra t io n  
as  su ch . A fte r  one m o n th  th e  a p p e a ra n c e  
a n d  ac tiv ity  of th o se  re c e iv in g  th e  added- 
s a lt re g im e n  w ere  d is tin c tly  su p e rio r  to 
th o se  th a t  d id  n o t. T h e  la t te r  show ed 
ro u g h n e ss  o f th e  h a i r  co a t, m a tt in g  a n d  
fa llin g  o f h a ir ,  a n d  a b n o rm a l g a it, a n d  
w h a t B o u ss in g a u lt ca lled  a cold  te m p e ra 
m e n t ( “le n te  e t la  fro id e u r  de te m p e ra 
m e n t” ).

Iron
M u ch  la te r  in  h is  c a re e r  ( 1 8 7 2 )  B ous

s in g a u lt  p u b lish e d  h is  d a ta  on  th e  iro n



8 JE A N  B A P T IS T E  B O U SSIN G A U LT

c o n te n t  o f th e  bod ies of a n im a ls  ( 2 3 ) .  To 
h im  iro n  w as  to  be  re g a rd e d  as a n  e sse n 
tia l  n u tr ie n t .  H is s tu d y  w as  d es ig n ed  to  
d e te rm in e  th e  a m o u n t o f iro n  w h ic h  
sh o u ld  be in  th e  ra t io n s  o f f a rm  livestock . 
H e re p o rte d  th e  iro n  c o n te n t of, am o n g  
o th e r  th in g s , a  2 7 -g ram  m o u se , a  32-kilo- 
g ra m  sheep , a n d  a  fish  w e ig h in g  182 
g ram s. H e gave h is  e s tim a te  of th e  a m o u n t 
of iro n  ta k e n  in  by  a  cow  w e ig h in g  600 
k ilo g ra m s a n d  c o n su m in g  1 .365 g ra m s of 
iro n  in  th e  d a ily  r a t io n  o f h a y ; a n d  r e 
p o rte d  th a t  sh e  gave o u t in  7 .52  k ilo g ram s 
o f m ilk  0 .1 3 5  g ra m s  o f th is  e lem en t. T h is  
sa m e  c o m m u n ic a tio n  to  th e  A cadem y  re 
p o rte d  a n a ly ses  fo r  iro n  c o n te n t fo r  th irty - 
six  foods a n d  feed s , se v e ra l w in es  an d  
o th e r  bev erag es as w ell as w a te r  fro m  
d iffe re n t sou rces. O n th e  b as is  o f p u b 
lish ed  d a ta  on  th e  iro n  c o n te n t of blood 
e t c e te ra , h e  c a lc u la te d  th e  iro n  c o n te n t 
p ro v id ed  in  th e  d a ily  ra t io n s  of F re n c h  
so ld iers, E n g lish  a n d  I r ish  la b o re rs  a n d  
o th e rs  d o ing  h a rd  p h y s ic a l lab o r; in  a d d i
tio n  h e  c a lc u la te d  th e  iro n  c o n te n t of th e  
ra tio n s  of h o rse s  a t re se rv e  in  th e  arm y.

Iodine
T h e  im p o rta n c e  of io d in e  fo r  th e  p re 

v e n tio n  a n d  tre a tm e n t  o f go itre  w as  a p p re 
c ia te d  by B o u ss in g au lt. H ow  h e  cam e  to  
be in vo lved  in  th is  is  o f som e in te re s t 
(5 , 2 4 ) .

Io d in e  w as  d iscovered  in  1811 by Cour- 
tois. N in e  y e a rs  la te r  C o in d e t in  G eneva  
p re sc rib e d  it  a s  a  rem ed y  fo r  th e  cu re  of 
go itre . As fre q u e n tly  h a p p e n s , i ts  th e r a 
p e u tic  u se  w as  excessive  by  m a n y  p h y s i
c ia n s  w h o  p re sc rib e d  too  la rg e  doses a n d  
th u s  c a u se d  d e v e lo p m e n t of sy m p to m s of 
in to x ic a tio n . T h is  led  to  its  u se  fa llin g  
in to  d isrep u te .

In 1824 Humboldt described the occur
rence of goitre in  Colombia, South America, 
and stated that the native Indians knew  of a 
salt deposit w hich they believed to be rem e
dial for this disease, a property w h ich  they 
did not attribute to other salt sources. A 
young physician , Dr. Roulin, who had learned  
in  Paris of Coindet’s therapeutic use of 
iodine, w ent to Colombia, and having learned  
of the belief in  a special curative value for 
the salt deposit m entioned by Humboldt, 
secured sam ples of this and other sources of 
com m on salt and requested Boussingault to 
analyze them  (5 , p. 106).

H e w as  in  B ogo tá  a t th is  tim e.

M cC ollum ’s a c c o u n t fa ils  to  m e n tio n  
an y  specific  re fe re n c e  to  a  B o u ss in g a u lt 
p u b lic a tio n  in  th is  c o n n ec tio n . In  a  lo n g  
p a p e r  w h ic h  B o u ss in g a u lt p u b lish e d  in  
1833 a f te r  h is  r e tu r n  to  F ra n c e  ( 2 4 ) ,  h e  r e 
p o rts  on  h is  tra v e ls  in to  v a rio u s  a re a s  of 
in te re s t  in  re la tio n  to  th is  su b je c t, th e  geo
lo g ica l fo rm a tio n s  a n d  types of ro ck s  c o m 
m o n ly  fo u n d  th e re , a n d  sp e c u la te s  as to  
how  io d in e  cam e  to  be p re s e n t  in  som e 
sa lt d ep o sits  b u t  n o t o thers.

O n c o m p a rin g  h is  a n a ly ses  o f th e  
“good” w ith  th e  “p o o r” sa lts , h e  n o ticed  
th a t  th e  re m e d ia l sa lts  c o n ta in e d  a p 
p rec iab ly  m o re  io d in e  th a n  m a n y  non - 
re m e d ia l ones; o r, w h e n  co m p a re d  w ith  
c e r ta in  “p o o r” sa lts , th e y  c o n ta in e d  io d in e  
in  s ig n if ic a n t a m o u n ts , w ith  th e  “p o o r” 
sa lts  la c k in g  it  en tire ly . H e a ttr ib u te d  
th e  th e ra p e u tic  v a lu e  of th e  s a lt to  its  
iod ine  c o n te n t;  a n d  in  1831, ju s t  b e fo re  h e  
re tu rn e d  to  F ra n c e , h e  adv ised  th e  C o lom 
b ia n  G o v ern m en t to  p ro v id e  fo r  th e  g e n e ra l 
d is tr ib u tio n  o f th e  n a tu ra lly  iod ized  sa lts  
in  th e  in te re s t  o f th e  h e a lth  o f th e  p o p u 
la tio n . Sixty-five y ea rs  w ere  to  p a ss , h o w 
ever, befo re  B a u m a n n  in  1896 w as  to  d is 
cover th e  p re se n c e  of io d in e  in  th e  th y ro id  
g la n d , th u s  a ffo rd in g  a sc ien tific  b a s is  fo r  
th e  im p o rta n c e  o f th is  e le m e n t in  p h y s io l
ogy a n d  m e d ic in e ; a n d  ab o u t one h u n d re d  
y e a rs  w ere  to  p a s s  b e fo re  th e  u se  of iod ized  
s a lt fo r  th e  p re v e n tio n  of go itre  w as  to  be 
p la c e d  on  a  firm  fo u n d a tio n  a n d  su p p o rte d  
by m e d ic a l a u th o rity . A cco rd ing  to  P a ra
( 2 5 ) ,  w hose  p a p e r  w as p u b lish e d  in  1948, 
th e  C o lom bian  g o v e rn m e n t a t  th a t  tim e  
w as p ro v id in g  fo r  th e  io d iz a tio n  of sa lt  to 
th e  e x te n t o f 4 m illig ra m s  p e r  100 g ra m s 
of sa lt; in  c o n n e c tio n  w ith  th is  p ro g ra m  
th e  daily  in ta k e  o f s a lt w as e s tim a te d  to  be 
ab o u t 15 g ra m s p e r  person .

B o u ss in g a u lt’s su c c e ss fu l c a re e r  w as  
ach iev ed  in  sp ite  o f th e  fa c t  th a t  h e  h a d  
n o t en jo y ed  th e  u n iv e rs ity  life  o f a  b r il l ia n t 
s tu d e n t. H is sole aca d e m ic  ex p e rie n c e  w as 
th a t  o f a  s tu d e n t in  a  school o f techno logy . 
H e m e n tio n e d  th a t  h is  v o ca tio n  w as  d e te r
m in e d  by h is  ex p e rie n c e  as a n  a s s is ta n t  
c h e m is t in  th e  la b o ra to ry  of T h e n a rd  a t  th e  
School o f M ines. H is f irs t p u b lic a tio n  of 
re se a rc h  a t  th e  e a rly  age o f n in e te e n , fo l
low ed by c o n tin u e d  p u b lic a tio n  of o b se r
v a tio n s  m a d e  d u r in g  h is  so jo u rn  in  S o u th  
A m erica , led  to  h is  b e in g  g ra n te d  a d oc
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to ra te  a n d  a  p o s t as p ro fe sso r of c h e m 
is try  a t L yon  in  1832, a lth o u g h  h e  h a d  
on ly  h is  d ip lo m a  fro m  th e  School o f M ines 
as w h a t w e w o u ld  ca ll a n  u n d e rg ra d u a te  
q u a lifica tio n .

In  h is  la te r  y e a rs  h e  p re se n te d  m o s t of 
the  re su lts  o f h is  in v e s tig a tio n s  re la tin g  
to  a g r ic u ltu re  in  a  seven-vo lum e w ork  
( 2 6 - 2 8 ) ,  th e  f irs t o f w h ic h  a p p e a re d  in  
1860, th e  la s t  in  1884. H e w as one of 
th e  fo u n d e rs  o f th e  N a tio n a l In s t i tu te  of 
A gronom ie. H e rece iv ed  m a n y  h o n o rs  fro m  
fo re ig n  g o v e rn m e n ts  a n d  f ro m  scien tific  
soc ie ties b o th  a t h o m e  a n d  ab ro ad . In  
1878 th e  C ouncil o f th e  R oyal Society  
(G re a t B r ita in )  a w a rd e d  h im  th e  Copley 
M edal fo r  h is  m a n y  a n d  v a rie d  c o n tr ib u 
tio n s  to sc ien ce , e sp ec ia lly  those  re la te d  
to  a g ric u ltu re . H e h a d  as ac tive  co lleagues 
in  h is  g e n e ra tio n  su ch  n o te d  c h e m is ts  as 
T h e n a rd , D u m a s , M u ld er, L iebig , B id d er 
a n d  S ch m id t, a n d  L aw es a n d  G ilbert, to 
m e n tio n  b u t a  few . T o  h im  all s tu d e n ts  
o f a g r ic u ltu ra l a n d  n u tr i t io n a l  b io c h e m 
is try  a re  in d e b te d  fo r  h is  m a n y  c o n tr ib u 
tio n s  m a d e  d u r in g  th e  n in e te e n th  c e n tu ry  
(1 8 2 1  to 1 8 8 7 ) w h e n  so m a n y  fu n d a 
m e n ta l s tu d ie s  w ere  b e in g  m a d e  in  th ese  
sc iences.

Geo r g e  R . C o w g il l  2 
1 2 2 5  C h a r l e s  S t r e e t  
P a s a d e n a ,  C a l i f o r n i a

L IT E R A T U R E  C IT E D

1. B o u s s in g a u l t ,  J .  B . 18 2 1  N o te  s u r  l a  c o m 
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Plasma and Liver Lipids of Mice as Influenced
by Dietary Protein and Sulfur-containing
Amino Acids 1

G. A. LEVEILLE a n d  H. E. SAUBERLICH
U. S. Arm y Medical Research and  Nutrit ion Laboratory,  
Fitzsimons General Hospital,  Denver, Colorado

ABSTRACT  The influence of dietary protein level and of sulfur-containing am ino 
acids on plasm a and liver lipids was studied in  young adult m ice. Increasing the 
level of dietary protein resulted in  decreased plasm a and liver cholesterol and liver 
fat levels. A greater hypocholesterolem ic effect o f dietary protein w as observed in  m ice 
fed  a cholesterol-supplem ented diet. The increased level o f sulfur-containing amino 
acids could, in part, account for the hypocholesterolem ic effect of dietary protein.

B lood ch o le s te ro l levels h av e  b een  show n  
to  be in flu e n c e d  by a  n u m b e r  o f d ie ta ry  
v a riab le s . In  m o s t spec ies s tu d ie d , d ie ta ry  
p ro te in  h a s  b een  fo u n d  to  be  in v e rse ly  r e 
la te d  to  c irc u la tin g  ch o le s te ro l levels ( 1 — 
4 ) .  T h e  m e c h a n ism  by w h ich  th is  h y p o 
ch o le s te ro lem ic  effec t o f in c re a se d  d ie ta ry  
p ro te in  is m e d ia te d  re m a in s  obscu re . 
S ince g ro w in g  a n im a ls  h av e  b een  u se d  in  
m o st s tu d ie s , i t  h a s  b een  difficu lt to d e m 
o n s tra te  a  h y p o ch o les te ro lem ic  effec t o f 
d ie ta ry  p ro te in  u n re la te d  to  g ro w th  ( 5 ) .  
In  a n u m b e r  of s tu d ie s , i t  h a s  b een  p o s
sib le  to  re la te  th e  effec t o f d ie ta ry  p ro te in , 
in  p a r t , to  its  c o n te n t  o f su lfu r-c o n ta in in g  
a m in o  ac id s  ( 5 - 8 ) .

T h e  in flu en ce  o f d ie ta ry  p ro te in  a n d  
a m in o  ac id s  on  ch o le s te ro l m e ta b o lism  in  
th e  m o u se  h a s  rece iv ed  re la tiv e ly  little  a t 
te n tio n . T h e  d a ta  p re se n te d  in  th is  re p o rt 
i l lu s tra te  th e  effec t o f d ie ta ry  p ro te in  an d  
su lfu r-c o n ta in in g  am in o  ac id s  on  p la sm a  
a n d  liv e r lip id  levels o f y o u n g  a d u lt  m ice.

EXPERIMENTAL

Y oung a d u lt, m a le , S w iss-W ebster m ice  
w ere  u sed  fo r  a ll s tu d ie s . T h e  a n im a ls  
w ere  h o u se d  in  s ta in le ss  s tee l cag es h a v in g  
ra ise d  w ire  floors. F o u r  a n im a ls  w ere  
h o u se d  p e r  cage a n d  e ach  m o u se  w as  id e n 
tified  by e a r  n o tch es . T e m p e ra tu re  a n d  
h u m id ity  w ere  u n ifo rm ly  m a in ta in e d  fo r 
a ll s tu d ie s  (2 1 ° , 50%  re la tiv e  h u m id ity ) .  
Food a n d  w a te r  w ere  su p p lied  ad  lib itu m  
a n d  body w e ig h t a n d  food c o n su m p tio n  
w ere  d e te rm in e d  a t w eekly  in te rv a ls .

T he  co m p o sitio n  o f th e  b a sa l d ie t u sed  
is as fo llow s: ( g /1 0 0  g o f d ie t)  v ita m in - 
free  ca se in , 9; L -cystine, 0 .1 5 ; sa lt m ix tu re  
(U S P  X IV ), 4; n o n -n u tr itiv e  fiber, 4 ; c o rn  
oil, 10; v ita m in  m ix tu re , 0 .4 ,2 ch o lin e  ch lo 
rid e , 0 .3 ; g lucose , 30; s ta rc h , to  100. All 
a d d itio n s  to  th e  b a sa l d ie t w ere  m a d e  a t 
th e  ex p en se  o f s ta rc h . S u p p le m e n ta l L-cys
tin e  w as ad d ed  to  a ll d ie ts  a t th e  r a te  o f
1.67%  o f th e  p ro te in . E x p e r im e n ts  1 -3  
w ere  re p lic a te s  a n d  th e ir  d esign , as w ell as 
th a t  u se d  in  e x p e r im e n t 4, a re  sh o w n  in  
th e  tab le s  o f re su lts .

A 3-w eek e x p e r im e n ta l p e rio d  w as u sed  
in  a ll e x p e r im e n ts  ex cep t fo r  e x p e r im e n t 
3 w h ic h  w as of 2 -w eeks’ d u ra tio n . A t th e  
te rm in a tio n  of th e  e x p e rim e n ts , b lood w as 
w ith d ra w n  by c a rd ia c  p u n c tu re  w h ile  the  
a n im a ls  w ere  u n d e r  e th e r  a n e s th e s ia . A 
h e p a rin iz e d  sy rin g e  w as u sed  to  p re v e n t 
c o a g u la tio n . T h e  liver, a f te r  b e in g  e x 
c ised , w as fro z e n  a n d  s to red  a t  — 20° u n ti l  
ana ly zed . P la sm a  ch o le s te ro l a n d  lip id  
p h o sp h o ru s  w ere  d e te rm in e d  as  p rev iously  
d esc rib ed  ( 5 ) .  L iver fa t, ch o le s te ro l a n d  
lip id  p h o sp h o ru s  w ere  also  d e te rm in e d  as 
d esc rib ed  p rev io u sly  ( 1 0 ) .

T h e  d a ta  w ere  e v a lu a te d  s ta tis tic a lly  by 
m e a n s  o f re g re ss io n  an a ly s is  a n d  th e  t test. 
In  e x p e r im e n ts  1, 2 a n d  3 re g re ss io n  co e f
fic ien ts  w ere  c a lc u la te d  a n d  te s te d  to  d e 
te rm in e  s ig n ifican ce  fro m  zero. In  e x p e r i
m e n t 4, th e  t te s t w as used .

R ece ived  fo r  p u b lic a tio n  A p ril 24 , 1964.
1 T h e  p rin c ip le s  o f la b o ra to ry  a n im a l c a re  as  p ro m u l

g a ted  by  th e  N a tio n a l Society  fo r  M ed ica l R ese a rch  
w ere  observed .

2 F o r c o m p o sitio n  see L eveille  e t  al. ( 9 ) .

10 J. N u t r i t i o n ,  84: ’6 4
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RESULTS

T h e  d a ta  p re se n te d  in  tab le  1 d e m o n 
s tra te  th e  effec t o f d ie ta ry  p ro te in  on  
p la s m a  a n d  liv e r lip id s  o f y o u n g  a d u lt 
m ice . T he  re g re ss io n  coeffic ien ts o f the  
v a rio u s  p a ra m e te rs  on  d ie ta ry  p ro te in  level 
a n d  th e ir  s ig n ifican ce  a re  sh o w n  in  tab le  2.

In  g en e ra l, th e  observed  c h a n g e s  a re  in  
th e  sa m e  d ire c tio n  fo r  m ice  fe d  a  ch o les
te ro l-su p p le m e n te d  o r u n su p p le m e n te d  
d iet. H ow ever, th e  m a g n itu d e  of th e  d if 
fe re n c es  is  c o n s id e rab ly  g re a te r  in  the  
ch o leste ro l-fed  m ice . T h e  d a ta  d e m o n 
s tra te  a  n e g a tiv e  re la tio n sh ip  b e tw een  d ie 
ta ry  p ro te in  level a n d  p la sm a  ch o leste ro l, 
liv e r ch o leste ro l a n d  liv e r fa t. P la sm a  lip id  
p h o sp h o ru s  levels a re  a lso  s ig n ifican tly  d e 
c re a se d  by in c re a s in g  d ie ta ry  p ro te in  levels 
in  cho leste ro l-fed  m ice . L iver lip id  p h o s 
p h o ru s  levels a re  n o t  g rea tly  in flu e n c e d  by 
d ie ta ry  p ro te in . T h e  a g re e m e n t b e tw een  
th e  3 re p lic a te  e x p e rim e n ts  ( ta b le  1 )  is 
g en e ra lly  good w ith  th e  ex cep tio n  of liver 
lip id  p h o sp h o ru s  levels. T h e  re sp o n se  of 
th is  p a ra m e te r  to  d ie ta ry  p ro te in  is a p 
p a re n tly  re v e rsed  by  ch o le s te ro l feed in g . 
In  e x p e r im e n ts  1 a n d  2 , liv e r lip id  p h o s 
p h o ru s  levels w ere  in v e rse ly  re la te d  to  d ie
ta ry  p ro te in  level in  m ice  fe d  a  cho leste ro l- 
free  d iet. In  th e se  sam e  2 e x p e r im e n ts  (1 
a n d  2 ) ,  in  ch o leste ro l-fed  m ice , liv e r lip id  
p h o sp h o ru s  levels w ere  positive ly  re la te d  to 
d ie ta ry  p ro te in  in ta k e . H ow ever, th e  v a lid 
ity  o f th is  o b se rv a tio n  is  q u e s tio n a b le  s ince  
th is  e ffec t o f d ie ta ry  c h o le s te ro l w as  re 
v ersed  in  e x p e r im e n t 3. I t m a y  be th a t  th e  
d iffe ren ce  in  re sp o n se  b e tw een  th ese  ex 
p e r im e n ts  c a n  be re la te d  to  th e  d iffe ring

le n g th  o f th e  e x p e r im e n ta l p e rio d  (3  vs. 2 
w e e k s ) , b u t  ev id en ce  is  la c k in g  to  su p p o rt 
su c h  a  co n te n tio n .

T h e  in flu e n c e  o f su lfu r -c o n ta in in g  
a m in o  ac id s  on  p la s m a  a n d  liv e r lip id s  is 
i l lu s tra te d  by th e  d a ta  p re se n te d  in  ta b le  3. 
T h e  effec t o f d ie ta ry  p ro te in  is c o n s is te n t 
w ith  th e  re su lts  o f e x p e r im e n ts  1 -3  ( ta b le  
1 ) . A su p p le m e n t o f s u lfu r-c o n ta in in g  
a m in o  ac id s , e q u iv a le n t to  th a t  fo u n d  in  
th e  h ig h  p ro te in  d ie t, w as  w ith o u t e ffec t 
w h e n  a d d ed  to  a  ch o leste ro l-free , low  p ro 
te in  d iet. In  m ice  fe d  th e  ch o le s te ro l-co n 
ta in in g  d ie t, th e  su p p le m e n t o f su lfu r-c o n 
ta in in g  a m in o  ac id s d ep ressed  p la s m a  a n d  
liv e r ch o le s te ro l a n d  liv e r  lip id  p h o sp h o ru s  
levels, b u t  in c re a se d  liv e r f a t  levels. H ow 
ever, th e  d ec rease  in  lip id  levels in d u c e d  
by th e  a m in o  ac id  su p p le m e n t w as n o t  as 
g re a t a s  th a t  observed  as a re s u lt  o f fe e d 
in g  th e  h ig h  p ro te in  d iet.

DISCUSSION

T h e  d a ta  p re se n te d  in  th is  re p o r t a re  in  
g e n e ra l a g re e m e n t w ith  re su lts  o f s im ila r  
s tu d ie s  in  o th e r  species. It h a s  b e e n  sh o w n  
th a t  in  th e  r a t  a n d  ch ick , su lfu r-c o n ta in in g  
a m in o  ac id s  c a n  a c c o u n t, in  p a r t , b u t  n o t 
com ple te ly , fo r  th e  h y p o ch o le s te ro lem ic  e f
fe c t o f in c re a se d  d ie ta ry  p ro te in  (5, 7, 11). 
T he  d a ta  p re se n te d  in  th is  re p o r t a re  c o n 
s is te n t w ith  th is  o b se rv a tio n . A lth o u g h  
s u lfu r  a m in o  ac id  su p p le m e n ts  d e c reased  
p la sm a  lip id  levels a n d  liv e r ch o le s te ro l 
levels o f cho leste ro l-fed  m ice , th e  observed  
d ec rease  w as less th a n  th a t  obse rved  in  a n i
m a ls  fe d  a p ro te in -su p p le m e n te d  d ie t s u p 
p ly in g  a n  e q u iv a le n t a m o u n t o f su lfu r-

TA BLE 2

Regression of p lasm a and liver lipids of m ice on level of dietary protein 1

E xp.
no.

D ie ta ry  
ch o le s 
te ro l + 
ch o lic  
a c id

M ea su re m en t

P la s m a L iv er

C h o leste ro l L ip id
p h o sp h o ru s F a t C h o leste ro l L ip id

p h o s p h o ru s

i _ -  0 .7 7 9 _ - 0 . 1 0 1  2 - 0 . 0 2 6 - 0 . 0 1 4  2

+ - 1 0 . 3 1 5  2 — - 0 . 0 4 0 - 0 . 4 2 9  3 +  0 .0 1 4  2

2 — -  0 .2 0 3 +  0 . 0 2 0 - 0 . 0 5 0  2 +  0 . 0 0 2 - 0 . 0 0 8  2

+ - 1 0 . 6 8 4  2 - 0 . 0 6 9  3 - 0 . 2 6 1  2 - 0 . 8 7 0  2 +  0 .0 0 5

3 _ -  1 .5 3 8  2 - 0 . 0 6 9  3 - 0 . 0 1 6 - 0 . 0 0 0 2 +  0 .0 0 6  2

+ - 1 9 . 0 9 5  2 - 0 . 0 7 7  3 - 0 . 1 9 0  2 — 0 .7 1 6  2 - 0 . 0 0 2

1 V a lu es  in  ta b le  a re  re g re s s io n  coeffic ien ts.
2 S ig n ific an tly  d iffe re n t f ro m  zero  (P  <  0 .0 1 ).
3 S ig n ific an tly  d if fe re n t f ro m  zero  (P  <  0 .0 5 ).
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c o n ta in in g  a m in o  ac id s . C o n seq u en tly , in  
th e  m o u se  as  in  o th e r  spec ies  s tu d ie d , 
s u lfu r  a m in o  ac id s  a p p e a r  to  be on ly  p a rtly  
re sp o n s ib le  fo r  th e  h y p o ch o le s te ro lem ic  
e ffec t o f d ie ta ry  p ro te in .

T h e  m e c h a n is m ( s )  by  w h ic h  e ith e r  in 
c re a se d  d ie ta ry  p ro te in  o r su lfu r-c o n ta in 
in g  a m in o  ac id s  d ep re ss  p la s m a  o r liver 
ch o leste ro l levels is n o t  c lea r. N ish id a  e t 
al. (1 2 , 1 3 ) p re se n te d  ev id en ce  in d ic a tin g  
th a t  th e  se ru m  c h o le s te ro l d ep re ss io n  ob 
se rv ed  in  ch ick s  fe d  a  h ig h  p ro te in  d ie t w as 
th e  re s u lt  o f a  d ec rease  in  c h o le s te ro l sy n 
th e s is  a n d  a n  in c re a se d  c o n v e rs io n  o f c h o 
les te ro l to  b ile  acids.

H e r rm a n n  ( 1 4 )  h a s  su g g ested  th a t  th e  
s u lfu r-c o n ta in in g  a m in o  ac id s  m a y  d e
p re ss  se ru m  ch o le s te ro l levels o f ch o le s 
tero l-fed  ra ts  by  in c re a s in g  th e  a m o u n t of 
ta u r in e  av a ilab le  fo r  c o n ju g a tio n  w ith  
cho lic  acid . H ow ever, th e  o b se rv a tio n s  of 
Seidel e t al. ( 7 )  in d ic a te  th a t  su c h  a  m e c h 
a n ism  c a n n o t a c c o u n t co m p le te ly  fo r  th e  
hy p o ch o le s te ro lem ic  effec t o f m e th io n in e . 
O bviously , fu r th e r  s tu d y  is  n e c e ssa ry  to  
e lu c id a te  th e  m e c h a n is m ( s )  by  w h ic h  d ie
ta ry  p ro te in  a n d  su lfu r-c o n ta in in g  a m in o  
ac id s  d ep ress  se ru m  ch o le s te ro l levels.
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Effect of Linoleic Acid upon the Metabolism 
of Linolenic Acid * 1

JOSEPH J. RAHM a n d  RALPH T. HOLMAN
University  of Minnesota, The Hormel Inst i tu te , 
Austin , Minnesota

ABSTRACT  W eanling rats were fed a fat-free diet supplem ented w ith various 
ratios of corn and linseed oils to furnish a constant dietary level of linolenate at 1% 
of calories and levels of linoleate from 0.3 to 17.3% of calories. The fatty acid 
com position of the total liver lipids w as analyzed by gas chromatography. Increasing  
am ounts o f dietary linoleate suppressed the levels o f the 2 0 :5 , 22 :5  and 2 2 :6  m etabo
lites o f linolenic acid in the liver lipids. The level of dietary vitam in E had no effect 
upon this phenom enon. W hen the level of dietary linoleate was increased, the level 
of 22 :4  in the liver lipids, as w ell as the other m etabolites of linoleate, was shown  
to increase.

R ecen t in v e s tig a tio n s  ( 1 - 6 )  h av e  sh o w n  
th a t  d ie ta ry  lin o le n a te  o r o th e r  po lyeno ic  
ac id s  red u c e  th e  levels o f tis su e  fa tty  ac id s  
th a t  a re  d e riv ed  fro m  lino le ic  a c id .2 O n 
th e  o th e r  h a n d , M o h rh a u e r  a n d  H o lm a n
( 6 )  observed  th a t ,  a t  low  levels o f d ie t 
su p p le m e n ta tio n , th e  c o n c e n tra tio n  o f l in 
o lea te  co u ld  exceed  th a t  o f  l in o le n a te  by 
a  fa c to r  o f tw elve w ith o u t c a u s in g  a m e a s 
u ra b le  re d u c tio n  in  th e  levels o f th e  lin o 
le n a te  m e ta b o lite s  in  th e  tissu es. I f  a 
co m p e titiv e  in h ib itio n  e x is ts  b e tw een  lin o 
lea te  a n d  lin o le n a te  m e ta b o lism s , in h ib i
tio n s  sh o u ld  be d e m o n s tra b le  in  b o th  
d irec tio n s . T h e  in h ib itio n  of lin o le n a te  
m e ta b o lism  by lin o le a te  is su g g ested  by a 
re -e x a m in a tio n  of s tu d ie s  in  w h ic h  po ly 
u n s a tu ra te s  w ere  m e a su re d  by a lk a lin e  
iso m e riz a tio n  ( 7 - 1 0 ) .

T he  p u rp o se  o f th e  p re s e n t  e x p e r im e n t 
w as to  d esc rib e  m o re  fu lly  th e  in h ib itio n  
o f lin o le n a te  m e ta b o lism  by lin o lea te . T h e  
c o n te n t o f specific  l in o le n a te  m e ta b o lite s  
in  liv e r lip id s  as a  fu n c tio n  of h ig h  levels 
o f d ie ta ry  lin o le a te  w as  d e te rm in e d  u s in g  
gas c h ro m a to g ra p h ic  an a ly s is  (G L C ). 
F eed in g  in c re a s in g  a m o u n ts  o f p o ly u n sa t
u ra te d  fa tty  ac id s  w ith o u t a  co rre sp o n d in g  
in c re a se  in  v ita m in  E  co u ld  re su lt  in  th e  
fo rm a tio n  o f  d e le te rio u s  lip id  pe ro x id es
( 1 1 ) .  T h e  po ssib ility  th a t  lip id  au to x id a- 
tion  m a y  be re sp o n sib le  fo r  th e  observed  
in h ib ito ry  e ffec ts  w as  s tu d ie d  by  d e te r
m in in g  th e  fa t ty  ac id  co m p o sitio n s  o f the  
liver lip id s fro m  ra ts  fe d  a  h ig h  level o f 
p o ly u n sa tu ra te s  a n d  2 levels o f v ita m in  E.

T h e  level o f v ita m in  E  u se d  in  a ll e x p e r i
m e n ts  d esc rib ed  is c o n s id e re d  a d e q u a te  
fo r  d ie ts  c o n ta in in g  n o rm a l a m o u n ts  of 
p o ly u n sa tu ra te d  ac id s . A level o f to co p h 
ero l, 4 .5  tim es  th a t  o f th e  fo rm e r , w as 
in c lu d e d  in  th e  s tu d y  to  te s t th e  possib ility  
th a t  tocophero l is a  l im itin g  fa c to r  w h e n  
th e  h ig h  levels o f p o ly u n sa tu ra te s  w ere  
fed.

EXPERIMENTAL

F o rty -e ig h t w e a n lin g , m a le  ra ts  o f th e  
S prague-D aw ley  s tra in  w ere  fed  ad  lib itu m  
e ith e r  a  fa t-free , b asic  d ie t d esc rib ed  p re 
v iously  ( 5 ) , 3 o r th e  b as ic  d ie t w ith  co rn  
oil a n d  lin seed  oil su b s titu te d  fo r  e q u a l 
w e ig h ts  o f sucrose . T h e  fa t ty  ac id  c o m 
p o sitio n  o f th e  lin seed  oil s u p p le m e n t w a s : 
p a lm itic , 7 .6 ; s te a ric , 3 .2 ; o leic , 20 .1 ; lin o 
leic , 16 .4 ; a n d  lin o len ic , 52 .7 ; a n d  th a t  of 
th e  c o rn  oil w as  p a lm itic , 13 .4 ; s te a ric ,
1.9; o leic, 27 .7 ; lino le ic , 56 .0 ; a n d  lino-

R ece ived  fo r  p u b lic a tio n  A p ril 25, 1964,
1 T h is  in v e s t ig a tio n  w as  su p p o rte d  in  p a r t  b y  P u b 

lic H e a lth  S erv ice  R ese a rch  G ra n t no. AM  04524  fro m  
th e  N a tio n a l  In s t i tu te s  o f H e a lth , th e  L ife  In s u ra n c e  
M ed ica l R e s e a rc h  F u n d  a n d  th e  N a tio n a l  D a iry  
C ouncil.

2 C en tu ry , B., a n d  M. K. H o rw itt 1963 R e la tio n 
sh ip  o f a ra c h id o n ic  a c id  to  n u t r i t io n a l  en cep h a lo - 
m a c ia : Im p lic a tio n s  c o n c e rn in g  e s s e n tia l  f a t ty  a cid s  
in  tis su e s . F e d e ra tio n  P roc., 2 2 :  6 0 8  ( a b s t r a c t ) .

3 T h e  co m p o sitio n  o f  th e  b a s ic  fa t-f re e  d ie t w a s  as 
fo llo w s: ( i n  p e r  c e n t )  v ita m in - te s t  c a s e in , 18.0; su 
c rose , 74.0; s a l t  m ix tu re ,  4 .0; a -cellu lo se , 4 .0 ; a n d  
v i ta m in  m ix tu re . T h e  v ita m in  m ix tu re  c o n ta in e d : ( in  
m g /k g  o f d ie t)  v ita m in  A. 4 .00; th ia m in e , 30 .00; r ib o 
flav in , 30.00; p y rid o x in e , 8.00; v ita m in  B 12, 0 .05; v i ta 
m in  D 2, 4 .00; v ita m in  E , 230.00; v ita m in  K5, 2.00; 
DL-Ca p a n to th e n a te ,  100.00; n ia c in ,  100.00; ¿-inositol, 
220.00; p -am in o b en zo ic  a c id , 75.00; b io tin , 0.20; fo lic  
a c id , 1.00; a n d  c h o lin e  c h lo rid e , 1000.00. S a lt m ix 
tu re :  W esson , L. G ., S c ience, 75: 339, 1932. A ll com 
p o n e n ts  o f  th e  b a sic  d ie t ex ce p t su cro se  w ere  o b ta in e d  
fro m  N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , C lev e lan d .

J . N u t r it io n , 84 :  ’64 15
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len ic , 1.0, a c co rd in g  to  GLC a n a ly ses  on  
e th y len e  glycol su c c in a te  c o lu m n s. T h e  
2 oils w ere  m ix ed  in  v a rio u s  p ro p o rtio n s  
to p rov ide  ap p ro x im a te ly  1 % lin o le n a te  
a n d  0 .3  to  17 .3%  lin o lea te , e x p ressed  as 
p e rc e n ta g e  o f  to ta l ca lo rie s  of th e  d ie t. 
T he  a n im a ls  w ere  d iv ided  ac c o rd in g  to  
d ie t in to  8 g ro u p s o f 6 a n im a ls  each . T h e  
a c tu a l a m o u n ts  of lin o le ic  a n d  lin o len ic  
ac id s  in  th e  d ie t o f e a c h  g roup , ex p ressed  
as p e rc e n ta g e  o f ca lo ries , a re  sh o w n  in  
tab le  1. A fte r 90 days th e  a n im a ls  w ere  
k illed  a n d  th e  liv e rs  rem o v ed  a n d  k e p t in  
sa lin e  so lu tio n  a t  — 2 0° u n ti l  a n a ly s is  w as  
p e rfo rm ed .

T h e  in flu e n c e  of v ita m in  E  u p o n  th e  
in h ib ito ry  e ffec ts  o f h ig h  levels o f lin o le 
a te  w as s tu d ie d  by  su b je c tin g  2 g ro u p s of 
12 w e a n lin g  m a le  ra ts  to  th e  fo llow ing  
d ie ta ry  tre a tm e n t. A fte r b e in g  fe d  th e  fa t- 
free  b asic  d ie t fo r  5 m o n th s , th e  a n im a ls  
rece iv ed  fo r  6 days a  su p p le m e n t o f co rn  
a n d  lin seed  oils th a t  re p re se n te d  17.3 a n d  
0 .9%  of to ta l ca lo rie s  o f l in o le a te  a n d  
lin o le n a te , re sp ec tiv e ly . D u rin g  th e  6-day 
p eriod  o f su p p le m e n ta tio n , six  o f th e  a n i
m a ls  rece ived  th e  a m o u n t o f v i ta m in  E 
( oi-tocopherol) th a t  w as p re se n t in  th e  
fa t-free  b asic  d ie t (2 3 0  m g /k g  d ie t ) ,  a n d  
6 a n im a ls  rece iv ed  4 .5  tim e s  th a t  a m o u n t 
o f v ita m in  E  (1 0 3 5  m g /k g  d ie t) .

T h e  liv e rs  o f th e  e x p e r im e n ta l a n im a ls  
w ere  h o m o g en ized  in  a  m e c h a n ic a l 
b le n d e r  a n d  th e  lip id s  w ere  e x tra c te d  w ith  
c h lo ro fo rm :m e th a n o l ( 2 : 1 ) .  T h e  lip id s 
w ere  tra n se s te rif ie d  by re flu x in g  w ith  30 
v o lu m es o f 5%  HC1 in  m e th a n o l. T h e  
re su ltin g  m e th y l e s te rs  w ere  an a ly zed  by 
GLC as d esc rib ed  p rev io u sly  ( 6 ) .  T h e  
e s te r  p ea k s  on  th e  GLC c h a r ts  w ere  id e n ti
fied by  u s in g  in te rn a l  s ta n d a rd s  w ith  
k n o w n  s tru c tu re s  p rev io u sly  d e te rm in e d  
by ozonolysis a n d  re d u c tio n . Q u a n tif ic a 
tio n  w as c a rr ie d  o u t by tr ia n g u la tio n , a n d  
th e  re su lts  a re  re p o rte d  as  a re a  p e rc e n ta g e . 
T h e  f a t ty  ac id  co m p o sitio n  of th e  liver 
lip id s  w as  d e te rm in e d  fo r  e a c h  a n im a l 
a n d  re p o rte d  as  th e  av e rag e  o f 6 a n im a ls  
w ith  th e  s ta n d a rd  e rro rs .

T o  d is tin g u ish  s tru c tu ra l  iso m e rs  a n d  
to  d eno te  m etab o lic  re la tio n sh ip s , th e  fa tty  
ac id s  a re  re fe r re d  to  ac c o rd in g  to  th e  n u m 
b e r o f c a rb o n s  th a t  a re  lo c a te d  a f te r  th e  
te rm in a l doub le  b o n d  in  th e  m o lecu le .

T h u s , w3 ac id s  a re  re la te d  to  lin o le n a te ,
o)6 ac id s  to  lin o le a te  a n d  to9 ac id s  to  o leate .

RESULTS

T h e  av erag e  w e ig h t g a in  o f th e  a n im a ls  
th a t  rece iv ed  th e  lo w est level o f c o rn  o il-  
l in se e d  oil m ix tu re  in  th e ir  d ie t w a s  56  g 
h ig h e r  th a n  th a t  o f th e  a n im a ls  fe d  a fa t-  
f re e  d ie t. T h e  a n im a ls  fe d  d ie ts  c o n ta in 
in g  h ig h e r  levels a n d  p ro p o rtio n s  of co rn  
oil d id  n o t e x h ib it co rre sp o n d in g ly  in 
c re a se d  w e ig h t g a in s . T h e  d e rm a l sy m p 
to m s o f f a t  defic iency  w ere  e v id e n t on ly  
in  th e  a n im a ls  fed  th e  fa t-free  d iet.

T h e  fa tty  acid  co m p o sitio n  o f th e  liver 
lip id s  is sh o w n  in  tab le  1. T h e  levels of 
m y ris tic  ( 1 4 : 0 ) ,  p a lm itic  ( 1 6 : 0 ) ,  p a lm ito - 
leic  ( 1 6 : lw 7 )  a n d  oleic ( 1 8 : 1 j 9 )  acids 
d e c reased , a n d  th e  levels o f s te a ric  acid  
( 1 8 : 0 )  in c re a se d  w h e n  th e  level o f lin o 
lea te  ( 1 8 :2 u 6 )  in  th e  d ie t w as in c re a se d  
f ro m  zero  to  17%  o f to ta l ca lo ries . T h ese  
c h a n g e s  in  fa t ty  ac id  co m p o sitio n  o f liver 
lip id s  co rre sp o n d  to  th o se  m e a s u re d  by 
Tove a n d  S m ith  ( 1 3 )  in  th e  d ep o t f a t  of 
m ice  th a t  h a d  b een  fe d  d ie ts  su p p le m e n te d  
w ith  safflow er oil. L ino le ic  a c id  (1 8 : 
2oo6) a n d  a ra c h id o n ic  ac id  ( 2 0 : 4 gj6 )  in  
th e  liv e r lip id s  in c re a se d  m a rk e d ly  w ith  
a n  in c re a se  of lin o le a te  in  th e  d ie t. A n 
in c re a se  in  d ie ta ry  lin o le a te  a lso  c a u se d  
sm a ll b u t  m e a su ra b le  in c re a se s  in  3 p ro 
posed  m e ta b o lite s  of 1 8 :2 -0)6 , n a m e ly , 2 0 : 
3 u 6  ( 1 4 ) ,  2 2 : 4co6 a n d  22:5o>6 (5 , 1 5 ).

T h e  levels o f lin o len ic  ac id  (1 8 :3 a i3 )  
in  th e  tissu e  lip id s  w ere  n o t in flu e n c e d  by 
in c re a s in g  18:2a)6 in  th e  d ie t. H ow ever, 
th e  levels o f 20 :5 .o3 , 22:5co3 a n d  2 2 :6 cj3, 
a ll m e ta b o lite s  o f l in o le n a te  ( 1 6 ) ,  w ere 
d e c re a sed  w h e n  d ie ta ry  18:2o)6 w as  in 
c re a se d  (fig . 1 ) . D iffe ren t levels o f v i ta 
m in  E  in  th e  d ie t d id  n o t in flu e n c e  th e  
in h ib ito ry  e ffec t o f lin o le a te  u p o n  th e  m e 
ta b o lism  o f lin o le n a te  ( ta b le  1 ) . T h e  co n 
te n ts  o f p o ly u n sa tu ra te d  ac id s  in  th e  2 
g ro u p s o f r a ts  re c e iv in g  th e  2 levels of 
a -tocophero l w ere  n o t  s ig n ifican tly  d if 
fe re n t.

DISCUSSION

T h e  re su lts  o f th e  p re s e n t  s tu d y  in d ic a te  
th a t  w h e n  lin o le n a te  a n d  lin o le a te  a re  
b o th  c o m p o n e n ts  o f th e  d ie t, th e  levels of 
th e  m e ta b o lite s  o f l in o le n a te  in  th e  tis su e  
lip id s  a re  d e c re a sed  w h e n  th e  level of
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Fig. 1 Effect of varying levels of dietary 
linoleate upon the levels o f linolenate and its 
m etabolites in liver lipids.

d ie ta ry  lin o lea te  is in c re a se d . T he  c o n 
s ta n c y  o f th e  levels o f lin o le n a te  in  the  
tissu e  lip id s  (fig . 1 ) p re c lu d e s  d ilu tio n  as 
th e  c a u se  fo r  th e  d ep ressed  c o n te n t o f its  
h ig h e r  m e tab o lite s . N e ith e r  c a n  th e  in h ib 
ito ry  effec ts  o f h ig h  levels o f d ie ta ry  lin o 
lea te  be a ttr ib u te d  to  th e  tox ic  effec ts  of 
lip id  p e ro x id es s in ce  in c re a s in g  th e  
a m o u n t o f a n tio x id a n t in  th e  d ie t d id  n o t 
in flu en ce  th e  degree  o f in h ib itio n  (tab le  1).

P rev ious in v e s tig a tio n s  in  th is  la b o ra 
to ry  ( 6 )  h av e  sh o w n  th a t  a  s im ila r  in h ib 
ito ry  re la tio n sh ip  ex is ts  b e tw e e n  th e  levels 
o f d ie ta ry  lin o le n a te  a n d  th e  m e ta b o lite s  
o f lin o lea te  in  tis su e  lip id s. T h u s , i t  a p 
p e a rs  th a t  th e  e q u ilib riu m  o f th e  p re v i
ously  su g g ested  co m p e titio n  ( 6 )  b e tw een  
1 8 :2 gj6 a n d  18:3o>3 c a n  be  d isp laced  in  
e ith e r  d irec tio n , a n d  th a t  th e  ac id  w h ich  
is  fa v o red  in  th is  co m p e titio n  is d e p e n d e n t 
u p o n  th e  re la tiv e  d ie ta ry  levels o f th ese  
acids.

T h e  m a jo r  c h a n g e s  in  th e  levels of 
1 8 :3 cj3 m e ta b o lite s  o c c u rre d  b e fo re  th e  
levels of 1 8 :2 gj6 in  th e  d ie t r e a c h e d  8%  
o f ca lo rie s  (fig . 1 ) . M o h rh a u e r a n d  H ol
m a n  ( 6 )  h av e  sh o w n  th a t  w h e n  r a ts  w ere  
fed  in c re a s in g  levels o f 1 8 :3 u 3 , th e  m a jo r  
c h a n g e s  in  th e  levels o f 18:2co6 m e ta b o 
lite s  o c c u rre d  b efo re  th e  d ie ta ry  level o f 
18: 3cu3 re a c h e d  1%  o f ca lo ries . T h is  ob
se rv a tio n  is in  a g re e m e n t w ith  a  su g g es
tio n  m a d e  p rev io u sly  ( 6 )  th a t  lin o le n a te  
is th e  fa v o red  fa t ty  ac id  in  th is  c o m p e ti
tion .

T he  n u tr i t io n a l  n a tu re  o f th e  p re se n t 
in v e s tig a tio n  p re v e n ts  th e  in te rp re ta t io n  
o f th e  re su lts  in  te rm s  o f a  d e ta ile d  m e ta 

bolic  m e c h a n ism . H ow ever, i t  a p p e a rs  
likely  th a t  th e  co m p e titio n  o b serv ed  h e re  
o c cu rs  e i th e r  d u r in g  th e  in c o rp o ra tio n  of 
th e  fa t ty  ac id s  in to  c o m p o n e n ts  o f th e  d if 
f e re n t  lip id  c lasses , o r d u r in g  th e  re a c tio n s  
in vo lved  in  th e  in te rc o n v e rs io n  o f po ly 
u n s a tu ra te d  fa tty  acids.

R ecen tly  o u r co lleag u es in  th is  In s t i tu te
( 1 7 )  h av e  show n  th a t  in  vivo in te rc o n v e r
s ions o f p o ly u n sa tu ra te d  fa tty  ac id s  c a n  
be s tu d ie d  in  fe e d in g  e x p e r im e n ts  o f r e la 
tively  sh o rt d u ra tio n . T h is  is ev id en ced  in  
tab le  1 w h ic h  show s th a t  fe e d in g  th e  sam e  
fa t ty  ac id  su p p le m e n t fo r  6 days to  fa t- 
d e fic ien t r a ts  o r fo r  90 days to  w e a n lin g  
r a ts  re su lte d  in  q u a lita tiv e ly  s im ila r  fa t ty  
ac id  co m p o sitio n s  o f liv e r lip id s. T h e  u t i l 
ity  o f sh o rt- te rm  feed in g  e x p e r im e n ts  in  
s tu d y in g  fa t ty  ac id  in te rc o n v e rs io n s  h a s  
b een  fu r th e r  co n firm ed  in  th is  la b o ra to ry  
by sev e ra l u n p u b lish e d  s tu d ies .

R ecen t s tu d ie s  (5 , 1 5 ) h a v e  in d ic a te d  
th a t  2 2 :5 jj6  is de rived  f ro m  18:2co6 v ia 
2 0 :4 ^ 6 . D u rin g  th e  co u rse  of th e  p re se n t 
s tu d y , 2 2 : 4co6 4 a p p e a re d  in  th e  tis su e  lip 
id s  in  m e a su ra b le  a m o u n ts  on ly  a f te r  fe e d 
in g  18:2u>6 a t  levels above 7 .5%  o f c a l
ories. T h is  c o rre la tio n  o f th e  levels o f 
2 2 :4 u 6  in  th e  tissu e  lip id s  w ith  th e  levels 
o f d ie ta ry  lin o le a te  a n d  th e  s im ila rity  o f 
i ts  s tru c tu re  to th a t  o f lin o le a te  su g g est 
th a t  2 2 : 4^)6 is a n  in te rm e d ia te  in  th e  
sy n th e s is  o f 2 2 :5 cj6. T h u s , if  th e  p re fe rre d  
p a th w a y  o f lin o lea te  m e ta b o lism  is re flec 
ted  by s tead y  s ta te  c o n c e n tra tio n s  o f in te r 
m ed ia te s , i t  is  p ro b ab ly  as  fo llow s:

1 8 :2 oj6 -»  (18 :3a> 6) 2 0 : 3 gj6 ->
2 0 : 4 gj6 2 2 : 4co6 2 2 :5 u 6 .

All m e ta b o lite s  in  th is  m e c h a n ism , ex c e p t 
1 8 :3 gj6, k n o w n  to be a  p re c u rso r  of a ra c h - 
id o n a te  ( 1 8 ) ,  h a v e  b een  d e te c te d  in  r a t  
liv e r a n d  w ere  fo u n d  to  in c re a se  w ith  th e  
level o f d ie ta ry  lin o le a te  in  th e  p re se n t 
study .
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ABSTRACT  Twenty-four pullets were fed a constant specific activity ration for 
26 days, after w hich an identical but Ca45-free ration was fed for 29 days. The 
specific activity of the egg shell calcium  was used to determine calcium  balance and 
parameters of skeletal m etabolism . Of the calcium  intake 78% w as absorbed, 8% 
was excreted as endogenous calcium  and 70% was retained. Shell form ation caused  
a significant increase in  calcium  retention and a sh ift of calcium  from  apposition in  
bone and endogenous excretion to m obilization from  bone and shell deposition. From 
4.3 to 4.9 g of the skeletal calcium  participated in  egg shell form ation, of w hich 1 g 
was turned over daily. The size of the exchangeable bone calcium  pool was related 
to the quantity of shell produced and w as larger in  pullets w ith a negative calcium  
balance than in pullets w ith a positive balance. The quantity of calcium  removed 
from the skeleton per day was positively correlated w ith the size of the exchangeable 
calcium  pool, the quantity of calcium  absorbed per day and shell m ass. The correla
tion coefficient between the specific activity of meduUary bone and egg shell calcium  
was 0.845, confirm ing the im portant role of m edullary bone in  shell formation.

T he  p r in c ip a l p a th w a y s  a n d  b io k in e tic  
a sp e c ts  o f c a lc iu m  m e ta b o lism  h a v e  b een  
in v e s tig a te d  by A u b ert a n d  M ilh au d  ( 1 ) ,  
B a u e r a n d  C a rlsso n  ( 2 ) ,  B a u e r e t  al. ( 3 )  
in  h u m a n s  a n d  r a ts  a n d  by  L u ick  e t al.
( 4 )  in  d a iry  cow s. F ro m  th e  av a ilab le  
l i te ra tu re , in c lu d in g  a rev iew  by  S im kiss
( 5 )  , i t  w as  c o n c lu d ed  th a t  no  re p o rte d  
a tte m p ts  h av e  b e e n  m a d e  to  o b ta in  q u a n 
tita tiv e  d a ta  o n  th e  ex c re tio n  of en d o g e 
n o u s  c a lc iu m , th e  ra te s  o f b one  ap p o sitio n  
a n d  m o b iliza tio n  o r th e  size of th e  e x 
c h a n g e a b le  c a lc iu m  pool in  th e  ske le ton  
o f la y in g  h en s .

T h e  la y in g  h e n  o ffers a n  u n u s u a l  o p p o r
tu n ity  fo r  b asic  s tu d ie s  of c a lc iu m  m e ta b o 
lism . S im kiss ( 5 )  e s tim a te d  th a t  th e  
dom estic  fow l u ses  c a lc iu m  a b o u t 20 tim es  
as  ra p id ly  as a  m a m m a l in  th e  la t te r  te rm  
o f g e s ta tio n . C o m ar a n d  D rig g ers  ( 6 )  c a l
c u la te d  fro m  tra c e r  e x p e r im e n ts  th a t  fro m  
25  to  40%  o f th e  egg sh e ll c a lc iu m  com es 
f ro m  th e  ske le to n  a n d  th e  re m a in d e r  is 
d e riv ed  d irec tly  fro m  in g e s te d  ca lc iu m . 
F u rth e rm o re , in  t ra c e r  e x p e r im e n ts  w ith  
o th e r  a n im a ls  f re q u e n t b lood sa m p lin g  is 
n e e d e d  to  q u a n ti ta te  th e  d iffe re n t a sp ec ts  
o f c a lc iu m  m e ta b o lism . E gg  sh e ll fo rm a 
tio n , on  th e  o th e r  h a n d , re p re se n ts  a n  
“a u to m a tic ” sa m p lin g  m e c h a n ism , s ince

th e  specific ac tiv ity  of th e  sh e ll ca lc iu m  
reflec ts  th e  specific  ac tiv ity  o f th e  blood 
c a lc iu m  d u rin g  th e  p re c e d in g  18 to  20 
h o u rs .

T h e  ob jec tiv es  of th e  e x p e r im e n t p re 
se n te d  h e re  w ere : ( a )  to  in v e s tig a te
w h e th e r  th e  specific ac tiv ity  o f th e  egg 
she ll c a lc iu m  co u ld  be u sed  to  d e te rm in e  
th e  p a ra m e te rs  of sk e le ta l m e ta b o lism  in  
la y in g  h e n s ; ( b )  to co m p are  c a lc iu m  b a l
a n ce  a n d  sk e le ta l m e ta b o lism  d u rin g  
p erio d s  o f she ll a n d  n o  sh e ll fo rm a tio n ; 
a n d  ( c )  to  s tu d y  th e  re la tio n sh ip s  a m o n g  
d iffe re n t p a ra m e te rs  o f c a lc iu m  m e ta b o 
lism .

EXPERIMENTAL

T w en ty -fo u r 311-day-old  S ing le  C om b 
W h ite  L e g h o rn  p u lle ts  w ere  u sed  fo r  th is  
s tu d y . F o r 2 w eeks p rio r  to  th e  e x p e ri
m e n t a n d  fo r  its  e n tire  d u ra tio n , th e  
p u lle ts  w ere  h o u se d  in  in d iv id u a l cag es 
lo ca ted  in  a  ro o m  w h ere  te m p e ra tu re  w as 
m a in ta in e d  b e tw e e n  20 a n d  22° a n d  re la 
tive h u m id ity  a t  70%  ±  5 % . A rtific ia l 
lig h t w as p ro v id ed  fo r  14 h o u rs  e a c h  day.

R ece ived  fo r  p u b lic a tio n  J u n e  6 , 1964.
1 A u th o riz e d  as p a p e r  no . 2753 in  th e  J o u rn a l  Series 

o f th e  P e n n s y lv a n ia  A g ric u ltu ra l  E x p e r im e n t S ta tio n . 
T h is  in v e s t ig a tio n  w as  su p p o rte d  in  p a r t  by  U. S. 
P u b lic  H e a lth  S erv ice  R ese a rch  G ra n t A -4362 f ro m  th e  
N a tio n a l  In s t i tu te s  o f H e a lth .

20 J .  N u t r i t i o n ,  84: ’64
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T he  e x p e r im e n t co n s is te d  o f 2 p a r ts :  
In  th e  firs t p a r t , w h ic h  la s te d  26 days, a 
ra tio n  c o n ta in in g  5 pc o f C a4V 1 0 0  g feed  
a t the  tim e  o f m ix in g , w as  fe d  u n ti l  th e  
specific ac tiv itie s  o f fe e d  a n d  egg  sh e ll 
c a lc iu m  w ere  eq u a l. T h e  second  p a r t  o f 
the  e x p e r im e n t la s te d  f ro m  th e  e v en in g  
of th e  2 6 th  day , w h e n  th e  C a45-co n ta in in g  
ra tio n  w as  re p la c e d  w ith  a s im ila r  b u t 
n o n ra d io a c tiv e  d ie t, to  th e  5 6 th  day.

T h e  ra d io a c tiv e  ra t io n  w as  p re p a re d  as 
fo llow s: 5 m e  o f  C a45 (O a k  R idge N a tio n a l 
L ab o ra to ry  p re p a ra tio n  P -2 )  w ere  d ilu te d  
to  5000  m l w ith  d is tilled  w a te r  a n d  m ix ed  
w ith  10 kg o f th e  ra t io n  d esc rib ed  in  
tab le  1. T h is  C a45-c o n ta in in g  p re m ix  w as 
d ried  a t 7 0 ° , g ro u n d , p a sse d  th ro u g h  a
5-m m  sieve a n d  m ix e d  w ith  90 kg  of 
ra tio n .

T he  n o n ra d io a c tiv e  r a t io n  w as  id e n tic a l 
w ith  th a t  sh o w n  in  tab le  1, e x cep t th a t  
1 % of th e  g ro u n d  yellow  c o rn  w as re-

TABLE 1
Composition of the experimental ration

Ground yellow  corn
k g /100 kg 

70.02
Soybean oil m eal (44%  ) 16.50
Fish m eal (60%  ) 2.50
Alfalfa m eal, dehydrated 2.50
Dried brewer’s yeast 2.50
Ground lim estone 3.00
Steamed bonem eal 2.50
Iodized salt 0.40
M anganese su lfate 0.02
Riboflavin concentrate (8  m g /g ) 0.02
Stabilized vitam in A concentrate  

(10 ,000 IU /g ) 0.02
Vitam in D-activated anim al sterol 

(3000  IC U /g ) 0.02

p laced  w ith  c h ro m ic  ox ide w h ich  served  
as  a n  in d ic a to r  of c a lc iu m  re te n tio n  ( 7 ) .  
T h e  c a lc iu m  c o n te n t o f bo th  th e  ra d io a c 
tive  a n d  n o n ra d io a c tiv e  ra t io n  w as  1 .95%  
by an a ly s is . T h is  re la tiv e ly  low  c a lc iu m  
c o n te n t w as  a co m p ro m ise  u se d  to in su re  
h ig h  e n o u g h  specific ac tiv itie s  fo r  e x p e ri
m e n ta l  p u rp o se s  a n d  to avoid  th e  u se  of 
la rg e  q u a n titie s  o f C a45. T h e  ad eq u acy  of 
the  ra tio n  w ith  re sp e c t to  c a lc iu m  is su b 
s ta n tia te d  by th e  b a la n c e  d a ta  re p o rte d  in  
tab le  2.

R ep re se n ta tiv e  sam p les  of th e  2 4 -h o u r 
e x c re ta  vo ided  by e a c h  p u lle t w ere  ob 
ta in e d  on days 35, 37, 39, 40 , 44  a n d  45 
o f th e  e x p e rim e n t. In d iv id u a l fe e d  c o n 
su m p tio n  w as d e te rm in e d  fo r  th e  p e rio d  
fro m  th e  th irty -fif th  to  th e  fo rty -fifth  day  
to  o b ta in  th e  av erag e  c a lc iu m  in ta k e  p e r  
day. T h e  p e rc e n ta g e  of c a lc iu m  re te n tio n  
w as c a lc u la te d  fo r  e a c h  p u lle t a n d  e ach  
co llec tio n  p erio d  fro m  the  ra tio s  o f ch ro m ic  
ox ide in  feed  a n d  e x c re ta  ( 7 ) .  T h e  a v e r
age c a lc iu m  re te n tio n  in  g ra m s  p e r  day  
fro m  th e  th irty -fif th  to  th e  fo rty -fif th  day  
co u ld  th e n  be o b ta in e d  f ro m  th e  average  
p e rc e n ta g e  o f c a lc iu m  re te n tio n  a n d  th e  
resp ec tiv e  c a lc iu m  in ta k e  p e r  day. E n d o g 
en o u s  ca lc iu m  ex c re tio n  as th e  p e rc e n t
age of in g e s te d  c a lc iu m  w as  o b ta in e d  a c 
c o rd in g  to  th e  m e th o d  o f C o m ar ( 8 ) ,  w ho  
a ssu m e d  th a t  th e  specific ac tiv itie s  o f th e  
b lood  a n d  en d o g en o u s  c a lc iu m  w ere  equa l. 
In  th e  p re se n t e x p e r im e n t i t  w as  a ssu m e d  
th a t  th e  specific ac tiv ity  o f th e  en d o g en o u s  
ca lc iu m  w as e q u a l to  th e  specific  ac tiv ity  
o f th e  egg  she ll c a lc iu m  se c re te d  d u r in g  
ap p ro x im a te ly  th e  sa m e  p erio d . F o r days

TA B LE 2 
Calcium balance

All
pullets

Shell
formation 1

No shell 
formation 1

Standard
deviation

(all
pullets)

Number of days 144 76 32 _
Absorption, %2 78 78 76 —
Endogenous excretion, %2 8 7 12 —

Retention, %2 70 71 64 —

Calcium intake, g /p u lIet/2 4  hours 2.32 2.32 2.32 0.17
Calcium absorbed, g /p u lle t/2 4  hours 1.80 1.81 1.76 0.17
Endogenous calcium , g /p u lle t/2 4  hours 0.18 0.16 0.28 0.04
Calcium retained, g /p u lle t/2 4  hours 1.62 1.65 1.48 0.15
Egg shell calcium , g /p u lle t/2 4  hours 1.64 2.09 0 0.17
Balance (Cab+ — C ab-) g /p u lle t/2 4  hours - 0 .0 2 - 0 .4 4 1.48 0.16

1 See te x t fo r  a ssu m p tio n .
2 In  p e rc en tag e  o f c a lc iu m  in ta k e .
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w h e n  n o  sh e ll c a lc iu m  w as  sec re ted , th e  
specific  ac tiv ity  of th e  en d o g en o u s  ca lc iu m  
w as  o b ta in e d  fro m  th e  2 c lo sest eggs by 
in te rp o la tio n . T h e  p e rc e n ta g e  of ca lc iu m  
ab so rb ed  a n d  g ra m s  c a lc iu m  ab so rb ed  p e r  
d ay  w ere  o b ta in e d  f ro m  th e  re sp ec tiv e  
su m s of c a lc iu m  re te n tio n  a n d  e n d o g e n 
o u s ex c re tio n .

F ifty -s ix  days a f te r  th e  b e g in n in g  of th e  
e x p e r im e n t th e  p u lle ts  w ere  k illed , th e  
r ig h t  fe m u r  w as rem o v ed  a n d  c le a n e d  of 
a d h e r in g  tissu e . T h e  d ia p h y se a l p o rtio n  
o f th e  fe m u r  w as  sp lit lo n g itu d in a lly  a n d  
th e  m e d u lla ry  b one  w as  re m o v ed  by 
sc rap in g .

T h e  she lls , in c lu d in g  sh e ll m e m b ra n e s , 
o f all eggs la id  d u r in g  th e  56 days of th e  
e x p e r im e n t w ere  a ir-d rie d  a n d  saved  fo r 
to ta l c a lc iu m  a n d  C a45 a n a ly s is . T h e  c a l
c iu m  in  th e  re m a in d e r  o f th e  egg  w as 
n e g le c te d  s ince  it  w as  c a lc u la te d  fro m  
d a ta  g iven  by R o m an o ff a n d  R om an o ff
( 9 )  th a t  th e  sh e ll a n d  sh e ll m e m b ra n e s  
c o n ta in  99%  of th e  egg c a lc iu m .

T h e  c a lc iu m  c o n te n t o f m e d u lla ry  a n d  
c o rtic a l b one , feed , e x c re ta  a n d  egg she lls  
w as  d e te rm in e d  ac c o rd in g  to  th e  m e th o d  
o f G ehrke  e t al. ( 1 0 ) .  C a45 in  th e se  su b 
s ta n c e s  w as  d e te rm in e d  w ith  th e  m e th o d  
o f C o m ar ( 8 )  a n d  th e  c h ro m ic  ox ide c o n 
te n t  o f feed  a n d  e x c re ta  a c c o rd in g  to  H ill 
a n d  A n d erso n  ( 1 1 ) .

ANALYSIS OF DATA AND RESULTS

In  th e  fo llow ing  th e  sym bol C a desig 
n a te s  th e  av erag e  q u a n tity  o f to ta l c a l
c iu m  (C a 40 +  C a45) in  g ra m s p e r  p u lle t p e r 
24 h o u rs . T h e  sym bol *C a d e s ig n a te s  
an a lo g o u s  q u a n titie s  o f C a45 in  c o u n ts  p e r  
m in u te .

C aabs =  calcium  absorbed
Caenj =  endogenous calcium  excretion
C aSheii =  calcium  used for egg shell formation
Cab+ =  calcium  deposited in  bone
Cab- =  calcium  removed from bone
U =  calcium  content o f exchangeable bone
*U =  Ca45 content of exchangeable bone.

C alc iu m  b a la n c e
T h e  av erag e  c a lc iu m  b a la n c e  o f th e  24 

p u lle ts  d u r in g  th e  6 days o f e x c re ta  co l
lec tio n  is  sh o w n  in  th e  firs t co lu m n  of 
tab le  2. T h e  d a ta  in d ic a te  th a t  fo r  th e  
g roup  of 24  p u lle ts  th e  d iffe ren ce  b e tw een  
ap p o sitio n  a n d  m o b iliza tio n  of ske le ta l 
c a lc iu m  (Cab+-Cai,~) w as a p p ro x im a te ly

zero. T h u s  th e re  w as n o  n e t  lo ss o f c a l
c iu m  fro m  th e  sk e le to n  d u r in g  th e  b a la n c e  
e x p e r im e n t desp ite  th e  low  c a lc iu m  c o n 
te n t  o f th e  fe e d  a n d  th e  re la tiv e ly  h ig h  
av e rag e  egg  p ro d u c tio n  o f 45 .3  e g g s /p u l-  
le t d u r in g  th e  55 days o f th e  e x p e rim e n t. 
T h is  w as  ach iev ed  by  h ig h  ab so rp tio n  an d  
re te n tio n  o f feed  c a lc iu m  ( ta b le  2 ) .

S ince th e  p e rc e n ta g e  o f c a lc iu m  ab so rp 
tio n , e n d o g en o u s  ex c re tio n  a n d  re te n tio n  
w ere  c a lc u la te d  fo r  ea c h  day  o f e x c re ta  
co llec tio n , th e  effec t o f she ll fo rm a tio n  on  
th ese  p a ra m e te rs  co u ld  be s tu d ied . E ig h 
te e n  o f th e  24  p u lle ts  fo rm e d  n o  she ll d u r 
in g  a t  le a s t o ne  o f  th e  e x c re ta  co llec tio n  
periods. T h e  av erag e  b a la n c e  d a ta  fo r 
th ese  18 p u lle ts  on  days o f she ll a n d  no  
sh e ll fo rm a tio n  a re  sh o w n  in  c o lu m n s  2 
a n d  3 o f  tab le  2. A co m p a riso n  o f th e  2 
c o lu m n s  in d ic a te s  th a t  sh e ll fo rm a tio n  
h a d  n o  s ig n if ic a n t effec t o n  th e  p e rc e n ta g e  
o f c a lc iu m  a b so rp tio n , b u t  re d u c e d  th e  
p e rc e n ta g e  o f en d o g en o u s  e x c re tio n  a n d  
in c re a se d  p e rc e n ta g e  re te n tio n  sign ifi
c a n tly  (1 %  le v e l) . S ince feed  c o n su m p 
tio n  re c o rd s  w ere  n o t k ep t fo r  e a c h  day  of 
th e  e x p e r im e n t th e  p e rc e n ta g e  figu res  c a n  
on ly  be tra n s la te d  in to  q u a n titie s  o f c a l
c iu m  if  i t  is  a s su m e d  th a t  feed  in ta k e  w as 
n o t a ffec ted  by sh e ll fo rm a tio n . I f  th is  
a s su m p tio n  is  m a d e , tab le  2 in d ic a te s  th a t  
sh e ll fo rm a tio n  w as c h a ra c te r iz e d  by a 
s h if t  o f c a lc iu m  fro m  d ep o sitio n  in  b one  
(Cab+) a n d  fro m  en d o g en o u s  ex c re tio n  to 
m o b iliza tio n  fro m  bone (Cab-) a n d  shell 
deposition .

S k e le ta l d y n am ics
T h e  cu rv e  fo r  th e  specific ac tiv ity  of th e  

egg sh e ll c a lc iu m  (fig . 1 ) c a n  be d iv ided  
in to  3 p h a se s  fo r  p u rp o ses  o f th is  e x p e r i
m e n t. Specific ac tiv ity  in c re a se d  ra p id ly  
fro m  days 1 th ro u g h  3 a n d  th e n  rose  
slow ly u n ti l  day  16. D u rin g  th is  period  
C a45 w as a c c u m u la te d  in  th e  ske le ton . 
D u rin g  th e  seco n d  p h a se  f ro m  th e  e ig h 
te e n th  to  th e  tw en ty -s ix th  day, th e  specific 
a c tiv itie s  o f th e  egg  sh e ll a n d  feed  c a lc iu m  
w ere  e q u a l w ith in  th e  e r ro r  o f an a ly s is . 
C o m ar a n d  D riggers  ( 6 )  h a v e  re p o rte d  
th a t  fro m  25  to  40%  o f th e  sh e ll c a lc iu m  
is  su p p lied  by  th e  sk e le to n ; th e re fo re , th e  
specific a c tiv itie s  o f th e  e x c h a n g e ab le  b o n e  
c a lc iu m  a n d  th e  feed  c a lc iu m  w ere  a p 
p ro x im a te ly  eq u a l. In  th e  fin a l p h a se  of
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Fig. 1 Specific activity of egg shell calcium .

th e  cu rv e , w h ic h  s ta r te d  on  the  e v en in g  
of th e  tw en ty -s ix th  day  w ith  th e  w ith 
d ra w a l o f th e  ra tio n  c o n ta in in g  C a45, th e re  
w as  a c u rv ilin e a r  d ec lin e  of th e  specific 
ac tiv ity  fro m  th e  tw en ty -sev en th  to  the  
th irty -fif th  day , a f te r  w h ic h  th e  d ec line  
w as ap p ro x im a te ly  lin e a r .

In  th e  fo llow ing  th e  p a ra m e te rs  o f ske l
e ta l m e ta b o lism  w ill be e s tim a te d  fro m  
the  in c re a s in g  a n d  d e c re a s in g  p a r ts  o f the  
specific ac tiv ity  cu rve . In  a d d itio n  to  th e  
u su a l a s su m p tio n s  of tra c e r  w ork  ( 1 2 ) ,  it 
w ill be a ssu m e d  th a t  ( a )  th e  ca lc iu m  b a l
a n ce  d a ta  o b ta in e d  b e tw e e n  days 35 a n d  
45 ap p lied  to  th e  e n tire  e x p e rim e n t, a n d  
( b )  th e  specific a c tiv itie s  o f th e  egg  she ll 
c a lc iu m , th e  en d o g en o u s  ca lc iu m  a n d  th e  
c a lc iu m  d eposited  in  th e  ske le to n  w ere  
equal.

Analysis of the increasing part of the 
specific activity curve from days 1 to 16. 
F rom  th e  ca lc iu m  b a la n c e  it  fo llow s th a t :
*Cab+ -  *Cab-  =  *Caabs — *Cashen -  *Cacnd. (11

U sing  th is  e q u a tio n , th e  q u a n tity  
*C ab+ — *C ab- ,  w h ic h  w ill be  d e s ig n a te d  
as  A in  th e  fo llow ing , c a n  be c a lc u la te d  
fro m  th e  re s u lts  o f th e  b a la n c e  e x p e r i
m e n t, th e  specific ac tiv ity  o f th e  feed  a n d  
th e  specific ac tiv ity  o f th e  egg  sh e ll c a l
c iu m . As sh o w n  in  figu re  2, th e  re la t io n 
sh ip  b e tw een  log  A a n d  tim e  w as  l in e a r  
fro m  day  2 to  14. T h u s :

A =  A0e _at =  188,000 e - ° 134t. (3 )

T he  C a45 c o n te n t  o f th e  e x c h a n g e ab le  
bone a t th e  e n d  o f th e  firs t p h a se  o f th e

e x p e r im e n t (* U eq) is  eq u a l to  th e  su m  of 
a ll th e  A’s, w h ich  c a n  be  o b ta in e d  by in 
te g ra tin g  e q u a tio n  ( 2 ) .  S ince th e  specific 
a c tiv itie s  o f feed  (SAfeed) a n d  e x c h a n g e ab le  
b one  w ere  e q u a l a t  th e  e n d  of th is  p h a s e :

T h e re  is som e u n c e r ta in ty  as to  th e  
tim e  w h e n  eq u ilib riu m  is re a c h e d . A ccord 
in g  to e q u a tio n  ( 2 )  t sh o u ld  be ta k e n  as 
in fin ite , w h e re a s  figu re  2 show s th a t  A 
fa lls  ra p id ly  a f te r  th e  fo u r te e n th  day. U 
fo r  t = 16 w as 4.31 g; fo r  t — =o, 4 .88  g.

C ab+ c a n  be c a lc u la te d  fro m  th e  fo llow 
in g  e q u a tio n  w h ic h  is  b a sed  on th e  a s 
su m p tio n s  o u tlin e d  above:

A — Cab-t-SAabeii Cab — SAbone* (4 )

A t tim e  zero  th e  specific  ac tiv ity  of the  
ex c h a n g e ab le  b one  is zero a n d  eq u a tio n
( 4 )  b eco m es:

A0 =  Cab + SAsben0. (5 )

F ro m  e q u a tio n  ( 5 ) :
Cab + =  1.02 g,

a n d  s ince  on th e  b as is  o f th e  b a la n c e  e x 
p e r im e n t :

Cab+ — Cab~ =  — 0.02 g (6 )
Cab-  =  1.04 g.

Analysis of the decreasing phase of the 
specific activity curve from days 26 to 55. 
A fte r th e  w ith d ra w a l o f th e  C a45 co n ta in -

lot  _ -Actual values
) »Theoretical values (see tex t)

DAYS Ct)

Fig. 2 Ca45 accum ulation in  skeleton during 
first 18 days w ith constant specific activity diet.
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ing ration, *Caabs soon becomes approxi
mately zero and equation (1 )  becomes:

* C a i,-  —  *Cab+ =  *C a Sheii 4- *C a end. ( 7 )

The relationship between log (*C ab- — 
*Cab+ ) and time was curvilinear and a 
graphical analysis (1 2 ) was used to de
rive the following equation:

* C a „ -  -  *C a b+. =  157,800 e~°-M2t +
58 ,5 0 0 e -0 '079n. ( 8 )

The Ca45 content of the exchangeable 
bone at the time the radioactive diet was 
w ithdrawn can be obtained by integrating 
equation (8 )  and its calcium content from 
equation (3 ) . Thus:

U  =  4 .4 2  g.

The quantity of calcium removed from 
the slow bone com partm ent (C as- )  and 
the fast bone com partm ent (C a ,-) can be 
obtained from the 2 exponentials in equa
tion (8 )  as follows: *Caf- — *Caf+ is at 
a m inim um  when the specific activities of 
the fast bone com partm ent and the egg 
shell calcium are equal. Then analogously 
to equation (4 ) :

58,500 =  Cas-SAfbed +  C af -S A Sheii„ -
Cab+SAsi,ciio. ( 9 )

Since :
C ab- =  C as-  +  C af _ (1 0 )

it follows from equation (6 )  that:
C a t - —  C ab+ =  0.02 g —  C as-  (1 1 )

substituting equation (11) in equation (9):
58,500 =  Cas-SAfeed +  SAsbeii0 (0 .0 2  -  Cas-  )

( 1 2 )

and :
C as-  =  0.23 g.

Using the same reasoning for the net loss 
of Ca45 from the fast bone com partm ent 
at zero time:

157,800 =  C a f-S A f„d  +  SAsheii0 (0 .0 2  -  C a , - )
( 1 3 )

and:
C a , -  =  0 . 7 9  g .

A sum m ary of the param eters of skeletal 
metabolism is given in  table 3.

Relationships among different param eters 
of calcium metabolism

The correlation coefficients given in table 
4 show that pullets that produced a large 
shell m ass (num ber of eggs during experi
m ent X average shell weight) had larger 
pools of exchangeable bone calcium  than  
pullets with a small shell mass. F urther
more, the size of this pool was larger for 
pullets with a negative calcium  balance 
than  for pullets with a positive balance. 
Correlation analysis showed that shell m ass 
and calcium balance combined accounted 
for 75% of the variability in  the size of the 
exchangeable calcium pool.

The quantity of calcium removed from 
the skeleton per day (C ab- )  was positively 
correlated with the size of the exchange
able calcium pool, the quantity of calcium  
absorbed per day and shell mass. The 
first 2 factors were the most im portant 
and together accounted for 52% of the 
variability in  Cab-.

Table 5 shows that the specific activity 
of the shell calcium of the eggs laid on 
the last day of the experim ent was about 
one-half as great as the specific activity 
of the cortical and medullary calcium  
obtained from the diaphyseal portion of 
the femur. The specific activity of the 
cortical calcium varied considerably less 
than  that of either the m edullary or shell 
calcium.

The correlation coefficient between the 
specific activity of the egg shell calcium  
on the 56th day and that of the corre-

TA BLE 3
Parameters of skeletal m e t a bolism

C a  c o n t e n t  
o f  e x c h a n g e a b l e  

b o n e  ( U )
R e m o v e d  f r o m  b o n e /  

2 4  h o u r s  ( C a b  -  )

F r o m  d e c r e a s i n g  p a r t  o f  s p e c i f i c  a c t i v i t y  c u r v e
9 9 %

S l o w l y  m o b i l i z e d  b o n e 2 . 5 5 0 . 2 3 9 . 0
R a p i d l y  m o b i l i z e d  b o n e 1 . 8 7 0 . 7 9 4 2 . 2

S u m 4 . 4 2 1 . 0 2 2 3 . 1

F r o m  i n c r e a s i n g  p a r t  o f  s p e c i f i c  a c t i v i t y  c u r v e
E x c h a n g e a b l e  b o n e  f o r :  f  =  1 6  1 4 . 3 1 1 . 0 4 2 4 . 1

t  =  i n f i n i t e  1 4 . 8 8 1 . 0 4 2 1 . 3

1 S e e  t e x t .
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TA B LE 4

Correlation coefficients a m o n g  certain parameters of calcium me t a b o l i s m

C a b - S h e l l
m a s s

C a
a b s o r b e d

C a
b a l a n c e

C C a b  +  — C a b  — )

E x c h a n g e a b l e  c a l c i u m  p o o l  ( U ) 0 . 6 0 1  1 0 . 7 5 0  1 0 . 2 7 9 - 0 . 5 5 8  1

C a l c i u m  r e m o v e d  f r o m
s k e l e t o n / d a y  ( C a b - ) 0 . 4 1 0  2 0 . 5 5 6  1 - 0 . 1 4 1

1 S ig n ific an t a t  1%  level.
2 S ig n if ic an t a t  5%  level.

TA B LE 5

Specific activity of cortical bone, medullary b o n e  a n d  egg shell calcium

C o r t i c a l
C a

M e d u l l a r y
C a

S h e l l
C a

( d a y  5 6 )

S p e c i f i c  a c t i v i t y ,  c o u n t / m i n / g  C a 7 3 8 7 7 9 9 4 4 0 8 0
S t a n d a r d  d e v i a t i o n ,  c o u n t / m i n / g  C a 1 7 5 7 5 7 5 8 2 4 1 3
C o e f f i c i e n t  o f  v a r i a b i l i t y ,  % 2 3 . 8 7 2 . 0 5 9 . 1

sponding m edullary bone calcium was 
0.845 (significant at the 1% level), 
whereas the correlation coefficients be
tween these 2 characteristics and the spe
cific activity of the cortical calcium  were 
0.199 and 0.139, respectively (both not 
statistically significant).

DISCUSSION
The experim ent reported here shows 

that the param eters of skeletal metabolism 
of laying hens can be obtained from  the 
increase of the specific activity of the egg 
shell calcium  with a constant specific 
activity diet or the decrease of specific 
activity after this diet has been withdrawn. 
The m athem atical analyses used are re la
tively simple and the estim ates obtained 
in  the 2 phases of the experim ent agreed 
closely.

However, there was one m ajor discrep
ancy between the 2 analyses. Although a 
function with one exponential was suffi
cient to describe the accum ulation of Ca45 
in  bone with the constant specific activity 
diet, a function with 2 exponentials was 
needed to sim ulate the release of Ca45 
from bone with the nonradioactive diet. 
To explore this difference further, the 
accum ulation of Ca45 during the first phase 
of the experim ent was reconstructed from 
the param eters of skeletal m etabolism  ob
tained in the third phase and the calcium 
balance data. Figure 2 shows tha t the

plot of these theoretical values was only 
slightly curvilinear and agreed well with 
the actual values. This suggests that the 
m athem atical functions derived from the 
increasing and decreasing parts of the 
specific activity curve m ay represent dif
ferent levels of approxim ation of the skel
etal system in which calcium  is exchanged 
at a num ber of different rates because of 
differences in  accessibility.

The param eters of calcium metabolism 
reported here apply only to the group of 
layers used and the conditions of the ex
perim ent. The calcium  balance of chick
ens is influenced by m any factors, such 
as calcium intake (13, 14) and environ
m ental tem perature (1 5 ). The effect of 
hormones, particularly estrogen, on m edul
lary bone of chickens has been amply 
dem onstrated (5 ) . Nevertheless, it is in 
teresting to compare the results reported 
here for pullets which contain approxi
m ately 20 to 25 g of calcium  (1 6 ) with 
those obtained by Aubert and Milhaud
(1 )  for a 22-year-old m an weighing 70 kg 
and containing approximately 1100 to 
1500 g calcium (1 7 ) . In  m an the quan
tity of calcium taken up by bone (C ab+) 
was 0.88 g /day; in  the average pullet it 
was 1.02 g. In m an the size of the ex
changeable calcium pool, including blood 
and soft tissue, was 6.57 g; in  the pullet 
4.42 g of the skeletal calcium participated 
in  egg shell formation. The im portance of
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the skeleton in  the calcium metabolism of 
laying hens is further illustrated by the 
fact that of the 2.82 g of calcium which 
entered the blood pool per day (C aai>s +  
Cab- )  1-02 g or 36% came from  the skel
eton. This estim ate is w ithin the range 
given by Comar and Driggers (6 )  for the 
percentage of egg shell calcium supplied 
by the skeleton.

The estim ates discussed above are aver
ages for an  extended period including days 
of shell deposition and no shell deposition. 
As shown in table 2 active shell form ation 
caused a considerable shift in  calcium 
balance. The reduction in  the excretion of 
endogenous calcium on days of shell for
m ation, although relatively small, is in 
line with the hypothesis m ade in an earlier 
paper (1 8 ) that excretion and shell for
m ation may be competing processes.

The results presented here also indicate 
that the size of the exchangeable calcium 
pool is related to the quantity of shell pro
duced ( r  =  0.750) and is larger in  pullets 
with a negative calcium balance than 
in  pullets with a positive balance. The 
latter observation is in  agreem ent with a 
report of Benoit and Clavert (1 9 ) who 
observed in  experim ents with ducks that 
with calcium-deficient diets m edullary 
bone was formed at the expense of other 
parts of the skeleton.

The im portant role of medullary bone 
in  egg shell form ation is confirmed by the 
highly significant correlation between the 
specific activities of the last egg shell and 
m edullary bone from the fem ur. Cortical 
bone as a whole, on the other hand, did 
not appear to participate significantly in 
egg shell formation. This, however, does 
not exclude the possibility that a portion 
of the cortical bone was in equilibrium 
with the m edullary bone or contributed 
directly to shell formation.
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A B S T R A C T  E x p e r i m e n t s  w e r e  c o n d u c t e d  i n  w h i c h  y o u n g  g r o w i n g  g u i n e a  p i g s  
w e r e  f e d  d i e t s  w h i c h  w e r e  d e f i c i e n t  i n  a s c o r b i c  a c i d  o r  m a g n e s i u m  o r  c o n t a i n e d  s u p p l e 
m e n t s  o f  f l u o r i d e .  T h e  e f f e c t  o f  t h e s e  d i e t a r y  f a c t o r s  u p o n  c o n n e c t i v e  t i s s u e s  w a s  
m e a s u r e d  b y  h e x o s a m i n e ,  u r o n i c  a c i d ,  a n d  h y d r o x y p r o l i n e  a n a l y s e s .  B l o o d  s e r u m  
h e x o s a m i n e  c o n t e n t  w a s  n o r m a l  i n  f l u o r o s i s  a n d  m a g n e s i u m  d e f i c i e n c y  w h e n  c o m 
p a r e d  w i t h  t h e  c o n t r o l  g r o u p .  H e x o s a m i n e  v a l u e s  w e r e  u n i f o r m l y  e l e v a t e d  a n d  
h y d r o x y p r o l i n e  v a l u e s  d e p r e s s e d  i n  a n i m a l s  f e d  d i e t s  l o w  i n  a s c o r b i c  a c i d ,  d i e t s  
h i g h  i n  f l u o r i d e  ( 4 5 0  p p m )  a n d  l o w  i n  m a g n e s i u m  ( 9 6  p p m ) ,  a n d  i n  t h o s e  a n i m a l s  
f e d  l o w  m a g n e s i u m - l o w  a s c o r b i c  a c i d  d i e t s .  B l o o d  s e r u m  l e v e l s  o f  m a g n e s i u m  u n d e r 
w e n t  a  m a r k e d  a n d  c h a r a c t e r i s t i c  r e d u c t i o n  f r o m  n o r m a l  r a n g e s  o f  2  t o  3  m g / 1 0 0  m l  
t o  v a l u e s  l e s s  t h a n  1 m g / 1 0 0  m l  i n  t h o s e  g r o u p s  r e c e i v i n g  l o w  m a g n e s i u m  d i e t s .
G r o w t h  r a t e s  w e r e  r e t a r d e d  b y  l o w  m a g n e s i u m ,  l o w  a s c o r b i c  a c i d  o r  t h e  a d d i t i o n  o f  
4 5 0  p p m  f l u o r i d e .  R e s u l t s  o f  h e x o s a m i n e  a n d  h e x u r o n i c  a c i d  a n a l y s i s  o n  h e a r t ,  a o r t a ,  
k i d n e y  a n d  s e l e c t e d  c o n n e c t i v e  t i s s u e  s a m p l e s  s h o w e d  n o  s i g n i f i c a n t  d i f f e r e n c e s  a s  a  
r e s u l t  o f  d i e t a r y  t e s t  d i e t s  f e d  f o r  1 7  d a y s .  A  d y s c h o n d r o p l a s i a  w a s  o b s e r v e d  i n  t h e  
h i n d  l e g  b o n e s  o f  a n i m a l s  f e d  4 5 0  p p m  F  w i t h  a  d i e t  c o n t a i n i n g  9 6  p p m  m a g n e s i u m .

Observations of nutritional experiments 
concerning Mg and F indicate that these 
elements influence or alter the calcifica
tion process by inadequate or excessive 
am ounts in  the diet (1 -3 ) .  The im portant 
role of connective tissues in the calcifica
tion of the skeletal structures and soft 
tissues led us to study the effects of dietary 
levels of Mg, F, and ascorbic acid upon the 
metabolism of connective tissues.

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

Seven- to nine-day-old m ale guinea pigs 
weighing 140 to 160 g were allotted to 
groups of 6 anim als each. The basal diet 
was composed of: (in  per cen t) ethanol- 
extracted casein, 30; sucrose, 43; rough- 
age,2 14; alfalfa meal, 1; corn oil, 5; 
potassium  acetate, 2.5; salts, 4; and vita
mins. The salts contained: (in  per cen t) 
C aH P04-2H20 , 39.8; KC1, 25.8; NaCl, 22.7; 
CaC03, 10.8; Fe2(S 0 4) 3, 0.818; CuS04- 
5H ,0, 0.062; M nS04 H20 , 0.035; ZnCl2, 
0.047; CoC12-6H20 , 0.002; and KIOs,
0.00045. The diet contained by analysis 
96 ppm m agnesium , 0.55% phosphorus, 
and 0.56% calcium. The vitam in m ix
ture supplied 2 mg menadione, 16 mg each 
of thiam ine, riboflavin and pyridoxine, 
200 mg niacin, 40 mg calcium pantothe
nate, 10 mg folic acid, 0.6 mg biotin, 0.04 
mg of vitam in Bi2, 3000 m g choline chlo
ride, 200 mg inositol, 20,000 IU of vitam in

A,3 and 3200 IU of vitam in D24/k g  of diet. 
In addition 18 mg of a-tocopherol/kg of 
diet were added to the corn oil and 5 mg 
ascorbic acid/kg of body weight were 
added daily by pipette as a supplem ent 
where indicated. The diets were pelleted 
by m oistening with distilled w ater and 
running  them  through a m eat grinder and 
drying in a forced-air oven.

The dietary regim en was as follows:
Lot 1 Basal diet with 0.18% m agne

sium added as m agnesium  oxide 
and 5 mg of ascorbic acid/kg 
of body weight given by dropper 
daily.

Lot 2 Basal as in lot 1 without m agne
sium supplement.

Lot 3 Basal as in  lot 1 without ascor
bic acid supplement.

Lot 4 Basal as in  lot 1 plus 0.1% 
sodium fluoride.

Lot 5 Basal as in  lot 1 w ithout m ag
nesium  supplem ent, plus 0.1% 
sodium fluoride.

Lot 6 Basal as in  lot 1 without m ag
nesium  supplem ent and ascorbic 
acid.

R ece iv ed  fo r  p u b lic a tio n  A p ril 10, 1964.
1 P u b lish e d  w ith  th e  a p p ro v a l o f th e  D ire c to r  of 

th e  W isc o n s in  A g ric u ltu ra l  E x p e r im e n t S ta tio n .
2 C e llu  F lo u r , C h icag o  D ie te tic  S u p p ly  H o u se , C h i

cago.
3 G e la tin  co a ted , o b ta in e d  fro m  N u tr i t io n a l  B io ch em 

ic a ls  C o rp o ra tio n , C leveland .
4 See fo o tn o te  3.

J . N u t r it io n , 8 4 : ’64 2 7
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The anim als were housed by lots in  wire- 
m esh cages with food and distilled water 
given ad libitum. They were killed on the 
17th day. Samples of kidney, heart, aorta, 
fem ur, costal and xiphoid cartilage proc
esses were im mediately removed and 
frozen on dry ice. Blood was collected and 
allowed to clot. Serum was analyzed for 
m agnesium  with the atomic absorption 
spectrophotometer.5 Samples of tissues 
were freeze-dried and then hydrolyzed by 
Dowex-50 resin and dilute hydrochloric 
acid according to the m ethod of Anastas- 
siades and Common (4 ) ,  prior to deter
m ining the hexosamines by the method 
of Anastassiades and Common (5 ) ,  uronic 
acids by the m ethod of Dische (6 ) , and 
hydroxyproline according to the method of 
W oessner (7 )  as modified by Goll.6 The 
results were subjected to analyses of vari
ance according to the procedure of Snede- 
cor (8 )  and the significance between 
m eans determ ined by D uncan’s multiple 
range test (9 ) .

R E S U L T S

A m arked depression in  growth rate 
resulted due to low dietary m agnesium  
(96 ppm ), high fluoride (450 ppm ), or 
low ascorbic acid. The growth rate was 
retarded w ithin the first week by low m ag
nesium , low ascorbic acid, low magnesium- 
low ascorbic acid, or supplem ental fluo
ride. A very m arked reduction in  growth 
rate occurred by the 14th day in  those ani
mals fed low m agnesium  (96 ppm ) diets. 
Animals fed the low m agnesium  diet de
veloped the characteristic symptoms of

the magnesium-deficient anim al, namely, 
tetany, vasodilitation, and in  m arked con
trast to the symptoms in  the dog (1 0 ) , no 
m arked effect on the muscle tonus in  the 
phalanges. The scorbutic guinea pigs 
showed extensive subcutaneous hem or
rhages in  traum atic areas of the body. 
Their bones were brittle and easily frac
tured.

The period of time involved in  these ex
perim ents did not perm it full development 
of the fluorosis syndrome in the guinea 
pig, but there was a m arked depression 
of growth, and the hair coat was rough 
and dull. This condition was worsened by 
a high fluoride (450 ppm ), low m agne
sium (96 ppm ) diet. The anim als ex
hibited stiffness sim ilar to th a t of scorbutic 
anim als and reluctance in  all voluntary 
movement. Their legs had a swollen ap
pearance and were painful to the touch. 
A large am ount of connective tissue over
growth was observed on the rear legs and 
this completely enveloped the bone, joints, 
and m ajor tendons. Blood serum  levels of 
m agnesium  underw ent a m arked (P  <  
0.01) and characteristic reduction from 
norm al ranges of 2 to 3 m g/100  ml to 
values less than  1 m g/100  ml (table 1). 
The deficiency of ascorbic acid or toxic 
dietary levels of fluoride did not signifi
cantly lower serum m agnesium  levels. 
Blood serum hexosamine content was nor
m al in  fluorotic and low m agnesium  ani
m als when compared with the controls.

5 P e rk in  E lm e r  C o rp o ra tio n , m o d e l 214, N o rw a lk , 
C o n n ec ticu t.

6 G oll, D. E ., P h .D . T h e s is , U n iv e rs ity  o f  W isc o n s in , 
1962.

TA BLE 1

S u m m a r y  d a ta  o f  t h e  e f f e c t s  o f  M g , F , a n d  a s c o r b ic  a c id  o n  g r o w th ,  s e r u m  M g , s e r u m  h e x o s a m in e ,  a n d
a o r ta  h y d r o x y p r o l in e  i n  g u in e a  p ig s  1

L ot
Avg g a in /w e e k

S e ru m  M g 2 S e ru m
h e x o sa m in e

A o rta
h y d ro x y p ro lin eW eek  1 W eek  2

9 9 m g /1 0 0  m l m g /1 0 0  m l m g /g
C o n tro l 4 6 3 6 3 . 1 7 ±  0 .4 4  3 1 0 0 ±  12  3 2 7 .7
L o w  M g , 9 6  p p m 3 5 4 0 . 5 5 ± 0 .2 9 1 0 2  ±  13 2 7 .2
L o w  a s c o r b ic  a c id 3 6 2 3 2 .5 9  ± 0 . 5 7 1 4 4  ±  7  4 2 2 .9  4
H ig h  F ,  4 5 0  p p m 2 7 11 2 .8 8  ± 0 . 6 0 1 0 6 ±  13 2 6 .7
H ig h  F  a n d  lo w  M g 2 7 7 1 .2 5  ± 0 . 2 9 1 4 4  ±  7 4 2 1 .9  4
L o w  a s c o r b ic  a c id  a n d  lo w  M g 3 9 6 0 . 7 0 ±  0 .2 8 1 3 4 ± 17  4 2 0 .7  4

1 M ean s  o f 6  a n im a ls / lo t .
2 R esu lt o f D u n c a n ’s m u ltip le  r a n g e  te s t  o n  s e ru m  M g m e a n s : 0.50 0 .70  1.25 2 .59  2.88 3.17. A n y  2

m e a n s  n o t  u n d e rs c o re d  by  th e  sam e  lin e  a re  s ig n if ic a n tly  d if fe re n t (P  <  0 .0 1 ).
3 SD.
4 S ig n if ic an tly  d if fe re n t (P  <  0 .0 1 ) fro m  co n tro l.
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Hexosamine values were uniform ly in 
creased by diets low in  ascorbic acid and 
by diets high in  fluoride-low in m agnesium  
(P  <  0.01). Hydroxyproline levels in  the 
aorta (table 1) were lowered by diets low 
in ascorbic acid and by diets high in  
fluoride-low in magnesium . Similar results 
were obtained on the fem ur and costal 
cartilage. No differences in  hydroxypro
line levels were observed in  the kidney and 
heart. The results of the hexosamine and 
uronic acid analysis on the heart, kidney, 
aorta, bone, costal and xiphoid cartilage 
did not show abnorm al changes in  these 
tissues at 17 days. Perhaps a longer ex
perim ental period m ight cause alterations.

Because it was believed that the time 
factor in the development of scurvy was 
highly im portant, the experim ent was ter
m inated at a period when the anim als 
were showing early symptoms of scurvy 
but which had not developed to the point 
of classical symptoms of the disease. Ex
am ination of the data indicates that chem 
ical alterations had  appeared during this 
short experim ental period. A reduction 
in  growth ra te was evident at the end of 
7 days and a weight loss was noted by the 
end of the second week. Blood serum  levels 
of m agnesium  were insignificantly reduced 
in  scurvy and in  fluorosis in  contrast 
with the m arked loss of serum m agne
sium when the diet contained insufficient 
magnesium . W hen the diet was not supple
m ented with ascorbic acid the serum  hexo
sam ine was significantly increased. A simi
lar response was obtained when the diet 
contained high fluoride-low m agnesium , or 
low ascorbic acid-low magnesium . The 
interpretation of these data  are not clear 
at present. It has been reported tha t the 
synthesis of mucopolysaccharides is de
creased in the scorbutic anim al (1 1 ). The 
elevated serum  hexosamine indicates that 
either an increased am ount of hexosa- 
mines are produced or synthesized or their 
incorporation in  the form  of new connec
tive tissue m ay have been blocked. W hen 
the diet was not supplem ented with as
corbic acid the aorta hydroxyproline levels 
were decreased. A sim ilar response was 
obtained when the diet contained high 
fluoride and low m agnesium  or low as
corbic acid and low m agnesium. Fluoride,

m agnesium , and ascorbic acid affect con
stituents which are known to be involved 
with norm al form ation of bone and con
nective tissue.

A problem which complicated a study 
of this type is that m any times it is difficult 
to distinguish between the direct effects of 
a nu trien t being studied and those effects 
tha t are the consequence of decreased food 
consumption. The food intake values in 
these experim ents parallel the growth re
sponses shown in  table 1; however, the 
changes in  hexosamine or hydroxyproline 
values do not correlate with growth.

The growth responses reported have 
been observed m any times and studies on 
the serum  Mg values have been repeated, 
not only on the guinea pig, but on the 
white ra t and the dog with sim ilar results. 
The serum hexosamine response has been 
repeated in  the guinea pig.7
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Effect of the Copper Status of the Rat on the 
Copper-Molybdenum-Sulfate Interaction

L O U I S E  F .  G R A Y  a n d  L O U I S E  J .  D A N I E L
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a n d  D e p a r t m e n t  of Biochemistry, Cornell University, Ithaca, N e w  Y o r k

A B S T R A C T  T h e  e f f e c t  o f  t h e  c o p p e r  s t a t u s  a n d  d i e t a r y  c o p p e r  i n t a k e  o f  t h e  a n i 
m a l  o n  i t s  r e s p o n s e  t o  m o l y b d e n u m  a n d  s u l f a t e  w a s  s t u d i e d .  W h e n  t h e  r a t ’s  c o p p e r  
s t o r e s  w e r e  l o w  a n d  a  c o p p e r - d e f i c i e n t  d i e t  w a s  f e d ,  s m a l l  a m o u n t s  o f  m o l y b d e n u m  
p r o d u c e d  t o x i c  s y m p t o m s  w h i c h  w e r e  intensified b y  t h e  s i m u l t a n e o u s  a d d i t i o n  o f  
s u l f a t e .  H o w e v e r ,  w h e n  t h e  c o p p e r  s t o r e s  a n d  d i e t a r y  c o p p e r  i n t a k e  w e r e  a d e q u a t e ,  
l a r g e r  a m o u n t s  o f  m o l y b d e n u m  w e r e  r e q u i r e d  t o  p r o d u c e  m o l y b d e n o s i s ,  a n d  s u l f a t e  
c o m p l e t e l y  prevented  t h e  h a r m f u l  e f f e c t s  o f  m o l y b d e n u m .  I n  t h e  f i r s t  i n s t a n c e ,  t h e  
c o p p e r  d e f i c i e n c y  s y n d r o m e  w a s  e v i d e n t  a n d  d i e t a r y  c o p p e r  p r e v e n t e d  a l l  t o x i c i t y  
s y m p t o m s .  I n  t h e  s e c o n d  c a s e ,  t h e  c o r r e c t i v e  e f f e c t  o f  c o p p e r  w a s  n e g l i g i b l e ,  b u t  
s u l f a t e  p r e v e n t e d  t h e  m a r k e d  g r o w t h  r e t a r d a t i o n  p r o d u c e d  b y  m o l y b d e n u m .  T h e s e  
o b s e r v a t i o n s  a r e  d i s c u s s e d  i n  r e l a t i o n  t o  s e v e r a l  h y p o t h e s e s  c o n c e r n e d  w i t h  t h e  m o l y b 
d e n u m - c o p p e r - s u l f a t e  i n t e r a c t i o n .  A n  a n a l y s i s  o f  t h e  l i v e r - c o p p e r  s t o r e s  o f  t h e s e  a n i 
m a l s  r e v e a l e d  t h a t  t h e  s u g g e s t e d  d i r e c t  r e l a t i o n s h i p  b e t w e e n  c o p p e r  i n t a k e  a n d  c o p 
p e r  s t o r a g e  i n  t h e  l i v e r  d o e s  n o t  a l w a y s  o b t a i n .  T h e  c o p p e r  s t a t u s  o f  t h e  a n i m a l  a n d  
t h e  d i e t a r y  l e v e l s  o f  m o l y b d e n u m  a n d  s u l f a t e ,  a s  w e l l  a s  c o p p e r ,  s i g n i f i c a n t l y  i n f l u e n c e  
t h e  l e v e l  o f  c o p p e r  i n  t h e  l i v e r .

An understanding of the copper nu tri
tion of the anim al is not possible until 
more inform ation is available concerning 
several other dietary constituents which 
have been shown to influence the anim al’s 
copper requirem ent. Both molybdenum 
and sulfate are known to affect the copper 
metabolism of the anim al, but the m echa
nism of action is unknown.

The first evidence of this interference by 
molybdenum was the recognition by Fergu
son et al. ( 1 ) tha t the forage of the “teart” 
pastures in  England contained unusually 
high levels of molybdenum, and that the 
scouring disease of cattle associated with 
these areas could be corrected or prevented 
by feeding copper. The copper content of 
the “teart” forage was “norm al” or “above 
norm al”; nearby non-teart pastures, where 
no scouring occurred, were lower in  cop
per. The molybdenum-copper antagonism , 
as a result of which a physiological copper 
deficiency occurred, has since been re
ported in  rum inants grazing pastures in 
widely diverse areas of the world (2 -4 ) .

The outstanding discovery by Dick (5 ) 
that dietary sulfate intensified the harm 
ful action of molybdenum in the copper 
nutrition of sheep, introduced another fac
tor into this already puzzling copper- 
molybdenum interrelationship.

At about the time that this observation 
was made with rum inants, Gray and 
Daniel (6 )  reported that m ethionine allevi
ated molybdenum toxicity in  the ra t. Sub
sequent work by Van Reen and W illiams
(7 )  confirmed the m ethionine effect and 
included the additional observation that 
sulfate was as effective. The beneficial 
effect of sulfate on molybdenum-fed rats 
was also shown by Miller et al. (8 ) . This 
paradox of sulfate intensifying the toxic 
effect of molybdenum in the rum inan t and 
alleviating molybdenum toxicity in  the ra t 
could possibly be explained as a species 
difference, but such diam etrically opposite 
effects are difficult to dismiss so lightly.

In  an effort to reconcile these contradic
tory observations and to learn more about 
this interaction, studies were undertaken 
to test the hypothesis tha t the apparently 
anomalous effects of dietary sulfate on the 
copper-molybdenum interaction could be 
due to differences in  the copper status of 
the animals.

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

Methods. W eanling m ale rats from  the 
laboratory colony ( Sprague-Dawley stra in ) 
were used in  these studies. W hen copper- 
depleted anim als were needed, the young

R ece ived  fo r  p u b lic a tio n  A p ril 2, 1964.

J .  N u t r it io n , 8 4 :  ’6 4 31
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were weaned at 21 days of age and fed un- 
supplem ented whole milk powder.1 The 
length of the depletion period varied with 
the time of weaning and the external evi
dence of anemia. At the beginning of the 
experim ent, the ra ts were randomized into 
replications of 6 anim als according to 
weight and to length of depletion period. 
The anim als were housed on wire screens 
with 3 anim als/cage in  an air conditioned 
room. Both the cages and screens were 
coated with alum inum  paint. Feed and 
redistilled w ater were supplied ad libitum. 
The glass water bottles and porcelain feed
ing dishes were cleaned with hot H N 03 be
fore the start of the experiment. The cop
per-adequate anim als were housed under 
the same conditions, but no precautions 
were taken to insure copper-free glass
ware, and tap w ater was supplied instead 
of redistilled water.

The copper-deficient basal diet was 
whole m ilk powder ( <  1 ppm  Cu) supple
m ented with carbonyl iron and MnSO.TLO 
to furnish the ra t approximately 1 mg Fe 
and 0.3 m g M n/day. The basal diet fed 
the copper-adequate anim als was whole 
milk powder supplem ented with copper, 
iron and m anganese to supply about 0.06 
mg Cu, 0.4 mg Fe and 0.3 m g M n/day. 
The copper was added as C uS04-5H20  and 
the iron as FeS04-7H20 , both reagent grade 
salts. W hen molybdenum and sulfate 
were used, they were added as N a2MoCV 
2H20  and N a2S04, respectively. Perco- 
m orph liver o i l2 was adm inistered once a 
week during the 4-week experim ental 
period.

Weights were recorded weekly. Hemo
globin determ inations (9 )  were made at 
the end of the depletion period for the 
depleted rats, and at the end of the experi
m ent for all animals. Copper analyses 
were perform ed on the livers of ra ts in 
experim ent 2, using a modification of the 
method of Parks et al. (1 0 ). The principal 
modification was the omission of the dithi- 
zone extraction step. A small sample of 
each liver was taken for a dry weight de
term ination. The rest of the liver was 
ashed by heating with repeated additions 
of distilled HNOa and a final treatm ent 
with a small quantity of 70% HClCh (rea
gent grade).

Analyses of variance were m ade and the 
t test for significance between the trea t
m ent m eans was applied to the data (1 1 ).

Experim ent 1. This experim ent was 
planned to investigate the effect of sulfate 
on molybdenum toxicity in  copper-defi
cient rats. The rats were depleted for 9 to 
12 days, at which time the m ean hem o
globin level was 6.3 g /100  ml, compared 
with a m ean value for the stock anim als 
of the same age of 9.0 g/100 ml. The de
pleted ra ts were deficient in  copper and 
iron at the start of the experiment. Using 
the copper-deficient basal diet, the effect 
of 3 levels of molybdenum w ith and w ith
out added sulfate was studied.

Experim ent 2. The purpose of this ex
perim ent was to study the effect of sulfate 
and m ethionine on molybdenosis in  cop
per-depleted and in  copper-adeqrfate rats 
under identical experim ental conditions. 
Two groups of anim als from one breeding 
of the stock colony were used. One group 
was depleted for 16 to 17 days, after which 
time it was fed the diets shown in table 1. 
The second group was fed the experi
m ental diets at weaning (21 to 23 days of 
age). These rats had adequate copper 
stores and were fed a basal diet contain
ing sufficient copper to m eet the needs of 
the growing rat. Since previous work at 
this laboratory had shown that a level of 
800 ppm  molybdenum retarded growth 
with copper-adequate ra ts (6 ) ,  this level 
was again used. The treatm ents studied 
are presented in  table 2.

R E S U L T S  A N D  D I S C U S S I O N

E xperim ent 1. The results of the first 
experim ent are sum m arized in  table 3. 
The ra ts fed the basal diet ( <  1 ppm  Cu) 
were obviously copper-deficient, as evi
denced by the effect of 3.0 ppm  Cu on 
growth and hemoglobin formation. Low 
levels of molybdenum were extremely 
toxic, 50 ppm  markedly reducing growth, 
and 10 ppm significantly lowering the 
hemoglobin level. These molybdenum 
levels are of sim ilar m agnitude to those 
observed in  forage which produced molyb-

1 K lim  P o w d e red  W h o le  M ilk , T h e  B o rd e n  C o m p an y , 
N ew  Y ork. T ra d e  n a m e s  a n d  c o m p a n y  n a m e s  a re  
in c lu d e d  fo r  th e  b en efit o f th e  re a d e r  a n d  do n o t  in f e r  
a n y  e n d o rs e m e n t o r p re fe re n t ia l  t r e a tm e n t  o f th e  
p ro d u c t l is te d  by th e  U. S. D e p a r tm e n t o f A g r ic u ltu re .

2 A-D P e rc o m o rp h  L iv e r  O il, A bbo tt L a b o ra to r ie s , 
In c ., N o r th  C h icago , I llin o is .
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TA B LE 1

E f f e c t  o f  m o l y b d e n u m , c o p p e r  a n d  s u l f u r  c o m p o u n d s  o n  g r o w th  a n d  h e m o g lo b in  f o r m a t io n
i n  c o p p e r - d e p le te d  r a ts  1

S u p p le m e n t

M ea n  w e ig h t c h a n g e M ea n  h e m o g lo b in

C o p p er ad d ed , p p m C o p p er ad d ed , p p m

N o n e 3 .0 N o n e 3 .0

9 9 g /1 0 0  m l  b lood
N o n e 6 1  2 1 1 2 6 . 6 1 1 . 5
1 0  p p m  M o 4 2 1 2 3 5 . 8 1 3 .1
1 0 0  p p m  M o - 2 0 ( 2 ) 1 1 5 3 . 6 ( 2 ) 1 3 . 5
2 . 7 %  S 0 4 4 3 ( 5 ) 1 0 1 6 . 2 ( 5 ) 1 3 . 4
1 %  D L - M e t h i o n i n e 1 4 6 . 6
1 0  p p m  M o +  S 0 4 - 2 ( 5 ) 1 1 6 5 . 0 ( 5 ) 1 4 . 0
1 0 0  p p m  M 0  +  S O 4 a l l  d e a d 8 7 ( 5 ) a l l  d e a d 1 3 . 0 ( 5 )
1 0 0  p p m  M o  +  D L - m e t h i o n i n e 2 4 ( 3 ) 8 8 3 . 8 ( 3 ) 1 3 . 0

L . S . D .0.01 3 2 0 2 0 2 .1 2 .1
L . S . D . o.05 1 4 1 4 1 .5 1 .5

1 T h e  co p p er-d ep le ted  r a ts  w e re  fe d  u n s u p p le m e n te d  w h o le  m ilk  p o w d e r fo r  16 to  17 d ay s , a f te r
w h ic h  th e y  w e re  fe d  th e  cop p er-d e fic ien t d ie t d e sc rib ed u n d e r  M ethods. T h e  r a ts  a v e rag e d  97 g
w h e n  p la c e d  on  e x p e r im e n t.

2 E ac h ' f ig u re  re p re s e n ts  th e m e a n  fo r 6  m a le  r a ts ,  u n le s s  o th e rw ise  in d ic a te d  by n u m b e rs  in
p a re n th e se s . T h e  e x p e r im e n ta l  p e rio d  w as  4 w eeks.

3 L e a s t s ig n if ic a n t d iffe ren ce a t spec ified  p ro b a b il i ty  levels.

TA BLE 2

E f f e c t  o f  m o l y b d e n u m ,  c o p p e r  a n d  s u l f u r  c o m p o u n d s o n  g r c n v th  a n d  h e m o g lo b in  fo r m a t io n
i n  c o p p e r - a d e q u a te  r a ts  1

M ean  w e ig h t c h a n g e M ea n  h e m o g lo b in

S u p p le m e n t C o p p er ad d ed , p p m C o p p er ad d ed , p p m

N o n e 3 0 0 N o n e 3 0 0

9 9 g /1 0 0  m l b lood
N o n e 1 4 9  2 1 5 1 1 4 . 4 1 4 . 7
8 0 0  p p m  M o 7 3 9 2 1 4 . 0 1 4 . 5
0 . 6 4 5 %  S 0 4 1 5 5 1 4 . 8
2 . 7 %  S O 4 1 4 3 1 4 .3
1 %  D L -M e th io n in e 1 3 3 1 4 . 6
M o +  0 . 6 4 5 %  S O 4 1 5 1 1 4 4 1 4 . 7 1 4 . 6
M o +  2 .7 %  S 0 4 1 3 8 1 4 8 1 4 . 7 1 4 . 6
M o +  D L -M e th io n in e 1 1 8 1 1 8 1 4 .1 1 5 . 0

L . S . D .0.013 2 6 2 6
L .S .D .o .05 1 8 1 8

1 T h e  co p p e r-a d eq u a te  r a t s  w ere  p la c ed  o n  e x p e r im e n t a t  w e a n in g  w ith  a n  a v e rag e  w e ig h t o f 
60  g. T h ey  w e re  fe d  a  b a s a l  d ie t o f w h o le  m ilk  p o w d e r s u p p le m e n te d  w ith  5.33 p p m  C u, m a k in g  
th e  to ta l  co p p e r  c o n te n t a p p ro x im a te ly  6.3 p pm .

2 E a c h  fig u re  re p re s e n ts  th e  m e a n  fo r  6  m a le  r a ts  fo r  4-w eek e x p e r im e n ta l  p e rio d .
3 L e a s t s ig n if ic a n t d iffe ren c e  a t  spec ified  p ro b a b il i ty  leve ls. N o  s ta t is t ic a l  a n a ly s is  w a s  m a d e  

o n  h e m o g lo b in  v a lu e s , s in ce  i t  w a s  e v id e n t t h a t  d iffe ren c e s  w e re  neg lig ib le .

denosis in  cattle in  England (1 )  and New 
Zealand (1 2 ). In these copper-depleted 
rats, the addition of sulfate potentiated the 
deleterious effect of molybdenum. At the 
2 higher levels of molybdenum, the addi
tion of sulfate resulted in  the death of all 
animals. Sulfate alone caused a reduction 
in  growth and hemoglobin concentration. 
D iarrhea, a frequent symptom of molyb- 
denosis in  cattle, was a common observa
tion in  the molybdenum-toxic rats. The 
addition of 3.0 ppm Cu, a level found to

be adequate for these rats, prevented the 
adverse effects of molybdenum and sulfate. 
These results indicate that the ra t with low 
copper stores responds to dietary molyb
denum  and sulfate as does the rum inant.

Experim ent 2. The results for the 2 
groups of anim als compared in  this ex
perim ent — copper-depleted and copper- 
adequate — are presented in  tables 1 and 
2, respectively.

The depleted anim als were more copper- 
deficient than  those in  experim ent 1. This
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TA B LE 3

Effect of m o l y b d e n u m  a n d  sulfate o n  g r o w t h  a n d  h e m o g l o b i n  formation 
in copper-depleted rats 1

Supplement
Mean weight change Mean hemoglobin
Copper added, ppm Copper added, ppm
None 3.0 None 3.0

9 9 g/100 m l  blood

None 2 91 140 9.6 14.5
10 ppm Mo 3 80 143 7.2 14.4
50 ppm Mo 23(5) 146 4.9(5) 14.1
100 ppm Mo 24(5) 140 5.6(5) 14.8
2.7% SO4 4 65(5) 7.2(5)
10 ppm Mo +  SO4 13(5) 133 5.4(5) 13.7
50 ppm Mo +  SO4 all dead 117 all dead 13.4
100 ppm Mo-j- S04 all dead 138 all dead 14.8

L.S.D.0.01 5 36 36 2.0 2.0
L . S . D . o.05 26 26 1.4 1.4

1 A ll a n im a ls  w e re  d e p le ted  by  fe e d in g  w h o le  m ilk  p o w d e r fo r  9 to  12 d ay s  be fo re  th e  s ta r t  o f th e  
e x p e r im e n t. E x p e r im e n ta l  p e rio d  w a s  4 w eeks . A ll v a lu e s  a re  th e  m e a n  fo r  6  m a le  r a t s  u n le s s  
o th e rw ise  in d ic a te d  by  n u m b e rs  in  p a re n th e se s .

2 T h e  b a s a l  d ie t w a s  w h o le  m ilk  p o w d e r su p p le m e n te d  w ith  iro n  a n d  m a n g a n e s e  as d e sc rib e d  
u n d e r  M ethods.

3 M o ly b d en u m  a d d ed  as N a 2MoC>4 -2 H 2 0 .
4 S u lfa te  ad d ed  a s  N a 2SC>4 .
5 L e a s t s ig n if ic a n t d iffe ren ce  a t  spec ified  p ro b a b il i ty  levels.

can be seen by a comparison of the re
sponses of the anim als in  the 2 experi
m ents to the basal diets of the same com
position, and to diets with the same levels 
of molybdenum and sulfate. The adverse 
effect of sulfate added to the molybdenum 
diets is again apparent in  experim ent 2; its 
effect on growth when combined with 10 
ppm Mo is especially striking. The inclu
sion of m ethionine in  the diets produced 
results which are difficult to interpret. 
M ethionine alone depressed growth, but 
the anim als fed 100 ppm Mo +  methio
nine grew better than  those fed 100 ppm 
Mo alone. There was an  unusual am ount 
of variation w ithin all groups fed m ethio
nine. W ith 3.0 ppm  Cu added, the toxic 
effect of molybdenum or sulfate alone, or 
10 ppm Mo +  sulfate was completely pre
vented. This level of copper did not pre
vent completely the harm ful effects of 
100 ppm Mo +  sulfate or methionine. The 
more severe depletion of these ra ts may 
explain the difference in  these results from 
those obtained in  experim ent 1. All ra ts 
receiving 3.0 ppm Cu, except those fed the 
basal diet, had norm al hemoglobin levels. 
W ith the exception of those fed sulfate 
alone, they also received molybdenum. 
This observation is rem iniscent of the 
more rapid response of ra ts with a milk- 
induced anem ia to molybdenized iron than 
to iron per se (1 3 ).

The results obtained with the copper- 
adequate ra ts are presented in  table 2. 
Molybdenum (800 ppm ) reduced growth 
very significantly, but had no effect on 
hemoglobin formation. D iarrhea did not 
occur. The deleterious effect of molybde
num  on growth was completely prevented 
by either level of sulfate fed. As in  previ
ous work at this laboratory, m ethionine 
partially alleviated the toxic effect of 
molybdenum (6 ) , and copper was m uch 
less effective than  either m ethionine or 
sulfate. Since 0.645% sulfate and 1% 
m ethionine contain equivalent am ounts of 
sulfur, not as m uch of the sulfur in  m ethio
nine was available in  the form needed to 
prevent the harm ful effect of molybde
num . It seems probable that some of the 
beneficial effect of m ethionine under these 
conditions is due to its conversion to 
sulfate. However, since retardation of 
growth is the principal effect of toxic 
am ounts of molybdenum fed to anim als 
with an adequate copper status, molybde
num  m ay be interfering with some aspect 
of protein metabolism in which m ethio
nine is concerned. Johnson and Miller
(1 4 ) observed am inoaciduria in  ra ts fed 
toxic levels of molybdenum, and suggested 
that molybdenum interfered in  some m an 
ner with protein synthesis.

The liver is the principal storage organ 
for copper, and its copper content has gen
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erally been considered a reasonably reli
able index of the copper status of the ani
m al (1 5 ). The liver-copper levels of all 
anim als in this experim ent were deter
m ined to learn the effect of the copper 
status of the anim al and the interaction of 
different dietary levels of molybdenum, 
copper and sulfate (table 4 ). The copper 
concentration in  the livers of all copper- 
deficient ra ts receiving no added copper 
was low. No treatm ent except Mo +  m eth
ionine significantly affected it. The level 
of copper in  the livers of the copper-defi
cient anim als fed 3.0 ppm  Cu and copper- 
adequate anim als fed 5.33 ppm  Cu was 
within the norm al range for the ra t (1 5 ).

W hen copper-adequate rats were fed
5.33 ppm Cu, molybdenum increased the 
copper concentration in  the liver, an  ob
servation m ade previously by others (8, 
16, 17). M ethionine and 0.645% sulfate 
prevented the accum ulation of liver cop
per attributable to molybdenum; however, 
the higher level of sulfate had no effect. 
On the other hand, rats receiving 300 ppm 
Cu had a lower level of liver copper when 
molybdenum was fed. Sulfate prevented 
the decrease in  liver copper due to molyb
denum  and m ethionine intensified it. 
There was a large variation in  the individ
ual values for the high copper diets, as 
indicated by the L.S.D. values. The pat

terns of copper storage have been found 
to vary with different species (1 8 ). In 
most species, except for the sheep and the 
duck, m oderate increases in  dietary cop
per above the norm al intake will result in 
little if any increase in  liver copper. Not 
until a ra ther high level is fed does the 
liver copper increase greatly. It m ay be 
that there is considerable variability in  this 
threshold for different individuals within 
a species, which could account for the re 
sults obtained here.

The total liver copper values were cal
culated and analyzed statistically, but they 
are not presented since they show essen
tially the same trends as noted for copper 
concentration.

Molybdenum appears to have had 2 dif
ferent actions in  this study. In  the copper- 
depleted ra ts  consum ing a copper-deficient 
diet, molybdenum produced a greater cop
per deficiency which was exacerbated by 
sulfate and prevented by copper. In the 
rats with norm al copper stores receiving 
adequate dietary copper, m olybdenum did 
not induce a copper deficiency, but caused 
some other dysfunction in  metabolism 
which was prevented partially by m ethio
nine and completely by sulfate. Dick (1 9 ) 
has proposed that sulfate causes a decrease 
in  both the absorption of molybdenum 
from the gut and its reabsorption from the

TABLE 4
Effect of m o l y b d e n u m ,  copper a n d  sulfur c o m p o u n d s  o n  liver-copper levels of rats 

in depleted a n d  adequate copper status 1

Supplement
Cu-depleted Cu-adequate

Copper added, ppm Copper added, ppm
None 3.0 5.33 300

ixg /g  d ry  w e ig h t 1x9/ 9  d ry  w e ig h t
None 3.9 16.0 15.0 258
10 ppm Mo 2.8 13.4
100 ppm Mo 3.4(2) 15.0
800 ppm Mo 24.5 174
0.645% S04 16.9
2.7% S04 3.5(5) 13.9 16.4
1% DL-Methionine 2.3 14.5
10 ppm Mo+  2.7% S04 2.9(5) 14.8
100 ppm Mo +  2.7% S04 all dead 14.6(5)
100 ppm Mo +  DL-methionine 1.6(3) 10.0
800 ppm Mo -f 0.645% SO4 16.2 357
800 ppm Mo +  2.7% S04 26.9 262
800 ppm Mo +  DL-methionine 16.2 79

L.S.D.0.01 2 2.4 2.4 7.3 121
L.S.D.0.05 1.7 1.7 5.2 85

1 Experimental conditions described in footnotes of tables 1 and 2. All values are the mean for 
6 male rats unless otherwise indicated by numbers in parentheses.

2 Least significant difference at specified probability levels.



36 L O U IS E  F . GRAY AND L O U ISE  J .  D A N IEL

kidney tubules, which results in  a lower 
level of tissue molybdenum. At certain  
ratios of copper, molybdenum and sulfate, 
copper is also removed from  the tissues, 
and high levels of molybdenum and sulfate 
m ay impede the passage of copper through 
tissue m em branes. If  the effect of m ethio
nine is dependent on the conversion of its 
sulfur to sulfate, then m ethionine would 
only affect the excretion of molybdenum 
in the urine, since the catabolism  of m eth
ionine to sulfate occurs m ainly in  the tis
sues. This could account for the greater 
effectiveness of sulfate in  the copper-ade
quate rats. On the other hand, m ethionine 
m ay also be counteracting some abnor
m ality in  protein m etabolism (1 4 ).

A decrease in  liver sulfide oxidase ac
tivity, resulting in  the accum ulation of 
sulfide and the precipitation of copper has 
been suggested as the mode of action of 
molybdenum (2 0 -2 2 ). This appears to be 
an unlikely explanation, a t least for the 
effect of molybdenum on the copper-ade
quate anim als, since copper did not pre
vent molybdenosis and m ethionine was 
very effective. If m ethionine was being 
catabolized via cysteine and the cysteine 
desulfhydrase reaction, it would have sup
plied more sulfide and hence have aggra
vated the effect of molybdenum. On the 
other hand, if m ethionine is metabolized 
to sulfate by way of cysteine sulfinic 
acid, a m ajor m etabolite of cysteine ca ta
bolism (2 3 ), sulfide is not an  interm edi
ate. Certainly, in  the copper-adequate rats, 
any decrease in sulfide oxidase activity was 
unim portant, since added copper had no 
appreciable beneficial effect. A reduction 
of sulfide oxidase activity could have more 
im portance in  copper-deficient rats, since 
the removal of a small am ount of copper 
m ight reduce the already critical level of 
tissue copper.

An adequate explanation for the copper- 
molybdenum-sulfate interaction is not yet 
available. However, the data obtained in 
this study clearly dem onstrate that the 
contradictory results reported in  the liter
ature on the effect of sulfate on molybden
osis in  rum inant and nonrum inant an i
m als m ay be explained on the basis of the 
copper status of the anim als and their die
tary copper intake.
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Effect of Protein Deficiency during Gestation and 
Lactation on Body Weight and 
Composition of Offspring

P. S. VENKATACHALAM a n d  K. S. RAMANATHAN
N u t r i t i o n  R e s e a r c h  L a b o r a to r ie s ,  I n d i a n  C o u n c i l  o f  M e d ic a l  R e s e a r c h ,  
T a r n a k a ,  H y d e r a b a d -7 ,  I n d ia

A B S T R A C T  The effects of feeding a 7% wheat protein diet either during gesta
tion or lactation, or both, on body weight and composition of offspring of rats at 
birth and weaning and the lactation performance of dams were studied. The differ
ence between litter size, birth weight and body composition of the progeny of rats re
ceiving the 18% mixed protein and the 7% wheat protein diet was negligible. The 
7% wheat protein diet fed during gestation and lactation severely affected the quan
tity of milk produced but not the concentration of protein in the milk. Pups born to 
and suckled by mothers receiving the 7% wheat protein diet suffered 100% mortality. 
Pups born to rats receiving the 18% mixed protein diet but suckled by mothers re
ceiving the 7% wheat protein diet showed very high mortality and the lowest weaning 
weight. Among those born to mothers receiving the 7% wheat protein diet but suckled 
by rats receiving the 18% mixed protein diet, the mortality was less and the weaning 
weight higher than in those of the above group. The highest weaning weight was 
shown in rats born to and suckled by mothers receiving the 18% mixed protein diet. 
The body fat, protein and ash content at the time of weaning in those rats stressed 
by protein deficiency during the prenatal or preweaning period was lower than those of 
the control rats.

Investigations on experim ental anim als 
and hum an subjects have dem onstrated 
the importance of adequate protein intake 
during pregnancy for the norm al growth 
and development of the fetus and the 
successful term ination of pregnancy. The 
am ount of protein in  the m aternal diet 
during pregnancy appeared to influence 
the birth weight, birth length and the 
physical condition of the hum an newborn 
( 1 ). Adverse effects on reproduction such 
as a high percentage of resorption, still
births and low birth weight, have been 
recorded in  ra ts fed a 5% protein (casein) 
diet during gestation (2 ) . It was found 
that a level of 5% protein in  the diet was 
critical for norm al reproductive perform 
ance in  rats and that at a level below 
this, reproduction was severely disturbed. 
On the other hand, there is no inform a
tion on the effect of feeding during gesta
tion a low protein diet with protein con
tent above the 5% critical level on the 
preweaning growth of the offspring. Shaw 
and Griffiths (3 )  reported that although 
birth weight was not strikingly different, 
the preweaning growth of offspring born 
to and nursed by ra ts fed 8% protein

SR

(casein) was poor compared with that of 
offspring born to and nursed by rats re 
ceiving an adequate protein diet.

In the present investigation the effect 
of feeding a 7% wheat protein diet to 
adult female rats during gestation and 
lactation on the body weight and body 
composition of the offspring at birth and 
weaning was studied. The experim ent was 
designed in  such a way that the offspring 
were subjected to the stress of a protein- 
deficient diet being fed the dams during 
gestation or during lactation, or both. The 
7% wheat protein diet was chosen to sim
ulate in  general the quality and level of 
protein in  the diet of the average Indian.

EXPERIMENTAL
Female albino rats weighing between 

150 to 200 g were used. The fertility of 
the anim als and their capacity to rear a 
litter were established by prelim inary m at
ing and observation. The investigation 
was conducted in 4 experim ents, each 
lasting 6 weeks, 3 weeks during gestation 
and lactation, respectively.

R eceived  fo r  p u b lic a tio n  M arch  17, 1964.
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Prior to m ating, all of the anim als re
ceived the norm al stock colony diet. From 
the day of successful m ating (judged by 
the presence of a vaginal plug, or sper
matozoa in  the vaginal sm ear) one-half 
of the anim als were fed a low protein 
diet (7%  w heat protein) and the other 
half continued to be fed the stock colony 
diet (18%  mixed protein). The composi
tion of the diets is shown in table 1. The 
experim ental diet was mixed with water, 
steam-cooked and fed to the rats in  indi
vidual cups.

The experim ental and control rats were 
kept in individual cages and no m easures 
were taken to prevent coprophagy.

Experim ent 1. Seventeen female rats 
were used, 9 being fed the low protein 
diet and 8, the norm al protein diet. After 
b irth  the num ber of pups in each Utter 
and the total litter weight at birth were 
recorded. The newborn from each Utter 
were killed im mediately for determ ination 
of body composition.

Experim ent 2. Sixty female rats were 
used. Thirty unselected pups consisting of 
an  equal num ber of m ales and females 
from 5 Utters born to dam s receiving the 
low protein diet during gestation were 
transferred w ithin 24 hours of birth to 
5 lactating dams (3  m ales and 3 females 
per dam ) receiving the norm al protein 
diet. The offspring of the latter, less than 
24 hours old, had been removed earlier. 
During the course of the first few days 
after the transfer, some of the pups from 
each of the 5 Utters died. W henever such 
deaths occurred those pups were replaced 
w ithin 24 hours by others from the 5 Ut
ters so that on the 21st day there were 
3 dam s suckling 6 pups each. It was not 
possible to m aintain  the sex ratio of 1:1 
in  any of these 3 Utters. This group of 
pups was thus exposed to prenatal protein 
deficiency stress, but was suckled by “nor
m al” dam s after birth.

Similarly 108 pups from 14 Utters born 
to rats receiving the norm al protein diet 
during gestation were transferred on the 
day of birth to 18 lactating dams (3 males 
and 3 females per m other) receiving the 
low protein diet. A large num ber of the 
offspring died throughout the 21 days and 
were replaced w ithin 24 hours of death 
from among the 18 Utters so that on the

TA BLE 1

Composition of diets

Stock
d ie t
18%

p ro te in

E x p e r im e n ta l
d ie t
7%

p ro te in

% %
Whole wheat flour 33.3 60
Skim milk powder 25 —

Chick pea
( C ic e r  a r i e t e n u m ) 16 -___-

Lucerne grass 20 —

P e a n u t  o il 5 5
CaP04 0.7 ___

Cornstarch — 30
Salt mixture 1 — 4
Vitamin mixture 2 — 1

Total 100 100
Supplements to diets

Vitamin A /week/rat 800 IU 800 IU
Vitamin D /w eek/rat — 80 IU
Vitamin E /w eek/rat — 5 mg
Choline chloride ( added 

to daily diet
before cooking ) — 0.1%
1 S a lt m ix tu re  c o n ta in e d : ( i n  g ra m s )  c a lc iu m  la c 

ta te , 39; c a lc iu m  p h o s p h a te , 16.2; K2H PO 4, 28.62; 
fe rro u s  s u lp h a te , 3 .54; N aC l, 5.19; M gS0 4 , 7.98; 
so d iu m  p h o sp h a te , 10.41; a n d  K I, 0.5.

2 V ita m in  m ix tu re  c o n ta in e d : ( i n  g ra m s )  th ia m in e , 
0 .5; r ib o flav in , 0.8; n ia c in , 4.0; p y rid o x in e , 0 .5; Ca 
p a n to th e n a te ,  4 .0; fo lic  a c id , 0.2; m e n a d io n e , 0.5; 
in o s ito l, 1 0 .0 ; 2> am in o b e n z o ic  a c id , 1 0 .0 ; a n d  g lucose 
to  m a k e  1 0 0 0 .

21st day, there were 4 dams suckling 
6 pups each. The sex ratio of 1:1 was 
not m aintained. This group of progeny 
was thus not exposed to prenatal protein 
deficiency stress but was suckled by “pro
tein-deficient” dams after birth.

Experim ent 3. Forty-eight pups — an 
equal num ber of m ales and females — 
from 8 Utters born to rats receiving the 
low protein diet during gestation were 
allowed to be suckled by these dams. All 
except 4 anim als died during the first few 
days of suckling. The four m anaged to 
live for a longer time and died between 
the 17th and 19th day after birth. These 
pups were thus exposed to protein defi
ciency stress during both the prenatal and 
preweaning periods.

Four Utters of 6 pups each (3 m ales and 
3 fem ales) from rats receiving the norm al 
protein diet were suckled by the same rats 
until the 21st day. All anim als in  this 
group survived. These pups were thus not 
exposed to any protein deficiency stress 
either in  utero or postnatally and served 
as controls.
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W eanling weights were recorded on the 
21st day and the ra ts were killed for de
term ination of body composition. The 
intestinal contents were removed and the 
carcasses of the weanling ra ts from each 
litter were pooled, cut into small pieces 
and dried in  a hot-air oven at 100° until 
constant weight. The following determ in
ations were carried out; m oisture, fa t by 
Soxhlet extraction, and protein (N X 6.25) 
by Kjeldahal method and ash.

Experim ent 4. Forty female rats, one- 
half receiving the low protein diet and 
the others, the norm al protein diet during 
gestation, were allowed to give birth and 
to suckle pups. On the 5th day (1st week), 
11th and 14th day (2nd  week) and 18th 
and 21st day (3rd  week) after birth sam 
ples of breast m ilk were expressed from 
4 dam s at a time from each group. The 
m ilk was collected without anesthetizing 
the ra ts by the method of Ezekiel and 
Morgan (4). During the 2nd and 3rd week 
after birth it was not possible to express 
more than  a drop or two of m ilk from the 
breasts of ra ts receiving low protein diet. 
The total solids, protein, fa t and ash con
tent of the pooled samples of milk from 
4 anim als were determ ined in  duplicate 
using standard methods.

RESULTS
The results are presented in tables 2, 3, 

and 4.
The litter size and birth weight of off

spring of rats receiving the norm al or the 
low protein diet during gestation showed 
practically no difference. Also, the mois
ture, fat, protein and ash content showed 
no difference between the 2 groups at the 
time of birth.

On the other hand, weaning weight 
showed differences between the groups. 
None of the rats subjected to protein defi
ciency stress both during prenatal and 
preweaning periods survived. The four 
th a t lived longest weighed 9.4, 9.7, 11.0 
and 12.0 g, respectively, a day prior to 
death. Rats subjected to protein deficiency 
stress only during the preweaning period 
showed 78% mortality and low weanm g 
weight. Animals exposed to protein defi
ciency stress in  útero but not during suck
ling showed 40% mortality and signifi
cantly higher weaning weight th an  the 
previous group. The highest weaning 
weight comparable to that obtained in  the 
stock colony was shown by those born to 
and suckled by dam s receiving the norm al 
protein diet.

TA BLE 2
Litter size, weight a n d  b o d y  composition at birth

Diet of 
dams 

during 
gestation

No. of 
rats

Litter
size

Birth
weight

Body composition

Moisture Fat Protein 
(N x 6.25) Ash

%  o f %  o f %  o f %  o f

b o d y  w t b o d y  w t b o d y  w t b o d y  w t

18% Protein 8 7.1 ±0.73 1 5.01 ±  0.123 2 86.3 1.3 9.9 1.6
7% Protein 9 6.2±0.68 5.04±0.113 2 86.6 1.1 9.8 1.6
1 Mean -+- s e .

2 Total litter weight at birth 
Total no. of offspring

TA B LE 3

B o d y  weight a n d  composition at w e a n i n g

Diet fed dams
No.

weaned Mortality Wt at
weaning

Body composition
During

gestation
During

lactation Moisture Fat Protein 
(N x  6.25) Ash

% %  o f %  o f %  o f %  o f
b o d y  w t b o d y  w t b o d y  w t b o d y  w t

7% Protein 7% protein 0 100 — — ___ ___

18% Protein 7% protein 24 78 13.8 ±0.23 1 75.9 4.2 16.4 2.5
7% Protein 18% protein 18 40 18.2 ±  0.32 74.7 3.3 17.3 3.1

18% Protein 18% protein 24 0 35.3 ±0.50 70.7 9.7 16.8 2.5
1 Mean +  s e .
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The total moisture content in relation 
to body weight was reduced in all the 
groups at the time of weaning compared 
with the values at birth shown in table 2. 
The moisture content in  relation to body 
weight of weanlings not exposed to any 
stress (controls) was lower than that of 
the other 2 groups. However, the moisture 
content expressed as percentage of lean 
body m ass was nearly the same in all 
groups.

The carcasses of rats subjected to either 
prenatal or preweaning protein deficiency 
contained less fa t compared with that of 
control animals. The protein and ash 
content also was lower in the 2 former 
groups compared with the controls.

The milk output was satisfactory in 
dams receiving the norm al protein diet. 
During one expression of milk, nearly 0.5 
to 1.5 ml could be obtained from a single 
rat. In the later weeks, the output of milk 
was even greater. On the other hand, the 
output of milk of dams receiving the low 
protein diet was negligible. Although 
barely 0.5 to 0.75 ml of m ilk was obtained 
from 4 anim als during the first week, it 
was not possible to obtain even this quan
tity in the subsequent weeks even though 
sufficient sucking stimulus was provided 
by replacing the dying pups immediately. 
The quality of the breast milk with respect 
to total solids, protein, fa t and ash did 
not change.

D I S C U S S I O N

Nelson and Evans (2 )  showed that as 
the level of protein (casein) in the diet 
fell below 5% , the reproductive perform 
ance was affected markedly. Ambegaokar 
and C handran (5 )  dem onstrated that poor 
fertility, small litter size and low average

birth weight of offspring were the result 
of feeding female ra ts a 5% rice protein 
ration from a very young age.

On the basis of evidence presented, it is 
concluded that the ra ts’ consum ption of 
a 7% wheat protein diet ad libitum  during 
gestation caused no adverse effects on re
production. The anim als were apparently 
norm al, did not lose body weight and 
delivered a normal-size litter with off
spring of average birth weight of over 5 g 
and of norm al body composition. The low 
protein diet did not affect the appetite of 
the gestating rats and the food intake was 
adequate.

The results of the present investigation 
showed, however, that although the repro
ductive perform ance was not affected, the 
growth perform ance of the newborn rats 
following birth was markedly influenced 
by feeding the dams a 7% wheat protein 
diet during gestation or lactation, or both.

The pups subjected to the stress of pro
tein deficiency during both the prenatal 
and preweaning periods showed the poor
est results. The 100% mortality in this 
group was largely the result of poor lacta
tion by the dams. Even though the output 
of milk in  dams receiving the 7% wheat 
protein diet was reduced severely, the 
quality of milk with respect to protein 
showed no difference compared with that 
of the controls fed the norm al protein 
ration. This observation was somewhat 
sim ilar to results obtained with hum an 
m others in whom protein supplem entation 
caused increased milk output but a slight 
decrease in  protein concentration ( 6 ), and 
confirmed the results obtained in  rats by 
other workers (7 ) . It appears that the 
stress of protein deficiency on the lactating

TA BLE 4
Composition of breast m ilk of rats

D iet fe d  d a m s  d u r in g  la c ta tio n

C o n s ti tu en ts 18%  P ro te in  d ie t 7% P ro te in  
d ie t

W eek 1 W eek  2 W eek  3 W eek  1

T o ta l  s o lid s
g / 100 m l  

2 1 .1 5
g / 100 m l  

2 2 .0 7  1
g /1 0 0 m l

2 5 .4 3  1
g /1 0 0 m l  

2 1 .6 0
P r o t e i n 9 .1 9 9 .2 2 9 .3 0 8 .8 4
F a t 8 .6 7 8 .7 6 1 0 .7 5 8 .7 0
A s h 1 .2 0 1 .1 6 1 .3 0 0 .9 2

1 A verage o f 2 v a lu e s  w h ic h  c lo se ly  ag reed  w ith  each  o ther.
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dam  was m anifested as reduced output 
of milk, resulting in  starvation during 
suckling.

The high mortality and the low wean
ing weight of rats subjected to preweaning 
protein deficiency stress could be attrib
uted largely to the inadequate breast milk 
available in  the foster mothers. The weight 
gain of the anim als was uniform ly slow 
throughout the preweaning period and the 
young died at regular intervals. However, 
the weaning perform ance in  this group 
was somewhat better than  tha t of those 
subjected to protein deficiency both in 
utero and after birth. It is possible that 
the low protein diet fed during gestation 
might have aggravated the deleterious in 
fluence on growth brought about by in 
sufficient milk during the early weeks of 
life. This is of great significance because 
the average birth weight of the offspring 
in the 2 groups of m others receiving 7% 
wheat and 18% mixed protein diets 
during gestation showed no difference 
(table 1).

The weight at weaning of rats exposed 
to protein deficiency stress prenatally but 
not after birth was distinctly superior to 
that of rats fed the protein-deficient ration 
only after birth. However, the weaning 
weight of these anim als was only one-half 
that of the controls and the mortality 
among them  was nearly 40 % . The poor 
preweaning growth and high mortality was 
obviously not due to lack of breast milk 
since the young were suckled by “norm al” 
dams. It appears, therefore, that protein 
deficiency during gestation, even if it is 
not reflected in  lowered body weight of 
offspring at birth, can im pair the growth 
of the offspring, and that such im pairm ent 
would be evident even if adequate protein 
was supplied in  the postnatal period.

It is necessary, however, to exclude the 
possibility that foster m others had failed 
to suckle the offspring. In our ra t colony, 
it has been our experience that in nearly 
80 to 90% of the cases, the dams will 
suckle the pups of another litter without 
any difficulty if transferred w ithin 48 
hours. If the dams do not accept the litter, 
they destroy the pups; there is nothing 
like partial acceptance where foster m oth

ers provide lesser am ounts of m ilk to the 
suckling rats. In the present study the 
adult female rats were used for the experi
m ent only after their capacity to rear off
spring had been established previously.

W eanlings suckled by dams receiving 
the stock diet, after a period of time 
(usually 2 weeks after b irth ) had free 
access to the high protein stock diet. It 
cannot be stated that better perform ance 
of these offspring is due to consum ing the 
stock diet, because the weanlings receiv
ing the protein-deficient diet prenatally 
had equal opportunities to consume the 
stock diet. The poor growth perform ance 
of the latter m ight be due to the inability 
of the offspring, though born with norm al 
birth weight, to obtain sufficient milk 
while suckling. The other possibility is 
that the rats were not able to utilize the 
consumed milk for body growth.
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A B S T R A C T  F o r  a p p r o x i m a t e l y  t h e  f i r s t  3 6  h o u r s  o f  l i f e ,  n e o n a t e s  o f  s o m e  s p e c i e s ,  
e . g . ,  p i g l e t s ,  a r e  a b l e  t o  a b s o r b  l a r g e  m o l e c u l e s  f r o m  t h e i r  i n t e s t i n e s .  T h e  t i m e  w h e n  
t h e  p i g l e t  c e a s e d  a b s o r b i n g  l a r g e  m o l e c u l e s  ( c l o s u r e )  w a s  a  f u n c t i o n  o f  f e e d i n g  r e g i 
m e n .  C l o s u r e  a c t i v i t y  w a s  i n  s o w ’s  a n d  c o w ’s  c o l o s t r u m .  A  d i e t  c o n t a i n i n g  p r o t e i n  i n  
a  s i m p l e  s a l t  s o l u t i o n  ( e i t h e r  e g g  a l b u m i n ,  p o r c i n e  a l b u m i n  o r  p o r c i n e  7 - g l o b u l i n )  
d i d  n o t  r e n d e r  t h e  p i g l e t ’s  g u t  i m p e r m e a b l e  t o  l a r g e  m o l e c u l e s .  N o r  w a s  m i l k  f a t  
n e e d e d  i n  t h e  d i e t  f o r  c l o s u r e  t o  o c c u r .  A  d i e t  o f  b o i l e d  ( e s s e n t i a l l y  p r o t e i n -  a n d  f a t -  
f r e e )  c o w ’s c o l o s t r a l  w h e y  e n g e n d e r e d  c l o s u r e .  A l s o ,  c l o s u r e  a c t i v i t y  w a s  i n  a  d i a l y -  
z a t e  o f  c o w ’s  c o l o s t r u m  a n d  i n  a  d i a l y z a t e  o f  n o n - f a t  d r i e d  m i l k  s o l i d s .  N o  a c t i v i t y  
w a s  a s s o c i a t e d  w i t h  s y n t h e t i c  m i l k  s a l t s ,  v i t a m i n s  o r  s u g a r s .  T h u s ,  c l o s u r e  i s  p o s s i b l e  
w i t h  a  h e a t - s t a b l e ,  l o w  m o l e c u l a r  w e i g h t ,  p r o t e i n -  a n d  f a t - f r e e  f r a c t i o n  o f  m i l k ;  a n d  
a c t i v i t y  i s  n o t  d e p e n d e n t  o n  t h e  a b s o r p t i o n  o f  l a r g e  m o l e c u l e s .

Neonates of m any species such as pigs, 
rum inants and horses are able to absorb 
large protein molecules through their in 
testines without prior digestion or altera
tion of the molecules. This special capac
ity for absorption ceases when the neonate 
is approximately 36 hours old (1 ) . Re
cently, Lecce and Morgan (2 )  showed that 
the time interval for the cessation of ab
sorption of large molecules (closure) was 
a function of the feeding regimen. For 
example, neonatal pigs that were starved 
from the time of birth rem ained open or 
could absorb polyvinylpyrrolidone (PVP) 
for at least 86 hours, whereas nursing pig
lets were closed or were unable to absorb 
this large polymer when 24 to 36 hours old. 
It was possible to mimic the closure time 
(24 hours) observed in nursing piglets by 
feeding them  at least 300 to 400 ml of 
cow’s colostrum. Comparable results were 
obtained with lambs (2 ).

Since cow’s colostrum profoundly af
fected closure time, it seemed worthwhile 
to define fu rther the fac to r(s) in colostrum 
responsible for closure. Grossly, colostrum 
can be thought of as w ater containing fats, 
carbohydrates, proteins, m inerals, and vita
mins. The experim ents reported herein 
were intended to test which of these m ajor 
groups per se were required for closure.

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

Experim ental animals. Piglets farrowed 
in an isolation unit were caught at birth 
in sterile towels, transferred to another iso
lation unit and individually caged. Here, 
they were fed from a pan a total of 600 ml 
of the randomly assigned diet. The first 
feeding of 100 ml occurred within 3 hours 
of birth. The piglets were fed again 150 
ml when 8 hours old, 175 ml at 12 hours, 
and 175 ml at 15 hours of age. Piglets 
were permitted no food after 20 hours. 
W hen 24 hours old they were tested for 
absorbing capacity.

A total of 105 pigs from 14 litters was 
used. The num ber of pigs fed each diet 
is listed in table 1.

Closure testing system. The procedure 
used for determ ining whether piglets could 
absorb large molecules when 24 hours old 
was described previously (2 ) . Essentially, 
it consisted of adm inistering to 24-hour-old 
piglets a test dose of 20 ml of 21% PVP- 
K302 via a stomach tube. Six hours later 
the piglets were bled from the anterior

R eceived  fo r  p u b lic a tio n  A p ril 13, 1964.
1 C o n tr ib u tio n  fro m  th e  A n im a l S c ien ce  D e p a r t

m e n t, N o rth  C a ro lin a  A g ric u ltu ra l  E x p e rm ie n t S ta 
tio n , R a le ig h , N o rth  C aro lin a . P u b lish e d  w ith  th e  
a p p ro v a l o f th e  D irec to r o f R ese a rch  as P a p e r  no. 
1770 o f  th e  J o u rn a l  Series.

2 A verage  m o le c u la r  w e ig h t o f 40,000. A n ta ra  C h em 
ic a ls , N ew  Y ork.

J. N u t r it io n , 84: ’64 4 3
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TA BLE 1

Effect of dietary c o m p o n e n t s  o n  closure in piglets

E x p e r i m e n t  1

B oiled
co lo stra l

w hey
S im ple

s a lt

S im ple  
s a lt  

+ 1.5% 
p o rc in e  
p ro te in  1

S im ple
s a lt

+ 8%  
egg 

w h ite
N u m b e r  c lo s e d  2 6  3 1 0 2
N u m b e r  o p e n 0 5 6 5

N u m b e r  c lo se d  
N u m b e r  o p e n

E x p e r i m e n t  2
D ia lyzed

2
16  J

D ia ly za teLOW S 
co lo s tru m cow ’s

c o lo stru m
cow ’s

co lo stru m
N u m b e r  c lo s e d 3 3 3
N u m b e r  o p e n 0 0 0

E x p e r i m e n t  3

Skim
m ilk

D ia lyzed
sk im
m ilk

D ia ly za te
sk im
m ilk

N u m b e r  c lo s e d 5 2 16
N u m b e r  o p e n 1 4 0

E x p e r i m e n t  4

C om plex
s a lt

C om plex  
s a lt  +

C om plex  
s a lt  +

s u g a r  4>5 v ita m in s

1 T h ree  p ig s  w e re  fe d  1.5%  p o rc in e  a lb u m in  a n d  n o n e  w e re  c lo sed ; 3 p ig s  w e re  fe d  1.5%  p o rc in e  
7 -g lo b u lin  a n d  n o n e  w ere  closed .

2 D id  n o t ab so rb  m e a su ra b le  a m o u n ts  o f p o ly v in y lp y rro lid o n e  (PV P-K 30') f ro m  th e  g u t w h e n  
24 h o u rs  old.

3 T h ree  o f  th e se  p ig s  w e re  te s ted  fo r  ab so rb in g  c a p a c ity  w ith  cow ’s co lo stru m .
4 E i th e r  2%  lac to se  o r 3%  glucose.
5 Seven p ig s  w ere  fe d  3%  g lucose  a n d  2 w ere  c lo sed ; 2 p ig s  w ere  fe d  2%  lac to se  a n d  n o n e  w ere  

closed .

vena cava and the serum analyzed for PVP 
using agar electrophoresis (2, 3). To guard 
against the possibility that the results with 
PVP were artifacts of unnatural molecules, 
on occasion, cow’s colostrum, a more 
natu ral system, was substituted for PVP. 
In these instances, at 24 hours of age pig
lets were given 40 to 50 ml of cow’s colos
trum  via stomach tube. The piglet’s serum, 
obtained at 30 hours, was analyzed for 
bovine globulin using agar electrophoresis; 
and unless the fe-y-globulin fraction in 
creased more than  3% , the piglet was con
sidered closed or negative for absorption.

Diets. Boiled colostral whey : Commer
cial rennett dialyzed free of salt was used 
in a 1:2000 final concentration to precipi
tate the casein in skimmed cow’s colos
trum. The casein-free fraction, brought to 
pH 5.4 with concentrated HC1, was boiled 
for ten m inutes and the coagulated whey 
proteins removed by filtration. The filtrate

was adjusted to pH 7.0 with an equal 
m olar m ixture of NaOH and KOH and cen
trifuged at 16,000 X g at 4° for 30 m inutes 
to remove the rem aining fat. There was 
less than  1.0% protein left in these prepa
rations.

Simple salt diet: This basal diet had 77 
m E q/liter N a+, 42 K+, 79 Cl~. and 60 
PO<r. This Na-to-K ratio is closer to that 
found in colostrum than in serum. A final 
concentration of either 1.5% porcine al
bum in,3 1.5% porcine y-globulin, or 8% 
fresh egg white also was added to this 
basal salt solution. Since the additives 
m ay have salt contam inants, they were 
dialyzed against the simple salt solution 
before being added.

Complex salt diet: This solution con
tained all the m ajor and trace salts in 
am ounts equivalent to that of cow’s colos-

3 P o rc in e  a lb u m in  a n d  7 -g lo b u lin  o b ta in e d  fro m  
P e n te x  In c o rp o ra te d , K an k ak ee , I llin o is .
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trum ; i.e., 64 m E q/liter C a+ + , 29.1 N a+,
40.9 K+, 12.0 Mg+ + , 7.2 Z n+ + , 2.4 Fe + + , 
0.12 Co+ + , 0.42 C u++, 1.2 M n+ + , 0.28 Mo + , 
122 PO.is , 42 Cl“ , 16 S 04s ; in some in 
stances lactose at a final concentration of 
2% or glucose at a concentration of 3% 
was added. Also some of the piglets were 
fed the salt m ixture to which vitam ins 
were added (table 2).

Dialyzate from cow’s colostrum: This 
was prepared by dialyzing colostrum 
against 5 times its volume of distilled 
w ater at 4°. The distilled water was 
changed and saved 4 times over a period 
of 5 days. The dialyzate was concentrated 
to the original volume of colostrum by boil
ing, N a+ and K+ determ ination on the 
dialyzate indicated that at least these 2 
ionic species had been recovered and con
centrated to the same am ount as originally 
found in colostrum.

Dialyzate from dried non-fat cow’s milk: 
This was prepared similarly to the dialy
zate from colostrum except that prior to 
dialysis non-fat milk solids (powdered 
m ilk) were resuspended in distilled water 
so that the concentration was 2.5 times 
that of milk. After dialysis the volume of 
the dialyzate was readjusted to that found 
in milk and again N a+ and K+ determina- 
nation indicated almost complete recovery 
in the dialyzate of these 2 ions.

Earlier experim ents showed that piglets 
fed salt-free diets would consume only 
approximately 300 ml in 15 to 20 hours. 
If more was forced into the piglet, he be
came comatose and died. Because of this, 
the simple salt m ixture was added to the 
dialyzed colostrum and milk before feeding 
them to piglets.

TA BLE 2
V itamins in c o m p l e x  salt solution

I n o s i t o l

m g / 600 m l  diet 
1 0 9

V i t a m i n  B 12 45
C a  p a n t o t h e n a t e 1 4
N i a c i n 1 0 .8
p - A m i n o b e n z o i c  a c i d 1 0 .8
R i b o f l a v i n 8 . 2
P y r i d o x i n e 5 .5
T h i a m i n e 3 .1
M e n a d i o n e 0.1
F o l i c  a c i d 0 . 5
B i o t i n 0 .0 1
a - T o c o p h e r o l 5 . 5
C h o l i n e  c h l o r i d e 1 0 9 0

R E S U L T S

Experim ent 1. The first experiment was 
designed to determine whether fa t and 
protein were necessary for closure. For 
this purpose, piglets were fed fat- and pro
tein-free colostrum (boiled colostral whey). 
Our preparations of boiled colostral whey 
still contained a trace am ount of protein
aceous m aterial (less than 1% ) that 
m igrated electrophoretically more rapidly 
than  the original milk proteins. However, 
there were no proteins left in boiled colos
tral whey that were recognizable as milk 
proteins by immunoelectrophoresis. Since 
there was the possibility of trace protein 
left in boiled whey, to help evaluate the 
effect of small am ounts of protein, a con
trol diet consisting of either 1.5% porcine 
y-globulin or 1.5% porcine album in in the 
simple salt solution (N a +, K+, PO<r, C l") 
also was fed. Results of this experim ent 
(table 1, exp. 1) indicated that protein 
and fa t as they exist in colostrum were 
not necessary for closure activity since pig
lets fed the boiled fat- and protein-free 
colostral whey were closed when tested 
with PVP or cow’s colostrum when 24 
hours old. The absorption of small 
am ounts of protein appeared to have little 
effect on closure as piglets fed the salt diet 
with added 1.5% porcine proteins were 
able to absorb at the end of 24 hours just 
as well as the piglets fed the salt diet alone.

Further evidence that closure and ab
sorption were independent phenom ena was 
obtained by feeding piglets the simple salt 
diet to which fresh egg white was added. 
In this instance the concentration of pro
tein was approximately 8% , sim ilar to the 
concentration of soluble protein in colos
trum. Piglets readily absorbed egg albumin 
from this diet (fig. 1). This showed that 
the absorption m echanism  had been stim u
lated and in operation, yet 5 out of 7 of 
these pigs still were open to the test at 
24 hours of age (table 1, exp. 1).

Experim ent 2. As the experim ent above 
indicated that closure activity was associ
ated with a heat-stable, non-protein, non
fa t fraction, it was of interest to exclude 
other high molecular weight m aterial that 
m ight be left in boiled colostral whey. 
Accordingly, piglets were fed dialyzate 
from cow’s colostrum, dialyzed cow’s colos
trum , and the cow’s colostrum. Results of
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A L B U M I N  C O N A L B U M I N

F i g .  1 A g a r  e l e c t r o p h o r e s i s  o f  s e r u m  f r o m  p i g  f e d  e g g  w h i t e  i n  s i m p l e  s a l t  s o l u t i o n ,  s h o w i n g  t h e  
a b s o r p t i o n  o f  t h e  e g g  p r o t e i n ,  c o n a l b u m i n .  V e r o n a l  b u f f e r  p H  8 . 6 ,  0 . 0 7 5  i o n i c  s t r e n g t h ,  (  +  )  i n d i 
c a t e s  d i r e c t i o n  o f  p r o t e i n  m i g r a t i o n .

this experim ent indicated that the closure 
activity could pass through a dialysis bag 
that excludes m aterial over an approxi
m ate molecular weight of 10,000 to 20,000 
(table 1, exp. 2). Dialyzed colostrum still 
had closure activity which could have been 
caused by the binding of some of the active 
m aterial to large molecules, thereby result
ing in inefficient dialysis (4 ).

Experim ent 3. For future work it would 
be desirable to have a more readily avail
able source of the active closure principal 
than  cow’s colostrum. Thus, in this experi
m ent the activity of dried non-fat milk was 
tested. Here, piglets were fed skim milk, 
dialyzed skim milk, and the dialyzate from 
skim milk. This experim ent showed that 
closure activity was present in the dialy
zate as all 16 piglets were unable to absorb 
the test dose at 24 hours of age. It ap
peared that the dialysis was more complete 
with the skim milk in  comparison with the 
cow’s colostrum as 4 of the 6 piglets fed 
dialyzed skim milk were still open (table 
1, exp. 3).

Experim ent 4. In the last experiment 
of this series the m ajor and m inor salts 
that are found in colostrum were tested 
for closure activity. Piglets fed diets con
taining these salts readily absorbed the 
test dose at 24 hours of age. These results 
indicated that the salts were not of prim ary 
importance for closure (table 1, exp. 4 ); 
nor did the addition of either lactose, glu
cose, or vitam in have any obvious effect. 
Unexpectedly, piglets fed this complex salt

diet ate it readily and appeared extremely 
content and vigorous for the first 3 days. 
From then on the piglets became weak and 
died.

D I S C U S S I O N

Pinocytosis (cell drinking) is regarded 
as the m echanism  for the absorption 
of large molecules, including the tem 
porary specialized absorption of large 
am ounts of protein by some neonates (5,
6). Briefly, it is thought that charged n u tri
ents are adsorbed to the cell surface, there
by stim ulating indentation and folding-in 
of the surface m em brane resulting in a 
pinching off of the mem brane and vésicu
lation. Thus the nutrients, surrounded by 
the mem brane, are passed into the cell. 
Protein and salt solutions are potent pino- 
cytotic inducers (7, 8 ); and in the neo
natal pig, calf, kitten, lamb, and goat, 
colostrum strongly stimulates this vésicula
tion of the intestinal epithelium (9 -1 1 ). 
Clark (1 2 ), studying the neonatal ra t and 
mouse gut with the electron microscope, 
showed that when the anim als were ap
proximately 20 days old they were no 
longer able to form vesicles when fed pino- 
cytotic stimulators such as protein. This 
time of 20 days also was coincident with 
closure time (the period after which the 
mouse or ra t cannot absorb large mole
cules).

Since proteins are potent stim ulators of 
pinocytosis and since they are so intim ately 
involved in the aborption per se, we and
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others (13, 14) were biased in feeling that 
protein m ust be somehow associated with 
the cell for closure to occur —  perhaps by 
exhausting pinocytotic sites on the cell 
membrane. However, this does not appear 
to be so. Our results indicate that absorp
tion of large molecules and closure are 2 
independent phenomena. For example, in 
experim ent 2, piglets fed salt solutions 
containing high m olecular weight m ate
rials such as porcine and avian proteins 
readily absorbed these polymers, without 
resulting in  closure, whereas in  some of 
the other experim ents, protein-free diets 
(such as the boiled colostral whey and 
dialyzate from milk and colostrum ) did 
engender closure.

In addition to dem onstrating that ab
sorption of protein per se was not neces
sary for closure, our experim ents were 
able to exclude other obvious groups of 
colostral components such as carbohy
drates, vitam ins, and m inerals as being 
responsible by themselves for closure. The 
fac to r(s) responsible for closure appears 
to be a heat-stable, low m olecular weight 
(less than  10,000 to 20,000) compound 
that is a part of the dialyzate of coistrum 
or milk. However, the importance of an 
interaction between the component parts 
of the dialyzate has not yet been ruled out. 
And, closure-diets thus fa r are ra ther com
plete nutritionally.

Closure, mediated by diet, appears a 
basic enough phenom enon that no doubt 
plays an im portant role in the economy of 
the piglet in nature. In this respect, our 
past and present results suggest that the 
piglet is born fetal-like in  at least 2 aspects. 
He is born with an im m ature serum pro
tein profile (1 5 ) , and also he is born with 
a prim itive-functing intestinal epithelium. 
In nature, the sow’s colostrum rapidly 
alters both these im m ature physiologic 
states by supplying soluble proteins that 
contribute to the m aturation of the serum 
protein profile (1 5 ) and also by supplying 
factors that induce m aturation of the intes
tinal epithelium  (closure). These 2 states 
are in a delicate and synchronous balance; 
that is, at about the time the piglet has 
absorbed adequate protein, his epithelial 
cell is m ature and can no longer absorb 
large molecules (approxim ately 36 hours).

Perhaps in  part, the difficulty in raising 
piglets artificially results from not reckon
ing with these 2 im m ature states, and as a 
consequence diarrhea, bacterem ia and 
death ensue (1 6 ). To illustrate this point, 
neo-natal piglets are most unhealthy when 
fed diets tnat permit uninhibited growth of 
intestinal microbes at the time the piglet 
is open and probably most susceptible to 
damage by bacteria. On the other hand, 
neonatal piglets are healthiest when fed 
diets containing large am ounts of y-globu- 
lin (carrying antibodies or bacterial inhibi
tors) (17). Likely, this healthy state results 
in part from inhibition of microbial growth 
and invasion in the gut by excess y-globu- 
lin during the time the piglet is open and is 
in the process of absorbing needed serum 
proteins. This time period coincides with 
the time the piglets would receive colos
trum  naturally  (3 ). It is suggested then 
that piglets fed antibody-devoid diets m ust 
be therapeutically protected while open 
and, in addition, fed diets that promote 
rapid closure. It follows that once closed 
the intestinal microbes will be of little 
moment (17).

Possibly, the phenom enon of closure may 
be complicating the health of other ani
mals raised artificially. Recently, a num ber 
of papers have been published indicating 
that m any unthrifty  hum an infants, par
ticularly in their first year, have antibodies 
to cow’s milk (1 8 -2 6 ). These antibodies 
result, presumably, from the absorption of 
bovine proteins which in turn  behave as 
foreign antigens engendering via antibody 
production a hypersensitive or allergic 
state. The question arises whether the 
alleged absorption of bovine proteins in 
the in fan t results from transient local 
defects in the intestinal epithelium or 
whether it results from a rem nant (some 
infants have more of a rem nant than 
others) of a fetal or primitive absorption 
m echanism  found so exaggerated in the 
piglets. If the latter was the case, then 
possibly the non-allergenic factors respon
sible for the m aturation of the piglet’s in 
testinal epithelium  could well serve the 
same purpose in infants.
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W .  B .  S a u n d e r s  C o m p a n y ,  P h i l a d e l p h i a .

7 .  M a s t ,  S .  O . ,  a n d  W .  L .  D o y l e  1 9 3 4  I n g e s 
t i o n  o f  f o o d  b y  a m o e b a .  P r o t o p l a s m a ,  2 0 :
5 5 5 .

8 .  C h a p m a n - A n d r e s e n ,  C . ,  a n d  D .  M .  P r e s c o t t  
1 9 5 6  S t u d i e s  o n  p i n o c y t o s i s  i n  t h e  a m o e b a e  
C h a o s  chaos  a n d  A m o e b a  proteus. C .  R .
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9 .  S m i t h ,  T .  1 9 2 5  H y d r o p i c  s t a g e s  i n  t h e  
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1 0 .  C o m l i n e ,  R .  S . ,  R .  W .  P o m e r o y  a n d  D .  A . 
T i t c h e n  1 9 5 3  H i s t o l o g i c a l  c h a n g e s  i n  t h e  
i n t e s t i n e s  d u r i n g  c o l o s t r u m  a b s o r p t i o n .  J .  
P h y s i o l . ,  1 2 2 :  6 .

1 1 .  H i l l ,  K .  J . ,  a n d  W .  S . H a r d y  1 9 5 6  H i s t o 
l o g i c a l  a n d  h i s t o c h e m i c a l  o b s e r v a t i o n s  i n  t h e  
i n t e s t i n a l  c e l l s  o f  l a m b s  a n d  k i d s  a b s o r b i n g  
c o l o s t r u m .  N a t u r e ,  1 7 8 ;  1 3 5 3 .

1 2 .  C l a r k ,  S . L .  1 9 5 9  T h e  i n g e s t i o n  o f  p r o t e i n s  
a n d  c o l l o i d a l  m a t e r i a l s  b y  c o l u m n a r  a b s o r p 
t i v e  c e l l s  o f  t h e  s m a l l  i n t e s t i n e  i n  s u c k l i n g  
r a t s  a n d  m i c e .  J .  B i o p h y s .  B i o c h e m .  C y t o l . ,
5 :  4 1 .

1 3 .  P a y n e ,  L .  C . ,  a n d  C .  L .  M a r s h  1 9 6 2  
G a m m a  g l o b u l i n  a b s o r p t i o n  i n  t h e  b a b y  p i g :  
t h e  n o n - s e l e c t i v e  a b s o r p t i o n  o f  h e t e r o l o g o u s  2 5 .  
g l o b u l i n s  a n d  f a c t o r s  i n f l u e n c i n g  a b s o r p t i o n  
t i m e .  J .  N u t r i t i o n ,  7 6 :  1 5 1 .

1 4 .  P a y n e ,  L .  C . ,  a n d  C .  L .  M a r s h  1 9 6 2  A b 
s o r p t i o n  o f  g a m m a  g l o b u l i n  b y  t h e  s m a l l  i n -  2 6 .  
t e s t i n e .  F e d e r a t i o n  P r o c . ,  2 1 :  9 0 9 .
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1 6 .  L e c c e ,  J .  G . ,  G .  M a t r o n e  a n d  D .  O .  M o r g a n
1 9 6 1  T h e  e f f e c t  o f  d i e t  o n  t h e  m a t u r a t i o n  
o f  t h e  n e o n a t a l  p i g l e t ’s  s e r u m  p r o t e i n  p r o f i l e  
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S c i . ,  94: 2 5 0 .

1 7 .  L e c c e ,  J .  G . ,  a n d  B .  R .  R e e p  1 9 6 2  E s c h e 
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M .  G u n t h e r  a n d  F .  E .  C a m p s  1 9 6 0  H y p e r 
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Selenium-75 Metabolism in the Gestating Ewe 
and Fetal Lamb: Effects of Dietary 
«-Tocopherol and Selenium 1

P . L . W R IG H T  AND M . C . B E L L
A g r ic u l tu r a l  R e s e a r c h  L a b o r a to r y  o f  t h e  U n iv e r s i t y  o f  T e n n e s s e e  
O a k  R id g e ,  T e n n e s s e e  ~

A B S T R A C T  F o r ty - e ig h t  p r e g n a n t  e w e s  w e r e  f e d  a  p u r i f i e d  r a t i o n  c o n t a i n i n g  u r e a  
a s  t h e  s o le  n i t r o g e n  s o u rc e .  S e le n iu m  a n d  a - to c o p h e ro l  w e re  a d d e d  s e p a r a te ly  a n d  in  
c o m b in a t io n  to  th e  b a s a l  r a t i o n .  S e r u m  g lu t a m ic  o x a lo a c e t ic  t r a n s a m i n a s e  (S G O -T )  
i n  y o u n g  p r e g n a n t  e w e s  w a s  i n c r e a s e d  a f t e r  t h e  a n im a l s  h a d  r e c e iv e d  th e  a - to c o p h e ro l-  
d e f ic ie n t  r a t i o n  f o r  9 w e e k s ;  s e l e n iu m  d e la y e d  b u t  d id  n o t  p r e v e n t  t h i s  in c r e a s e .  N o  
c h a n g e s  i n  S G O -T  v a lu e s  w e re  o b s e r v e d  i n  t h e  a g e d  e w e s  d u r in g  th e  1 8 -w e e k  e x p e r i 
m e n t a l  p e r io d .  S e le n iu m  s u p p l e m e n t a t i o n  r e d u c e d  th e  a p p a r e n t  a b s o r p t io n  o f  a n  o ra l  
d o s e  o f  S e 73 a n d  in c r e a s e d  th e  u r i n a r y  S e75 e x c r e t io n .  V e ry  h ig h  c o n c e n t r a t i o n s  o f  
r a d io s e l e n iu m  w e re  n o te d  i n  k id n e y  a n d  s p le e n  s a m p le s  f r o m  th e  s e le n iu m - d e f ic i e n t  
e w e s ,  im p l i c a t i n g  th e s e  t i s s u e s  a s  p r im e  a r e a s  o f  i m p o r t a n c e  in  s e l e n iu m  m e ta b o l i s m .  
I n t r a c e l l u l a r  p a r t i c u l a t e  m a t t e r  s e p a r a t i o n s  r e v e a l e d  a n  in c r e a s e  i n  S e 73 c o n te n t  o f  
th e  l iv e r  m ic r o s o m e s  a n d  k id n e y  n u c l e i  i n  t i s s u e s  f r o m  s e le n iu m - d e f ic i e n t  e w e s . T h e  
r a d io s e l e n iu m  d i s t r i b u t i o n  p a t t e r n  i n  f e t a l  t i s s u e s  w a s  s im i l a r  to  t h a t  i n  m a t e r n a l  
t i s s u e s .  A  d e f in i te  p l a c e n t a l  b a r r i e r  w a s  o b s e r v e d ,  w i th  s in g le  f e tu s e s  h a v in g  tw ic e  
th e  c o n c e n t r a t i o n  o f  S e 75 a s  tw in  f e tu s e s .  T h e  e x p e c te d  s e v e re  g ro s s  p a th o lo g ic a l  
le s io n s  o f  a - to c o p h e ro l  a n d  s e l e n iu m  d e f ic ie n c y  w e r e  n o t  o b s e r v e d  i n  t h e s e  s tu d ie s  
b a s e d  o n  a  r a t i o n  w h ic h  w a s  n o t  h ig h ly  a u to -o x id iz a b le .

The methods used in  the experim ental 
production of dietary-induced myopathies 
were divided between 2 general stra ta
gems. The first consisted of feeding ra 
tions to which copious am ounts of fats 
containing highly unsaturated  fatty acids 
were added or, sim ilar in  m echanism , the 
use of torula yeast as a protein and un 
saturated fatty acid source. The second 
was the use of feedstuffs from  areas where 
m uscular dystrophy is enzootic. Results 
from such studies indicate tha t myopa
thies induced by addition of unsaturated  
fats to the ration respond m ost readily to 
a-tocopherol (1 )  or synthetic antioxidant
(2 ) therapy, whereas those resulting from 
use of rations from certain areas affected 
with enzootic dystrophies are more respon
sive to selenium supplem entation (3 ) . N u
merous reports dem onstrating the benefi
cial effects of selenium  therapy in farm  
anim als have been reviewed (4 -6 ) .

Limited inform ation is available on the 
influence of low dietary intake of selenium 
upon the selenium  content of anim al tis
sues. Cousins and Cairney (7 )  and Bur
ton et al. (8 )  reported that the selenium 
levels of kidneys or livers of healthy lambs

or lambs from flocks not affected with 
white muscle disease were approximately 
twofold greater than  sim ilar values for 
affected lambs or lambs from affected 
flocks. Lindberg and Siren (9 )  reported 
sim ilar observations in  the pig.

In a recent review, McConnell (1 0 ) 
pointed out that selenium readily traverses 
cellular m em branes, that it is readily in 
corporated into a variety of tissue proteins, 
and that once selenium enters the anim al 
it is retained for extended periods of time. 
Relatively few detailed studies have been 
conducted on the metabolic fate of dietary 
selenium  in anim als on low dietary sele
nium  or low a-tocopherol intakes. W right 
and Bell (11) dem onstrated tha t selenium 
as selenite moved into ovine blood cells in  
vitro via an oxygen-dependent transport 
m echanism  and that the m agnitude of 
this influx was inversely proportional to 
the dietary intake of selenium. * 1 2

R ece ived  fo r  p u b lic a tio n  A p ril 24, 1964.
1 P u b lish e d  w ith  th e  p e rm iss io n  o f th e  D ire c to r  o f 

th e  U n iv e rs ity  o f T en n essee  A g ric u ltu ra l  E x p e r im e n t 
S ta tio n , K n o x v ille , T en n essee .

2 O p e ra ted  by  th e  T e n n essee  A g ric u ltu ra l  E x p e r i
m e n t S ta tio n  fo r  th e  U. S. A tom ic E n e rg y  C o m m issio n  
u n d e r  C o n tra c t no . AT-40-1-GEN-242.

J .  N u t r it io n , 8 4 : ’64 4 9
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The present study was designed to sepa
rate the effects of dietary selenium and 
of a-tocopherol on the metabolism of sele
nium  in the gestating ewe and fetal lamb. 
A purified ration utilizing urea as the sole 
source of nitrogen was used in  an  effort 
to surm ount the confounding effects of 
using a preform ed protein source which 
would contribute significant am ounts of 
selenium or unsaturated  fats. Lard sub
jected to molecular distillation was fed 
as the only source of fa t in  order to m ain
tain  an a-tocopherol-free diet.

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

The basal ration used in  these experi
m ents is shown in table 1. The m ineral 
m ixture, essentially tha t of Oltjen et al.
(1 2 ) , consisted of reagent grade chem i
cals. The basal ration contained 0.01 ppm 
selenium as determ ined by neutron activa
tion analysis at Oak Ridge National Lab
oratory; no a-tocopherol was detectable in 
5-g aliquots (1 3 ). Vitamin D2 was added 
to the diet to provide 400 IU3 per ewe per 
day. Vitamin A was injected in tram uscu
larly at weekly intervals to provide 2500 
IU4 per ewe per day. The anim als were 
housed in a barn  open on one side, with 
concrete floors. No bedding was provided.

During a 2-year period, 48 ewes (24,
4- to 5-year-old ewes and 24, 9-month-old 
ewe lam bs) were placed on the experi
m ental ration at time of m ating. These 
ewes were uniform ly divided into 4 groups 
representing a factorial arrangem ent of the 
following variables: zero or 0.5 ppm sele
nium  as sodium selenite in  the ration, and

TA B LE 1
C o m p o s i t i o n  o f  b a s a l  d ie t

%
C e llu lo s e  1 3 0 .0
C o r n s t a r c h 2 9 .7
G lu c o s e  m o n o h y d r a te 2 9 .7
U r e a 4 .0
S t r ip p e d  l a r d  2 2 .0
C h o l in e  c h lo r id e 0.1
G r o u n d  p l a s t i c  3 1.0
M in e r a l  m ix tu r e  4 3 .5

1 S o lka  F loe , BW -40, B ro w n  C o m p an y , B er lin , N ew  
H a m p sh ire .

2 M o lec u la r d is t i l la t io n , d o n a te d  by  D is tilla tio n  
P ro d u c ts  In d u s tr ie s ,  R o ch es te r, N ew  York.

3 P o ly e th y len e , M -700. E . I. d u  P o n t de N e m o u rs  
C o m p an y , W ilm in g to n , D e law are .

4 C o n ta in ed : ( i n  p e r  c e n t )  C aH P Û 4 , 48 .84 ; K2CO3 , 
31.55; M g S 0 4, 10.75; N aC l, 7 .43; F e S 0 4, 0 .91; N a 2B40 7, 
0 .19; Z n S 0 4, 0 .14; M n S 0 4, 0 .10; K I, 0 .03; C u C 0 3, 0.02; 
M 0 O3 , 0 .0008; C0 CI2, 0.0003.

zero or 100 IU of vitam in E /day  as the ace
tate5 in  a drench. The rations were fed ad 
libitum.

Serum glutamic oxaloacetic transam in
ase (SGO-T) was determ ined6 at 3-week 
intervals. On approximately the 135th 
day of gestation, 8 ewes from each trea t
m ent were placed in  individual m etabo
lism stalls and dosed orally with 250 |ic 
of Se75 (LLSeOs, 40 m c/m g  Se) adsorbed 
on cellulose in  a gelatin capsule. Urine 
was collected by m eans of a retained foley 
catheter 7 placed directly into the bladder 
via the urethra, and the feces were col
lected in  a tray.

Forty-eight hours postdosing, the ewes 
were exsanguinated. The kidneys, liver, 
lungs, heart, and spleen were removed 
in tact and weighed. Samples of the lon- 
gissimus dorsi, biceps femoris, and blood 
were also obtained. The whole blood mass 
was calculated as 5.8% of body weight
(1 4 )  . The gastrointestinal tract of the 
ewes was removed and the total contents 
collected, pooled, weighed and sampled 
for Se75. The fetal lambs were removed 
from the uteri and sim ilar tissue samples 
collected; where twin fetuses were present 
they were sampled individually. A 2-g 
sample of each tissue was placed in plastic 
tubes for Se75 determ ination in  a well-type 
scintillation counter.

Immediately after removal, aliquots of 
the kidney cortex and liver from the ewe 
lambs were placed in  ice-cold 0.25 m  su
crose. Cell particulate m atter fractions 
were separated from duplicate samples of 
each tissue by differential centrifugation
(1 5 )  .

Statistical evaluation of the data was by 
the m ethod of least squares analysis of 
variance.

R E S U L T S  A N D  D I S C U S S I O N

Experim ental rations were consum ed 
sufficiently well that body weight gains by 
the ewes (table 2 ) were large enough (1 6 ) 
to allow norm al development of fetal 
lambs. Ewes fed the basal ration gained 
less (P  <  0.05) than  ewes fed the basal

3 S u p e r D rex-95, N opco  C h em ica l C o m p an y , N e w a rk , 
N ew  Jersey .

4 In je c ta b le  V ita m in  A, N opco  C h em ica l C o m p an y .
5 T ype  F-50, D is ti l la t io n  P ro d u c ts  In d u s tr ie s ,  R o ch es

te r , N ew  Y ork.
6 S igm a  C h em ica l C o m p an y  1961 T e c h n ic a l  B u l

le tin  no . 508, St. Louis.
7 B a rd ex  120 p , 10 F ren c h .
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TA BLE 2

F e e d  c o n s u m p t i o n  a n d  b o d y  w e i g h t  g a in s  o f  e w e s  
f e d  a  p u r i f i e d  r a t io n  d u r in g  g e s ta t io n

T re a tm e n t 1

E  + Se Se O E

A v g  f e e d
kg kg kg kg

c o n s u m p t i o n / d a y 1 .01 1 .1 2 0 .8 8 0 .9 9
A v g  g a in  2 5 .0 8 5 .4 0 2 .4 5  3 5 .0

1 E  re p re s e n ts  100 IU  a -to c o p h e ro l/d a y , Se re p re s e n ts  
0.5 p p m  d ie ta ry  se le n iu m , O re p re s e n ts  b a sa l  ra t io n  
only.

2 A verage  to ta l  g a in /e w e  d u r in g  f ir s t 135 d a y s  o f 
g e s ta tio n .

3 L ess th a n  o th e r  v a lu e s  w i th in  ro w  (P  <  0 .0 5 ).

ration supplem ented with a-tocopherol or 
selenium, or with both. In previous stud
ies involving a-tocopherol and selenium 
supprementations to rations for gestating

ewes, no body weight changes for the ewes 
were reported. Increases in  growth rate 
of lambs following selenium supplem enta
tion have been reported by num erous 
workers (6 ) .

The SGO-T values determ ined through
out the experim ent are presented in  figure
1. Elevated transam inase levels were ob
served in  the ewe lam bs receiving the 
basal ration or the selenium supplem ent 
only. These increased levels were first 
observed on the 9th and 12th weeks of 
the experim ent, respectively. Thus sele
nium  supplem entation delayed the in 
crease but did not prevent it. Increases 
in transam inase concentration occurred 
slightly later than  the increases in in  vitro 
Se75 uptake by the erythrocytes from ewes

Aged Ewe

W EEKS ON RATION
F ig . 1 C h a n g e s  i n  s e r u m  g lu ta m ic - o x a lo a c e t ic  t r a n s a m i n a s e  o f  g e s t a t i n g  a g e d  e w e s  a n d  g e s t a t 

i n g  e w e  l a m b s  f e d  a  p u r i f i e d  b a s a l  r a t i o n  w i t h  a n d  w i t h o u t  a - to c o p h e ro l  ( E )  o r  s e l e n iu m  ( S e )  
s u p p le m e n ta t i o n .  P a r a l l e l  l i n e s  r e p r e s e n t  p lu s  o r  m i n u s  2  s t a n d a r d  d e v ia t io n s  f r o m  a v e r a g e  o f  
in d iv id u a l  g ro u p  m e a n s .
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fed the low selenium rations (1 1 ). These 
results, with gestating ewes, are sim ilar to 
those in  which a synthetic antioxidant
(2 )  and a-tocopherol8 (1 7 ) were effective 
in  m aintaining norm al serum  transam in
ase concentrations in  lam bs fed dystropho- 
genic rations, but selenium alone was not. 
The norm al transam inase levels through
out the experim ent in  the aged ewes 
(fig. 1) receiving the rations not supple
m ented with vitam in E m ay be indicative 
of greater body reserve of a-tocopherol at 
the beginning of the experiment.

Attempts to produce dialuric acid in 
duced hemolysis of the erythrocytes, a 
classical symptom of a-tocopherol defi
ciency in  the ra t, were unsuccessful even 
with cells from ewes which showed ele
vated serum transam inase levels.

Because of the oral route of radio
selenium  adm inistration and a m inim al 
am ount (=  6 ug) of stable selenium, these 
data should reflect the effects of dietary 
a-tocopherol and selenium upon the fate 
of ingested selenium in the gestating ewe. 
No effect of age on Se75 m etabolism  was 
noted; hence the results obtained with the 
aged ewes and with the ewe lam bs were 
pooled.

The entire Se75 content of the gastro
intestinal tract was added to the fecal 
excretion of Se75 during the 48-hour collec
tion period (table 3) in  order to elim inate 
individual differences in  rate of passage. 
The combined fecal and residual gastro
intestinal Se75 values were greater (P  <  
0.05) for those ewes which had received 
0.5 ppm  selenium in the ration (67%  ) 
th an  those for ewes which had received 
the basal ration (61%  ) or the basal ration 
plus a-tocopherol (52%  ). Jensen et al.

(1 8 ) reported a sim ilar effect of dietary 
selenium level upon the retention of an 
oral dose of Se75 in  the chick. Supplem en
tation of the low selenium (0.01 ppm ) 
ration with a-tocopherol tended to reduce 
the apparent nonabsorbed Se75. At the 
higher selenium  intake the a-tocopherol 
effect was not so evident. These results, 
along with the previous report (1 1 ) in  
which dietary a-tocopherol resulted in  a 
consistent but nonsignificant increase in 
the erythrocyte accum ulation of Se75 in 
vitro suggest that a-tocopherol m ay in 
crease the transference of selenium across 
cellular m em branes. This may be through 
an indirect effect of a-tocopherol upon the 
integrity of cellular mem branes.

A greater ( P < 0 .0 1 )  urinary  Se75 ex
cretion (1 1 .5 % ) was observed in  ewes 
which received the dietary selenium sup
plem ent, than  in  those which did not 
(1.9%  ). A m echanism  allowing for renal 
concentration of selenium in  the sheep 
was thus dem onstrated. The m agnitude 
of this action was dependent upon the die
tary selenium  intake. No effect of a-to
copherol upon urinary excretion of selen
ium  was observed.

Peterson and Spedding (1 9 ) observed 
tha t 54% of an oral dose of Se75 (6.1 ug 
selenium ) from an organic source was- 
excreted in  the feces w ithin 99 hours after 
dosing. Urinary excretion during the same 
period was about 2% of the dose. Cousins 
and Cairney (7 )  report tha t slightly over 
30% of a 5-mg dose of selenium  as so
dium selenite was excreted in  the feces 
and 10% in the urine, during a 72-hour

8 H o p k in s , L. L ., A. L. Pope a n d  C. A. B a u m a n n  
1961 C o n tra s t in g  re sp o n se s  o f  la m b s  to  s e le n iu m  
a n d  v ita m in  E  on  n a tu r a l  a n d  sem ip u rifie d  d y stro p h o - 
gen ic  ra tio n s . J. A n im a l Sci., 20: 936  ( a b s t r a c t ) .

TA B LE 3

E f f e c t  o f  d ie ta r y  s e l e n iu m  a n d  a - to c o p h e r o l u p o n  t h e  a p p a r e n t  a b s o r p t io n  a n d  e x c r e t io n  o f  S e 75

T r e a tm e n t1

E  + Se Se o E

G a s t r o in t e s t i n a l  c o n te n t s
% o f dose % o f dose % o f dose % o f  dose

p l u s  fe c e s 6 6 .2  ± 2 . 0  2>3 6 8 .5  ± 2 . 7  3 6 1 . 0 ± 8 . 4 5 2 .1  ± 6 . 3
U r in e 1 1 . 9 ± 2 .5  4 1 1 . 2 ±  1 .6  4 1 . 6 ± 2 .5 2 .2  +  0 .3
T o t a l 7 8 .1  ± 2 . 9  3 7 9 . 7 ± 4 . 0  3 6 2 .6 ±  7 .8 5 4 .3  ± 5 . 2

1 E  re p re s e n ts  100 IU  a -to c o p h e ro l/d a y , Se re p re s e n ts  0.5 p p m  d ie ta ry  se le n iu m , O re p re s e n ts  
b a s a l  r a t io n  only.

2 M ean  ±  s e .
3 V a lu es  w ith in  ro w  g re a te r  th a n  u n m a rk e d  v a lu e s  (P  <  0 .0 5 ).
4 V a lu es  w ith in  ro w  g re a te r  th a n  u n m a rk e d  v a lu e s  (P  <  0 .0 1 ).
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period after dosing. In both investigations 
the selenium contained in  the feces was 
highly insoluble, possibly as a result of a 
reduction of dietary selenium in the ru 
m en to an insoluble, unavailable form. 
The differences observed in  urinary  ex
cretion of selenium m ay have been due 
to differences in  dietary selenium intake 
of the sheep (7, 19).

The distribution of Se75 in  the m aternal 
tissues 48 hours after a single oral dose of 
Se75 is sum m arized in  table 4. The kid
ney contained the greatest concentration 
of radioselenium  by at least threefold. The 
liver was second, followed by the spleen, 
plasm a, and whole blood. The concentra
tion of Se75 in  the kidney and spleen from 
the ewes fed the low selenium  diet were 
two- to threefold greater ( P < 0 .0 1 )  than  
corresponding tissues from  ewes in  the se
lenium -supplem ented groups. The whole 
blood and plasm a concentrations were also 
greater ( P < 0 .0 1 ) .  Conversely, the Se75 
concentration of the biceps femoris and 
longissimus dorsi was highest (P  <  0.01) 
in  those ewes which had received the se
lenium  supplem entation. Concentrations 
in  the liver, lung, and heart were not af
fected by dietary selenium intake when 
these tissues were sampled 48 hours post
dosing. The Se75 concentration in  the 
spleen from ewes fed the low selenium diet 
was significantly increased (P  <  0.05) by 
a-tocopherol supplem entation. No other 
effects of dietary a-tocopherol were ob
served. Jensen et al. (1 8 ) reported that 
a-tocopherol had no effect on the distri
bution of selenium, but that selenium it

self had a m arked effect on the uptake 
and retention of radioselenium  in all tis
sues of the chick.

The total radioselenium  content of sev
eral organs is shown in table 5. The kid
neys, spleen, and whole blood from  ewes 
fed the basal ration or basal plus a-tocoph
erol contained m uch more (P  <  0.01) and 
the lungs slightly more (P  <  0.05) of the 
single oral dose of radioselenium  than  did 
corresponding tissues from  the ewes fed 
the selenium supplement. There were 
no significant effects upon total organ con
tent due to a-tocopherol supplem entation.

The increased radioselenium  content of 
the kidneys from  ewes fed the low se
lenium  ration m ay have been a result of 
reduced urinary selenium excretion. Gross 
autoradiographs showed that the Se75 is 
concentrated almost exclusively in  the 
cortex of the kidney where filtration and 
reabsorption take place. The slight in 
crease in  the lungs could be a result of in 
creased Se75 content of the blood rem ain
ing in  the lungs of the ewes fed the low 
selenium  ration. However, the increased 
content of the spleen is greater than  that 
which could be explained on the basis of 
higher blood Se75 levels in  those ewes fed 
the low selenium diet.

The kidney has been dem onstrated to 
be a potent source of “Factor 3 selenium ” 
(2 0 ) , whereas the im portance of the 
spleen in  selenium metabolism has previ
ously been associated only with selenium 
toxicity (2 1 ); however, selenium  m ay be 
incorporated into certain  blood constitu
ents during hematopoiesis in  the spleen.

t a b l e  4
Concentration of Se75 in e w e  tissues: influence of dietary a-tocopherol a n d  selenium

T issu e
T r e a tm e n t1

E  + Se Se O E

1 0 - * %  o f  d o s e /  g  f r e s h  t i s s u e  1 0 - * %  o f  d o s e /  g  f r e s h  t i s s u e

K id n e y 2 4 4 .1  ± 1 3 .8  2 2 2 4 .8  ± 2 0 . 6 6 3 2 .6  ± 8 5 .6  3 6 9 9 .3  ± 1 0 7 .3  3
L iv e r 8 2 .0  ± 1 0 .0 8 1 .1 ± 7 .9 8 6 .8  ± 7 .4 1 0 8 .0 ± 1 2 .6
L u n g 2 7 .9  ± 3 .7 2 5 .2  ± 1 .3 3 1 .9  ± 4 .4 2 7 .9  ± 2 .9
H e a r t 1 6 .6  ± 1 .2 1 4 .9  ± 0 .8 1 8 .1 ± 2 .8 1 5 .0 ± 1 .6
S p le e n 3 2 . 2 ± 3 .6 2 8 .5  ± 1 .8 6 2 .6 ± 13 .1  3 7 5 .0  ± 7 .4  3<4
B ic e p s  f e m o r i s 3 .4  ± 0 .4  3 3 .8  ± 0 .6  3 2 .7  ± 0 .1 2 .3  ± 0 .3
L o n g i s s im u s  d o r s i 4 .0  ± 0 .8  3 3 .4  ± 0 .4  3 2 .3  ± 0 .1 2 .6  ± 0 .3
W h o le  b lo o d 2 3 .2  ± 2 .1 2 5 .4  ± 2 .4 3 5 .4  ± 2 .8  3 3 5 .5 ± 4 .2  3
P la s m a 3 2 .6  ± 2 .5 3 5 .7 ± 3 .4 5 2 .1  ± 3 .1  3 5 1 .3  ± 5 .8  3

1 E  re p re s e n ts  100 IU  a -to c o p h e ro l/d a y ; Se, 0 .5  p p m  d ie ta ry  s e le n iu m ; O, b a s a l  ra t io n  only .
2 M ean  ±  se.
3 V a lu es  w ith in  ro w  g re a te r  th a n  u n m a rk e d  v a lu e s  (P  <  0 .0 1 ).
4 B asa l p lu s  E  g re a te r  th a n  b a s a l  (P  <  0 .0 5 ).
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The present data suggest that dietary se
lenium  m ay be first concentrated in those 
tissues which have the greatest capacity 
for utilizing inorganic selinium in the bio
synthesis of organoselenium  compounds 
which m ay then be redistributed through
out the organism, notably to the muscle 
where gross m anifestations of selenium de
ficiency in sheep are observed (4—6).

The intracellular distribution of radio
selenium in the liver and kidney (table 6) 
dem onstrates a characteristic pattern  of 
distribution for each tissue. In the liver 
samples from ewes fed the low selenium 
basal, a greater ( P < 0 .0 1 )  proportion of 
the Se75 was contained in  the microsomal 
fraction than  in  the corresponding frac
tion of liver samples from  the ewes fed 
the selenium-supplemented ration. The in 

crease in  concentration in  the microsomes 
occurred at the expense of each of the 
other cellular components. The greater 
microsomal burden may have been indica
tive of increased selenium incorporation 
into selenoproteins w ithin the microsomes 
of the liver (2 2 ). Alterations in  compart- 
m entalization w ithin the kidney were less 
distinct. The nuclear fraction in  kidney 
samples from  the selenium-deficient ewes 
contained a greater (P  <  0.01) proportion 
of the radioselenium  than  did the cor
responding fraction from selenium-supple
m ented ewes. This increase occurred with 
corresponding decreases in  Se75 content of 
the m itochondria (P  <  0.05) and the solu
ble fraction ( P < 0 . 0 1 ) .  These shifts in 
intracellular particulate m atter distribu
tion of Se75 resulting from  a reduced die-

TA B LE 5
Total tissue content of Se75 in ewes: influence of dietary a-tocopherol a n d  selenium

T issu e
T r e a tm e n t1

E  + Se Se o E

%  o f  d o s e %  o f  d o s e % o f  d o s e %  o f  d o s e

K id n e y 2.30 ±  0 .18 2 2.17  ±  0.22 6.14 ± 0 .9 2  3 6 . 1 2 ± 0.52  3
L iv e r 5.84 ± 0 .8 9 5.80 ± 0 .7 5 5.67 ±  0.63 6.01 ± 0 .4 4
L u n g 1.18 ±  0.11 1.05 ± 0 .0 8 1.41 ±  0.15 4 1 .3 6 ± 0 .2 5  4
H e a r t 0.32 ± 0 .0 4 0.30 ± 0 .0 4 0.40 ± 0 .0 9 0.28 ± 0 .0 2
S p le e n 0.20 ± 0 .0 2 0.18 ±  0.03 0.49 ± 0 .0 4  3 0.56 ±  0 .08 3
W h o le  b lo o d 4 .2 6  ± 0 .2 6 4 .7 9  ± 0 .5 7 6.17 ±  0.99 3 7.38 ± 0 .8 6  3

re p re s e n ts  100 IU  a -to c o p h e ro l/d a y ; Se, 0.5 p p m  d ie ta ry  se le n iu m ; O, b a sa l  ra t io n  only .
2 M ean  +  s e .
3 V a lu es  w ith in  ro w  g re a te r  th a n  u n m a rk e d  v a lu e s  (P  <  0 .0 1 ).
4 V a lu es  w ith in  ro w  g re a te r  th a n  u n m a rk e d  v a lu e s  (P  <  0 .0 5 ).

TA BLE 6

Intracellular particulate matter distribution of S e 75 in livers a n d  kidneys of e w e s

C e llu la r
f r a c t io n

T re a tm e n t  1

E  + Se Se o E

% % % %
L iv e r

H o m o g e n a te 10 0 100 10 0 10 0
N u c l e a r  f r a c t i o n 3 0 .1  ± 2 . 3  2-3 2 5 .8  ± 3 . 7  3 2 0 .8  ± 2 . 7 1 9 .2  ± 1 . 9
M i to c h o n d r ia 1 5 .7  ±  2 .6  3 14 .1  ± 1 . 2  3 1 0 .9  ± 0 . 7 1 1 .8 -1 -1 .0
M ic r o s o m e s 2 0 .4  ± 1 . 5 2 2 .7  ± 1 . 8 3 5 .8  ± 4 .9  4 3 9 .4  -*■ 3 .5  4
S o lu b le  f r a c t i o n 3 3 .8  ±  3 .5 3 7 .4  ± 2 . 1 3 2 .5  ±  2 .6 2 9 .6  ±  0 .8

K id n e y
H o m o g e n a te 10 0 1 0 0 1 0 0 10 0
N u c le a r  f r a c t i o n 7 5 .5  ± 1 . 1  2 7 3 .9  ± 1 . 4 7 7 .1  -e 1 .6  4 8 2 . 4 ±  1 .0  4
M i to c h o n d r ia 5 .1  ± 0 . 8  3 5 .5  ± 0 . 7  3 4 .0  ±  0 .6 2 .9 -+ -0 .1
M ic r o s o m e s 7 .0  ±  0 .5 7 .3  ± 0 . 6 9 .4  ± 1 . 0 7.1  0 .5
S o lu b le  f r a c t i o n 1 2 .4  ±  0 .5  4 1 3 .3  ± 0 . 5  4 9 .5  ±  0 .4 7 . 6 ±  0 .5

1 re Pre„se n ts  100 IU  a -to c o p h e ro l/d a y ; Se, 0.5 p p m  d ie ta ry  s e le n iu m ; O, b a sa l  ra t io n  on ly .
2 M ean  o f 4 e w e s / t r e a tm e n t  ±  s e .
3 V a lu es  w ith in  ro w  g re a te r  th a n  u n m a rk e d  v a lu e s  (P  <  0 .0 5 ).
4 V a lu es  w ith in  ro w  g re a te r  th a n  u n m a rk e d  v a lu e s  ( P  <  0 .0 1 ).
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tary selenium intake are essentially the 
reverse of those observed by W right and 
Mraz (23)  in  livers and kidneys from 
chickens consum ing toxic levels of selen
ium. The effects of dietary a-tocopherol 
were not pronounced but were most evi
dent in the tissues from the ewes fed the 
low selenium ration, where a-tocopherol 
supplem entation tended to increase the 
proportion of the Se75 contained within the 
particulates and reduce the am ount in the 
soluble fraction.

No gross congential abnormalities were 
observed in  any of the lambs removed 
from the ewes that had been fed the ex
perim ental ration from the time of m ating 
until they were killed at approximately the 
one-mindred and thirty-fifth day of gesta
tion.

The radioselenium  distribution pattern 
(table 7) observed in  the fetal lamb tis
sues was sim ilar to that noted in  the

m aternal tissues; the kidney, liver, and 
spleen had the highest concentrations. 
Only the Se75 concentration in the muscle 
samples from the fetal lambs approached 
the levels noted in  the m aternal tissues. 
The whole blood and plasm a concentra
tions of Se75 were highest (P  <  0.01 ) in  the 
lambs from ewes fed the low selenium ra 
tion. The ratio of m aternal plasm a to fetal 
plasm a was not affected by dietary trea t
m ent of the dams. In the fetal tissues, as 
in  the m aternal tissues, the total kidney Se75 
content (table 8) in the fetuses from dams 
consum ing the low selenium ration was 
higher (P  <  0.05) than  that of fetuses 
from  dams receiving the selenium supple
m ent. The liver content of fetal lambs 
from the nonselenium -supplem ented ewes 
was lower (P  <  0.05) than  that of fetuses 
from the selenium-supplemented ewes. 
Addition of a-tocopherol to the ewes’ ra 
tion did not affect the passage of radiose-

t a b l e  7
Concentration of Se75 in fetal l a m b  tissues: influence of a-tocopherol 

a n d  selenium in the d a m ’s ration

T issu e
T re a tm e n t 1

E +  Se Se 0 E

1 0 -4 % o f  d o s e /  g  f r e s h  t i s s u e 1 0 ~ 4 %  o f  d o s e /  g  f r e s h  t i s s u e

K id n e y 23 .7  ± 1 .4  2-3 16 .7 ±  1.3 19.6 ± 1 .5 2 4 .3 ± 2 .4  3
L iv e r 13.2 ±  1.6 10 .7 ±  1.1 9 .0 ±  1.4 10.1 ± 1 .4
L u n g 4.8 ± 1 .0 3 .7 ± 0 .5 2 .7  ±  0.4 3.8 ±  0.9
H e a r t 5.6 ±  0.8 4.3 ±  0.5 4 .6  ±  0.7 4 .5  ±  0.5
S p le e n 6.1 ± 0 .9 6.4 ± 0 .7 5.4 ± 0 .8 8 .5 ±  1.2
B ic e p s  f e m o r i s 1.3 ±  0.1 1.9 ± 0 .4 1 .4 ± 0 .1 1 .6 ± 0 .2
L o n g i s s im u s  d o r s i 1.3 ±  0.1 1.9 ±  0.4 1.4 ±  0.1 1.6 ± 0 .2
W h o le  b lo o d 2.1 ± 0 .2 2 .0 ±  0.2 2.7 ±  0 .2  4 2 .4  ± 0 .1  4
P la s m a 3.1 ±  0.3 3.1 ± 0 .4 4 .5  ± 0 .3  4 4.0 ± 0 .3  4

1 E  re p re s e n ts  100 IU  a -to c o p h e ro l/d a y ; Se, 0 .5  p p m  d ie ta ry  s e le n iu m ; O, b a s a l  r a t io n  on ly .
2 M ean  fo r  s in g le  la m b s  ±  s e .
3 V a lu es  w ith in  ro w  g re a te r  th a n  u n m a rk e d  v a lu e s  (P  <  0 .0 5 ).
4 V a lu es  w ith in  row  g re a te r  th a n  u n m a rk e d  v a lu e s  (P  <  0 .0 1 ).

TA BLE 8

Total tissue content of Se75 in fetal lambs: influence of a-tocopherol
a n d  s e l e n iu m i n  t h e  d a m ’s r a t io n

T issu e
T r e a tm e n t1

E  + Se Se o E

K id n e y
L iv e r
L u n g
H e a r t
S p le e n

10~2%  o f dose  
3 .0 8  ± 0 . 3  2 
9 .5 5  ±  1 .4  3 
2 .9 4  ± 0 . 8  
1 .0 4  ± 0 . 1  
0 .2 6  ± 0 . 1

10~2%  o f  dose  
3 .2 1  ± 0 . 2  
9 .6 6  ± 1 . 3  3 
3 .4 6  ± 0 . 3  
1 .2 5  ± 0 . 2  
0 .3 8  ± 0 . 1

1 0 ~ z % o f  dose  
3 .4 7  ± 0 . 1  3 
6 .9 1  ± 0 . 6  
2 .3 4  ± 0 . 4  
1 .0 9  ± 0 . 1  
0 .2 4  ± 0 . 1

10~2%  o f dose
4 . 0 6 ± 0 . 3  3 
7 . 1 8 ± 0 .9  
2 .7 6  ±  0 .3  
1 .0 0  ±  0 .2  
0 .3 3  ±  0 .1

1 E  re p re s e n ts  100 IU  a -to c o p h e ro l/d a y ; Se, 0 .5  p p m  d ie ta ry  s e le n iu m ; O, b a s a l  r a t io n  only .
2 M ean  fo r  s in g le  la m b s  ±  s e .
3 V alues  w ith in  ro w  g re a te r  th a n  u n m a rk e d  v a lu e s  (P  <  0 .0 5 ).
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lenium  across the placental mem branes. 
Slightly more of the total Se75 dose given to 
the ewe was contained in  the fetal organs 
(table 8) when the ewes’ ration contained 
the 0.5-ppm selenium level.

Burton et al. (8 )  reported that selenium 
content of muscle and liver from fetal 
lambs 100 or 122 days of age was influ
enced by dietary selenium intake of the 
dams. Their studies showed that the con
centration of selenium in the m aternal 
liver was nearly twice tha t in  the fetal 
lamb. The differences between m aternal 
and fetal muscle selenium content were 
slightly less.

Tissues from twin fetuses contained ap
proximately one-half as m uch radiosele
nium  as tissues from single fetuses (table
9). The ratio of the concentration in the 
m aternal plasm a to the concentration in 
the fetal plasm a was 11.7:1 for the single 
fetuses and 21.8:1 for the twin fetuses, 
dem onstrating a m arked placental barrier. 
Furtherm ore, these data suggest that only 
a limited fraction of the selenium  in the 
m aternal tissues was in  a form which 
could traverse the placental mem brane. 
This am ount was divided equally between 
twin fetuses in  utero, and the sum of the 
radioselenium in tissues of twin pairs was 
equal to that of single fetuses.

These experim ents have dem onstrated 
that norm al fetal lamb development could 
proceed when urea was the sole source of 
dietary nitrogen and in the absence of 
dietary B-complex, C, and K vitamins.

The absorption and tissue retention data 
dem onstrate that, in the sheep, m echa
nism s were present which allowed an in 
creased tissue accum ulation of radiosele
nium  when the dietary selenium intake 
was low. The individual organ content as

TABLE 9
Influence of geminal fetation upon tissue content  

of Se75 in fe tal lambs

Tissue Twin
fetuses

Single
fetuses

10~2% of dose 10~z% of dose
Kidney 1.74 3.45
Liver 4.15 8.32
Lung 1.60 2.88
Heart 0.62 1.09
Spleen 0.15 0.30
Plasm a 1 1.98 3.67
1 1 0 - 4 % / g .

well as the intracellular particulate m at
ter distribution were also influenced by 
dietary intake. Furtherm ore, the data sug
gest that a-tocopherol m ay directly or in 
directly affect the passage of selenium  
across cellular and subcellular m em branes. 
These results support the hypothesis that 
selenium is activity metabolized and that 
it m ay have specific metabolic functions 
w ithin the cell.
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Calcium, Strontium and Phosphorus Utilization 
by Chicks as Influenced by Nutritional 
and Endocrine Variations * 1
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ABSTRACT  The effects of vitam in D, various energy sources, and horm one treat
m ents on tibia deposition of orally and intram uscularly adm inistered Ca45, Sr89, and 
P32, on serum calcium , phosphorus, and alkaline phosphatase, and on growth and 
calcification were investigated, using chicks. Vitam in D at 550 IC U /kg diet resulted  
in increased calcium  and strontium  absorption and phosphorus retention w hen com 
pared w ith suboptim al vitam in D levels. A tenfold increase in  vitam in D to 5500 
IC U /kg decreased Ca and Sr absorption and phosphorus retention. Cortisol decreased 
absorption of calcium  and retention of strontium  at all vitam in D levels. Estrogen 
reduced serum phosphorus and retention of calcium , strontium , and phosphorus. 
Lactose at 20% of the diet increased bone ash. Stearic acid at 10% decreased w eight 
gains, bone ash, calcium  absorption, and phosphorus retention.

Bergeim (1 )  observed in 1926 that the 
presence of 25 to 50% lactose in the diets 
of rats greatly increased calcium absorp
tion. Migicovsky and Emslie (2 )  reported 
that vitam in D enhanced calcium absorp
tion, but not retention. W asserm an (3 ) 
observed that vitam in D increased duo
denal absorption of a variety of divalent 
ions including m agnesium , calcium, stron
tium, barium , and cobalt.

Calcium and strontium  absorption from 
the gut may be increased by various car
bohydrates besides lactose, including cello- 
biose, sorbose, ribose, xylose, raffinose, 
melibiose, glucosamine, m annitol, and sor
bitol (4 ) . Arginine and lysine have simi
lar effects (5 ) . Increasing diet calcium 
decreases absorbability of the more satu
rated fats in  chicks (6 ) .

Calcium retention in  sexually im m ature 
pullets was increased by estradiol and 
testosterone (7 ) . The positive effect of 
vitam in D on calcium absorption was an
tagonized by cortisol in in  vitro studies
(8 ) ; recently (9 )  this phenom enon could 
be dem onstrated in vitro, but not in vivo.

The study reported herein was con
ducted to determ ine the influence of m any 
of the m entioned factors simultaneously 
on absorption and retention of calcium, 
strontium , and phosphorus under in  vivo 
conditions.

EXPERIMENTAL

W hite Plymouth Rock (Arbor Acre) fe
m ale chicks were obtained from dam s 
which had been deprived of vitam in D 
and shielded from  direct sunlight for 
2 weeks prior to the saving of eggs. They 
were fed the following vitam in D depletion 
diet during a pre-experimental period of 
7 days: (in  % ) ground yellow com , 38.32; 
soybean meal (solvent), 38; glucose-fTO,3 
20; m ethionine hydroxy analogue calcium 
(90%  ), 0.05; calcium carbonate, 1; dical
cium phosphate (feed grade), 2; sodium 
chloride, 0.47; potassium  iodide, 0.000291; 
m anganese sulfate monohydrate, 0.0238; 
zinc carbonate, 0.00634; vitam in A acetate 
(10,000 IU /g ) , 0.044; vitam in E acetate 
(110 IU /g ) , 0.01; menadione, 0.00022; 
riboflavin, 0.00044; calcium pantothenate, 
0.00132; niacin, 0.00176; vitam in Bi2 
(0.1%  tritu ra tion), 0.0022; pyridoxine- 
HC1, 0.00022; thiamine-HC1, 0.00022; bi
otin, 0.000022; folic acid, 0.00011; and 
choline chloride (2 5 % ), 0.07.

R eceived  fo r  p u b lic a tio n  A p ril 3, 1964.
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Analyses of variance and D uncan’s m ul
tiple range tests were performed as de
scribed in Steel and Torrie (1 0 ). At 7 days 
of age the chicks were distributed into 
21 lots of 12 chicks each. The chicks 
within each lot were assigned from 12 
groups of varying body weight to provide 
equitable weight stratification w ithin each 
lot. Variation due to starting  weight was 
removed in the analysis of variance. These 
block effects were insignificant except for 
the weight gain m easurem ent where there 
was a highly significant effect due to sta rt
ing weight.

The experim ental treatm ents were im 
posed during 7 to 16 days of age. Substi
tutions m ade in  the above listed diet as 
indicated were in all cases for the glucose 
portion. Except when under study, the 
vitamin D level was 550 ICU/kg.

Cortisol was injected intram uscularly 
into the left breast m uscle (saline carrier, 
3 m g/'m l), each chick receiving 0.12, 0.09, 
0.09, and 0 .1 2 m g /b ird  at 8, 10, 12 and 
14 days of age. Estradiol benzoate and 
testosterone propionate (sesam e oil car
rier, 3 m g /m l) were injected as described 
for cortisol above, each chick receiving 
0.12, 0.12, 0.15, and 0.15 m g/b ird  at 8, 
10, 12, and 14 days of age, respectively.

Of each lot of 12 chicks, one-half were 
dosed orally and the other half dosed 
intram uscularly  with isotopes at 14 days 
of age. The oral dose consisted of 20 uc 
Ca45, 30 uc P32, and 10 uc Sr89 in 0.50 ml of 
distilled H20 . The in tram uscular (righ t 
breast m uscle) dose was 10 ac Ca45, 15 ac 
P32, and 5 ac Sr89 in  0.25 ml. The experi
ment was term inated at 16 days of age. 
Blood was combined from pairs of birds 
for later analyses of serum calcium, phos
phorus, and alkaline phosphatase, using 
Auto-Analyzer methodologies.4 The left 
tibia of each bird was cleaned, dried, and 
ashed. Bone ash was calculated as a per
centage of dry bone. Calcium and stron
tium were separated from phosphorus by 
oxalate precipitation and all 3 isotopes 
counted using a Geiger-Miiller instrum ent. 
Alkaline phosphatase values are in King- 
Armstrong units.

RESULTS

The effects of vitam in D, carbohydrate 
and cortisol on the experim ental measure-

t>y

m ents are shown in table 1. The 550 IC U / 
kg level of vitam in D represents 2.5 times 
the N ational Research Council estim ated 
requirem ent (1 1 ). Growth and bone ash 
were highly dependent upon vitam in D 
status. That chicks gained more weight 
with the highest vitam in D level appears 
to be the result of faster recovery from 
the depletion period. Cortisol injections 
markedly reduced growth rate. The pres
ence of dietary lactose resulted in  greater 
weight gains with inadequate vitam in D 
and consistently higher levels of bone ash 
regardless of vitam in D adequacy.

Vitamin D was shown to have m arked 
effects upon the tibia deposition of orally 
adm inistered calcium. Since the trea t
m ents shown in  table 1 had no effect on 
intram uscularly  adm inistered calcium, it 
is concluded that the effects shown were 
on absorption. It was unexpected that the 
highest vitam in D level (25 times require
m ent) depressed calcium absorption as 
compared with the 550-unit level. Lactose 
did not result in  improved calcium ab
sorption. The adm inistration of cortisol 
decreased calcium absorption regardless of 
vitam in D status.

Essentially the same effects were shown 
with orally adm inistered strontium  as with 
orally adm inistered calcium except that 
the m agnitude of absorption was consider
ably less. The highest level of vitam in D 
as well as the adm inistration of cortisol 
decreased the deposition of orally adm in
istered strontium. Results with in tram us
cularly adm inistered strontium  with the 
glucose and lactose series suggest de
creased tibia deposition with increasing 
vitam in D levels. Chicks receiving cor
tisol showed a highly significant reduction 
in deposition of intram uscularly  adm inis
tered strontium.

In most instances, orally and in tram us
cularly adm inistered phosphorus were de
posited with equal efficiency. The vitam in 
D and cortisol effects agreed closely with 
those of orally adm inistered calcium.

The influence of the variables upon 
blood serum levels of calcium, phosphorus 
and alkaline phosphatase in  the glucose 
and lactose series indicate that vitam in D 
increased the levels of calcium and phos-

4 T e c h n ic o n  In s tru m e n ts  C o rp o ra tio n , C h au n c e y  
N ew  York.
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phorus and decreased alkaline phospha
tase. W ith cortisol sim ilar vitam in D 
effects were observed on phosphorus and 
alkaline phosphatase, but unexpectedly 
there was no comparable effect on cal
cium.

The influence of carbohydrate, estradiol, 
and testosterone on the experim ental 
m easurem ents is shown in table 2. The 
growth-stim ulating effect due to estrogen 
was significant at P <  0.10. Dietary lac
tose again significantly increased the level 
of bone ash. With repect to the deposition 
of calcium, strontium , and phosphorus in  
the tibia, estrogen effects were generally 
highly significant, with the exception of 
orally adm inistered calcium and strontium  
where the effects approached significance 
(P  <  0.10). Apparently estrogen reduced 
the deposition of these isotopes metaboli- 
cally. A highly significant effect of estro
gen in  reducing serum  phosphorus was 
also evident.

The influence of carbohydrates and 
stearic acid on the experim ental m easure
m ents is shown in table 3. Growth rate 
was depressed by 20% xylose or 10% 
stearic acid. The latter markedly reduced 
bone ash deposition. Lactose, xylose, and 
sorbitol did not result in greater deposition 
of either orally or intram uscularly  adm in
istered isotopes of calcium and strontium. 
The presence of stearic acid markedly re
duced calcium, but not strontium  absorp
tion. Both oral and parenteral phosphorus 
depositions were reduced by stearic acid. 
It was unexpected that sorbitol would re
sult in  reduced serum  calcium. Stearic 
acid resulted in somewhat lower serum 
calcium and phosphorus and increased al
kaline phosphatase.

DISCUSSION

That lactose did not increase the absorp
tion of Ca45 confirms the observation of 
W asserm an et al. (1 2 ) that lactose did 
not increase calcium absorption in  the 
chick as it did in the rat. There are, how
ever, effects in the present study due to 
lactose which should be considered. Lac
tose resulted in increased growth ra te at 
suboptimal levels of vitam in D and in  
higher bone ash even with adequate vita
min D. These effects m ay be explained 
by the suggestion of Fox et al. (1 3 ) that
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lactose, a relatively unabsorbable carbo
hydrate, m ay assist in  removing n u tri
tional deficiencies by decreasing the avail
able energy of the diet and increasing its 
consumption by the chicks. In this study 
a relative increase in  calcium, phosphorus, 
and vitam ins m ight explain the observed 
effects of lactose.

The depressing effect of high vitam in D 
upon calcium and strontium  absorption 
was unexpected. The data in table 1 indi
cate that 73% as m uch Ca45 was absorbed 
with 5500 IC U /kg vitam in D as with the 
550 ICU /kg level. Similarly only 45% as 
m uch Sr89 was absorbed. These effects 
existed also in  the lactose and cortisol 
moclifications. In these comparisons, high 
vitam in D caused a greater percentage 
depression on strontium  than  on calcium 
absorption. Since the depression in cal
cium absorption and strontium  retention 
due to cortisol occurred independently of 
the vitam in D effects, it should be noted 
that only 0.70% of the oral strontium  dose 
was retained by the tibia of the chick with 
the cortisol-high vitam in D treatm ent.

The relative percentages of phosphorus 
deposited in  the tibia were sim ilar regard
less of whether phosphorus was adm inis
tered orally or intram uscularly, suggesting 
tha t phosphorus was absorbed equally well 
with the various imposed treatm ents. 
Since phosphorus deposition and retention 
in bone is dependent upon calcium and 
since the vitam in D and cortisol effects 
upon phosphorus were sim ilar to those 
with orally adm inistered calcium, it seems 
logical to conclude that phosphorus depo
sition was limited by calcium. If true, this 
dem onstrates how nutritional effects be
tween 2 nutrients m ay not be direct but 
ra ther dependent upon a third nutrient.

It seems probable that the effect of 
stearic acid in  reducing growth and bone 
ash is related to its effect in  m aking the 
calcium in the gut unavailable to the chick. 
This is fu rther evident by a decreased cal
cium level in the serum. The increased 
level of alkaline phosphatase is also sug
gestive of insufficient calcium as observed 
previously by Hurwitz and Griminger (14). 
The results in  this study show that alka
line phosphatase is a very sensitive ind i
cator of vitam in D deficiency and extend

previous observations of M artin and P at
rick (1 5 ) and others.

The adm inistration of estrogen and tes
tosterone in  this study did not increase 
calcium  retention as reported previously 
by others (7, 16) using sexually im m ature 
pullets. Estrogen actually resulted in de
creased retention of Ca45, Sr89 and P32 by 
bone. This agrees to a limited extent with 
the stated effect of estrogen in  assisting 
in  the removal of calcium  from  the bone 
into circulation; however, there was no in 
crease in serum calcium due to estrogen. 
Quite consistent with the adm inistration 
of estrogen, however, was a decreased level 
of serum phosphorus, which factor m ight 
result in  decreased calcification and there
fore decreased deposition of all 3 isotopes.
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Effects of Chlortetracycline and Isoniazid on 
Body Weight Gain and Intestinal 
Urea Hydrolysis of Rats * 1

R. F. HENDRICKSON,2 A. P. ALVARES a n d  W. J. VISEK
Departm ent of Pharmacology, The University  of Chicago, Chicago, Illinois

ABSTRACT  Results are presented from 4 experim ents using 144 w eanling m ale 
Sprague-Dawley rats fed either a casein-sucrose basal diet or the USP XIV assay diet 
(fortified w ith vitam in A ), each supplem ented w ith Chlortetracycline (100  ppm ) and 
isoniazid (100  p p m ), alone and in  com bination, for a 4-week experim ental period. 
Chlortetracycline w ith or w ithout isoniazid resulted in  markedly increased w eight 
gains, improved efficiency of feed utilization, and lowered intestinal urea hydrolysis 
w hen added to the lower quality casein-starch diet. Isoniazid, and antituberculosis 
agent, w as generally ineffective in  prom oting growth or reducing ureolytic activity  
w hen added alone or in  com bination w ith  Chlortetracycline to either diet. Signifi
cantly increased growth w as observed in  one experim ent w ith the casein-sucrose diet 
when isoniazid w as the only additive fed. Results of a fifth experim ent w ith 50 rats 
fed the USP XIV diet fortified w ith vitam in A and supplem ented w ith graded amounts 
of isoniazid (zero to 400 ppm ) indicated that 100 ppm  w as the m ost suitable concen
tration tested and that the failure of isoniazid to significantly stim ulate growth w ith  
this diet was not due to the concentration of the additive used. In general, increase  
in w eight gain due to additives appeared dependent on overall growth rate and nutri
tional adequacy of the diet.

It is generally recognized that dietary 
antibiotics exert their growth-promoting 
effects prim arily as a result of changes in 
the intestinal flora (1 ) . These effects are 
frequently associated with an increased 
efficiency of feed utilization and a sparing 
action on the requirem ents of essential 
nutrients in  suboptimal diets (1 -6 ) .  A 
possibility, to be considered in  this paper, 
is that changes in  the production of am 
monia, a toxin to m am m als (7 ) , m ay be 
related to this growth response in  rats.

Ammonia concentration in  the intestinal 
tract has been reduced in  anim als fed an ti
microbial agents (8, 9 ). Urea hydrolysis, 
one of the ammonia-producing systems in 
the intestinal lum en, has been inhibited by 
dietary antibiotics (9, 10), arsanilic acid
(9 ) , a cyclic urea derivative (1 1 ) , and by 
active im m unization to crystalline jack- 
bean urease (12, 13). This depression has 
frequently occurred concurrently with in 
creased rates of growth, although a quanti
tative relationship between weight gain 
and depression of ureolytic activity has 
not been established. This relationship 
has not been well dem onstrated in ra ts fed 
antibiotics.

Isoniazid, an antituberculosis agent, has 
been associated with improved weight 
gains and efficiency of feed utilization 
when fed to 2- to 3-month-old pigs (1 4 ) 
and when fed in combination with Chlorte
tracycline to young calves (1 5 ) . Recent 
work in this laboratory has dem onstrated 
enhanced growth and depressed ureolytic 
activity in chicks fed diets containing iso
niazid and Chlortetracycline, singly or in 
combination (1 6 ).

Some effects of dietary Chlortetracycline 
and isoniazid, incorporated in  2 different 
diets, on ra t growth, feed efficiency, and 
in vitro intestinal hydrolysis of urea are 
presented in the present paper.

EXPERIMENTAL

Five experim ents were conducted with 
a total of 194 weanling male Sprague- 
Dawley rats having an average initial 
weight of 51.6 ±  3.9 g. All anim als were 
individually housed in  wire-bottom cages 
and supplied with feed and water ad

R eceived  fo r  p u b lic a tio n  F e b ru a ry  26, 1964.
1 F in a n c ia l  su p p o rt fo r  th e se  s tu d ie s  w as  p ro v id ed  

in  p a r t  by th e  H e rm a n  F ra s c h  F o u n d a tio n , N ew  Y ork.
2 P u b lic  H e a lth  S e rv ^ e  P o s td o c to ra l Fellow .

J . N u t r it io n , 8 4 : ’64 65
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libitum. Body weight and feed consum p
tion were recorded weekly during the 28- 
day experim ental periods. The 2 X 2  fac
torial arrangem ent of treatm ents used in 
experim ent 1 (6  ra ts /tre a tm en t) and ex
perim ents 2, 3, and 4 (10 ra ts /tre a tm en t) 
consisted of: 1) basal diet; 2) basal diet 
plus 100 ppm Chlortetracycline; 3) basal 
diet plus 100 ppm isoniazid; and 4) basal 
diet plus 100 ppm Chlortetracycline plus 
100 ppm isoniazid. A purified casein-su
crose diet was fed in experim ents 1 and 2, 
whereas in the other 3 experim ents the 
USP XIV vitam in A assay casein-starch 
diet, supplem ented with vitam in A, was 
fed (table 1). Five treatm ents were used 
in the last experim ent (10 ra ts /tre a tm en t) 
where isoniazid was incorporated in  the 
starch diet at concentrations of zero, 50, 
100, 200, and 400 ppm.

Prior to the anim als being killed, they 
were fasted 16 hours in  experim ent 1, 
but were not fasted at the term ination of 
the other experiments. Large intestines 
including cecum plus contents were 
quickly removed, weighed, and homogen
ized for 3 m inutes in 60 ml of 0.9% so
dium chloride solution at 4°. Duplicate
3-ml aliquots were analyzed for ureolytic 
activity as previously described (1 7 ). 
Data from all experim ents were treated by 
analysis of variance using orthogonal com
parisons as described by Snedecor (1 8 ).

RESULTS
In the first experim ent (table 2 ) , com

bining Chlortetracycline with isoniazid re
sulted in less growth than  was observed 
with either additive alone. This negative 
interaction was statistically significant 
( P < 0 .0 3 ) .  Because of this interaction, 
m ain effects were not tested and non- 
orthogonal comparisons were made among 
single treatm ents. During the 4-week 
period, rats receiving Chlortetracycline 
alone and isoniazid alone gained 10 and 
15% more (P  <  0.02), respectively, than  
the basal group. Feed consum ption paral
leled weight gains and no differences in 
efficiencies of feed utilization were noted. 
In experim ent 2 (table 2 ), the average 
gain of all anim als was 27 g or 20% 
greater than in experim ent 1, and no sig
nificant treatm ent differences in growth or 
feed efficiency were observed at 4 weeks.

Hydrolysis of urea by intestinal contents 
of rats fed the casein-sucrose diet is also 
presented in table 2. In the first experi
m ent, analysis for m ain effects showed 
that incorporation of Chlortetracycline re 
duced urea breakdown by 58% (P  < 0 .01). 
This reduction was only 16% in experi
m ent 2 and no significant differences were 
found. The overall average ureolytic ac
tivity in experim ent 2 was nearly 220% 
of the average activity in experim ent 1 
and was due, at least in part, to the non-

TA BLE 1

Composition of diets

C ase in -su cro se  d ie t 1 C ase in -s ta rc h  d ie t 2

% o f  d ie t % o f  d ie t

C a s e in 2 0 .0 C a s e in 1 8 .0
S u c ro s e 6 1 .6 S ta r c h 6 5 .0
G e la t in 8 .0 B r e w e r ’s y e a s t  4 7 .9 8
B o n e  a s h 2 .0 I r r a d i a t e d  y e a s t 5 0 .0 2
C a  g lu c o n a te 5 .0 C o r n  o i l 6 5 .0
S a l t  m ix tu r e 1.4 S a l t  m i x t u r e 4 .0
V i ta m in  m ix tu r e  3 1.0
C h o l in e  m ix tu r e 1.0

T o ta l 1 0 0 .0 T o ta l 1 0 0 .0 0

1 B asa l d ie t o f S to k s tad  e t al. ( 2 2 ) .
2 U SP XIV V ita m in  A a ssa y  d ie t, s u p p le m e n te d  w ith  v ita m in  A a c e ta te  in  c o rn  oil.
3 V ita m in  c o n te n t o f b a s a l  d ie t:  (m g /1 0 0  g )  th ia m in e -H C l, 1.0; r ib o flav in , 1.0; p y rid o x in e -H C l, 

1.0; Ca p a n to th e n a te ,  5.0; n ia c in ,  5 .0; b io tin , 0 .02; fo lic  a c id , 0 .20; v ita m in  B 12, 0.05; m e n a d io n e , 
0 .25; a -tocophero l, 34; v i ta m in  A, 1500 IU ; a n d  v i ta m in  D, 200 IU.

4 V ita m in  c o n te n t o f b a sa l d ie t; (m g /1 0 0  g )  th ia m in e -H C l, 1.2; r ib o f la v in , 0 .52; p y rid o x in e -H C l, 
0 .24; C a p a n to th e n a te ,  1.0; n ia c in ,  3 .8; in o s ito l, 36.0; b io tin , 0 .018; fo lic  a c id , 0.18.

3 V ita m in  D, 100 IU /1 0 0  g d ie t.
6 V ita m in  A, 200 IU /1 0 0  g d ie t.
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fasting state of the anim als at the term in
ation of the second experiment. Animals 
fed isoniazid were found to have slightly 
higher values for urea hydrolysis than  
their respective controls in  both experi
ments.

In experim ents 3 and 4, a casein-starch 
diet (USP XIV) was fed in  an  attem pt to

obtain a greater antibiotic response (1 9 ). 
These results are presented in  table 3. 
Statistical analysis revealed highly signi
ficant increases in weight gains by all 
groups receiving Chlortetracycline, with or 
without isoniazid. These increases ranged 
from 21 to 43% of control values, and 
were reflected in  greater efficiency of feed

TA BLE 2
W eight gain, efficiency of feed utilization, and  intestinal urea hydrolysis of 

casein-sucrose basal diet  supplem ented  w i th  Chlortetracycline or isoniazid,
rats fed a 

or both

D iet1
Weight gain Urea

hydrolyzed 20-2 Weeks 0—4 Weeks 0-4 Weeks

9 9 g/g feed mg/ g dry wt

Experim ent 1 3
Basal 75 ± 7  4 1 2 5 ±  I l  5 0.36 ± 0 .0 2 9.1 ±  3.3
Chlortetracycline 80 ± 5 137 ±  12 0 .3 6 ± 0 .0 3 4 .5 ±  1.0 6
Isoniazid 81 ±  3 144 ± 9  7 0.37 ± 0 .0 2 12.9 ±  2.0
Chlortetracycline +  isoniazid 78 ± 9 132 ± 1 4  5 0 .3 6 ±  0.02 4.8 ±  1.0 6

Experim ent 2 8
Basal 86 ±  5 158 ±  15 0.46 ± 0 .0 4 18.3 ±  2.8
Chlortetracycline 87 ± 6  9 1 6 0 ±  15 0.47 ± 0 .0 3 17.3 ±  2.9
Isoniazid 82 ± 7 158 ± 1 5 0.46 ± 0 .0 4 18.9 ±  3.5
Chlortetracycline +  isoniazid 89 ± 6  9 171 ±  12 0.49 ± 0 .0 3 14.0 ±  1.2

1 C h lo rte tra c y c lin e  (L ed e rle  L ab o ra to r ie s , P e a r l  R iv e r, N ew  Y o rk ) a n d  is o n ia z id  (H o ffm a n n  
L a  R oche , N u tle y , N ew  J e r s e y )  ad d ed  a t  100 p pm .

2 L a rg e  in te s tin e  in c lu d in g  cecu m  p lu s  c o n te n ts . A n im a ls  fa s te d  16 h o u rs  in  e x p e r im e n t 1; n o t 
fa s te d  in  e x p e r im e n t 2.

3 Six r a t s / t r e a tm e n t ,  in i t i a l  w e ig h t 51.6 ±  1.5 g.
4 M ean  +  s e .
5 In te ra c tio n  b e tw een  a d d itiv e s  s ta t is t ic a lly  s ig n if ic a n t a t  P  <  0.03.
6 M ain  e ffec t: C h lo rte tra cy c lin e  vs. no  C h lo rte tra cy c lin e  s ig n if ic a n t a t  P  <  0.01.
7 N o n -o rth o g o n a l c o m p a ris o n  b e tw ee n  is o n ia z id  a n d  b a sa l s ig n if ic a n t a t  P <  0.02.
8 T en  r a t s / t r e a tm e n t ,  in i t ia l  w e ig h t 54.0 +  3.8 g.
9 M ain  e ffec t: C h lo rte tra cy c lin e  vs. no  C h lo rte tra cy c lin e  s ig n if ic a n t a t  P  <  0.05.

TA B LE 3

Weight gain, efficiency of feed utilization, and intestinal urea hydrolysis of rats fed a 
casein-starch basal d iet  supplem ented w i th  Chlortetracycline or isoniazid, or both 1

D ie t 2
W eig h t g a in U rea

0 -2  W eeks 0 -4  W eeks 0—4 W eeks h y d ro ly zed  3

9 9 g / g  fe ed m g / g  d ry  w t

Experim ent 3
Basal
Chlortetracycline
Isoniazid
Chlortetracycline +  isoniazid

62 ± 5  4 
79 ± 5  5 
67 ±  5 7 
83 ±  7 5-7

1 0 6 ±  I l  
154 ± 11 s 
112 ± 2 2  
1 5 7 ±  18 5

0.36 ± 0 .0 3  
0.51 ± 0 .0 5  5 
0.38 ± 0 .0 7  
0.52 ± 0 .0 6  5

17.0 +  4.4 
1 3 .2 ± 2 .6  6 
24.7 ±  6.8 
12.6 ± 2 .3  6

Experim ent 4
Basal
Chlortetracycline
Isoniazid
Chlortetracycline +  isoniazid

68 ± 4  
78 ±  10 5
64 ± 9  
82 ±  8 5

116 ±  19 
1 4 6 ±  13 5 
113 ±  21 
156 ± 2 3  5

0.37 ±  0.06 
0.47 ± 0 .0 5  5 
0.35 ±  0.06 
0.49 ± 0 .0 7  5

27.3  ±  5.5 
9.8 ± 2 .0  5

31.3  ±  5.1 
13.9 +  3.9 5

1 T en  r a t s / t r e a tm e n t ;  in i t i a l  w e ig h ts  50.5 ±  3.6 g (e x p . 3 ) ,  49.7 ±  3.4 g (ex p . 4 ) .
2 C h lo rte tra c y c lin e  a n d  is o n ia z id  ad d ed  a t  100 pp m .
3 L arge  in te s tin e  in c lu d in g  c ec u m  a n d  c o n te n ts . A n im a ls  n o t fa s ted .
4 M ean  +  s e .
5 M a in  e f f e c t :  C h lo r te t r a c y c l in e  v s . n o  C h lo rte tra cy c lin e  s ig n i f i c a n t  a t  P <  0.001.
6 M ain  e ffec t: C h lo rte tra cy c lin e  vs. n o  C h lo rte tra cy c lin e  s ig n if ic a n t a t  P  <  0.09.
7 M ain  e ffec t: is o n ia z id  vs. n o  is o n ia z id  s ig n if ic a n t a t  P  <  0.05.
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utilization by anim als fed antibiotic. In 
contrast, isoniazid had  no appreciable ef
fect on either weight gain or feed effi
ciency.

The m arked growth stim ulation observed 
with Chlortetracycline was accompanied by 
pronounced decreases in  urea hydrolysis 
(table 3 ) of 38% (P  <  0.09) and 60% 
(P  <  0.001) for groups fed this additive in  
experim ents 3 and 4, respectively. As in 
the first 2 experim ents, ureolytic activity 
was slightly higher when isoniazid was 
added to the diet.

Results of a fifth study (table 4 ) sug
gest that the failure of isoniazid to signi
ficantly promote growth in rats fed the 
casein-starch diet was not due to the con
centration of the additive used. Although 
none of the differences were statistically 
significant, the data lend support to the 
choice of 100 ppm  as a favorable concen
tration and agree with the effects observed 
with isoniazid in the previous experiments. 
On gross observation, no signs of pyri- 
doxine deficiency were noted in  the ani
mals.

DISCUSSION

The results of experim ents 3 and 4 
clearly dem onstrate stim ulation of growth 
concurrently with depression of intestinal 
urea hydrolysis when Chlortetracycline is 
added to the USP XIV diet fed to rats for 
a 4-week experim ental period; they also 
confirm the apparent relationship between 
growth and urea hydrolysis observed pre
viously in this laboratory with Chlortetra
cycline in  chicks (11, 16, 17). Others 
have noted a depression of in vivo urea 
hydrolysis of intestinal am m onia with 
antibiotics in the diet (8 , 10). Chlortetra

cycline did not significantly increase 
growth rate when ra ts were fed a casein- 
sucrose diet (exps. 1 and 2 ), and ureolytic 
activity was not m arkedly influenced ex
cept when the anim als were fasted, in 
which case the lower level of urea hydrol
ysis (exp. 1) m ay reflect the more rapid 
passage of ingesta through the gastroin
testinal tract sometimes observed in  an ti
biotic-fed anim als (20). However, retarded 
passage has also been reported (2 1 ) , and 
others have observed conflicting effects 
which appear to be dependent on carbo
hydrate source (2 2 ) and on duration of 
antibiotic supplem entation (2 3 ).

The data strongly suggest tha t diet was 
an im portant determ inant in  the growth 
response due to Chlortetracycline. Anti
biotics do not norm ally stim ulate growth 
of anim als fed nutritionally optimal diets. 
Probably neither of the semipurified diets 
used in  these studies was optimal, although 
the casein-sucrose diet generally exceeds 
the current NRC requirem ents for n u tri
ents for the growing ra t (2 4 ). The type of 
carbohydrate fed was a prim ary variable, 
but there were m any other differences in 
diet composition including a lesser am ount 
of protein and a deficiency of sulfur amino 
acids and choline in  the casein-starch diet 
which m ay have affected the response to 
the antibiotic. Previous work with chicks 
indicates that growth stim ulation by Chlor
tetracycline and barbituric acid is depend
ent on carbohydrate source (17, 22). 
Although the results obtained with Chlor
tetracycline in  these experim ents with rats 
are in  contrast to those obtained with 
chicks (where Chlortetracycline increased 
growth when added to a casein-sucrose 
diet but not when added to a casein-starch

TA BLE 4

W eight gain, efficiency of feed utilization, and intestinal urea hydrolysis of rats fed a 
casein-starch basal diet  supplem ented w i th  isoniazid 1

Iso n ia z id
W eig h t g a in U rea

h y d ro ly z e d  20 -2  W eeks 0 -4  W eeks 0 -4  W eeks

p p m 9 9 g / g  fe ed m g / g  d ry  w t
0 6 4 ± 6  3 1 1 5 ±  12 0.35 ± 0 .0 4 27.4  ±  8.1

50 65 ± 5 1 1 7 ±  12 0.34 ± 0 .0 3 25.8  ±  4 .6
100 68 ±  7 122 ±  14 0.35 ± 0 .0 4 39.5  ±  7.8
2 0 0 65 ± 5 1 1 7 ± 9 0.33 ± 0 .0 3 35.3  ±  6.4
4 0 0 60 ±  5 1 1 0 ± 9 0 .3 1 ± 0 .0 3 3 5 .6 ±  11.2

1 T e n  r a t s / t r e a tm e n t ,  in i t ia l  w e ig h t 51.1 ±  3 .6  g.
2 L a rg e  in te s t in e  in c lu d in g  c ec u m  a n d  c o n te n ts . A n im a ls  n o t  fa s ted .
3 M ean  ±  s e .
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diet), the differences in  diet composition 
previously m entioned m ay be partially re
sponsible for this discrepancy.

Isoniazid did not consistently stimulate 
growth when fed as the only additive or in 
combination with chlortetracycline. This 
is in  contrast with results obtained with 
swine (1 4 ) , calves (1 5 ) , and in  this lab
oratory with chicks fed the same casein- 
sucrose diet (1 6 ). Although the intestinal 
ureolytic activity was substantially reduced 
by isoniazid in  the chick studies, in these 
experim ents rats fed isoniazid had slightly 
higher urea hydrolysis values — again 
suggesting a negative relationship between 
the degree of intestinal urease activity and 
gjowth rate. W hether this relationship is 
causative or coincidental to a m utal cau
sative effect rem ains to be established. 
The USP XIV diet appears to be a useful 
test system for fu rther investigation of 
this problem.

The evidence presented in  this paper 
dem onstrates that dietary chlortetracycline 
resulted in growth stimulation, increased 
efficiency of feed utilization, and de
pressed intestinal ureolytic activity when 
rats were fed the USP XIV casein-starch 
diet, but not when a higher quality casein- 
sucrose diet was fed. Isoniazid had no 
consistent effect on growth or urea hydrol
ysis when added to either diet fed to rats.
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Studies in Infantile Malnutrition
III. EFFECT OF PROTEIN AND CALORIE INTAKE ON 

NITROGEN RETENTION * 1

GEORGE G. GRAHAM, ANGEL CORDANO a n d  JUAN M. BAERTL
British American Hospital, Lima, Peru

ABSTRACT  In severe m arasm us and in  partially recovered m alnourished in fants, 
the retention of nitrogen is shown to depend on the total intake of calories as w ell as 
on the quantity and quality o f protein ingested. If the caloric requirem ents are not 
m et, protein is “wasted.” Early in  the treatm ent of patients w ith hypoalbum inem ia, 
with or w ithout other signs of kwashiorkor, nitrogen retention is, to a great extent, 
independent o f caloric intake but closely related to the quantity and quality o f protein 
in the diet. After this in itia l period of repletion, nitrogen retention is also dependent 
on caloric intake.

The effect of caloric intake on the effi
ciency of protein utilization in anim als is 
well docum ented: if it falls below the 
optimal range for a given protein intake, 
retention of nitrogen falls off; if caloric 
intake is increased beyond this range, addi
tional retention of nitrogen can be dem 
onstrated, accompanied by a change in 
body composition. The optimal level of 
caloric intake for m axim al utilization of 
protein varies with the quality of the pro
tein (1 ) . Similar observations have been 
made in m an, notably in prem ature infants
(2 ) and in young adults (3 ) .

In those areas of the world where severe 
infantile m alnutrition is common, a very 
high mortality is consistently reported in 
cases of m arasm us. At the same time great 
difficulty is encountered in  obtaining a 
satisfactory, if any, gain in  weight (4 ) . 
Despite the m uch higher incidence of this 
gross, essentially uncom plicated form of 
undernutrition, it has not received the 
attention accorded in  recent years to the 
more dram atic symptom complex of kwash
iorkor, whether in m arasm ic or less se
verely undernourished infants. Most pedi
atric centers are re luctant to adm it 
m arasm ic infants, in  great part because of 
their prolonged hospital stays and poor 
response to treatm ent, which usually con
sists of an over-generous protein intake 
and an inadequate caloric intake. This is 
in direct contrast with the dram atic re
sponses obtained in  in fan ts surviving an 
episode of kwashiorkor. The difference in

responses can be shown to be due to the 
very high caloric requirem ents of the m ar
asmic in fan ts with severe deficits in  height 
and weight, on the one hand, and to the 
initial high protein requirem ent of the 
acutely depleted kwashiorkor patient on 
the other.

W aterlow (5 )  related the weight gain of 
m alnourished infan ts to caloric intake, and 
in a previous publication (6 ) ,  we have 
made sim ilar observations, suggesting that 
the energy requirem ents were directly re
lated to the deficit in  weight and height 
for age. It is generally agreed that nitro
gen retention as determ ined by the balance 
method, is a crude but valuable index 
of growth. In only one study of m al
nourished infan ts (7 )  have we found an 
attem pt to relate nitrogen retention and 
caloric intake. Just as we have noted that 
m arasm ic infants require exceptionally 
high caloric intakes to gain weight, we 
have also noted a direct relation between 
caloric intake and nitrogen retention in  the 
same patients. On the other hand, in  
patients with hypoalbum inem ia, with or 
w ithout edema and other signs of kwashi
orkor, we have noted high nitrogen reten
tions despite caloric intakes which are 
well below the m inim um  for growth, p ar
ticularly when milk was the source of 
protein.

R ece ived  fo r  p u b lic a tio n  J a n u a r y  21, 1964.
1 T h is  in v e s t ig a tio n  w as su p p o rte d  by  P u b lic  H e a lth  

S erv ice  R ese a rch  G ra n ts  AM -4635 a n d  AM -5935 fro m  
th e  N a tio n a l  In s t i tu te s  o f H e a lth .

J. N u t r i t i o n , 84: ’64 71
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METHODS

In 23 severely m alnourished infan ts we 
have had the opportunity of studying two 
or more consecutive dietary periods in 
which the intakes of protein, water, so
dium, potassium, and m agnesium , on a 
per kilogram basis, recalculated daily, were 
kept constant, but the caloric intake was 
either increased or decreased progressively 
(100 ml of water, 2.0 mEq Na, 3.3 mEq K, 
and 0.55 mEq M g /k g /d ay ). The same 
dose (0.6 ml daily) of a m ultivitam in prep
aration 2 was given at all times. Collec
tions of urine and stool were made, using 
metabolic beds, in  an air conditioned en
vironm ent, allowing a m inim al period of 
adjustm ent of 3 days before determ ining 
the apparent nitrogen balance. Nitrogen 
in the diet, urine and feces was deter
m ined by the standard micro-Kjeldahl 
method. No attem pt was m ade to estim ate 
endogenous excretion or other possible 
nitrogen losses, or to interpret the results 
in absolute term s, as at all times we were 
com paring values in the same patient. 
The sources of nitrogen were one of the 
following: a modified cow’s m ilk prepara
tion,3 a m ixture of wheat and fish proteins
(8 ) ,  and a vegetable m ixture based on 
cottonseed flour.4 W hen desired, additional 
calories were added in  the form of cotton
seed oil and cane sugar, m aintaining the 
proportion of fat and carbohydrate found 
in the modified milk. In all diets, 53% of 
non-protein calories came from fat and 
47% from carbohydrates.

RESULTS

For purposes of comparison, the patients 
have been divided into 3 groups. Some 
patients are reported more than  once, in 
the same or different groups, at different 
stages in  the course of recovery.

In the first group ( table 1) are included 
severely m alnourished infan ts with nor
m al serum proteins whose caloric intake 
was progressively increased, either to ac
celerate weight gain or for the explicit pur
pose of studying its effect on nitrogen re
tention. Nearly all of them  had ratios of 
height age/chronologic age below 0.4, and 
in most of them, the weight age/height 
age ratio was also below 0.4, indicating 
both chronic and acute undem utrition. 
In practically every in fan t we see a clear

tendency for nitrogen retention to increase 
with caloric intake, regardless of the 
source of protein. In a single case with a 
high nitrogen intake of 0.8 g /k g /d ay  there 
was no apparent effect of caloric intake on 
nitrogen retention.

In the second group (table 2 ) are in 
cluded infan ts with hypoalbum inem ia 
(less than  2.5 g/100 m l of serum ), with 
or without edema and other clinical signs 
of kwashiorkor, whose caloric intake was 
progressively increased. Caloric intake had 
no consistent effect on protein utilization. 
W hen m ilk was the source of protein, 
particularly at the higher levels of protein 
intake, initial nitrogen retention was high 
and tended to fall off as caloric intake was 
increased. In three of them, there was 
again an increase in  retention when their 
caloric intake was further increased. The 
initial high retentions of nitrogen coincide 
with the rapid regeneration of serum  al
bum in, particularly when milk was the 
source of protein.

The third group (table 3) includes those 
patients whose caloric intake was progres
sively reduced, either to control excessive 
weight gain or to study the effect on nitro
gen retention. Although all of them  had 
low height age/chronologic age ratios, the 
weight age/height age ratios were be
tween 0.4 and 1.25, and they have thus 
been considered as “partially recovered.” 
We see a consistent tendency for nitrogen 
retention to decrease as caloric intake was 
decreased, thus supporting the contention 
that the progressive im provem ent shown 
in table 1 is not the result of im provem ent 
in  nutritional state and the ability to retain  
nitrogen but ra ther of more efficient pro
tein utilization resulting from a higher 
caloric intake.

DISCUSSION

There is abundant evidence to the effect 
that the calorically deprived anim al, 
whether fed a high or a low protein diet, 
achieves a very sim ilar body nitrogen con-

2 A bdecol (P a r k e ,  D av is  a n d  C o m p a n y ), 0.6 m l of 
w h ic h  y ie ld  50 m g  asco rb ic  a c id , 5000 u n i ts  v i ta m in  
A, 1000 u n i ts  v ita m in  D , 1.0 m g  th ia m in e  HC1, 1.2 m g  
r ib o flav in , 1.0 m g  p y rid o x in e -H C l, 5 m g  p a n to th e n ic  
a c id  a n d  10 m g  n ic o tin a m id e .

3 S im ilac  w ith  Iro n , su p p lie d  by  R oss L a b o ra to r ie s , 
C o lu m b u s, Ohio.

4 B rad fie ld , R. B. 1960 T h e  d e v e lo p m en t o f a  low- 
cost, h ig h  n u tr i t iv e  v a lu e  food  s u p p le m e n t fo r  
P e ru v ia n  c h ild re n . A b stra c t no . 126, F if th  I n te r n a 
t io n a l C ongress  o f N u tr i t io n , W a s h in g to n , D. C.
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tent and distribution, and that in  severe 
caloric restriction protein in  the diet be
comes, in the m ain, another source of en
ergy (9 -1 1 ). In the m alnourished infant, 
there is a compensatory reduction in basal 
metabolic rate; during treatm ent, as ca
loric intake is increased, BMR reaches 
higher than  norm al values (1 2 ) , resulting 
in an increased requirem ent of energy and 
failure to gain weight if this is not satis
fied. In chronic caloric deprivation it has 
also been shown that there is an increase 
in adrenal cortical function conducive to 
the conservation of liver and serum pro
teins at the expense of muscle protein
(1 3 ). An adequate caloric intake favors 
the renewed utilization of amino acids by 
muscle proteins (1 4 ). In our m arasm ic 
patients, these m echanism s are apparently 
in operation. Our observations confirm 
the im portance of m eeting the markedly 
elevated caloric requirem ents of these in 
fan ts and the futility of giving supple
m entary protein without doing so.

The initial situation of our patients with 
hypoalbum inem ia is quite different and 
m uch akin to the acute protein depletion 
produced in experim ental anim als where 
there is a high retention of nitrogen, most 
particularly by the liver, well above that 
normally obtained with a given caloric in 
take (10, 15, 16). A sim ilar effect has 
been reported in  protein-depleted in fan ts
(1 7 ). The rapid regeneration of serum 
album in and disappearance of the fatty 
liver of kwashiorkor which is observed 
when m ilk proteins are given is probably 
of a sim ilar nature. After this initial 
period, nitrogen retention is more nearly 
dependent on caloric intake as in  the nor
mal or m arasm ic individual. In the pro
tein-depleted anim al and in  kwashiorkor 
m uch if not most of the nitrogen retained 
initially is probably taken up by the liver 
and m ust depend to a great extent on the 
am ount and sequence of amino acids avail
able in the portal circulation. Since the 
action of insulin is essential for the up
take of amino acids by m uscle cells, an 
adequate caloric intake is of greater im 
portance for the subsequent retention of 
nitrogen, once the depleted liver proteins 
are regenerated.
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ABSTRACT  Growing 267-kg steers were fed a low-nitrogen ( N ) ,  semipurified diet 
with varying com binations of urea and corn gluten m eal to supply either zero, 46 or 
92% of the anim als’ N  intake as urea. N  balances were 20, 14 and 1 g /d a y  for the 
respective diets. Fecal and urinary N  excretions increased w ith increasing am ounts 
of urea N  in the diet. Other indices of N  utilization follow ed sim ilar trends. Although  
m icrobial activity (estim ated by redox potential) was higher w ith urea-containing  
diets, m easurem ent of rum inal am m onia and partition of the urinary N  fraction in 
dicated a loss of N  by the anim al as a result of rum inal am m onia concentration. 
Rum inal am m onia peak and biological value were inversely related. Evidently m icro
bial protein synthesis w as not comparable in  rate to urea hydrolysis. The sm all 
change in rum inal am m onia concentration produced from com  gluten m eal suggested  
that this protein is relatively insoluble or has a slow  rate of release in  the rum en. The 
inferiority of urea diets can therefore be explained as a com bination of urea hydrolysis 
occurring at a faster rate than synthesis of m icrobial protein and a portion of less 
soluble N sources escaping rapid proteolysis in  the rumen.

One of the m ajor developments in rum i
nan t feeding practices during recent years 
has been the use of urea as a protein sub
stitute. The function of urea in rum inant 
diets has been covered in  several reports 
(1 -8 ) .  In most of the experim ents re
viewed in  these reports, urea did not sup
ply more than  30 to 40% of the total n i
trogen (N ). More recently, however, 
higher levels of urea feeding have been 
attem pted (9, 10). Although m uch re
search effort has been directed towards 
finding optimal conditions for the efficient 
utilization of urea, in term s of productive 
capacity, diets using urea as a protein 
substitute are usually inferior to diets 
using protein. It seems im portant, there
fore, that basic studies on urea utilization 
yy rum inant anim als be continued.

The experim ents reported herein were 
designed to supply almost all of the ani
mals’ N requirem ent through the test 
sources considered by feeding a low N, 
semipurified diet (0.23%  N on a dry mat- 
:er basis). In this way it was possible to 
supply either zero, 46 or 92% of the N 
requirement from urea and thereby to 
study the effect of urea N per se on both 
:he rum en microorganism and the in tact 
m imal metabolism.

EXPERIMENTAL

Growing 267-kg Jersey steers, fitted with 
perm anent rum en cannula, were fed the 
low N basal diet (table 1) with com bina
tions of urea and corn gluten m eal to sup
ply either zero, 46 or 92% of the anim als’ 
N requirem ent as urea. These diets were 
fed once daily according to the NRC (11 ) 
protein and energy recom m endations.

TABLE 1
Composition of basal diet

Oat straw
%

19.6
Cornstarch 19.6
Ground corn cobs 19.6
Glucose monohydrate 1 39.2
M ineral m ix 2 1.5
Vitam in m ix 3 0.4

1 C erelose , C orn  P ro d u c ts  C o m p an y , A rgo, I llin o is .
2 In  m g /g  o f d ie t: C aH P 0 4, 6 .85; N aC l, 2 .00; a n d  

N a 2S 0 4, 6.36. O ffered  sep a ra te ly  a d  l ib itu m : C a C 0 3; 
CaSO-i; KHCOs; M g C 0 3; N aC l; a n d  N a H 2P 0 4.

3 In  I U /g  o f d ie t:  v ita m in  A, 3 .88; v ita m in  D , 0 .39; 
v i ta m in  E , 0 .08; v ita m in  B i2, 0.005.

R ece ived  fo r  p u b lic a tio n  M arch  13, 1964.
1 P a p e r  o f th e  J o u rn a l  S eries , N ew  J e rse y  A g ricu l

tu r a l  E x p e r im e n t S ta tio n , R u tg e rs  — T h e  S ta te  U n i
v e rs ity , N ew  B ru n sw ick . D a ta  p re s e n te d  a re  fro m  a 
th e s is  su b m itte d  by th e  sen io r a u th o r  in  p a r t ia l  
fu lf i l lm e n t fo r  th e  Ph.D . degree.

2 P re se n t a d d re ss : D e p a r tm e n t o f  D a iry  S cience,
C lem son  U n iv e rs ity , C lem son , S o u th  C aro lin a .

3 P re se n t a d d re ss : M o rris  R ese a rch  L a b o ra to r ie s ,
T o p ek a , K an sa s .

f. N u t r it io n , 8 4 : ’64 7 7
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Urea-containing diets were supplemented 
with starch to compensate for their lower 
energy content. Adjustm ents in  am ounts 
of N and energy for anim als of differing 
size were made as a function of body 
weight"73.

The experim ental design consisted of 
(a )  a 50-day adjustm ent period in  which 
equal portions of the anim als’ N require
m ent were supplied by corn gluten m eal 
and urea to determine the efficacy of the 
semipurified diet; (b )  a metabolism trial 
(21-day prelim inary and 14-day experi
m ental periods) in which the various com
binations of urea and corn gluten m eal 
were fed to 4 anim als in  an  incomplete 
(less 1 colum n) 4 X 4  Latin square de
sign (1 2 ); and (c )  a N-free period to esti
m ate urinary endogenous and metabolic 
fecal N excretions.

During the experim ental period of the 
metabolism trial (b ) , samples of rum en 
liquor were collected via the fistula at 
zero, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0 and 5.0 
hours after feeding and analyzed for am 
m onia concentration, pH, and redox po
tential, to ascertain the influence of urea 
versus plant protein N on the metabolism 
of rum en microorganisms. Total collec
tion of urine and feces and N partition 
provided inform ation on the overall m etab
olism of the animal.

Redox potential m easurem ents were 
made with a Beckman Model H-2 ph m eter 
fitted with a calomel and gold electrode. 
Redox potential m easurem ents were cor
rected for pH effect as suggested by 
C halupa4 and by Baldwin and Emery 
(1 3 ). Redox values presented are ex
pressed in term s of the gold versus the 
calomel electrodes. Ammonia concentra
tion in rum en liquor and urine and urinary 
creatine and creatinine were determined 
according to procedures outlined by Hawk 
et al. (1 4 ). Proximate analyses were car
ried out according to AOAC (1 5 ) recom 
m endations; cellulose, by a modification 
of the Crampton and M aynard (16 ) tech
nique; and energy, by calorimetry in  a 
Parr oxygen bomb.5

RESULTS

A djustm ent period. To evaluate the ef
ficacy of the semipurified diet for growing 
rum inant anim als, a 50-day test trial was

conducted. Approximately one-half of the 
anim als’ N requirem ent was in  the form 
of urea, with rem ainder supplied by corn 
gluten meal. Average daily weight gain 
for the 50-day period was 0.29 kg, which 
indicated that growth of rum inan t an i
mals could be m aintained with this diet.

N-Free period. Total collections of urine 
and feces were made on days 3 to 5, 7 to 9, 
and 10 to 12 of N-free feeding. No differ
ences in N excretions existed between col
lection days 7 to 9 and 10 to 12, which in 
dicated that metabolic and endogenous 
excretion levels had been reached by the 
seventh day. The m ean metabolic fecal 
N excretion was 0.281 ±  0.048 g/100 g of 
dry m atter consumed. Mean urinary 
endogenous N excretion was 0.0315 ±  
0.0007 g /kg  body weight. These values 
fall within the ranges observed by other 
workers and cited by Chalupa.6

Metabolism trial. It is well known that 
the am ount of available energy as well as 
the level of protein feeding will markedly 
influence the m agnitude of N utilization. 
Thus a constant calorie-to-N ratio is an 
im portant factor when com paring utiliza
tion of dietary N sources. The values pre
sented in table 2 show that diets fed dur
ing this study were both equicaloric and 
isonitrogenous. Thus, the metabolic dif
ferences in rum inal am m onia content, ru 
m inal redox potential, N balance and ex
creted N noted between dietary N sources 
can be attributed to the N source per se.

Nitrogen excretion data are presented in 
table 3. Since fecal N values were signifi
cantly affected by level of urea N, there

TABLE 2

Nitrogen intake and calorie-to-nitrogen ratio

U r e a N
C orn 

g lu te n  
m e a l N

N  in ta k e C alorie-to- 
N  ra tio

% % 9 / day
k ca l

d igest ib le  
e n e r g y / g N

0 92 81.0 1 7 5 ± 4  1
46 46 78.6 171 ±  9
92 0 78.2 170 ±  2

1 s e  of m ean .

4 C h a lu p a , W . V. 1962 N itro g e n  u t i l iz a t io n  a n d  
m ic ro b ia l a c tiv ity . Ph .D . T h es is . R u tg e rs  U n iv e rs ity , 
N ew  B ru n sw ick , N ew  Jersey .

5 P a r r  M a n u a l no. 120 1948 O xygen  b o m b  c a lo r im 
e try  a n d  o x ygen  co m b u stio n  m e th o d s . P a r r  I n s t r u 
m e n t C o m p an y , M oline, I llin o is .

6 See fo o tn o te  4.
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TA B LE 3

Influence of dietary nitrogen source upon nitrogen utilization

M ea su re m en t
N itro g e n  so u rce , % 1

Z ero  U 46 U 92 U
92 CGM 46 CGM Z ero  CGM

Fecal N , g /d a y b 20.5 ± 2 .5 8 2 22.6 ±  1.70 25.9 ± 2 .7 4

Urinary N , g /d a y  b 40.8 ± 3 .2 9 42.4 ± 2 .5 6 51.1 ±  2.87

N retained:
g /d a y  a 19.6 ±  1.96 1 3 .6 ± 4 .5 7 1.2 ±  1.37
as %  i n t a k e  b 24.2 ±  1.71 16.8 ±  5.46 1.6 ±  1.75

Biological value, % a 56.5 ± 3 .6 9 50.6 ±  5.28 36.8 ± 3 .7 9

N et protein utilization, % “ 51.2 ±  2.66 44.4 ± 5 .1 6 30.7 ±  2.67

Urinary creatine, g /d a y  b 4 .3 ±  1.12 4.5 ±  0.70 7 .2 ±  0.82

Wt change, kg /d ay  a 0 .5 ± 0 .0 8 0.3 ± 0 .0 5 - 0 . 1 ± 0 . 1 1

1 U in d ic a te s  N %  s u p p lie d  by  u re a  a n d  CGM in d ic a te s  N %  su p p lie d  by  c o rn  g lu te n  m ea l.
2 se  o f m ean .
a S ig n ific an t l in e a r  re g re s s io n  o f c r i te r io n  o f m e a s u re m e n t a n d  p e rc en tag e  o f N  so u rce  (P  <  0 .0 5 ) 

( 1 2 ).
b S ig n if ic an t l in e a r  re g re s s io n  o f c r i te r io n  o f m e a s u re m e n t a n d  p e rc en tag e  o f N  so u rce  (P  <  0 .1 0 ) 

( 1 2 ) .

were differences in both apparent and true 
digestibility of N. Similarly, urinary N 
excretion was increased when urea sup
plied increasing am ounts of the anim als’ 
N requirem ent. These increased fecal and 
urinary excretions were reflected in  sig
nificant decreases in N retention, biolog
ical value and net protein utilization. The 
weight changes (table 3) followed the 
same pattern  as the N utilization data.

Since a m ajor change, in  terms of N 
utilization, occurred in  the excretion of 
urinary N, this fraction was partitioned as 
indicated in table 4. Significant increases 
in urinary urea plus am m onia N and in 
creatine N were observed with the diets 
which supplied increasing am ounts of the 
total N as urea. Since urinary  creatine

arises as a result of tissue catabolism or 
the reduction of muscle m ass, this in 
crease may be due, in  part, to m uscular 
catabolism resulting from an inferior die
tary N source in the form of urea. The 
large undeterm ined urinary N fraction ob
served with the diets supplying either zero 
or 46% of the N as urea probably repre
sents amino N and small am ounts of in 
tact protein.

In an attem pt to determ ine the origin 
of the increased urinary excretion of urea 
plus am m onia, rum en liquor samples ob
tained at various time intervals after feed
ing were analyzed for am m onia concen
tration. The data in figure 1 indicate that 
urea was rapidly hydrolyzed to ammonia 
in the rum en. The small change in rum en

TA BLE 4

Influence of dietary nitrogen source upon urinary nitrogen distribution

N itro g e n  so u rce , % 1
C o m p o n en t Z ero  U 

92 CGM
46 U 

46 CGM
92 U

Z ero  CGM

Total urinary N , g /day 40.8 ± 3 .2 9  2 42.4 ± 2 .5 6 51.1 ±  2.87

Nitrogen partition:
( % of total urinary N )

Urea +  NÜ3 N 72.1 ± 1 .2 3 73.3 ± 2 .3 8 86.0 ± 1 .6 4
Creatinine N 6.3 ± 0 .7 9 7.0 ± 0 .8 8 6.3 ± 0 .4 9
Creatine N 3.6 ± 0 .7 9 3.7 ± 0 .4 8 5.1 ± 0 .8 5
Undeterm ined N 18.0 ±  0.95 16.0 ±  1.80 2 .6 ±  1.50

1 U in d ic a te s  N %  su p p lie d  by  u re a a n d  CGM in d ic a te s  N % su p p lie d  by c o rn g lu te n  m ea l.
2 se  o f m ean .
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Fig. 1 Influence of urea upon rum inal am m onia concentrations at various tim es after 
feeding (T ukey’s D, differences w ith P <  0 .05) ( 12 ) .  CGM indicates corn gluten m eal.

am m onia concentration produced from the 
corn gluten m eal diet suggests that this N 
source is relatively insoluble or has a 
slow rate of release in  the rum en.

Rumen liquor samples, obtained at vari
ous time intervals after feeding, were sub
jected to redox potential m easurm ents in 
an attem pt to ascertain whether differ
ences in rum en metabolic activity existed 
as a result of varying the dietary N source. 
Values presented in figure 2 have been cor
rected for differences existing at the zero- 
hour sampling period and are to be in ter
preted as reflecting quantitative changes 
in  microbial activity as estim ated by 
redox potential. Animals fed diets with

92% of the N supplied by urea exhibited 
an immediate and m arked increase in 
rum inal redox potential, whereas at first 
those fed the corn gluten m eal had a lower 
redox potential although subsequently it 
increased. We interpreted these data to 
m ean that microbial activity was greatest 
with diets containing the most soluble N, 
that is, urea N.

DISCUSSION

Since microbial activity, as estim ated by 
changes in  redox potential, was higher 
with urea-containing diets, the factor lim 
iting efficient N utilization of urea diets by 
the anim al was assum ed to be the ra te  of
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Fig. 2 Influence of urea upon rum inal redox potential at various tim es after feeding  
(T ukey’s D, difference w ith P <  0 .05) ( 12 ) .  CGM indicates corn gluten m eal.

form ation of microbial protein in the ru 
men. Since urea is rapidly hydrolyzed to 
am m onia in the rum en, the urea fed m ust 
by synthesized into protein by the rum en 
microorganisms for the best utilization of 
dietary N by the anim al; if otherwise, urea 
hydrolysis occurs at a faster ra te  than  pro
tein synthesis, and a loss of N to the ani
mal could result. These data are in  agree
m ent with those previously reported (20, 
21), namely, that N sources of lower solu
bility have higher utilization values for 
rum inant animals.

N utilization data indicated that with 
increasing urea N supplem entation N utili

zation was decreasing. The decreased N 
utilization with the diets supplying an in 
creasing am ount of N as urea resulted in 
an increased urinary N excretion. Parti
tion of urinary N revealed that the in 
crease was in  the form of urea plus am 
monia. Rum inal am m onia concentrations 
indicated that urea was rapidly hydrolyzed.

The relationship of increasing rum inal 
am m onia concentration and decreasing N 
utilization existed, supporting the concept 
of am m onia absorption into the portal 
blood system with subsequent conversion 
back to urea in the liver and excretion in 
the urine. The greater urinary N excre
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tion and percentage of urea N in the urine 
supported this hypothesis. Similar results 
have been reported by Drori and Loosli
(9 ) . Not so obvious, however, was the 
am ount of am m onia th a t was not con
verted to urea in the liver and which even
tually re-entered the rum en via the periph
eral circulation as suggested by Houpt 
(1 7 ). Similar to the report of Oberleas,7 
this latter fraction was reflected, in  part, 
by the increased fecal N excretion reported 
in  table 3 with increasing dietary N from 
urea. The greater re tu rn  of urea to the ru 
m en reported by Lewis (1 8 ) , Houpt (1 7 ) , 
and Hirose et al. (1 9 ) when rum en am 
m onia concentration were elevated could 
result in  this anomaly.

Since the lim iting factor for optimal 
utilization of urea appears to be the rate 
of u rea hydrolysis and microbial protein 
synthesis from its N, fu ture studies should 
be directed towards decreasing the former 
and increasing the latter, or both. And as 
microbial activity is related to the am ount 
of soluble N in  the rum en, the caloric 
density or the am ount of fiber in a diet 
may determine the optimal ratio of soluble 
to insoluble N in  the rum inant diet.
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Estimation of Net Phosphorus Utilization 
by the "Slope" Method * 1

S. HURWITZ
The National and University  Institu te  of Agriculture,  
Rehovot,  Israël

ABSTRACT  A m athem atical m odel for the estim ation of phosphorus (P )  avail
ability w as derived and tested in  3 separate trials. This m ethod is based on the 
determ ination of the regression slope of tibia P as a function  of total P intake, under 
conditions of controlled feeding. Carcass P-to-tibia P was found to be 19.6 ±  1.0. The 
value of the regression slope m ultiplied by this factor and 100 yields the percentage 
of net phosphorus utilization (% N P U ). The latter allows for the endogenous P 
excretion, in  contrast w ith percentage of apparent retention. The % NPU for rea
gent grade dicalcium  phosphate w as 94.1, 98.0 and 78.4, respectively, in  3 trials. 
Defluorinated rock phosphate, soft phosphate and reagent grade tricalcium  phos
phate were 95, 76 and 92% , respectively, as available as reagent grade dicalcium  
phosphate. Feed grade dicalcium  phosphate w as as available as reagent grade 
dicalcium  phosphate. Plasm a inorganic phosphorus w as determ ined to be a useful 
m easure for estim ation of the relative P availability. Under ad libitum  feeding condi
tions, total P requirem ent level w as found to be 0.65, 0.65 and 0.66% for m axim al 
growth, feed efficiency and tibia P, respectively. The Ca-to-P ratio of bone decreased 
w ith P supplem entation. The relationship between feed efficiency and dietary P is 
discussed.

The com parative utilization of phos
phorus from  various supplem ents has been 
studied by several investigators (1 -4 ) . 
Gillis et al. (5 )  were the first to quantitate 
the availability of phosphorus from vari
ous phosphorus compounds, for chicks. 
Their method was based on relating per
centage of tibia ash from  chicks fed a 
certain test supplem ent, to that of chicks 
fed a reference standard, thus obtaining 
relative “biological availability” values. 
Such relative values were also determ ined 
by Gardiner (6 )  who used plasm a inor
ganic phosphorus as an  index of phos
phorus availability. Am m erm an et al. (7) 
suggested the slope of the regression line 
of percentage tibia ash on percentage of 
dietary phosphorus as a m eans of com
paring supplements. This m ethod partly 
overcomes the necessity of selecting an 
arbitrary level of supplem entation for 
comparisons.

To obtain values of phosphorus utiliza
tion in terms of percentage retention, bal
ance techniques have been used (8 ) . 
However, these techniques as employed, 
yielded values of apparent retention with 
no allowance for the endogenous phos
phorus excretion.

In the present paper a new m ethod is 
described for obtaining the percentage of 
net phosphorus utilization. This value dif
fers from  percentage of apparent retention 
by allowing for the endogenous excretion, 
and is, therefore, a true m easure of phos
phorus utilization.

EXPERIMENTAL AND RESULTS 

Theoretical considerations. Considering 
phosphorus retention in  term s of balance, 
the equation for net phosphorus utilization 
(N PU ) will be, by definition:

NPU =  P intake — (P  feces +  P urine) +  P 
endogenous (feca l and urinary) [1]
or, also by definition:

NPU =  apparent P retention +  P endogenous.
[2 ]

W hen chicks are fed 2 levels of phos
phorus, the difference between the corre
sponding NPU’s will be given by:

A NPU =  A apparent P retention +  A P en
dogenous. [3]
If body weight and feed intake of the 2 
groups are equal, the endogenous phos-

R ece iv ed  fo r  p u b lic a tio n  A p ril 20, 1964.
1 C o n tr ib u tio n  f ro m  T h e  N a tio n a l  a n d  U n iv e rs ity  

In s t i tu te  o f A g ric u ltu re , R ehovo t, I s ra e l, 1964 Series 
no . 691-E. S u p p o rted  by  a  g ra n t- in -a id  fro m  th e  B o ard  
fo r  th e  P ro d u c tio n  a n d  M a rk e tin g  of E g g s a n d  
P o u ltry .

J . N u t r it io n , 8 4 : ’6 4 83
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phorus excretion can be assum ed to be 
equal, an assum ption also inherent in  the 
intercept m ethod for the estim ation of 
endogenous phosphorus (9 ) . In this case, 
equation 3 can be simplified to:

A NPU =  A apparent P retention. [4]
In term s of body composition, after such 
a feeding trial,

Final body P =  in itial body P +  apparent P 
retention. [5]
W hen the initial body phosphorus is equal 
for the groups, a comparison as in  equa
tion 3 will yield:

A Final body P =  A apparent P retention. [6] 
Rewriting, using equation 4,

A Final body P =  A NPU. [7]
Percentage of net phosphorus retention 
will be, by definition:

% NPU =
A NPU ^ 

A P intake X 100 [8 ]

or,
% NPU =

A P body 
A P intake

X 100 [9]

W hen A P intake approaches zero, equa
tion 9 will become:

% NPU =
d P body 

d P intake X 100 [10]

The % NPU would therefore be the slope 
X 100 of the body phosphorus as a func
tion of total phosphorus intake. W hen 
such a function is linear, as is the case 
within a certain range below the m inim al 
requirem ent, equation 10 equals a con
stant and the function, Y (body P ) =  a +  
b X (P  in take) m ay be w ritten:

% NPUP body =  a +  - P intake. [11]

Since carcass analysis is ra ther cum ber
some, the possibility tha t tibia phosphorus 
may be a reliable m easure of body phos
phorus was investigated. Sixteen chicks 
from 3 trials fed different phosphorus 
levels were analyzed for both carcass and 
tibia phosphorus. Results of these anal
yses indicated a fairly constant ratio be
tween carcass and tibia phosphorus. This 
ratio was found to be 19.6 with a stand
ard deviation of 1.0. The ratio was u n 
affected by the nutritional treatm ents used 
in these trials. It appears, therefore, that 
tibia phosphorus m ay serve as a good esti
m ate of carcass phosphorus.

Using this availability m ethod it is essen
tial to start with groups of chicks of equal 
average body weight, m inim izing any dif
ferences in  the initial body phosphorus, 
and to keep the level of feed intake equal 
in  all groups to obtain an  increm ent of 
phosphorus intake derived entirely from 
supplem entary phosphorus and not from 
consum ption of greater am ounts of phos
phorus contained in the basal diet. It can 
be shown easily that the phosphorus level 
of the basal diet is of no consequence in 
this type of assay, as long as it is not high 
enough to minimize the range in  which a 
reliable m easure of the regression slope 
can be made. The % NPU is calculated 
by m ultiplying the regression slope by, a 
factor of 1960.

Before actual testing of the m ethod, it 
was necessary to determ ine the phospho
rus requirem ent, under our experim ental 
conditions, in  order to define the range of 
dietary phosphorus to be used.

Materials. The following phosphorus 
supplem ents were tested: Dicalcium
phosphate, C aH P04-2H20 , reagent grade;2 
tricalcium  phosphate, reagent grade;3 a 
1:1 m ixture of monosodium and mono
potassium  phosphate, analytical grade 
(N aK P );4 defluorinated rock phosphate;5 
dicalcium phosphate, feed grade;6 soft 
phosphate.7

General procedure. In all trials W hite 
Rock male chicks were used. They were 
raised to one week of age with a com m er
cial starter and weighed individually at 
this age. About 60% of the chicks, repre
senting the middle weight range, were dis
tributed among the experim ental lots ac
cording to their body weight. Average 
body weight was equal for all lots at the 
start of the experiment. Each lot con
tained 20 chicks housed in  electrically 
heated batteries with raised wire floors.

Body weight was recorded individually 
and feed intake on a group basis, after one 
week and at the end of the 16-day trial. 
In the trials in  which paired-feeding was 
practiced, feed consum ption records were

2 P ro d u ce d  by R ied e l de  H oen  Ag., S ee lze-H an n o v er, 
G erm any .

3 See fo o tn o te  2.
4 P ro d u ced  by T h e  B ritis h  D ru g  H ouses  L td ., Poo le , 

E n g lan d .
5 P ro d u ce d  by C h em ica ls  a n d  P h o s p h a te s ,  H a ifa ,  

Is rae l.
6 See fo o tn o te  5.
7 F ro m  U. S. c o m m e rc ia l s to ck , o r ig in  u n k n o w n .
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kept daily. At the end of the experiment, 
9 birds of each lot, representing the m id
dle weight range of the lot, were killed and 
their tibias removed for analysis. These 
bones were analyzed for total ash, calcium 
and phosphorus as previously described 
( 10 ).

In trials 1 and 4, blood samples were 
obtained by heart puncture prior to death, 
using heparin as an anticoagulant. Plasm a 
inorganic phosphorus was estim ated in  the 
trichloroacetic acid extract of the plasm a 
using the spectrophotometric m ethod of 
Gomori (1 1 ).

Trial 1. The purpose of this trial was 
to determ ine the suitable range of dietary 
phosphorus for the availability test, to 
determ ine the m inim al phosphorus re
quirem ent under the present experim ental 
conditions, and to compare various phos

phorus supplem ents under ad libitum  feed
ing conditions.

The composition of the experim ental 
rations is shown in table 1. Dicalcium 
phosphate, reagent grade, dicalcium phos
phate, feed grade, NaKP, and defluori- 
nated rock phosphate were used in this 
trial as phosphorus supplements, each fed 
at 4 levels. Thus, the total phosphorus of 
the diets varied from 0.44 to 0.90% . One 
lot of chicks received the basal ration with 
no phosphorus supplement. Feed and 
w ater were given ad libitum.

Body weight, feed intake and feed effi
ciency as functions of dietary phosphorus 
level, are shown in figure 1. Although the 
differences among the various supple
m ents were small, growth and feed effi
ciency tended to be highest with NaKP 
and lowest with defluorinated rock phos-

TA BLE 1

Composition of experimental diets (trial 1)

%
a Constant

Soybean m eal (50%  protein) 29.00
Soybean oil, refined 1.00
Vitam in m ixture 1 0.30
M ineral m ixture 2 0.40
Coccidiostat 0.10
DL-Methionine 0.15

b Variable

Lot 1 2 3 4 5 6 7 8 9

NaKP 3
Dicalcium  phosphate,

— 0.44 0.88 1.34 2.22 — — — —

reag. grade — — — — — 0.56 1.12 1.67 2.79
Lim estone 2.70 2.70 2.70 2.70 2.70 2.36 2.01 1.68 1.00
Milo 66.35 65.91 65.47 65.01 64.13 66.13 65.92 65.70 65.26

P content 4 0.36 0.44 0.55 0.60 0.78 0.49 0.56 0.67 0.88
Ca content 4 1.2 1.3 1.2 1.3 1.2 1.3 1.3 1.2 1.2

Lot 10 11 12 13 14 15 16 17

Dicalcium  phosphate,
feed grade 

Defluorinated rock
0.58 1.16 1.74 2.90 — — — —

phosphate — — — — 0.77 1.54 2.31 3.87
Lim estone 2.32 1.95 1.57 0.81 2.27 1.85 1.42 0.57
Milo 66.15 65.94 65.71 65.34 66.01 65.66 65.32 64.61

P content 4 0.47 0.59 0.68 0.88 0.48 0.58 0.68 0.85
Ca content 4 1.3 1.3 1.3 1.3 1.3 1.3 1.4 1.4

1 S u p p ly in g /k g  o f d ie t: v ita m in  A, 10,000 IU ; v i ta m in  D 3 , 1000 IC U ; r ib o flav in , 5 m g ; Ca 
p a n to th e n a te ,  11 m g ; n ia c in , 25 m g ; ch o lin e  c h lo rid e , 300 m g ; v i ta m in  B 12, 10 fig; v i ta m in  E , 2 IU ; 
m e n a d io n e  so d iu m  b isu lfite , 2 m g ; p ro c a in e  p e n ic i l l in  a n d  b a c i tra c in ,  10 m g ; b u ty la te d  h yd roxy- 
to lu en e , 125 m g.

2 S o d iu m  c h lo rid e  su p p le m e n te d  to  s u p p ly /k g  o f d ie t: ( i n  m i l l ig ra m s )  m a n g a n e s e , 78; z in c , 60; 
iro n , 4 .2; co p p er , 3; io d in e , 1.4; m o ly b d e n u m , 0 .132 ; co b a lt, 0.240.

3 A 1 :1  m ix tu re  o f m o n o so d iu m  a n d  m o n o p o ta s s iu m  p h o s p h a te s , a n a ly tic a l  g rade .
4 E s tim a te d  by  c h e m ic a l an a ly sis .
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D IE T A R Y  TOTAL P/ %

Fig. 1 The response of body weight, feed consum ption and feed efficiency to a 16-day ad 
libitum  feeding of different levels of phosphorus. Averages of groups of chicks fed sodium  
and potassium  m onophosphates ( O ) ;  dicalcium  phosphate, reagent grade ( A ) ;  dicalcium  
phosphate, feed grade ( ^ ) ;  and defluorinated rock phosphate ( • ) ,  trial 1.

phate. Averages of each supplement and 
phosphorus level were used to calculate 
the regressions of body weight, feed con
sumption and feed efficiency on the 
logarithm of the percentage of dietary 
phosphorus. The regression equations in
dicated that growth and feed efficiency re
sponded to increasing levels of dietary

phosphorus up to 0.65%. Feed consump
tion responded likewise.

Total tibia phosphorus, Ca-to-P ratio 
and plasma inorganic phosphorus are 
shown in figure 2. The calculated regres
sion equation indicated that tibia phos
phorus responded to dietary phosphorus 
up to 0.66%. The differences among the
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DIETARY TOTAL P, %

Fig. 2 The response of tibia phosphorus, plasm a inorganic phosphorus and tibia Ca-to-P 
ratio ( □ )  to a 16-day ad libitum  feed ing of different levels of phosphorus. Averages of 
groups of chicks fed  sodium  and potassium  m onophosphates ( O ) ;  dicalcium  phosphate, 
reagent grade ( A  ) ; dicalcium  phosphate, feed grade ( ) ; and defluorinated rock phos
phate ( • ) ,  trial 1.

supplem ents were small but consistent 
with those observed for body weight and 
feed efficiency.

The Ca-to-P ratio of the tibia decreased 
with increasing phosphorus supplem enta
tion. The decrease was rapid up to the re
quirem ent level and slower above it.

Plasm a inorganic phosphorus markedly 
responded to dietary phosphorus level. It 
reached a m axim um  at 0.72% of dietary

phosphorus, a dietary level m uch higher 
than  that observed for m axim al growth, 
feed efficiency and tibia phosphorus. 
Again, the differences among the supple
m ents were small but consistent with 
those observed for growth, feed efficiency, 
and tibia phosphorus.

Trials 2 -4 . In these trials the m athe
m atical model for evaluating the percent
age of net phosphorus utilization (% NPU)
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w as te s te d , by  c o m p a rin g  d e flu o rin a ted  
ro ck  p h o sp h a te , so ft p h o sp h a te , a n d  t r i 
c a lc iu m  p h o sp h a te , re a g e n t g rad e , w ith  
d ic a lc iu m  p h o sp h a te , re a g e n t g rade . In  
e a c h  e x p e rim e n t, a ll lo ts  w ere  daily  pa ir- 
fe d  w ith  th e  lo t c o n su m in g  le a s t feed . T he  
p h o sp h o ru s  c o n te n t o f th e  d ie ts  ( ta b le  2 )  
v a rie d  in  a ra n g e  below  th e  m in im a l r e 
q u ire m e n t level e s tim a te d  in  tr ia l  1. E a c h  
p h o sp h o ru s  su p p le m e n t w as  fed  a t 3 d if 
fe re n t  levels.

Body w e ig h t, feed  in ta k e , feed  efficiency 
a n d  p e rc e n ta g e  o f tib ia  a sh  (o f  d ry  non - 
d e fa tte d  b o n e )  a re  sh o w n  in  tab le  3. W ith  
a ll su p p le m e n ts , body w e ig h t a n d  feed  e f
fic iency  w ere  so m e w h a t in c re a se d  w ith  
p h o sp h o ru s  su p p le m e n ta tio n ; s ig n ifican t 
d iffe ren ces  (P  <  0 .0 5 )  w ere  n o te d  on ly  b e 
tw e e n  d ic a lc iu m  p h o sp h a te , re a g e n t g rad e , 
a n d  so ft p h o sp h a te  in  tr ia l  3. P e rc e n t
age  tib ia  a sh  s ig n ifican tly  (P  <  0 .0 5 )  re 
sp o n d ed  to  p h o sp h o ru s  su p p le m e n ta tio n  
w ith  a ll su p p le m e n ts . H ow ever, a m o n g  
th e  su p p le m e n ts , th e  on ly  s ig n if ic a n t d if 
fe re n c e  w as  n o te d  b e tw e e n  d ica lc iu m

p h o sp h a te , r e a g e n t g rad e , a n d  so ft p h o s 
p h a te  in  tr ia l  3.

T o ta l t ib ia  p h o sp h o ru s  as a fu n c tio n  of 
to ta l p h o sp h o ru s  in ta k e  is sh o w n  in  fig u re
3. In  a ll c a ses  th e  re g re ss io n  slopes fo r 
d ic a lc iu m  p h o sp h a te , r e a g e n t g rad e , w ere  
g re a te r  th a n  th o se  of th e  te s t su p p le 
m e n ts . T he  % N P U  w as c a lc u la te d  fo r  
ea c h  s u p p le m e n t by  m u ltip ly in g  th e  v a lu e  
of th e  c o rre sp o n d in g  re g re ss io n  slope by 
1960. T h is  c a lc u la tio n  w as fo llow ed  by 
c a lc u la tio n  of th e  re la tiv e  a v a ilab ility , also  
p re se n te d  in  tab le  4. In  tr ia l  2 th e  % N P U  
fo r  d ic a lc iu m  p h o sp h a te , r e a g e n t g rad e , 
w as s im ila r  to  th a t  d e te rm in e d  in  tr ia l  3 
b u t  i t  w as  c o n s id e rab ly  re d u c e d  in  tr ia l  4. 
T h e  % N P U  fo r  d e flu o rin a te d  ro ck  p h o s 
p h a te  a n d  tr ic a lc iu m  p h o sp h a te , r e a g e n t 
g rad e , w as on ly  slig h tly  d iffe re n t th a n  
th a t  o f d ic a lc iu m  p h o sp h a te , re a g e n t 
g rad e , b u t  so ft p h o sp h a te  h a d  a  m a rk e d ly  
low er va lue .

In  tr ia l  4 , th e  u se fu ln e ss  o f p la s m a  in 
o rg an ic  p h o sp h o ru s  as  a  c r ite r io n  fo r  th e  
re la tiv e  p h o sp h o ru s  a v a ilab ility  w a s  also

TA BLE 2

Composition of experim ental  diets (trials 2, 3 and 4)

Lot no. 1 2 3 4 5 6

% % % % % %
Trial 2

Constant ingrédients 1 30.95 30.95 30.95 30.95 30.95 30.95
Dicalcium  phosphate, reag. grade 0.44 0.89 1.33 — — —
Defluorinated rock phosphate — — — 0.62 1.23 1.85
Limestone 2.43 2.16 1.89 2.36 2.02 1.68
Milo 66.18 66.00 65.83 66.07 65.80 65.52

P content 2 0.44 0.52 0.59 0.44 0.51 0.58
Ca co n ten t2 1.2 1.3 1.1 1.1 1.2 1.3

Trial 3
Constant ingrédients 1 30.95 30.95 30.95 30.95 30.95 30.95
Dicalcium  phosphate, reag. grade 0.44 0.89 1.33 — — —

Soft phosphate — — — 0.89 1.78 2.67
Limestone 2.43 2.16 1.89 2.28 1.86 1.44
Milo 66.18 66.00 65.83 65.88 65.41 64.94

P c o n te n t2 0.48 0.56 0.64 0.47 0.54 0.61
Ca content 2 1.2 1.2 1.2 1.2 1.2 1.2

Trial 4
Constant ingrédients 1 30.95 30.95 30.95 30.95 30.95 30.95
Dicalcium  phosphate, reag. grade 0.44 0.89 1.33 — — —

Tricalcium  phosphate, reag. grade — — — 0.40 0.80 1.20
Lim estone 2.43 2.16 1.89 2.22 1.82 1.41
Milo 66.18 66.00 65.83 66.43 66.43 66.44

P c o n te n t2 0.45 0.52 0.60 0.44 0.51 0.58
Ca c o n te n t2 1.2 1.2 1.2 1.2 1.2 1.2

1 F o r co m p o sitio n  o f c o n s ta n t  in g re d ie n ts ,  see ta b le  1.
2 E s tim a te d  by c h e m ic a l an a ly sis .
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TA B LE 3

Body weigh t,  feed  intake, feed efficiency and  percentage tibia ash of chicks fed diets containing  
graded levels of phosphorus, derived from various supplements ,  under controlled

feeding conditions 1

Trial Supplément Dietary 
P 2 Body wt Feed 

intake 3
Feed

efficiency 4
Tibia 
ash 5

% 9 9 %
2. Dicalcium  phosphate, reag. grade 0.44 302 ±  5 6 390 0.526 29.6 ± 0 .3

0.52 309 ± 6 399 0.532 32.5 ± 0 .2
0.59 318 ±  7 408 0.539 36.4 ± 0 .3

Defluorinated rock phosphate 0.44 303 ± 2 404 0.512 29.9 ± 0 .6
0.51 306 ± 6 398 0.523 32.7 ± 0 .5
0.58 312 ±  4 402 0.537 35.7 ±  0.4

3 Dicalcium  phosphate, reag. grade 0.48 3 1 2 ± 5 398 0.540 27.6 ± 0 .5
0.56 313 ±  5 402 0.537 33.0 ± 0 .5
0.64 3 1 7 ±  7 404 0.545 35.1 ± 0 .6

Soft phosphate 0.47 299 ±  7 399 0.504 24.5 ± 0 .3
0.54 306 ± 6 398 0.523 27.4 ± 0 .9
0.61 305 ± 7 399 0.521 31 .6 ±  1.3

4 Dicalcium  phosphate, reag. grade 0.45 258 ± 6 345 0.501 29.3 ± 0 .6
0.52 265 ± 7 352 0.514 32.0 ± 0 .5
0.60 272 ± 5 353 0.532 37.1 ± 0 .9

Tricalcium  phosphate, reag. grade 0.44 265 ± 7 353 0.512 28.4 ± 0 .8
0.51 261 ± 5 347 0.507 32.2 ± 0 .4
0.58 269 ± 6 351 0.530 34.3 ± 0 .6

1 T r ia ls  c o n d u c ted  w ith  7-day-old c h ic k s , a n d  la s te d  16 days.
2 P e rc e n ta g e  o f to ta l  p h o sp h o ru s .
3 A verage  fe e d  in ta k e  p e r  b ird , fo r  th e  e n tire  e x p e r im e n ta l  p eriod .
4 G a in  in  body  w e ig h t/fo o d  in ta k e .
5 P e rc e n ta g e  a sh  o f  o v en -d ried  bones  a t  105°.
6 A verage  ±  se  o f th e  m e a n .

in v e s tig a te d . P la sm a  in o rg a n ic  p h o sp h o 
ru s  as a fu n c tio n  of d ie ta ry  p h o sp h o ru s  
level is p re se n te d  in  figu re  3. T he  ra t io  of 
th e  re g re ss io n  slopes o f d ic a lc iu m  p h o s 
p h a te , re a g e n t g ra d e , a n d  tr ic a lc iu m  p h o s 
p h a te , r e a g e n t g rad e , in d ic a te d  th a t  t r i 
c a lc iu m  p h o sp h a te , r e a g e n t g rad e , w as  
a b o u t 90%  as av a ilab le  as  d ic a lc iu m  
p h o sp h a te , re a g e n t g rad e , in  good a g re e 
m e n t w ith  th e  re la tiv e  a v a ila b ility  d e te r
m in e d  fro m  th e  % N P U  v a lu e s  ( ta b le  4 ) .

DISCUSSION

T h e  m in im a l re q u ire m e n t o f to ta l d ie 
ta ry  p h o sp h o ru s  fo r  ch ick s  fo r  m a x im a l 
g ro w th  a n d  feed  efficiency  w as  0 .6 5 % , 
a n d  fo r  m a x im a l p h o sp h o ru s  a c c u m u la 
tio n  in  tib ia , 0 .66%  . T a k in g  th e  accep ted  
v a lu e  o f a v a ilab le  p h o sp h o ru s  in  p la n t  
m a te r ia ls  to  be o n e -th ird  o f th e  to ta l p h o s
p h o ru s , th e  re q u ire m e n t fo r  av a ilab le  
p h o sp h o ru s  w o u ld  th e n  be 0 .43  to  0 .4 4 %  , 
in  close a g re e m e n t w ith  th e  a c c e p ted  r e 
q u ire m e n t level of 0 .4 5 %  av a ilab le  p h o s 
p h o ru s  ( 1 2 ) .

T h e  re sp o n se  o f fe e d  efficiency  to  d ie
ta ry  p h o sp h o ru s  dese rv es sp ec ia l com 
m e n t. I t  h a s  b een  sh o w n  p rev io u sly  th a t  
feed  efficiency im p ro v es  w ith  p h o sp h o ru s  
su p p le m e n ta tio n  ( 1 3 ) .  S u ch  a n  im p ro v e 
m e n t m a y  re su lt  fro m  b e tte r  fe e d  u til iz a 
tio n  p e r  se, o r fro m  in c re a se d  g ro w th  ra te  
as th e  re s u lt  o f a la rg e r  feed  in ta k e . T h e  
re su lts  o f tr ia l  1 show  a m a rk e d  in c re a se  
in  feed  c o n su m p tio n  d ue  to  p h o sp h o ru s  
su p p le m e n ta tio n  a n d  a n  a p p re c ia b le  im 
p ro v e m e n t in  fe e d  efficiency  (fig . 1 ). 
W h en  feed  in ta k e  is re s tr ic te d  to  th a t  of 
the  b ird s  rece iv in g  th e  lo w est p h o sp h o ru s  
level, th e re  still re m a in s  a  s lig h t b u t  c o n 
s is te n t im p ro v e m e n t o f fe e d  efficiency 
w ith  p h o sp h o ru s  su p p le m e n ta tio n  ( ta b le
3 ) .  P ossib ly , p h o sp h o ru s  d efic iency  in  
ch ick s re d u c e s  th e  p a r t ia l  efficiency  of 
e n e rg y  u tiliz a tio n  as obse rved  by K leiber 
e t al. ( 1 4 )  in  h e ife rs .

As in  o b se rv a tio n s  o f m a tu r in g  p u lle ts
( 1 5 ) ,  th e  Ca-to-P ra tio  in  b o n es d e c reased  
w ith  in c re a se d  levels o f p h o sp h o ru s  s u p 
p le m e n ta tio n . T h e  rev e rse  e ffec t w as dem -
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Fig. 3 Tibia phosphorus as a function of total phosphate intake of chicks, fed various 
phosphorus supplem ents during a 16-day period of controlled feeding (trials 2 - 4 ) ,  and 
plasm a inorganic phosphorus as a function of the percentage of dietary phosphorus (trial 4).

TA BLE 4

Percentage of ne t  phosphorus utilization (% NPU) and relative availabili ty  of phosphorus  
from various phosphate  supplem ents  for chicks

Trial no. Supplement % NPU i Relative
availability

2 Dicalcium  phosphate, reag. grade 94.1 100.0
Defluorinated rock phosphate 88.2 95.0

3 Dicalcium  phosphate, reag. grade 98.0 100.0
Soft phosphate 74.5 76.5

4 Dicalcium  phosphate, reag. grade 78.4 100.0
Tricalcium  phosphate, reag. grade 72.5 91.8

1 P e r  c e n t N P U  is  c a lc u la te d  by  m u ltip ly in g  th e  c o rre sp o n d in g  re g re s s io n  slopes (fig . 3 )  by  a 
fa c to r  o f 1960.

o n s tra te d  in  ch ick s  ( 1 0 )  w ith  in c re a s in g  
levels o f d ie ta ry  c a lc iu m . T h is  o b se rv a 
tio n  em p h a s iz e s  th e  im p o rta n c e  o f p h o s 
p h o ru s  an a ly s is  in  b o n e , as c o m p a re d  w ith  
p e rc e n ta g e  a sh , in  s tu d ie s  o f p h o sp h o ru s  
av a ilab ility .

In  a d d itio n  to  th e  im p o rta n c e  o f c o n 
tro lled  fe e d  in ta k e  in  th e  a v a ilab ility  te s t  
d e sc rib ed  h e re , r e su lts  in d ic a te  a m ore

u n ifo rm  re sp o n se  to  d ie ta ry  p h o sp h o ru s  by 
p a ra m e te rs  su c h  as  t ib ia  p h o sp h o ru s  a n d  
p la s m a  in o rg a n ic  p h o sp h o ru s , a s  c o m 
p a re d  w ith  a d  lib itu m  fe e d in g  (fig . 3 vs. 
fig. 2 ) .  T h e  im p o rta n c e  o f c o n tro lle d  fe e d  
in ta k e  w as  d e m o n s tra te d  2  d e c a d e s  ago  
fo r  s tu d ie s  o f  p h o sp h o ru s  re q u ire m e n t, 
a v a ila b ility  a n d  defic iency  ( 1 6 - 1 8 ) ,  b u t  
w as som ehow  n e g lec ted  in  la te r  s tu d ie s .
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T h e  re su lts  o f tr ia ls  2 - 4  in d ic a te  th a t  
th e  m o d e l d esc rib ed  above c a n  be u se d  fo r  
th e  e s tim a tio n  o f % N P U . T h e  lin e a r ity  
o f th e  re sp o n se  o f t ib ia  p h o sp h o ru s  to  to ta l 
d ie ta ry  in ta k e  o f p h o sp h o ru s , a p p e a rs  to 
in d ic a te  e q u a l p h o sp h o ru s  u til iz a tio n  a lo n g  
th e  ra n g e  o f d ie ta ry  p h o sp h o ru s  u sed  in  
th ese  tr ia ls . T h e  % N P U  v a lu e s  o b ta in e d  
fo r  d ic a lc iu m  p h o sp h a te  ( ta b le  4 )  a re  
s im ila r  to  th e  p e rc e n ta g e  o f a p p a re n t  p h o s
p h o ru s  r e te n tio n  d e te rm in e d  by E d w ard s  
a n d  G illis ( 8 )  w h o  u se d  b a la n c e  te c h 
n iq u es . T h e  “slope” m e th o d  fo r  p h o sp h o 
ru s  w as a lso  a p p lied  fo r  th e  s tu d y  o f c a l
c iu m  a v a ila b ility ,* 8 a n d  x a n th o p h y ll u t i l i 
z a tio n .9

'C a lc u la tio n  o f  th e  b io log ica l av a ilab ility  
o f p h o sp h o ru s , o n  th e  b a s is  of th e  p e r 
c e n ta g e  o f bone  a sh , ac c o rd in g  to  th e  
m e th o d  o f G illis e t al. ( 5 ) ,  show ed  th a t  
d e flu o rin a te d  ro ck  p h o sp h a te  a n d  so ft 
p h o sp h a te  w ere  92 a n d  63%  as av a ilab le  
as  d ic a lc iu m  p h o sp h a te , r e a g e n t g rad e . 
T h ese  v a lu e s  a re  so m e w h a t low er th a n  
th e  re la tiv e  a v a ila b ility  c a lc u la te d  fro m  
% N PU . T h is  d isc re p a n c y , e sp ec ia lly  in  
th e  case  o f so ft p h o sp h a te  m a y  be du e  to  
e i th e r  a  d iffe re n t e ffec t o f  so ft p h o sp h a te  
on  p e rc e n ta g e  b o n e  a sh  a n d  p h o sp h o ru s  
a c c u m u la tio n , o r to  a n  in h e re n t  d iffe ren ce  
b e tw een  b o th  m e th o d s .

P la sm a  in o rg a n ic  p h o sp h o ru s  w as  fo u n d  
to  be  a se n s itiv e  in d ic a to r  o f p h o sp h o ru s  
n u tr i tu re . In  tr ia l  1, p la sm a  in o rg a n ic  
p h o sp h o ru s  c o rre la ted  w ell w ith  tib ia  p h o s 
p h o ru s , b u t  re a c h e d  i ts  m a x im u m  w ell 
above th e  d ie ta ry  p h o sp h o ru s  level w h ic h  
gave m a x im a l tib ia  p h o sp h o ru s . In  tr ia l  
4 , p la sm a  in o rg a n ic  p h o rp h o ru s , w h e n  e x 
p re sse d  as  a  fu n c tio n  o f p e rc e n ta g e  d ie
ta ry  p h o sp h o ru s , in d ic a te d  th e  re la tiv e  
a v a ila b ility  o f tr ic a lc iu m  p h o sp h a te , r e a 
g e n t g ra d e  as  c o m p a re d  w ith  d ic a lc iu m  
p h o sp h a te , re a g e n t g rad e , to  be  9 0 % , 
in  close a g re e m e n t w ith  th e  re la tiv e  a v a il
ab ility  d e te rm in e d  by  % N P U . T h is  ob
se rv a tio n s  co n firm s th e  re su lts  re p o rte d  by 
G a rd in e r  ( 6 ) .

A lth o u g h  th e  p u rp o se  o f  th is  s tu d y  w as 
m a in ly  to  te s t th e  a p p licab ility  o f  th e  p ro 
p o sed  m e th o d  fo r  m e a s u re m e n t o f p h o s 
p h o ru s  u tiliz a tio n , som e c o m m e n t is  ap p ro 
p r ia te  c o n c e rn in g  th e  a c tu a l p h o sp h o ru s  
u tiliz a tio n  v a lu e s  d e te rm in e d . As rev iew ed  
by G ueguen  ( 1 9 )  d isa g re e m e n t e x is ts

a m o n g  th e  in v e s tig a to rs  w ith  re sp e c t to 
p h o sp h o ru s  a v a ilab ility  f ro m  v a rio u s  su p 
p le m e n ts . T h is  a p p e a rs  to  be tru e  fo r  bo th  
d e flu o rin a te d  ro ck  p h o sp h a te  a n d  so ft 
p h o sp h a te . G illis e t al. ( 5 )  observed  h ig h  
ch ic k  m o rta lity  w ith  so ft p h o sp h a te  fe e d 
in g , a n d  th a t  th e  a v a ilab ility  o f so ft p h o s 
p h a te  w as  on ly  25%  o f th a t  o f 3 -trica lc ium  
p h o sp h a te . O n th e  o th e r  h a n d , A lm q u ist 
( 2 0 )  q u o tes  a v a lu e  o f 80%  fo r  th e  a v a il
ab ility  o f so ft p h o sp h a te , so m e w h a t h ig h e r  
th a n  th e  re la tiv e  v a lu e  o b ta in e d  in  th is  
s tu d y  ( ta b le  4 ) .  T h is  d isc re p a n c y  m a y  be 
e x p la in e d  e i th e r  by  a  d iffe ren ce  in  th e  e x 
p e r im e n ta l  m e th o d s  em p loyed , o r  by  th e  
n o n -u n ifo rm ity  of th e  sa m p le s  te s ted .

T o  fu r th e r  c la r ify  th is  v a r ia n c e , i t  w ou ld  
seem  ad v isab le  to  te s t  a  sin g le  h o m o g e n e 
ous sam p le  in  sev era l la b o ra to rie s  s im u l
tan eo u sly .
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LETTERS

IRON DEFICIENCY STUDIES 
IN CHICKS 1

In  a re c e n t p a p e r  ( 1 )  w e re p o rte d  
w a sh in g  iso la te d  so y b ean  p ro te in  a t pH  4 .3  
w ith  a  0 .06%  so lu tio n  o f th e  d iso d iu m  
sa lt of e th y le n e d ia m in e te tra a c e tic  ac id  d i
h y d ra te  (E D T A ) in  o rd e r  to  rem o v e  or 
re d u c e  th e  q u a n tity  o f tra c e  e le m e n ts  in  
th e  p ro te in . A fte r  th e  fo u r th  tre a tm e n t, 
th e  p ro te in  w as  w a sh e d  5 tim e s  w ith  d is
tilled  w a te r . In  o rd e r  to  d e te rm in e  if  an y  
ED TA  re m a in e d  in  th e  f in a l w a sh  w a te r , 
10 m l w ere  a d d e d  to  5 m l o f a  s a tu ra te d  
so lu tio n  o f a m m o n iu m  o x a la te , th e  pH  
a d ju s te d  to  11.0  w ith  so d iu m  h y d ro x id e  
a n d  one d rop  o f a  s a tu ra te d  so lu tio n  of 
c a lc iu m  c h lo rid e  ad ded . A p re c ip ita te  o f 
c a lc iu m  o x a la te  fo rm e d  w h ic h  w as th o u g h t 
to  in d ic a te  th a t  th e  f in a l w a sh  w a te r  w as  
f re e  o f EDTA.

F o llow ing  p u b lic a tio n  of th e  p a p e r, 
d o u b t c o n c e rn in g  th e  se n s itiv ity  o f th e  
ca lc iu m  o x a la te  p ro c e d u re , u sed  in  th e  
in v e s tig a tio n , w as  e x p ressed  by a co lleague  
of th e  a u th o rs . H e a lso  su g g ested  th a t  
som e ED TA , b e cau se  of possib le  a d so rp 
tio n  on  th e  soybean  p ro te in , m ig h t n o t 
h av e  b een  rem o v ed  by re p e a te d  w a sh in g  
w ith  d is tilled  w a te r.

T he  c a lc iu m  o x a la te  p ro c e d u re  w as, 
th e re fo re , re -ex am in ed . By c a lc u la tio n  10 
m l of th e  o rig in a l ED TA  so lu tio n  c o n 
ta in e d  6 .0  m g  of ED TA  e q u iv a le n t on  a 
m o le c u la r  b a s is  to  0 .6 4 6  m g  ca lc iu m . 
E ach  d rop  o f th e  c a lc iu m  c h lo rid e  so lu tio n  
a t th e  ra te  o f 20 d ro p s /m l, o n  th e  o th e r  
h a n d , c o n ta in e d  ap p ro x im a te ly  12.1 m g  
c a lc iu m /d ro p . As a  c o n se q u en ce  th e  c a l
c iu m  c o n te n t o f th e  c a lc iu m  ch lo rid e  so lu 
tio n  w as  m u c h  too  c o n c e n tra te d  to  show  
th a t  th e  iso la te d  soybean  p ro te in  w as  free  
of EDTA.

In  o rd e r, th e re fo re , to  h a v e  a  so lu tio n  
o f  c a lc iu m  ch lo rid e  su ffic ien tly  d ilu te  to 
te s t fo r  tra c e s  o f ED TA , one c o n ta in in g  
30 m g  c a lc iu m  c h lo r id e / l i te r  w as  m a d e  up . 
E a c h  d ro p  o f th is  so lu tio n  c o n ta in e d  
0 .5 4 1 5  ug c a lc iu m /d ro p . T h is  w as  m olec- 
u la rly  e q u iv a le n t to  5 .03  pg ED TA  in  10 m l 
o f th e  w a sh  so lu tio n . S ince th e  ad d itio n  
o f  one drop  of th e  d ilu te  c a lc iu m  ch lo rid e  
so lu tio n  to  th is  q u a n tity  o f w a sh  so lu tio n  
re su lte d  in  th e  fo rm a tio n  o f a  re a d ily  ob 
se rv ab le  p re c ip ita te  o f  c a lc iu m  o x a la te , i t  
w as a d ju d g e d  th a t  th e  q u a n tity  o f ED TA  
in  th e  so lu tio n  re m a in in g  in  th e  se d i
m e n te d  iso la te d  soybean  p ro te in  w as  too 
sm a ll to  be o f a n y  e x p e r im e n ta l sig 
n ifican ce .

In  o rd e r  to  a sc e r ta in  w h e th e r  som e 
ED TA  h a d  b een  ad so rb ed  on th e  iso la ted  
so y b ean  d u r in g  t r e a tm e n t  a n d  th u s  n o t 
rem o v ed  by w a sh in g  w ith  d is tilled  w a te r , 
th re e  200  m g  sam p les  o f p ro te in  w ere  
w a sh e d  a t  pH  4.3 in  a so lu tio n  c o n ta in in g  
one m illig ra m  E D T A /m illilite r  a n d  suffi
c ie n t ED TA -2-C14 to  give 37 ,6 0 0  c o u n ts /  
m in /m l .  T he  p ro te in  w as w a sh e d  4 tim es  
w ith  10 m l o f th e  ra d io a c tiv e  so lu tio n , a n d  
5 tim e s  w ith  d e m in e ra liz ed  w a te r , a c c o rd 
in g  to  th e  o rig in a l p ro ced u re . T w o o f th e  
sam p les  o f p ro te in  w ere  h e a te d  to  50° a n d  
w a sh e d  w ith  sh a k in g . O ne o f th e se  s a m 
p les w as  c e n tr ifu g e d  a n d  d e c a n te d  a f te r  
e a c h  w a sh in g  w ith  th e  c h e la te  so lu tio n , 
w h e re a s  th e  second  sam p le  w as a llow ed  to  
se ttle  a n d  th e n  d e c a n te d . T h e  th ird  s a m 
ple w as w a sh e d  w ith  th e  ED TA  so lu tio n  
w ith o u t sh a k in g  a n d  a llow ed  to  se ttle  b e 
fo re  d e c a n ta tio n . A fte r th e  w a sh in g  p ro c 
ess, th e  p ro te in  sa m p le s  w ere  d rie d  a t  50°. 
T h e  C14 ac tiv ity  w as d e te rm in e d  a f te r  w et 
co m b u s tio n  o f th e  sam p le  by th e  m e th o d  
o f V an  Slyke e t al. ( 2 )  by  c o u n tin g  th e  
C 14 as b a r iu m  c a rb o n a te , u s in g  a  w in d o w 
less gas-flow  c o u n te r . Self ab so rp tio n  fac-

1 S u p p o r ted  in  p a r t  by  g ra n t  n o . A-5334 f ro m  th e  
N a tio n a l In s t i tu te s  o f H e a lth ,  U. S. P u b lic  H e a lth  
Service.

Letters m ay be considered for publication when  
the writer com m ents constructively concerning a 
paper that has been published in  the Journal of 
Nutrit ion.  Such letters w ill be subject to the 
usual editorial review  and at the sam e tim e, the 
author or authors of the paper in  question w ill 
be given the privilege of subm itting a rebuttal. 
Final acceptance of Letters shall be the preroga
tive o f the Editorial Board.

J . N u t r it io n , 8 4 : ’64 9 3
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to rs  w ere  ap p lied  to  c o m p e n sa te  fo r  se lf 
ab so rp tio n  e rro rs .

T h e  av e rag e  ac tiv ity  o f th e  3 sam p les  
w as  228  c o u n ts /m in /2 0 0  m g  o f p ro te in . 
T h e  av e rag e  a p p a re n t  ad so rp tio n  of ED TA  
by th e  p ro te in  w as  acco rd in g ly  30 .3  u g /g . 
T h e  ra n g e  in  v a lu e s  w as  0 .0  to  63 .0  u g /g . 
T h is  v a ria b ility  is b e lieved  to  be  d u e  fo r 
th e  m o s t p a r t  to  e x p e r im e n ta l e rro rs  in 
h e re n t  in  th e  p ro c e d u re  u se d  a n d  th e  
c o u n tin g  e q u ip m e n t. I t  seem ed  p ro b ab le , 
co n se q u e n tly , th a t  little  ED TA  w as a d 
so rbed  o n  th e  p ro te in . T h e  ev id en ce  in d i
c a te s , th e re fo re , th a t  w a sh in g  iso la ted  
soybean  p ro te in  re p e a te d ly  w ith  d is tilled

w a te r  to  ge t r id  o f ED TA  a f te r  tre a tm e n t  
to  rem o v e  o r re d u c e  th e  q u a n ti ty  o f tra c e  
e le m e n ts  in  th e  p ro te in  is effective.

P. N .  D a v i s  

L. C. N o r r i s  

F. H. K r a t z e r

Departm ent of Poultry Husbandry  
University  of California  
Davis,  California
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ANNOUNCEMENT

The Journal of Nutrition 
announces

the following new editorial policies

L E T T E R S

L e tte rs  m a y  be co n sid e re d  fo r  p u b lic a tio n  w h e n  th e  w rite r  

c o m m e n ts  c o n s tru c tiv e ly  c o n c e rn in g  a  p a p e r  th a t  h a s  b een  

p u b lish e d  in  th e  Journal of Nutrition. S u ch  le tte rs  w ill be su b 
je c t  to  th e  u s u a l  e d ito ria l rev iew  a n d  a t  th e  sam e  tim e , th e  

a u th o r  o r a u th o rs  o f th e  p a p e r  in  q u e s tio n  w ill be g iven  th e  
p riv ileg e  of su b m ittin g  a  re b u tta l. F in a l a c c e p ta n c e  of L e tte rs  

sh a ll be th e  p re ro g a tiv e  o f th e  E d ito ria l B oard .

PA PER S BASED O N  N U T R IT IO N  LIT E R A T U R E

In  a d d itio n  to  re p o rts  d e riv ed  fro m  o rig in a l e x p e r im e n ta l 
o b se rv a tio n s , th e  E d ito ria l B oard  w ill give c o n s id e ra tio n  to  

p a p e rs  in  w h ic h  n ew  n u tr i t io n a l  c o n cep ts  a re  developed  fro m  
in fo rm a tio n  av a ilab le  in  th e  e x is tin g  n u tr i t io n  l i te ra tu re .



ER R A TU M

K ing, D. W . 1964 C o m p ara tiv e  e ffec ts  of c e r ta in  a n tio x id a n ts  

on  g e s ta tio n a l p e rfo rm a n c e  a n d  te ra to g e n y  in  v ita m in  E -defic ien t 
ra ts . J. N u tr i t io n , 83 : 123. T ab le  1, co lu m n  2, th e  p e rc e n ta g e  of 
d e x tr in  sh o u ld  h a v e  r e a d :  4 9 % . A lso, in  th e  a b s tra c t, te x t a n d  

tab le s , w h e re v e r th e  te rm  N -p ropy l g a lla te  a p p e a rs , th is  sh o u ld  h av e  
r e a d :  n -p ropy l g a lla te .
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