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Ch i ld ren  suf fer ing  f rom k w a s h i o r k o r  show signs of o s t eopen ia  (1) and  
de l ayed  oss i f ica t ion  s ta tus  (2). However ,  the  " k w a s h i o r k o r  ch i ld"  does  not  
only  have  a low p r o t e i n  in take ,  b u t  t he re  is also a d i e t a ry  shor tage  of 
ca lc ium,  v i t amin  D and  o the r  nu t r ien t s ,  and  also a r es t r i c t ed  ene rgy  
supp ly .  

The  f ind ings  r e p o r t e d  in va r ious  s tud ies  on the  effect  of a low-pro te in  
i n t ake  on ske le ta l  d e v e l o p m e n t  and  b o n e  c o m p o s i t i o n  in  e x p e r i m e n t a l  
an ima l s  are  confl ic t ing.  The  obse rva t i on  tha t  t he  ske l e ton  of the  growing  
and  the  a d u l t  ra t  fed a low-pro te in  d ie t  b e c o m e s  os t eoporo t i c  (3) has  not  
been  con f i rmed  (4, 5). Weaned  rats  fed a l ow-ca l c ium diet  for a pe r iod  have 
been  f o u n d  to deve lop  s igns  of r icke ts ,  fo l lowed  la ter  b y  os t eoporos i s  
w i thou t  any  a l t e ra t ions  in  the  d ie t  (6). 

The  p u r p o s e  of the  p r e s e n t  i nves t iga t ion  was  to e x a m i n e  the  effect  of 
va ry ing  the  leve ls  of d i e t a ry  p ro t e in  and  c a l c i um  on the  ske l e ton  of young  
rats.  

Material  and m e t h o d s  

The  s t u d y  was  p e r f o r m e d  on  60 male ,  3 -week-o ld  S p r a g u e - D a w l e y  rats. 
They  were  h o u s e d  in g roups  of 5 in  p las t ic  cages.  The  r o o m  was ar t i f ic ia l ly  
l i t  for  12 hour s  a day,  the  t e m p e r a t u r e  was  k e p t  a t  21-23 ~ and  the  re la t ive  
h u m i d i t y  at  50-60 per  cent.  Af ter  de l ive ry  f rom the  farm,  the  rats  were  
acc l ima t i zed  to l abo ra to ry  cond i t i ons  b y  f eed ing  t h e m  for 4 days  a s tan-  
da rd  r a t - cube  d ie t  con t a in ing  24.1 p e r  cen t  p ro te in ,  1.16 per  cen t  ca l c ium 
and  1.00 p e r  cen t  p h o s p h o r u s .  The  ra ts  w e r e  t h e n  s t ra t i f ied  acco rd ing  to 
b o d y  we igh t  and  r a n d o m i z e d  into 6 e x p e r i m e n t a l  g roups  each of 10 rats. 
The m e a n  b o d y  w e i g h t  a t  the  t i m e  t h e y  we re  fed  the  d i e t  was  65.1 g (S.D. 
2.4 g). 

The  p e r i o d  of the  s t u d y  was  5 weeks .  Each  g r o u p  of an imals  was  fed 
one of the  die ts  s h o w n  in t ab le  1. 

The  p ro t e in  con ten t s  of the  d ie t s  were  5, 15 and  40 pe r  cent ,  re fe r red  to 
be low as the  low, m o d e r a t e  and  h igh  levels .  The  ca lc ium con ten t s  were  
0.12 a n d  0.45 p e r  cen t  - d e s i g n e d  low and  normal ,  respec t ive ly .  The  
p h o s p h o r u s  con ten t  was k e p t  cons t an t  at  0.3 pe r  cent.  The p ro te in  source  

*) Supported by grants from the Swedish Medical Research Council and from 
the Karolinska Institute. 
634 



108 Zeitschrif t  fi~r Ern~hrungswissenschaft ,  Band 20, Heft  2 (1981) 

w a s  c a s e i n  a n d  v a r i a t i o n s  in  t h e  p r o t e i n  l e v e l  w e r e  p r o v i d e d  b y  r e p l a c i n g  
p a r t  of  t h e  c a s e i n  b y  m a i z e  s t a r ch .  D L - m e t h i o n i n e  w a s  a d d e d  in  p r o p o r -  
t i o n  to  t h e  p r o t e i n  c o n t e n t  -0.1,  0.3 a n d  0.8 p e r  c e n t  r e s p e c t i v e l y .  

P e l l e t e d  f o o d  a n d  w a t e r  w e r e  g i v e n  ad 1161tum. T h e  b o d y  w e i g h t  a n d  
f o o d  c o n s u m p t i o n  w e r e  r e c o r d e d  w e e k l y .  W a t e r  c o n s u m p t i o n  w a s  
r e c o r d e d  fo r  a p e r i o d  of  2 w e e k s .  T h e  m e a s u r e m e n t s  of t h e  v a r i a b l e s  w e r e  
p e r f o r m e d  o n  5 a n i m a l s  f r o m  e a c h  g r o u p .  A f t e r  5 w e e k s  a l l  t h e  r a t s  w e r e  
k i l l e d  b y  e x s a n g u i n a t i o n  u n d e r  e t h e r  a n e s t h e s i a .  

T h e  s e r u m  l e v e l s  of  c a l c i u m ,  p h o s p h o r u s  a n d  a l b u m i n  w e r e  d e t e r -  
m i n e d  s p e c t r o p h o t o m e t r i c a l l y  (7, 8, 9) a n d  m a g n e s i u m  w a s  a s s a y e d  b y  
a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y  (10). 

T h e  b o n e  l e n g t h  of t h e  t i b i a s  a n d  f e m u r s  w a s  m e a s u r e d  w i t h  a ca l i pe r .  
T h e  w e t  w e i g h t  of  t h e  b o n e s  w a s  d e t e r m i n e d  a f t e r  s o a k i n g  t h e m  in  
d i s t i l l e d  w a t e r  for  24 h o u r s .  T h e  to tal  v o l u m e  of t h e  b o n e  w a s  d e t e r m i n e d  
b y  w a t e r  d i s p l a c e m e n t .  T h e  d r y  w e i g h t  of  t h e  f e m u r  w a s  m e a s u r e d  a f t e r  
d e f a t t i n g  in  s e v e r a l  c h a n g e s  of a c e t o n e  a n d  a l coho l ,  a n d  t h e n  a i r - d r i e d  at  
70 ~ fo r  36 h o u r s .  T h e  b o n e  ash  w e i g h t  w a s  o b t a i n e d  a f t e r  a s h i n g  a t  600 ~ 
for  14 h o u r s .  T h e  e x t e r n a l  d i a m e t e r  of t h e  f e m u r  m i d s h a f t  w a s  m e a s u r e d  
o n  a n  a n t e r o - p o s t e r i o r  r a d i o g r a p h  w i t h  a m i c r o m e t r i c  s c a l e  l ens .  T h e  
w i d t h  o f  t h e  e p i p h y s e a l  car t i lage  of p r o x i m a l  t i b i a  w a s  m e a s u r e d  on  
d e c a l c i f i e d  5 ~ t h i c k  h a e m a t o x y l i n - e o s i n - s t a i n e d  h i s t o l o g i c a l  s e c t i o n s .  T h e  
e p i p h y s i s  w a s  p r o j e c t e d  on  a s h e e t  of  p a p e r  w i t h  a c a m e r a  l u c i d a  m o u n t e d  
o n  a m i c r o s c o p e ,  a n d  t h e  w i d t h  of  t h e  e p i p h y s e a l  c a r t i l a g e  w a s  m e a s u r e d  
a t  a m a g n i f i c a t i o n  of  x 100. 

M i c r o r a d i o g r a p h i c  e x a m i n a t i o n  

U n d e c a l c i f i e d  s p e c i m e n s  of  t h e  f e m u r  w e r e  e m b e d d e d  in  m e t h y l -  
m e t h a c r y l a t e  a n d  c u t  i n to  s l i ces  a b o u t  100 ~t t h i c k  w i t h  a n  a n n u l a r  s a w  
mach ine~) .  O n e  l o n g i t u d i n a l  100 ~ t h i c k  s e c t i o n  f r o m  t h e  p r o x i m a l  p a r t  of  
t h e  f e m u r ,  i n c l u d i n g  t h e  h e a d ,  a n d  o n e  t r a n s v e r s e  100-~ s e c t i o n  f r o m  t h e  
f e m u r  m i d s h a f t  w e r e  m i c r o r a d i o g r a p h e d .  T h e  m i c r o r a d i o g r a p h s  w e r e  
q u a n t i f i e d  w i t h  a n  i m a g e  a n a l y s e r  ( Q u a n t i m e t  720 e q u i p p e d  w i t h  a n  i m a g e  
ed i t o r )  2) c o n n e c t e d  to  a t e l e v i s i o n  c a m e r a  m o u n t e d  o n  a m i c r o s c o p e .  

T h e  to tal  b o n e  area, t h e  area b e t w e e n  t h e  i n t e r n a l  a n d  e x f e r n a l  c i r c u m -  
f e r e n c e ,  t h e  total  area o f  t he  t r a n s v e r s e  sec t ion ,  a n d  t h e  l e n g t h s  o f  t h e  
e x t e r n a l  a n d  i n t e r n a l  c i r c u m f e r e n c e  of t h e  b o n e  w e r e  m e a s u r e d  o n  t h e  
t r a n s v e r s e  s ec t i on .  T h e  m e a n  w i d t h  of c o r t e x  w a s  c a l c u l a t e d  a c c o r d i n g  to  
t h e  f o r m u l a  

a r e a  b e t w e e n  o u t e r  a n d  i n n e r  p e r i m e t e r  
m e a n  w i d t h  = 2 x l e n g t h  of  o u t e r  a n d  i n n e r  p e r i m e t e r  

T h e  to tal  area a n d  t h e  b o n e  area o f  t h e  f e m o r a l  h e a d ,  a n d  t h e  c i r c u m -  
f e r e n c e  a n d  a r e a  of  t h e  b o n e  t r a b e c u l a e  w e r e  m e a s u r e d  o n  t h e  p r o x i m a l  
p a r t  of  t h e  f e m u r .  As  an  i n d e x  of  t h e  t h i c k n e s s  of t h e  t r a b e c u l a e  t h e  r a t i o  
b e t w e e n  a r e a  a n d  p e r i m e t e r  w a s  c a l c u l a t e d .  

B o n e  m a s s  w a s  e x p r e s s e d  in  t e r m s  of t h e  d r y  w e i g h t ,  a n d  b o n e  d e n s i t y  
as  t h e  d r y  w e i g h t  p e r  u n i t  of  v o l u m e .  A n a l o g o u s l y ,  b o n e  m i n e r a l m a s s w a s  
t a k e n  as  t h e  a s h  w e i g h t ,  a n d  b o n e  m i n e r a l  d e n s i t y  as t h e  a s h  w e i g h t  p e r  
u n i t  of  v o l u m e .  

i) Microslice 2. Metals Research Ltd, Melbourn, Herts, U.K. 
2) Imanco,  Cambridge,  U.K. 
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Table 1. Percentage composition of the test diets. 

Diet Pr 5/Ca Pr 5/-Ca Pr  15/Ca Pr 40/Ca Pr  40/-Ca 
Casein 5.0 5.0 15.0 40.0 40.0 
Maize starch 59.8 60.05 49.8 24.4 25.2 
Glucose 15.0 15.0 15.0 15.0 15.0 
Soya oil 12.5 12.5 12.5 12.5 12.5 
Cellulose 4.0 4.0 4.0 4.0 4.0 
DL-Methionine 0.i 0.1 0.3 0.8 0.8 
Choline chloride 0.4 0.4 0.4 0.4 0.4 
Vitamin mixture") 1.0 1.0 1.0 1.0 1.0 
Salt mixture b) 0.5 0.5 0.5 0.5 0.5 
CaCO 3 0.55 0.65 0.65 1.00 0.I 
CaHPO4 H20 1.15 - 0.85 0.4 - 
Na2HPO 4 - 1.20 - - 0.4 

Composition of the vitamin mixture; milligram per kilogram of diet 
a) The vi tamin mixture provided in mg/kg diet: Thiamine 4, riboflavin 12, niacin 40, 

pyridoxine 5, biotin 0.3, Ca-panthothenate 10, folic acid 0.5, p-aminobenzoic acid 
250, vi tamin B12 0.02, inositol 30, vi tamin A 12,000 I.U., vi tamin E 40, vitamin D 3 
1760 I.U., vi tamin K 3 1.5, choline chloride 100, ascorbic acid 50. 

b) Composition of the salt mixture; milligrams per kilogram of diet: Mg 150, Mn 53, 
Fe 66, Zn 80, Cu 12.5, Co 0.0, and I 1.1. 

Sta t i s t ica l  m e t h o d s  

1. O n e - w a y  a n a l y s i s  of v a r i a n c e  b e t w e e n  g r o u p s  h a v i n g  d i f f e r e n t  p r o t e i n  
b u t  n o r m a l  c a l c i u m  c o n t e n t  of the  diet.  

2, T w o - w a y  a n a l y s i s  of v a r i a n c e  w i t h  p r o t e i n  a n d  c a l c i u m  c o n t e n t s  of the  
d ie t  as i n d e p e n d e n t  va r iab les .  

3. S t u d e n t ' s  t - t es t  for  e x a m i n i n g  t he  d i f f e r e nc e s  b e t w e e n  t he  g r o u p s  hav-  
i ng  d i f f e r en t  c a l c i u m  b u t  t he  s a m e  p r o t e i n  c o n t e n t  of the  diets.  
T h e  1% leve l  of s i g n i f i c a n c e  was  c h o s e n  (12). 

R e s u l t s  

D u r i n g  t he  5 -weeks  p e r i o d  of t he  s t u d y  t he  a n i m a l s  i n  all  g r o u p s  g a i n e d  
v e r y  l i t t le  i n  w e i g h t  - b e t w e e n  6 a n d  10 g. T h e  food  i n t a k e  was  ve ry  low - 
f r o m  5.4 to 7.3 g/d  ( tab le  2). D e s p i t e  t he i r  r e s t r i c t ed  g rowth ,  the  a n i m a l s  
s e e m e d  to be  in  good  hea l th ,  n o  s igns  of d i sease  b e i n g  o b s e r v e d  d u r i n g  the  
e x p e r i m e n t .  H o w e v e r ,  3 a n i m a l s  o n  t h e  m e d i u m  p r o t e i n / l o w  c a l c i u m  d ie t  
(g roup  P r l5 / -Ca)  d i ed  d u r i n g  t he  t h i rd  a n d  f o u r t h  week .  C a n n i b a l i s m  
a l t e red  the  p r o t e i n  i n t a k e  of the  s u r v i v o r s  of th i s  g roup ,  w h i c h  was  
t he re fo re  e x c l u d e d  f r o m  the  s tudy .  

B o d y  w e i g h t  a n d  food  c o n s u m p t i o n  d id  n o t  differ  s i gn i f i can t ly  
b e t w e e n  the  g r o u p s  d u r i n g  t he  e x p e r i m e n t .  The  wa te r  c o n s u m p t i o n  
s h o w e d  grea t  d i f f e r e n c e  b e t w e e n  t he  e x p e r i m e n t a l  g roups .  T h e  a n i m a l s  
fed a h i g h - p r o t e i n  d ie t  c o n s u m e d  tw ice  as m u c h  w a t e r  as the  a ~ i ma l s  fed 
the  m e d i u m  or  t he  l ow  p r o t e i n  d ie t s  (P < 0.01), a n d  t hose  fed a low c a l c i u m  
d ie t  c o n s u m e d  less  w a t e r  t h a n  t h o s e  fed a n o r m a l  c a l c i u m  d ie t  ( table  2). 
T h e  s e r u m  v a l u e  of c a l c i u m  s h o w e d  a sma l l  b u t  s i g n i f i c a n t  dec rea se  i n  the  
rats  o n  a n o r m a l  c a l c i u m  d ie t  w h e n  the  p r o t e i n  c o n t e n t  of the  d ie t  was  
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Table 2. Final body weight. Food, protein and water consumption per day. 

Diet group Body weight  Food Protein Water 
g g g ml 

Pr  5/Ca Mean 75.0 7.3 0.36 21.8 
S.D. 0.8 0.1 0.8 

Pr 5/-Ca Mean 76.3 6.1 0.31 9.5 
S.D. 0.8 0.1 0.3 

Pr  15/Ca Mean 76.3 5.7 0.85 22.0 
S.D. 0.8 0.0 0.O 

Pr  40/Ca Mean 71.0 5.8 2.32 37.5 
S.D. 1.6 0.2 0.2 

Pr  40/--Ca Mean 76.1 5.4 2.16 32.9 
S.D. 1.9 0.2 0.3 

r e d u c e d  ( tab le  3). F u r t h e r m o r e ,  r e d u c t i o n  of  t h e  c a l c i u m  c o n t e n t  in  t h e  
d i e t  f r o m  n o r m a l  to  l o w  g a v e  a s i g n i f i c a n t  d e c r e a s e  in  s e r u m  c a l c i u m  in  
t h e  a n i m a l s  on  t h e  h i g h  p r o t e i n  b u t  n o t  t h o s e  on  t h e  l o w  p r o t e i n  d i e t s  
( t ab le  3). 

S e r u m  p h o s p h o r u s  a n d  m a g n e s i u m  d i d  n o t  d i f f e r  b e t w e e n  t h e  e x p e r i -  
m e n t a l  g r o u p s ,  a n d  s e r u m  a l b u m i n  was  o n l y  r e d u c e d  s i g n i f i c a n t l y  in  t h e  
l o w - p r o t e i n / l o w - c a l c i u m  g r o u p s  c o m p a r e d  w i t h  t h e  ra t s  on  t h e  o t h e r  d i e t s  
( t ab le  3). 

B o n e  p a r a m e t e r s  

T h e  l e n g t h ,  e x t e r n a l  d i a m e t e r ,  a n d  v o l u m e  of  f e m u r  a n d  t ib i a  of  t h e  5 
d i e t  g r o u p s  d id  n o t  d i f f e r  s ign i f i can t ly .  B o n e  m a s s  a n d  b o n e  m i n e r a l  m a s s  

Table 3. Serum Ca, P, Mg, and Albumin mM/1. 

Diet group Ca P Mg Albumin 

Pr 5/Ca Mean 2.40 a) 1.93 1.49 37.7 
S.D.  0.11 0.44 0.24 1.5 

Pr 5/-Ca Mean 2.35 2.31 0.91 27.5 c) 
S.D. 0.23 0.16 0.12 3.2 

Pr 15/Ca Mean 2.54 2.57 1.00 39.8 
S.D. 0.10 0.12 0.18 2.6 

Pr 40/Ca Mean 2.68 b) 2.73 1.32 36.0 
S.D. 0.12 0.47 0.26 3.5 

Pr 40/-Ca Mean 2.38 2.89 1.35 39.4 
S.D. 0.05 0.48 0.20 0.5 

Statistical analysis 

Serum Ca: 
") Pr  5/Ca < Pr 15/Ca or Pr  40/Ca (P < O.01) 
b) Pr  40/Ca > Pr 40J-Ca (P < 0.01) 
Serum albumin: 
r Pr  5/-Ca < Pr 5/Ca or Pr 15/Ca or Pr 40/Ca or Pr 40/-Ca (P < 0.Ol) 
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Ca:0.45~ 

Co=0.12~ 

n I n I 

Ril Hi 
Dryweight Ashweight Dryw./volurne Ashw./voiume 

Fig. 1. Dry weight,  ash weight,  dry weight /volume and ashweight /volume in relation 
to the animals on a diet  with 15 per cent protein and 0.45 per  cent calcium. White 

columns 5, grey columns 15 and black columns 40 per  cent protein. 

w e r e  p o s i t i v e l y  s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  p r o t e i n  i n t a k e  b u t  i n d e p e n -  
d e n t  of  t h e  c a l c i u m  l e v e l  ( t ab l e  4). B o n e  d e n s i t y  a n d  b o n e  m i n e r a l  d e n s i t y  
w a s  s i g n i f i c a n t l y  i n c r e a s e d  in  t h e  h i g h - p r o t e i n  g r o u p s  ( t ab l e  4). I r r e s p e c -  
t i ve  of t h e  p r o t e i n  l eve l  of t h e  d ie t ,  t h e  b o n e  m a s s  a n d  d e n s i t y  a n d  t h e  
b o n e - m i n e r a l  m a s s  a n d  d e n s i t y  w e r e  s i g n i f i c a n t l y  l o w e r  fo r  t h e  a n i m a l s  o n  
a l o w  t h a n  t h o s e  o n  a n o r m a l  c a l c i u m  d i e t  ( t ab l e  4). 

T h e  p r o t e i n  a n d  c a l c i u m  l e v e l  of  t h e  d i e t  i n t e r a c t e d  o n  t h e  c o m p o s i t i o n  
of  t h e  b o n e  w h e n  e x p r e s s e d  as  t h e  r a t i o  b e t w e e n  i n o r g a n i c  a n d  o r g a n i c  
m a t t e r  of  t h e  b o n e .  T h e  a n i m a l s  o n  a h i g h  p r o t e i n / n o r m a l  c a l c i u m  d i e t  h a d  
t h e  h i g h e s t  a n d  t h o s e  o n  a h i g h  p r o t e i n / l o w  c a l c i u m  d i e t  t h e  l o w e s t  I n / O r  
r a t i o  ( t ab l e  4). (Fig.  1). 

A t  a n o r m a l  c a l c i u m  d i e t  a h i g h  p r o t e i n  i n t a k e  i n c r e a s e d  t h e  b o n e  area ,  
t h e  p e r c e n t a g e  b o n e  a r e a  a n d  t h e  m e a n  t r a b e c u l a r  w i d t h  of  t h e  f e m o r a l  
h e a d  s i g n i f i c a n t l y .  A t  b o t h  l o w  a n d  h i g h  p r o t e i n  i n t a k e s  t h e  m e a n  w i d t h  of 
c o r t e x  m e a s u r e d  m i d s h a f t  o n  t h e  f e m u r  w a s  e v i d e n t l y  n o t  a s s o c i a t e d  w i t h  
t h e  p r o t e i n  i n t a k e .  I n  t h e  g r o u p s  w i t h  a l o w  c a l c i u m  d i e t  t h e  m e a n  w i d t h  of 
c o r t e x  w a s  s i g n i f i c a n t l y  d e p r e s s e d  b o t h  a t  a h i g h  a n d  a l o w  p r o t e i n  i n t a k e ,  
a n d  t h e r e  w e r e  n o  s i g n i f i c a n t  d i f f e r e n c e s  in  t h e  t o t a l  t r a n s v e r s a l  a r e a  of 
f e m u r  ( t a b l e  5). 

T h e  e p i p h y s e a l  c a r t i l a g e  p l a t e  w a s  s i g n i f i c a n t l y  w i d e r  in  r a t s  on  t h e  l o w  
p r o t e i n / n o r m a l  c a l c i u m  d i e t  t h a n  in  t h o s e  w i t h  h i g h e r  p r o t e i n  i n t a k e s .  T h e  
w i d t h  of  t h e  e p i p h y s e a l  p l a t e  w a s  e v i d e n t l y  u n a f f e c t e d  b y  t h e  c a l c i u m  
i n t a k e s  ( t ab l e  5). T h e r e  w a s  n o  h i s t o l o g i c a l  e v i d e n c e  of  o s t e o m a l a c i a .  
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D i s c u s s i o n  

R e l i a b i l i t y  o f  t h e  e x p e r i m e n t a l  m o d e l  

In  animals  fed a s tandard  labora tory  rat ion a posit ive correlat ion has 
been found  be tween  age, body  weight  and the weight  and densi ty  of the 
bone  (13, 14). In  studies of the bone variables in the rat and man,  adequate  
normal izat ion for body  size is necessary  for a reliable in terpreta t ion of 
bone  mass  data (15). In  studies of skeletal variables in animals fed diets of 
different  composi t ions  bo th  age and b o d y  weight  are therefore  factors of 
p a r a m o u n t  impor tance .  

To overcome  the t endency  for animals on a low protein diet to eat less 
(16, 17), var ious t echniques  have been  used, such  as force feeding, pair  
feeding and meal feeding (5, 18, 19, 20). As these feeding m e t h o d s  are not  
physiological ,  they  m a y  in t roduce  a dis tor t ing factor. When a rat, wh ich  is 
a nibbler  by nature, is forced to become  a meal  eater, alterations in food 
adsorp t ion  and changes  in the compos i t ion  of the b o d y  develop (21, 22). 
There is also evidence that  the ni t rogen balance is dependen t  on the 
n u m b e r  of meals  t aken  a day (23). Even  the t ime of day w h e n  the meal  is 
t aken  may,  it is claimed, inf luence the utilization of the food (24). In  the 
present  s tudy  all the animals were  fed ad libitum. Nonetheless ,  the rats '  
cons umpt ion  was low, t hough  a lmost  identical  for all the diet groups,  as 
also was their  gain in weight.  By  normal  s tandards  for food intake and  
growth  pat tern  all the groups  were clearly undernour i shed ,  bu t  in all other  
respects  they  met  the criteria for reliable inter-group comparisons .  

The c a u s e s  o f  u n d e r n o u r i s h m e n t  

The observat ion that  a diet low in prote in  or with an imbalanced  amino  
acid compos i t ion  impairs  the appeti te  and retards weight  gain has been  
ascr ibed to the  inf luence on the appeti te  centre  exer ted by  the amino acid 
pat tern  in the brain (25). 

In  order  to ensure  that  all the diets used  in the present  s tudy  conta ined 
the same a m o u n t  of amino acids, they were supp lemen ted  with 
meth ion ine  in p ropor t ion  to be prote in  content.  The effect  of the added  
meth ionine  on the food intake and body  growth  was examined  separately 
in a shor t - term exper iment .  Young  rats were fed the high-prote in  diet used  
in this exper iment  and were compared  given the same diet wi thout  
addi t ion of methionine.  The control  animals c o n s u m e d  significantly more  
and  grew better, and  the u n d e r n o u r i s h m e n t  of the rats in the present  s tudy  
could  therefore be a t t r ibuted to the meth ion ine  added  to the test  diets. I t  
has been repor ted  that  diets conta in ing 2.5 and 4.5 per  cent  of meth ionine  
can lead to extensive alterations in the organs of y o u n g  rats and also 
inhibi t ion of bone  growth,  which  was identical  in degree to tha t  seen in the 
weight-control  animals, on  a basilar diet, and these changes  were thus  
cons idered  to be nonspecif ic  (26). 

Analyses  showed  that  approx imate ly  one third of the added  DL- 
meth ion ine  was oxidized to the sulphoxide.  Methionine su lphoxide  has 
not  been  found  to exert  any  toxic effects on y o u n g  rats (27). Since the  
largest amoun t  of methionine  present  in the test  diets used in the present  
s tudy  was only  0.8 per  cent, it was judged  highly  improbab le  that  the  
meth ion ine  added  to the  diet p roduced  specific bone  alterations. 
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B o n e  al terat ions in relation to pro te in  i n take  

Two forms of osteoporosis  have been  postulated,  namely,  mat r ix  
osteoporosis  - that  is, decreased deposi t ion of bone matr ix result ing f rom 
an abnormal ly  low protein intake - and mineral  osteoporosis,  in which  
there is normal  deposi t ion of bone  matr ix  but  enhanced  destruct ion of old 
bone to meet  the  calc ium requ i rement  arising from the intake of diets 
adequate  in prote in  bu t  deficient  in calc ium (24). Exper iments  on young  
and adul t  rats have shown that  either prote in  or calcium deficiency will 
give severe osteoporosis  (28). However ,  it has also been reported that  
m o n k e y s  fed a low-protein diet (18) and y o u n g  rats submit ted  to protein or 
energy restr ict ion (19) did not  develop changes  in bone  composit ion.  

I n  the present  s tudy  a low prote in  intake was associated with a small, 
t hough  significant, reduc t ion  in bone  mass. On the other hand, the rats 
with a h igh pro te in /normal  calc ium diet showed  a significantly elevated 
bone density.  The marked  effect on bone  t issue induced by a low protein 
intake repor ted  by E1-Maraghi et  al. was probable  due  to the difference in 
the weight  of the exper imenta l  and the control  animals. When both  pair- 
fed and  weigh t -matched  control  rats were  used, thus to some extent  
avoiding the implicat ions of a difference in weight  of the compared  
animals, it has been found  that  a low protein  intake led to a reduct ion in 
bone mass (5). The results of the present  s tudy  are consis tent  with this 
experience.  However ,  the conclus ion  d rawn  f rom Shenol ikar ' s  s tudy  that  
animals on a low-protein diet have an increased percentage  ash of the bone 
is not  borne  out  by  the observat ions  of ei ther  the present  or the referred 
studies (15). I t  seems reasonable  to conc lude  that  protein deficiency in 
young  animals  leads to a reduc t ion  in bone  mass.  The evidence for an 
effect on bone  densi ty  is inconclusive.  

Restr ic t ion of the  intake of a normal  diet will result  in a higher  bone  
densi ty  in growing animals compared  with free access to the same diet (29, 
30). The present  results suggest  that  low intake of a high-protein  diet may  
const i tute  a greater restr ict ion than  the intake of the same amoun t  of a 
low-protein diet. Suppor t  for this is found  in lower  height  of the growth 
plate observed  in the high compared  to the low-protein diet groups. 

B o n e  al terat ions in relation to both pro te in  and calc ium in take  

Variations in prote in  intake m a y  affect the skeleton either by  direct 
influence on the synthesis  of the bone matrix, or indirectly th rough  
changes  in the ca lc ium metabol ism.  I t  has been  repor ted  that  a high 
protein intake increases ca lc ium absorp t ion  (31, 28); moreover,  protein- 
depr ived y o u n g  rats have shown  a lower  calc ium absorpt ion and lower 
serum calc ium levels than normal  controls  (4). On the other  hand, it has 
been repor ted  that  a high prote in  intake exerts a p ronounced  calciuric 
effect in y o u n g  men, leading to a negat ive calc ium balance (32, 33) and that  
rats fed a high-protein  diet display increased absorpt ion and increased 
excret ion of calcium, bu t  no loss of skeletal calcium (34). A m o n g  the rats of 
the present  s tudy  wi th  a normal  ca lc ium intake the serum calcium level 
was significantly lower  for those  fed the lower than those fed the high- 
protein diet. F r o m  these observat ions  it would  thus appear  that  the effect 
of a high protein intake on calc ium absorpt ion is not  to ,meet the calc ium 
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r e q u i r e m e n t s  for  t he  ske le ta l  m e t a b o l i s m  b u t  r a t h e r  to c o m p e n s a t e  for  t he  
i n c r e a s e d  e x c r e t i o n  of e n d o g e n o u s  ca l c ium.  T h u s  if t he  c a l c i u m  c o n t e n t  of 
t he  d i e t  is l ow  a n d  t he  p e r c e n t a g e  a b s o r p t i o n  is a l r e a d y  h igh ,  t he  i n c r e a s e  
in  c a l c i u m  a b s o r p t i o n  d u e  to a h i g h  p r o t e i n  i n t a k e  m a y  n o t  c o m p e n s a t e  for 
t he  i n c r e a s e d  e x c r e t i o n .  Th i s  w o u l d  a c c o u n t  for  t h e  a b s e n c e  of a corre la-  
t i o n  b e t w e e n  s e r u m  c a l c i u m  a n d  p r o t e i n  i n t a k e  i n  the  p r e s e n t  s t u d y  w h e n  
t h e  c a l c i u m  c o n t e n t  of t he  d ie t  was  as l ow  as 0.12 pe r  cen t .  I t  m a y  also 
e x p l a i n  t he  d i f f e r ence  i n  t he  effect  of p r o t e i n  o n  the  b o n e  c o m p o s i t i o n  at 
l ow a n d  n o r m a l  c a l c i u m  in t akes .  

Adap t ion  to a l o w  calc ium in take  

I n  t h e  p r e s e n t  s t u d y  a l o w - c a l c i u m  d ie t  c o m b i n e d  w i t h  e i t he r  a h igh -  or  
a l o w - p r o t e i n  d ie t  was  a s soc i a t ed  w i t h  a s i g n i f i c a n t l y  d e p r e s s e d  b o n e -  
m i n e r a l  m a s s  a n d  b o n e  dens i t y .  A t  a l ow  c a l c i u m  i n t a k e  t h e r e  w a s  
i n c r e a s e d  e n d o s t e a l  b o n e  r e s o r p t i o n  b u t  n o r m a l  pe r io s t ea l  g r o w t h  com-  
p a r e d  to n o r m a l  c a l c i u m  in take .  T h e s e  o b s e r v a t i o n s  o n  t he  effect  of a l ow  
c a l c i u m  i n t a k e  on  the  s k e l e t o n  of t he  y o u n g  ra t  c o n f i r m  t h o s e ' r e p o r t e d  on  
a d u l t  ra t s  (35, 36). 

R e d u c t i o n  in  the  p r o t e i n  c o n t e n t  of the  d ie t  was  a s soc i a t ed  w i t h  less  
t r a b e c u l a e  b o n e ,  a n d  r e d u c t i o n  i n  t he  c a l c i u m  c o n t e n t  of the  d ie t  r e d u c e d  
t he  cor t i ca l  bone .  T h i s  s u g g e s t s  t h a t  t he  effect  of p r o t e i n  a n d  c a l c i u m  on  
t he  c o m p o s i t i o n  of b o n e  is g o v e r n e d  b y  d i f f e r e n t  m e c h a n i s m s .  

Summary 

A study has been made of the effects of various levels of dietary protein and 
calcium on the skeleton of young undernourished rats. The data for the study were 
obtained from physical properties of bone, from microradiographs of various parts 
of femur and histological sections of the bone. 

There were significant associations between a low protein intake and low bone 
mass, irrespective of calcium intake, and between a high protein intake and a high 
bone density at a normal calcium content  of the diet. The influence of dietary 
protein on the composition of the bone was dependent  on the calcium intake. 
Reduction in the protein level was associated with less trabecular bone and reduc- 
t ion in the calcium reduced mainly the amount  of cortical bone. 

Zusarnmenfassung 

Es wurden Untersuehungen 0ber die Wirkung yon verschiedenen Protein- und 
Kalziurnmengen in der Digit auf das Skelett yon jungen unterern~Irten Ratten 
durchgefiihrt. 

Die Ergebnisse bezogen sich auf die physischen Eigenschaften der Knochen 
und auf rnikroradiographische Untersuchungen verschiedener Teile der Ober- 
schenkelknochen und auf Knochengewebeschnitte. 

Es zeigten sich deutliche Beziehungen zwischen Niedrig-Protein-Di~it und gerin- 
ger Knochenmasse, unabhiingig yon der Kalziumeinnahrne, wie auch zwischen 
Hoch-Protein-Di~t und hoher Knochendichte bei normalem Kaiziurngehalt in der 
Digit. Der EinfluJ~ von Di~tprotein auf die Knochenzusammensetzung war yon der 
Kalziumeinnahme abh~ngig. Eine Herahsetzung der Proteinmenge wurde rnit 
weniger spongi6sem Knochengewebe in Verbindung gebracht, eine Herabsetzung 
der Kalziummenge verminderte haupts~chlieh die Menge yon kortikalem Kno- 
chengewebe. 

Key words: bone - protein deficiency - calorie restriction - calcium deficiency 



Widhe, Effects of  dietary protein and calcium 117 

References 

1. Garn, S. M., C. G. Rohmann: Compact bone deficiency in protein-calorie mal- 
nutrition. Science 145, 1444-1445 (1964). 

2. Jones,  P. R. M., R. F. A. Dean: The effect of kwashiorkor on the development  of 
the bones of the hand. J. Trop. Pediatry 2, 51-68 (1956). 

3. E1-Maraghi, N. R. H,, B. S. Platt, R. J. C. Stewart: The effect of the interaction of 
dietary protein and calcium on the growth and maintenance of the bones of 
young, adult and aged rats. Brit. J. Nutr.: 19, 491-507 (1965). 

4. Le Roith, D., B. L. Pimstone:  Bone metabolism and composition in the protein- 
deprived rat. Clin. Sci., 44, 305-319 (1973). 

5. Shenolikar, I. S., B. S. Narasinga Rao: Influence of dietary protein on calcium 
metabol ism in young rats. Indian J. Med. Res. 56, 1412-1422 (1968). 

6. McClendon, J. F., A. Blaustein: Reversal of osteoporosis in lactating female rats 
by tricalcium phosphate. Nature 205, 95 (1965). 

7. Gitelman, H. J.: An improved automated procedure for the determination of 
calcium in biological specimens. Analyt. Biochem. 18, 521-523 (1967). 

8. Kallner, A.: Determination of phosphate in serum and urine by a single step 
malachite-green method.  Clin. Chim. Acta 59, 35-39 (1975). 

9. Doumas, B. T., W. A. Watson, H. G. Biggs: Albumin standards and the measure- 
ment  of serum albumin with brom-cresol green. Clin. Chim. Acta 31, 87-96 
(1971). 

1O. Pybus, J.: Determination of calcium and magnesium in serum and urine by 
atomic absorption spectrophotometry.  Clin. Chim. Acta 23, 309-317 (1969). 

11. Jowsey,  J., P. J. Keley, B. L. Riggs, A. J. Bianco Jr., D. A. Scholz, J. Gershon- 
Cohen: Quantitative microradiographic studies of normal and osteoporotic 
bone. J. Bone Jo in t  Surg. 47-A, 785-806 (1965). 

12. Snedecor,  G. W. W. G. Cochran: Statistical methods.  The Iowa State College 
Press (Ames, Iowa, U.S. 1967). 

13. Nilsson, B. E. R., P. D. SaviUe: Influence of growth and trauma on bone mass 
and mineral  turnover  in rats. Acta Orthop. Scand. 39, 273-279 (1968). 

14. Nilsson, B. E. R., P. D. Saville: Relations between femur density and strontium- 
85 uptake in bipedal rats. Acta Orthop. Scand. 39, 433-438 (1968). 

15. Harrison, J. E., K. G. McNeill, A. J. W. Hitchman: The relationship between 
bone mineral mass and body size. Based on clinical and rat data. Amer. J. 
Roentgenol.  131, 541 (1978). 

16. Meyer, J. H., W. A. Hargus: Factors influencing food intake of rats fed low- 
protein rations. Amer. J. Physiol. 197, 1350-1352 (1959). 

17. Beaton, J. R., V. Feleki, J. A. F. Stevenson: Factors in the reduced food intake of 
rats fed a low-protein diet. Canad. J. Physiol. Pharmacol.  19-23 (1968). 

18. Jha, G. J., M. G. Deo, V. Ramalingaswami: Bone growth in protein deficiency. 
Amer. J. Pathol. 53, 1111-1123 (1968). 

19. D'Orio, L. P., S. A. Miller, J. M. Navia: The separate effects of protein and calorie 
malnutri t ion on the development  and growth of rat bones and teeth. J. Nutr. 
103, 856-865 (1973). 

20. Stead, R. H., J. F. Brock: Exper imental  protein calorie malnutrition; rapid 
induction of protein depletion signs in early-weaned rats. J. Nutr. 102, 1357-1366 
(1972). 

21. LeveiUe, G. A.: Adipose tissue metabolism: Influence of periodicity of eating 
and diet composition. Fed. Proc. 29, 1294--1301 (1970). 

22. Wardlaw, J. M., D. J. Hennyey, R. H. Clarke: The effect of decreased feeding 
frequency on body composit ion in mature and immature male and female rats. 
Canad. J. Physiol. Pharmacol.  47, 47-52 (1969). 

23. Hart, I. K.: Effect of frequency of meal  on the growth rate, nutrient digestibility, 
body-composition, nitrogen retention and heat production of rats. Nutr. Reports 
Intern. 7, 9-18 (1973). 



118 Zeitschrift fdr  Ern~hrungswissenschaft, Band 20, Heft  2 (1981) 

24. Pocknee,  R. C., F. W. Heaton: Changes in organ growth with feeding pattern. 
The influence of feeding frequency on the circadian rhythm of protein synthesis 
in the rat. J. Nutr. 108, 1266-1273 (1978). 

25. Peng, Y.-S., L. L. Meliza, M. G. Vavich, A. R. Kemmerer :  Changes in food intake 
and nitrogen metabol ism of rats while adapting to a low or high protein diet. J. 
Nutr. 104, 1008-1027 (1974). 

26. Klavins, J. V., T. D. Kinney, N. Kaufman: Histopathologic changes in 
methionine excess. Arch. Pathol. 75, 661-673 (1963). 

27. Anderson, G. H., D. V. M. Ashley, J. D. Jones:  Utilization of L-methionine 
sulfoxide, L-methionine sulfone and cysteic acid by the weanling rat. J. Nutr. 
106, 1108-1114 (1976). 

28. Platt, B. S., R. J. C. Stewart: Transverse trabeculae and osteoporosis in bones in 
exper imental  protein-calorie deficiency. Brit. J. Nutr. 16, 483-494 (1962). 

29. Dickerson, J. W. T., R. A. McCance: Severe undernutr i t ion in growing and adult 
animals. Brit. J. Nutr. 15, 567-576 (1961). 

30. Hedhammar,  A., L. Krook, F. A. Kallfelz, H. F. Schryver, H. F. Hintz: An 
experimental  study in growing great Dane dogs. Cornell Vet. 64. Suppl. 5, 126 
(1974). 

31. McCance, R. A., E. M. Widdowson, H. Lehmann: The effect of protein intake on 
the absorption of calcium and magnesium. Biochem. J. 36, 686-691 (1942). 

32. Anand, C. R., H. M. Linkswiler: Effect of protein intake on calcium balance of 
young men  given 500 mg calcium daily. J. Nutr. 104, 695-700 (1974). 

83. NIargen, S., J.-Y. Chu, N. A. Kaufmann, D. H. Calloway: Studies in calcium 
metabolism. I. The calciuretic effect of dietary protein. Amer. J. Clin. Nutr. 27, 
584-589 (1974). 

34. Bell, R. R., D. T. Engelmann, Sie Ten-Lin, H. H. Draper: Effect of a high protein 
intake on calcium metabolism in the rat. J. Nutr. 105, 475-483 (1975). 

35. Rasmussen, P.: Calcium deficiency, pregnancy and lactation in rats. Calcif. 
Tissue Res. 23, 87-94 (1977). 

36. Larsson, S.-E.: On the development  of osteoporosis. Acta Orthop. Scand. Suppl. 
120, 17-55 (1969). 

Author 's  address: 

ToruIf Widhe, Depar tment  of Orthopaedic Surgery, Karolinska Institute, Huddinge 
University Hospital, S-141 86 Huddinge, Sweden 


