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Role of vitamin D metabolites in the prevention of the 
osteopenia induced by ovariectomy in the axial and 
appendicular skeleton of the rat 
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A b b r e v i a t i o n  i n d e x  

1,25(OH)2D3 = l a , 2 5 - d i h y d r o x y v i t a m i n  D3; 24,25(OH)2D3 = 24R,25-d ihydroxyvi t -  
amin D3; 1,24,25(OH)3D:~ = h~ ,24R,25- t r ihydroxyv i t amin  D3; lu(OH)D3 = lcL-hydro- 
x y v i t a m i n  D3; P T H  = p a r a t h y r o i d  h o r m o n e ;  O V X  = ova r i ec tomized ;  S H A M  = 
s h a m - o p e r a t e d ;  G p  = group.  

S u m m a r y :  F o r t y  Fischer-344 ra t s  (10 w e e k s  old, 130 g BW) were  e i t h e r  b i la te ra l ly  
ovm' i ec tomized  (OVX) or s h a m - o p e r a t e d  (SHAM).  T h e  ra t s  we re  a l loca ted  to t h e  
fo l lowing g roups :  SHAM;  OVX; O V X  + 15 n g  l a , 2 5 - d i h y d r o x y v i t a m i n  D3 
[1,25(OH)2D3]/rat/d; O V X  + 30 ng  l m 2 4 R , 2 5 - t r i h y d r o x y v i t a m i n  D~ [1,24,25(OH)3D3]/ 
rat /d;  O V X  + 15 ng  1,25(OH)aD3/rat/d + 30 ng  1,24,25(OH)3D:~/rat/d. The  v i t a m i n  D 
m e t a b o l i t e s  we re  fed oral ly s t a r t i ng  4 w e e k s  a f te r  surgery .  U r i n e  a n d  b l o o d  s a m p l e s  
were  t a k e n  at  severa l  t i m e  p o i n t s  d u r i n g  t he  e x p e r i m e n t .  T w e n t y - o n e  weeks  a f t e r  
su rge ry  all ra ts  were  sacr i f iced,  a n d  t he  p r o x i m a l  t ib i ae  a n d  t he  f irst  l u m b a r  ver te -  
b rae  we re  p r o c e s s e d  u n d e c a l c i f i e d  for s ta t ic  b o n e  h i s t o m o r p h o m e t r y .  

O v a r i e c t o m y  i n d u c e d  a 40 % r e d u c t i o n  in v e r t e b r a l  c ance l lous  b o n e  area,  a n d  a 
69 % r e d u c t i o n  in  t ib ia l  c a n c e l l o u s  b o n e  area.  Th i s  b o n e  loss  in  O V X  ra ts  was  
a s soc ia t ed  w i th  m o d e r a t e l y  i n c r e a s e d  b i o c h e m i c a l  a n d  h i s t o m o r p h o m e t r i c  i nd i ces  
of  b o n e  f o r m a t i o n  a n d  r e s o r p t i o n  as c o m p a r e d  to va lues  in s h a m - o p e r a t e d  an imal s .  
T h r o u g h  i n h i b i t i o n  of  b o n e  r e so rp t ion ,  t r e a t m e n t  of OVX ra ts  w i t h  1,25(OH).,D:~, 
1,24,25(OH)3D3, a n d  t he  m e t a b o l i t e  c o m b i n a t i o n  p r e v e n t e d  the  ova r i ec tomy-  
i n d u c e d  o s t e o p e n i a  in  t he  l u m b a r  ve r t eb ra ,  a n d  par t ia l ly  p r e v e n t e d  c a n c e l l o u s  b o n e  
o s t e o p e n i a  in  t he  t ib ia l  m e t a p h y s i s .  However ,  O V X  ra ts  r ece iv ing  1,25(OH)2D3 a lone  
or  in  c o m b i n a t i o n  w i t h  1,24,25(OH)3D3 e x h i b i t e d  h y p e r c a l c e m i a ,  h y p e r p h o s p h a t -  
emia ,  hyperea lc iu r i a ,  a n d  i m p a i r e d  b o n e  mine ra l i za t ion .  T r e a t m e n t  of  O V X  ra ts  
w i t h  1,24,25(OH)3D3 alone,  o n  the  o t h e r  h a n d ,  on ly  s l igh t ly  i n c r e a s e d  s e r u m  ca l c ium 
levels  a n d  d id  no t  i m p a i r  b o n e  minera l i za t ion .  F u r t h e r m o r e ,  the  i n c l u s i o n  o f  
1,24,25(OH)3D~ w i t h  1,25(OH)eD3 par t i a l ly  a n t a g o n i z e d  t he  u n t o w a r d  effects  of  
1,25(OH)2D3 on  b o n e  minera l i za t ion .  

T h e s e  da t a  s u g g e s t  t h a t  t h e  ac t ions  of  1,24,25(OH)3Da on  b o n e  m e t a b o l i s m  m i g h t  
d i f fer  f rom t h a t  of  1,25(OH)2D3, a n d  t h a t  1,25(OH)2D:~ and,  par t icu la r ly ,  
1,24,25(OH)3D:~ m a y  be  po ten t i a l ly  e f fec t ive  agen t s  for  the  p r o p h y l a x i s  of  p o s t m e n o -  
p a u s a l  os teoporos i s .  

* In  m e m o r i a m  Prof .  Dr.  H e r m a n n  Z u c k e r  
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Zusammenfassung: 40 Fischer-344-Ratten (10 Wochen alt, 130 g KG) wurden 
entweder beidseitig ovariektomiert (OVX) oder scheinoperiert (SHAM). Die Ratten 
wurden in folgende Gruppen eingeteilt: SHAM; OVX; OVX + 15 ng la,25-Dihydro- 
xyvitamin D3 [1,25(OH)2D:~]/Tier/Tag (d); OVX + 30 ng lr 
D3 [1,24,25(OH)3D3]frier/d; OVX + 15 ng 1,25(OH)~DJrier/d + 30 ng 1,24,25(OH)3D3/ 
Tier/d. 4 Wochen post operationem wurde mit der oralen Verabreichung der Vit- 
amin-D-Metaboliten begonnen. Urin- und Blutproben wurden mehrfach wfihrend 
des Experiments entnomrnen.  21 Wochen post operationern wurden alle Ratten 
getStet und die proximale Tibia sowie der erste LendenwirbelkSrper fiir eine 
statische histomorphometrische Auswertung unentkalkt  eingebettet. 

Die Ovariektomie verursaehte eine Abnahme der trabekuliiren Knochenmasse 
um 40 % im LendenwirbelkSrper und um 69 % in der Tibiametaphyse. Verglichen 
mit den scheinoperierten Tieren, ging der Knochenverlust  bei OVX-Ratten rnit 
mfil~ig erhShten biochemischen und histomorphometrischen Parametern der Kno- 
chenformation und -resorption einher. Die Behandlung der OVX-Ratten mit  
1,25(OH)2D3, 1,24,25(OH)3D3 oder der Metabolitkombination verhinderte die durch 
die Ovariektomie induzierte Osteopenie im trabekul~ren Knochen des Lendenwir- 
bels und teilweise auch der Tibiametaphyse, wobei diese Wirkung durch eine 
Hernmung der Knochenresorption zustande kam. Die mit 1,25(OH)2D3 allein oder in 
Kombinat ion mit 1,24,25(OH)3D3 behandelten Ratten zeigten jedoch eine 
Hyperkalz~mie, Hyperphosphat~mie, Hyperkalzurie und eine gestSrte Knochenmi- 
neralisation. Andererseits fiihrte die Behandlung von OVX-Ratten rnit 
1,24,25(OH)3D3 allein nur  zu einer leichten Zunahme des Serumkalziumspiegels 
und erzeugte keine StSrung der Knochenmineralisation. Weiterhin wirkte 
1,24,25(OH)3D:~ in Kombinat ion mit 1,25(OH)2D3 den ungiinstigen Effekten yon 
1,25(OH)aD3 auf die Knochenmineralisat ion teilweise entgegen. 

Diese Ergebnisse deuten darauf hin, dab sich die Wirkungen von 1,24,25(OH)3D3 
auf den Knochenstoffwechsel mSglicherweise von denen des 1,25(OH)2D3 unter- 
scheiden und da~ 1,25(OH)2D 3 und insbesondere 1,24,25(OH)3D3 eventuell auch ffir 
eine wirksame Prophylaxe der postmenopausalen Osteoporose geeignet w~iren. 

Key words: ovariectomy; quantitative bone histomorphometry; bone mineraliza- 
tion; osteopenia; vitamin D 
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chenmineralisation; Osteopenie; Vitamin D 

I n t r o d u c t i o n  

Osteoporos i s  is a b o n e  d i sease  t ha t  is cha rac t e r i zed  b y  a r e d u c t i o n  in  
b o n e  m a s s  pe r  u n i t  v o l u m e  a n d  a n  i n c r e a s e d  i n c i d e n c e  of  f rac ture ,  pa r t i cu -  
la r ly  f r ac tu res  of the  ve r t eb rae ,  d is ta l  r ad ius ,  a n d  p r o x i m a l  f e m u r  (6). The  
d i sease  is ve ry  c o m m o n  a m o n g  e lde r ly  p e r s o n s  in  W e s t e r n  c o u n t r i e s  (22), 
a n d  the  s o c i o e c o n o m i c  i m p a c t  of o s t eoporos i s  a n d  a s soc i a t ed  f r ac tu res  
wil l  g row in  the  n e a r  f u t u r e  as the  n u m b e r  of e lde r ly  s t ead i ly  i n c r e a s e  in  
W e s t e r n  socie t ies  (21). I t  has  b e e n  s u g g e s t e d  t ha t  i n v o l u t i o n a l  o s t eoporos i s  
is an  e t io log ica l ly  h e t e r o g e n e o u s  d i s o r d e r  t ha t  c a n  be  s u b d i v i d e d  in to  t ype  
I ( p o s t m e n o p a u s a l )  a n d  type  I I  (senile)  o s t eoporos i s  (42). Ea r ly  post-  
m e n o p a u s a l  w o m e n  e x p e r i e n c e  a t r a n s i e n t  p h a s e  of i n c r e a s e d  b o n e  t u r n -  
over  a n d  acce le ra t ed  c a n c e l l o u s  b o n e  loss (16, 18, 37). The r e  is good  
e v i d e n c e  tha t  th is  p h e n o m e n o n  is c a u s e d  by  e s t r o g e n  de f i c i ency  d u e  to 
ova r i an  i n s u f f i c i e n c y  af ter  m e n o p a u s e  (28). Howeve r ,  t he  p a t h o p h y s i o l o g y  
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of  e s t r o g e n - d e f i c i e n c y - i n d u c e d  b o n e  los s  is s t i l l  u n c l e a r .  R e c e n t l y ,  e s t ro -  
gen  r e c e p t o r s  h a v e  b e e n  i d e n t i f i e d  in r a t  a n d  h u m a n  o s t e o b l a s t - l i k e  ce l l s  
(11, 26). T h u s ,  i t  is  p o s s i b l e  t h a t  e s t r o g e n s  e x e r t  t h e i r  b o n e - p r e s e r v i n g  
e f fec t s  t h r o u g h  a d i r e c t  r e c e p t o r - m e d i a t e d  a c t i o n  on  o s t e o b l a s t s .  

S t u d i e s  in h e a l t h y  w o m e n  in t h e i r  e a r l y  n a t u r a l  m e n o p a u s e  h a v e  d e m o n -  
s t r a t e d  t h a t  d a i l y  a d m i n i s t r a t i o n  o f  0.25 ~tg 1,25(OH)2D3 or  0.25 ~g l a (OH)D3  
has  no  p r o p h y l a c t i c  e f f ec t  w i t h  r e g a r d  to e a r l y  p o s t m e n o p a u s a l  b o n e  loss  
(7, 8). On t h e  o t h e r  h a n d ,  t h e r e  is  a c c u m u l a t i n g  e v i d e n c e  t h a t  d a i l y  d o s e s  o f  
0.5 to  1.0 ~g 1,25(OH)2D 3 h a v e  a b e n e f i c i a l  e f f ec t  in p r e v e n t i n g  b o n e  loss  
a n d  r e d u c i n g  f r a c t u r e  r a t e  in  p a t i e n t s  w i t h  e s t a b l i s h e d  p o s t m e n o p a u s a l  
o s t e o p o r o s i s  (1, 5, 14). 

I t  is w e l l  e s t a b l i s h e d  t h a t  o v a r i e c t o m y  r e s u l t s  in  c a n c e l l o u s  b o n e  loss  in  
t h e  a p p e n d i c u l a r  a n d  a x i a l  s k e l e t o n  o f  t h e  r a t  (49-51). T h e  b o n e  loss  
o b s e r v e d  in O V X  ra t s  is a c c o m p a n i e d  b y  i n c r e a s e d  b i o c h e m i c a l  a n d  
h i s t o m o r p h o m e t r i c  i n d i c e s  o f  b o n e  r e s o r p t i o n  a n d  b o n e  f o r m a t i o n  (19, 31, 
49-51), a n d  s h o w s  s o m e  s i m i l a r i t i e s  to  p o s t m e n o p a u s a l  b o n e  loss  (47, 50). 
S e v e r a l  s t u d i e s  h a v e  d e m o n s t r a t e d  t h a t  v i t a m i n  D m e t a b o l i t e s  can  
i n c r e a s e  b o n e  m a s s  a n d  can ,  a t  l e a s t  p a r t i a l l y ,  a n t a g o n i z e  t h e  d e v e l o p m e n t  
o f  o s t e o p e n i a  in  O V X  ra t s  (10, 12, 20, 24, 25, 27, 30). 

P r e v i o u s  i n v e s t i g a t i o n s  in  o u r  l a b o r a t o r y  h a v e  i n d i c a t e d  t h a t  in  r a c h i t i c  
ra ts ,  c h i c k s ,  a n d  q u a i l s  t h e  b i o a c t i v i t y  o f  1,25(OH)2D3 in v a r i o u s  v i t a m i n  D 
b i o - a s s a y s  is e n h a n c e d  s y n e r g i s t i c a l l y  b y  s i m u l t a n e o u s  a d m i n i s t r a t i o n  o f  
24,25(OH)2D3 or  1,24,25(OH)3D3 (39-41). I t  is n o t  k n o w n  w h e t h e r  t h e s e  
o v e r a d d i t i v e  e f fec t s  c a n  a l so  o c c u r  in v i t a m i n  D - r e p l e t e  a n i m a l s .  N e v e r -  
t h e l e s s ,  t h e  p o t e n t i a l l y  r e i n f o r c i n g  e f f ec t s  o f  2 4 - h y d r o x y l a t e d  v i t a m i n  D 
m e t a b o l i t e s  on  1,25(OH)2D3 b i o a c t i v i t y  m i g h t  p e r m i t  to  r e d u c e  t h e  d o s a g e  
o f  1,25(OH)2D3 w i t h o u t  c h a n g i n g  i ts  t h e r a p e u t i c  e f f e c t i v e n e s s ,  t h u s  poss i -  
b l y  a l so  r e d u c i n g  t h e  r i s k s  a s s o c i a t e d  w i t h  1,25(OH)2D3 t r e a t m e n t ,  i.e., t h e  
o c c u r r e n c e  o f  h y p e r c a l e e m i a  a n d  h y p e r e a l c i u r i a .  

T h e  c u r r e n t  s t u d y  e m p l o y e d  b o n e  h i s t o m o r p h o m e t r y  t o g e t h e r  w i t h  
a n a l y s i s  o f  b i o c h e m i c a l  m a r k e r s  o f  b o n e  t u r n o v e r  to  e v a l u a t e  t h e  a b i l i t y  o f  
1,25(OH)2D~ a n d  1,24,25(OH)3D3, a l o n e  o r  in  c o m b i n a t i o n ,  to  p r e v e n t  t h e  
d e v e I o p m e n t  o f  o v a r i e c t o m y - i n d u c e d  c a n c e l l o u s  b o n e  o s t e o p e n i a  in t h e  
a x i a l  a n d  a p p e n d i c u l a r  s k e l e t o n  o f  t h e  rat .  

Mater ia l s  and m e t h o d s  

A n i m a l  p r o c e d u r e s  

Forty female 10-week-old Fischer-344 rats (Insti tute for Biological and Medical 
Research, Switzerland) weighing about  130 g were used for this experiment .  Thirty- 
two rats were bilaterally ovariectomized by dorsal approach under  xylazine/ 
ketamine anesthesia,  and the remaining eight rats were sham-operated (SHAM). 
The animals were kep t  in individual  cages at 24 ~ with a 12 h each light/dark cycle 
and were fed a s tandard laboratory diet (Altromin, FRG) containing 0.9 % calcium, 
0.75 % phosphorus,  and 600 IU/kg vitamin D~. Food and tap water were available ad 
l ibi tum to all rats. The rats were allocated by weight to the following, weight- 
matched groups: 
Group 1: SHAM (n = 8); Group 2: OVX (n = 8); Group 3: OVX + 15 ng 1,25(OH)2DJ 
rat/d (n = 8); Group 4: OVX + 30 n g  1,24,25(OH)3D3/rat/d (n = 8); Group 5: OVX + I5 
ng 1,25(OH)2D3/rat/d + 30 ng 1,24,25(OH)aDa/rat/d (n = 8). 
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The v i tamin  D metabo l i t e s  were  d i s so lved  in e thanol / i ,2  p ropand io l  (1:10) and  
a d d e d  to the  diet, s tar t ing 4 w e e k s  af ter  surgery.  Dur ing  the  e x p e r i m e n t a l  per iod  
the  rats were  we ighed  every  2 weeks .  Ur ine  was  co l lec ted  in me tabo l i c  cages  5, 11, 
and  17 weeks  pos tova r i ec tomy.  Blood  s amp le s  were  ob ta ined  by orbi ta l  s inus  
p u n c t u r e  u n d e r  e the r  anes thes i a  2, 8, and  14 w e e k s  af ter  ovar iec tomy,  and  at  t he  end  
of  the  trial. The  s e r u m  and  ur ine  samples  were  s to red  at -40~ unti l  assayed.  
Twen ty -one  weeks  pos tova r i ec tomy ,  all rats  were  sacr i f iced  by an e the r  overdose .  
Success  of  ova r i ec tomy  was  c o n f i r m e d  by failure to de t ec t  ovar ian t i ssue  and  
obse rva t ion  of  m a r k e d  a t rophy  of  the  u te r ine  horns .  

Blood and urine analysis 

Total ca lc ium in s e r u m  and  ur ine  was  d e t e r m i n e d  by f lame p h o t o m e t r y  ( E L E X  
6361, E p p e n d o r f  Co., FRO). S e r u m  inorganic  p h o s p h a t e  and  total  s e r u m  alkal ine 
p h o s p h a t a s e  act ivi ty were  m e a s u r e d  wi th  commerc i a l ly  available t e s tk i t s  
(Boehr inger  M a n n h e i m  Co., FRG,  and  S igma  Chemica l  Co., FRG, respect ively) .  
Osteocalc in  was  d e t e r m i n e d  by a ra t-specif ic  r a d i o i m m u n o a s s a y  (kindly p ro v i d ed  
by Dr. P. v. Hauschka ,  Ch i ld ren ' s  Hospi ta l ,  Bos ton ,  Mass.) acco rd ing  to the  m e t h o d  
by Pr ice  and  N i sh imo to  (38). Ur inary  h y d r o x y p r o l i n e  was  ana lyzed  acco rd ing  to a 
mod i f i ed  m i e r o m e t h o d  by S t e g e m a n n  (45). Fas t ing  ur inary  exc re t ion  of ca lc ium 
and  h y d r o x y p r o l i n e  was  e x p r e s s e d  as a ratio to c rea t in ine  excre t ion .  

Histology 

At autopsy ,  the  first  l u m b a r  ve r t eb rae  and  the  r ight  t ibiae were  careful ly  
def ieshed ,  and  the  p rox ima l  par t  of  the  t ibia (about  10 m m  long) was  sepa ra ted  fore 
the  shaf t  wi th  a f ine saw. The b o n e s  were  f ixed i m m e d i a t e l y  in 40 % e thanol  at 4 ~ 
for 48 h (3), and  e m b e d d e d  undeca lc i f i ed  in me thy l -me thac ry l a t e ,  as d e s c r i b e d  
previous ly  (9). F i r ea rm- th i ck  undeca lc i f i ed  sec t ions  were  p r e p a r e d  wi th  a J u n g  
Po lycu t  E s ledge  m i c r o t o m e  (Re icher t - Jung ,  FRG). The  sec t ions  were  s a m p l e d  in 
the m e d i a n  p lane  of  the  ve r t eb rae  and  the  midsag i t t a l  p lane  of the  t ibiae,  and  
s ta ined  wi th  to lu id ine  blue at acid pH (3) and  wi th  yon  Kossa / to lu id ine  b lue  (9). 

Histomorphometry 

All m e a s u r e m e n t s  were  p e r f o r m e d  on the  cance l lous  b o n e  of  the  first  l u mb a r  
ver tebra l  body  and  the  p rox ima l  t ibial  me taphys i s .  

First lumbar vertebra: With a s emiau toma t i c  s y s t e m  (Videoplan,  C. Zeiss,  FRG), 
30 f ields (4.4 m m  a) were  eva lua ted  in each  sec t ion  at x250 magn i f i ca t ion  (x25 plan 
objective).  The area wi th in  0.8 m m  from the  cranial  and  caudal  g rowth  plates  was  
exc luded  f rom the  m e a s u r e m e n t s  (23). One  sec t ion  s ta ined  wi th  to lu id ine  blue  was  
analyzed per  animal .  

The fol lowing pa rame te r s  were  d e t e r m i n e d :  Total  t i ssue  area (Tt.T.Ar), total  bone  
area (Tt.B.Ar), total  bone  p e r i m e t e r  (Tt.B.Pm), total  os teoid  area (Tt.O.Ar), total  
os teoid  p e r i m e t e r  (Tt.O.Pm), total o s t eob las t  pe r ime te r  (Tt.Ob.Pm), and  the  n u m b e r  
of  os teoc las t s  (N.Oc). Os teob las t s  were  de f i ned  as mononuc l ea r ,  basophi l ic ,  cuboi-  
dal cells w i th  a p r o m i n e n t  Golgi appa ra tus  and  in con tac t  wi th  osteoid.  Os teoc las t s  
were  de f ined  as large, i r regular ly s h a p e d  cells wi th  one  or m o r e  nucle i  and  a tbamy,  
sl ightly m e t a c h r o m a t i c  cy top lasma.  Typical  os teoc las t  profi les  w i t h o u t  a nuc l eus  
were  also r ega rded  as "os teoclas ts" .  

F r o m  these  data, the  fo l lowing p a r a m e t e r s  were  ca lcu la ted  (36): 
Bone  area (B.Ar/T.Ar) = Tt.B.Ar/Tt.T.Ar * 100 [%] 
Bone  p e r i m e t e r  (B.Pmfr .Ar)  = Tt .B.PmfFt .T.Ar  [ m m / m m  ~] 
Trabecula r  w i d t h  (Tb.Wi) = T t .B .Ar f r t .B .Pm * 2000 [~m] 
Osteoid  area (O.Ar/B.Ar) = Tt .O.Arrr t .B.Ar * 100 ] %] 
Osteoid  pe r ime te r  (O.Pm/B.Pm) = T t . O . P m f r t . B . P m  * 100 [%] 
Os teoblas t  p e r i m e t e r  (Ob .Pm/B.Pm)  = T t .Ob .Pm/Tt .B .Pm * 100 [%] 
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Osteo id  w i d t h  (O.Wi) = Tt .O.ArYrt .O.Pm * 1000 [[tm] 
Os t eob l a s t -o s t eo id  ra t io  (Ob.Pm/O.Ar)  = T t . O b . P m f r t . O . A r  [ m m / m m  2] 
Os teoc las t  n u m b e r  (N.OcfMd.Pm) = N . O e f r t . M d . P m  [ ~ / m m ]  

S i n c e  os t eoc la s t s  usua l ly  avo id  os teoid ,  the  p a r a m e t e r  o s t eoc la s t  n u m b e r  (N.Oc/ 
M d . P m )  was  r e l a t ed  to t h e  m i n e r a l i z e d  b o n e  p e r i m e t e r  (Md.Pm),  w i t h  T t . M d . P m  = 
T t . B . P m  - T t .O.Pm.  T h e  p a r a m e t e r  o s t eob la s t -o s t eo id  ra t io  (Ob.Pm/O.Ar)  re la tes  
the  os teo id  su r face  cove r ed  by  ac t ive  o s t eob l a s t s  to t he  to ta l  a m o u n t  of  os teo id  
p resen t .  The  o s t eob la s t -o s t eo id  rat io  is be l i eved  to be  a s ens i t i ve  s ta t ic  i n d e x  of  
b o n e  m i n e r a l i z a t i o n  (43), a n d  i m p a i r e d  b o n e  m i n e r a l i z a t i o n  is r e f l ec t ed  by  a r educ-  
t ion  in th i s  p a r a m e t e r .  

Proximal tibial metaphysis: This  m e a s u r e m e n t  was  m a d e  w i t h  an  a u t o m a t i c  
image  ana lys i s  s y s t e m  ( IBAS,  C. Zeiss ,  FRG)  e o n n e c t e d  to a Ze iss  U n i v e r s a l  
m i c r o s c o p e  (C. Zeiss ,  F R G )  via  a T V - c a m e r a  (Bosch ,  FRG) .  All m e a s u r e m e n t s  w i t h  
t he  a u t o m a t i c  image  ana lys i s  s y s t e m  were  p e r f o r m e d  w i t h  a x 1.25 p lan  ob j ec t i ve  in 
s ec t ions  s t a ined  w i t h  v o n  K os s a / t o l u i d i ne  blue.  T h e  area w i t h i n  1 m m  f rom the  
g r o w t h  p la te  was  e x c l u d e d  f rom t he  m e a s u r e m e n t s  (23). The  m e a s u r i n g  field 
e n c o m p a s s e d  the  w h o l e  s e c o n d a r y  s p o n g i o s a  of  t he  p r o x i m a l  t ib ia l  m e t a p h y s i s .  
T h e  a v e r a g e  m e a s u r i n g  a rea  w as  a b o u t  11 m m  2 in  e a c h  sec t ion .  One  s e c t i o n  was  
ana lyzed  pe r  an imal .  T he  image  ana lys i s  s y s t e m  a u t o m a t i c a l l y  d e t e r m i n e d  t he  
m e a s u r i n g  a rea  (= t i s sue  area,  T. At.), to ta l  b o n e  a rea  (Tt.B.Ar), to ta l  b o n e  p e r i m e t e r  
(Tt .B.Pm),  a n d  t h e  n u m b e r  of  t r a b e c u l a e  w i t h i n  t he  m e a s u r i n g  a rea  (N.Tb).  F r o m  
t h e s e  da ta  t h e  fo l lowing  p a r a m e t e r s  we re  ca l cu la t ed  (36): 
B o n e  area  (B.Ar/T.Ar) = Tt .B.Ar/T.Ar  * 100 [%] 
B o n e  p e r i m e t e r  (B .Pm f r .A r )  = Tt .B.Pm/T.  Ar  [ m m / m m  21 
T r a b e c u l a r  w i d t h  (Tb.Wi) = T t . B . A r f r t . B , P m  * 2000 [gin] 
T r a b e c u l a r  n u m b e r  (N.Tbfr .Ar)  = N.Tb/T.Ar  [4~/mm 21 
T r a b e c u l a r  a rea  (B.Ar/N.Tb) = Tt .B.Ar /N.Tb [ m m  2] 

S ince  t he  s t r u c t u r a l  e l e m e n t s  in t he  cance l lous  b o n e  of b o t h  t he  l u m b a r  v e r t e b r a l  
b o d y  and  t he  p r o x i m a l  t ib ia l  m e t a p h y s i s  s h o w  a m a r k e d l y  a n i s o t r o p i c  d i s t r i b u t i o n  
in t he  rat, we u sed  on ly  t w o - d i m e n s i o n a l  h i s t o m o r p h o m e t r i c  t e rms .  

Statistical analysis 

The  da ta  were  ana lyzed  u s i n g  the  Kruska l -Wal l i s  H-test .  W h e n  t he  Kruska l -Wal l i s  
H- tes t  p e r f o r m e d  over  all g r o u p s  i n d i c a t e d  a s ign i f i can t  (p < 0.05) d i f f e rence  a m o n g  
the  g roups ,  s ta t i s t ica l  d i f f e r ences  b e t w e e n  two  g r o u p s  were  e v a l u a t e d  w i t h  t he  two- 
ta i led  W i l c o x o n - M a n n - W h i t n e y  U-test .  P va lues  of less t h a n  0.05 were  c o n s i d e r e d  
s igni f icant .  The  da t a  are p r e s e n t e d  as the  meaf l  + SD. R e l a t i o n s h i p s  b e t w e e n  var- 
iab les  were  eva lua t ed  u s i n g  l inea r  r eg re s s ion  ana lys i s  ( least  s q u a r e s  me thod) .  

R e su l t s  

B o d y  weight  ( T a b l e  1) 

A t  t h e  e n d  o f  t h e  e x p e r i m e n t ,  O V X  r a t s  w e i g h e d  s i g n i f i c a n t l y  m o r e  t h a n  
s h a m - o p e r a t e d  a n i m a l s .  T h e  f i n a l  b o d y  w e i g h t s  o f  O V X  r a t s  t r e a t e d  w i t h  
15 n g  1 , 2 5 ( O H ) 2 D J r a t / d  a l o n e  o r  i n  c o m b i n a t i o n  w i t h  30 n g  1 , 2 4 , 2 5 ( O H ) 3 D J  
r a t / d  w e r e  r e d u c e d  a s  c o m p a r e d  to  v a l u e s  i n  u n t r e a t e d  O V X  r a t s .  T h e  
a p p l i c a t i o n  o f  1 ,24 ,25(OH)aD3 a l o n e  d i d  n o t  r e s u l t  i n  a s i g n i f i c a n t l y  
d e c r e a s e d  w e i g h t  g a i n  r e l a t i v e  to  u n t r e a t e d  O V X  ra t s .  

Serum and urine biochemical  f indings ( T a b l e  t )  

Effects  o f  ovariectomy: R e l a t i v e  t o  s h a m - o p e r a t e d  c o n t r o l s ,  O V X  r a t s  
s h o w e d  a s i g n i f i c a n t l y  i n c r e a s e d  a c t i v i t y  o f  s e r u m  a l k a l i n e  p h o s p h a t a s e ,  
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a n d  s i gn i f i c an t l y  r e d u c e d  levels  of  s e r u m  p h o s p h a t e ,  21 w e e k s  pos t -  
ova r i ec tomy .  Va lues  for s e r u m  ca l c ium,  os teoca lc in ,  a n d  u r i n a r y  e x c r e t i o n  
of  h y d r o x y p r o l i n e  a n d  c a l c i u m  d id  n o t  d i f fer  s i g n i f i c a n t l y  in  OVX a n d  
s h a m - o p e r a t e d  rats. However ,  w h e n  c o m p a r e d  w i th  s h a m - o p e r a t e d  con-  
trols,  t h e r e  was  a n o n - s i g n i f i c a n t  t r e n d  t o w a r d s  i n c r e a s e d  v a l u e s  for s e r u m  
os t eoca l c in  a n d  fa s t ing  u r i n a r y  h y d r o x y p r o l i n e / c r e a t i n i n e  e x c r e t i o n  in  
OVX rats  at  all t i m e  po in t s  d u r i n g  the  s t u d y  (data on ly  pa r t i a l ly  shown) .  

EfFects o f  v i tamin  D m e t a b o l i t e s  in O V X  rats: T r e a t m e n t  of O V X  rats  
w i th  1,25(OH)2D 3 a lone  or in  c o m b i n a t i o n  w i t h  1,24,25(OH)3D3 signif i-  
c a n t l y  r a i sed  the  s e r u m  levels  of ca l c ium,  p h o s p h a t e ,  a n d  os teoea le in ,  a n d  
c a u s e d  an  a b o u t  10-fold i nc r ea se  in u r i n a r y  e x c r e t i o n  of  c a l c i u m  re la t ive  to 

Fig. 1. Representative, undecalcffied, median sections (5 l~m thick) of the first 
lumbar  vertebral bodies from sham-operated rats (Fig. 1A), OVX rats (Fig. 1B), OVX 
rats treated with 1,25(OH)2D3 (Fig. 1C), OVX rats treated with 1,24,25(OH)3D~ (Fig. 
1D), and from OVX rats treated with 1,25(OH)2D3 + 1,24,25(OH)3Da (Fig. 1E). Note 
the loss of cancellous bone mass in the OVX animal (Fig. 1B). Also note that 
treatment with vitamin D metabolites prevented cancellous bone osteopenia in the 
lumbar vertebral body of OVX rats. Von Kossa/toluidine blue stain. Bar = 1 ram. 
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untreated OVX rats. Sole adminis t ra t ion of  1,24,25(OH)3D3 to O V X  rats 
significantly augmen ted  ur inary excret ion of calcium and increased 
serum phosphate ,  whereas  the serum levels of  calcium and osteocalein 
remained nearly unchanged ,  as compared  to unt rea ted  OVX rats. Relative 
to Gp 2 (OVX), all three OVX groups  receiving vi tamin D metaboli tes  
(Gps 3-5) demons t ra ted  a significantly d iminished ur inary excret ion of  hy- 
droxyprol ine,  and serum alkaline phospha tase  activity tended to be lower 
in these groups. 

Vertebral  cance l lous  bone  h i s t o m o r p h o m e t r y  (Table 2) 

Ef f ec t s  o f o v a r i e c t o m y :  Ovar iec tomy induced a highly significant loss of 
cancellous bone  mass in the first lumbar  vertebral  body,  indicated by a 
40 % reduct ion in bone  area in OVX rats relative to sham-opera ted  con- 
trois, 21 weeks postovar iectorny (Fig. 1). Fur thermore ,  bone per imeter  and 
trabecular  width were significantly decreased in OVX rats. The bone 
format ion parameters  osteoid area, osteoid perimeter,  and osteoblast  
per imeter  were about  twofold higher  in OVX animals than  in sham- 
operated rats. Ovar iec tomy did not  induce  changes  in the parameters  
osteoid width  and osteoblast-osteoid ratio, indicat ing that  mineralization 
of osteoid was normal  in OVX rats. Values for osteoclast  n u m b e r  were 
about  50 % higher  in OVX rats compared  to sham-opera ted  controls. This 
difference did not reach statistical significance, however.  

Ef f ec t s  o f  v i tamin  D m e t a b o l i t e s  in O V X  rats: O v a r i e c t o m y - i n d u c e d  
vertebral  cancellous bone  loss was prevented  in all three OVX groups  
receiving vi tamin D metaboli tes  (Gps 3-5) (Fig. 1). Significant  f indings in 
OVX rats t reated with 1,25(OH)2D~ (Gp 3), 1,24,25(OH)~D~ (Gp 4), or the 
metaboli te  combina t ion  (Gp 5) were increased values for bone area, bone 
perimeter,  and t rabecular  width (NS ibr Gp 4 vs.  OVX) relative to Gp 2 
(OVX). Bone area and t rabecular  width were increased in Gps 3 and 5 to 
levels beyond  that of  the control  rats, whereas the values for these parame-  
ters in 1,24,25(OH)3D3-treated OVX rats were similar to those in Gp 1 
(SHAM). Compared  to unt rea ted  OVX rats, the osteoclast  n u m b e r  was 
markedly  reduced  in all three OVX groups receiving vi tamin D 
metabolites.  Values for osteoid area, osteoid perimeter,  and osteoblast  
per imeter  in Gps 3 and 5 were not  significantly different from that in 
unt rea ted  OVX rats. Adminis t ra t ion  of  1,25(OH)2D3 alone significantly 
increased osteoid width and reduced  osteoblast-osteoid ratio relative to 
Gp 2 (OVX), indicat ing impaired bone mineralization in 1,25(OH)2Da- 
treated OVX rats. Moreover,  several animals in Gp 3 (OVX + 1,25(OH)2D~) 
showed histologically apparent  signs of hyperos teoidosis  (Fig. 2). In con- 
trast to that, applicat ion of  1,24,25(OH)3D3 alone (Gp 4) resulted in signifi- 
cant  decreases in osteoid area, osteoid perimeter,  osteoblast  perimeter,  and 
osteoid width compared  to unt rea ted  OVX rats. In OVX rats treated with 
the metaboli te  combinat ion,  the osteoid width was only slightly increased 
(NS) and the osteoblast-osteoid ratio was modera te ly  decreased (NS) 
relative to unt rea ted  OVX animals, and the difference in these parameters  
be tween Gp 3 (OVX + 1,25(OH)2D3) and Gp 5 (OVX + 1,25(OH)2D3 
+ 1,24,25(OH)3D3) reached statistical significance (p < 0.05). A very typical 
f inding in OVX rats treated with 1,25(OH)2D3 alone or in combina t ion  with 
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Fig.  2. E x c e s s i v e  a m o u n t s  o f  o s t e o i d  (*) in  t h e  c a n c e l l o u s  b o n e  o f  t h e  l u m b a r  
v e r t e b r a l  b o d y  o f  a n  O V X  ra t  t r e a t e d  w i t h  15 n g  1 ,25 (OH)2DJ ra t / d .  M i n e r a l i z e d  b o n e  
a p p e a r s  d a r k .  T o l u i d i n e  b l u e  s t a i n .  B a r  = 100 ~m.  

Fig.  3. T y p i c a l  " o s t e o i d  b u t t o n "  (*) p r o t r u d i n g  o v e r  t h e  e n d o s t e a l  b o n e  s u r f a c e  in t h e  
c a n c e l l o u s  b o n e  o f  t h e  l u m b a r  v e r t e b r a l  b o d y  o f  a n  O V X  ra t  t r e a t e d  w i t h  15 n g  
1,25(OH)2DJratld. M i n e r a l i z e d  b o n e  a p p e a r s  d a r k .  T o l u i d i n e  b l u e  s t a i n .  B a r  = 100 ~tm. 
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1,24,25(OH)3D3 w a s  t h e  a p p e a r a n c e  o f  " o s t e o i d  b u t t o n s "  p r o t r u d i n g  o v e r  
t he  e n d o s t e a l  b o n e  s u r f a c e  (Fig.  3). T h e s e  " o s t e o i d  b u t t o n s "  w e r e  e x c l u -  
s i ve ly  o b s e r v e d  in G p s  3 a n d  5. 

A n  i n v e r s e  r e l a t i o n s h i p  w a s  f o u n d  b e t w e e n  v e r t e b r a l  b o n e  a r e a  a n d  
o s t e o c l a s t  n u m b e r  (r = -0 .64 ,  p < 0.001, n = 29; F ig .  4), as  w e l l  as  b e t w e e n  
v e r t e b r a l  b o n e  a r e a  a n d  u r i n a r y  h y d r o x y p r o l i n e / c r e a t i n i n e  e x c r e t i o n  
(r = -0 .58 ,  p < 0 . 0 1 ,  n = 27). F u r t h e r m o r e ,  u r i n a r y  h y d r o x y p r o l i n e /  
c r e a t i n i n e  e x c r e t i o n  i n c r e a s e d  in h i g h l y  s i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n  
w i t h  o s t e o c l a s t  n u m b e r  (r = 0.59, p < 0.001, n = 27). S e r u m  o s t e o c a l c i n  w a s  
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  b o n e  a r e a  (r = 0.48, p < 0.05, n -- 25), o s t e o i d  
p e r i m e t e r  (r = 0.49, p < 0.01, n = 25), o s t e o b l a s t  p e r i m e t e r  (r = 0.38, p < 0.05, 
n = 25), a n d  o s t e o b l a s t - o s t e o i d  r a t i o  (r = -0 .56 ,  p < 0.01, n = 25; Fig .  5). 

Tibial cance l lous  b o n e  h i s t o m o r p h o m e t r y  ( T a b l e  3) 

Ef f ec t s  o f  ovar i ee tomy:  O V X  ra t s  e x h i b i t e d  a p r o n o u n c e d  r e d u c t i o n  in  
b o n e  area ,  b o n e  p e r i m e t e r ,  t r a b e c u l a r  n u m b e r ,  a n d  t r a b e c u l a r  a r e a  in  t h e  
c a n c e l l o u s  b o n e  o f  t h e  p r o x i m a l  t i b i a l  m e t a p h y s i s  r e l a t i v e  to  s h a m - o p e r -  
a t e d  c o n t r o l s  (Fig.  6). T h e  p a r a m e t e r  t r a b e e u l a r  w i d t h  w a s  o n l y  non -  
s i g n i f i c a n t l y  d e c r e a s e d  in  O V X  ra ts .  

Ef f ec t s  o f  v i t amin  D m e t a b o l i t e s  in O V X  rats: T r e a t m e n t  o f  O V X  ra t s  
w i t h  1,25(OH)2D3 a l o n e  ( G p  3) o r  in  c o m b i n a t i o n  w i t h  1,24,25(OH)3I)3 
(Gp  57 p a r t i a l l y  p r e v e n t e d  t h e  o v a r i e c t o m y - i n d u c e d  b o n e  los s  in  t h e  t i b i a l  
m e t a p h y s i s  (Fig.  6), a n d  s i g n i f i c a n t l y  i n c r e a s e d  t h e  v a l u e s  for  b o n e  a rea ,  
b o n e  p e r i m e t e r ,  a n d  t r a b e c u l a r  n u m b e r  r e l a t i v e  to  G p  2 (OVX). H o w e v e r ,  
t h e  a n i m a l s  in  G p s  3 a n d  5 d i d  n o t  r e a c h  t h e  v a l u e s  o f  t h e  s h a m - o p e r a t e d  
g r o u p  in t h e s e  p a r a m e t e r s .  P a r t i c u l a r l y  t h e  t r e a t m e n t  w i t h  t h e  m e t a b o l i t e  
c o m b i n a t i o n  r e s u l t e d  in  a c o a r s e n i n g  o f  t i b i a l  c a n c e l l o u s  b o n e  s t r u c t u r e  
(Fig.  6E) w i t h  c o n c o m i t a n t  ( n o n - s i g n i f i c a n t )  i n c r e a s e s  in  t r a b e c u l a r  w i d t h  
a n d  t r a b e c u l a r  a r ea  r e l a t i v e  to  u n t r e a t e d  O V X  rats .  A d m i n i s t r a t i o n  o f  
1,24,25(OH)3D 3 a l o n e  to  O V X  ra t s  i n d u c e d  sma l l ,  b u t  s i g n i f i c a n t  inc re -  
m e n t s  in  b o n e  a r e a  a n d  b o n e  p e r i m e t e r ,  w h e n  c o m p a r e d  to u n t r e a t e d  O V X  
ra t s  (Fig.  6D). H o w e v e r ,  t h e s e  e f f ec t s  w e r e  d i s t i n c t l y  l ess  p r o n o u n c e d  t h a n  
in t h e  1,25(OH)2D3-treated G p s  3 a n d  5 (Figs .  6C a n d  6E). 

D i s c u s s i o n  

In  a g r e e m e n t  w i t h  p r e v i o u s  f i n d i n g s  o f  o v a r i e c t o m y - i n d u c e d  c a n c e l l o u s  
b o n e  loss  a c c o m p a n i e d  b y  i n c r e a s e d  b o n e  t u r n o v e r  in  t h e  a x i a l  a n d  
a p p e n d i c u l a r  s k e l e t o n  o f  t h e  ra t  (47, 49-51),  t h e  p r e s e n t  s t u d y  d e m o n -  
s t r a t e s  a 40 % r e d u c t i o n  in  c a n c e l l o u s  b o n e  a r e a  in  t h e  f i r s t  l u m b a r  ve r te -  
b r a l  b o d y  a n d  a 69 % r e d u c t i o n  in c a n c e l l o u s  b o n e  a r ea  in  t h e  p r o x i m a l  
t i b i a l  m e t a p h y s i s  o f  O V X  ra ts ,  21 w e e k s  p o s t o v a r i e c t o m y .  T h e  b o n e  loss  in  
O V X  ra t s  w a s  a s s o c i a t e d  w i t h  r a i s e d  s e r u m  leve l s  o f  a l k a l i n e  p h o s p h a t a s e  
a n d  an  a b o u t  t w o f o l d  i n c r e a s e  in s t a t i c  h i s t o m o r p h o m e t r i c  i n d i c e s  o f  b o n e  
f o r m a t i o n ,  w h e r e a s  h i s t o m o r p h o m e t r i c  a n d  b i o c h e m i c a l  i n d i c e s  o f  b o n e  
r e s o r p t i o n  w e r e  o n l y  n o n - s i g n i f i c a n t l y  e n h a n c e d .  O u r  f i n d i n g  o f  a m e r e l y  
m o d e r a t e  i n c r e m e n t  in b o n e  t u r n o v e r  in  O V X  ra t s  21 w e e k s  p o s t o v a r i e c -  
t o m y  is in k e e p i n g  w i t h  t h e  se r i a l  h i s t o m o r p h o m e t r i c  s t u d i e s  b y  W r o n s k i  
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Boise area Serum 
(B.Ar/T.Ar) ~ osteocalcin 
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Fig. 4. Linear plot of vertebral cancel- 
lous bone area (B.Ar/T.Ar) on osteoc- 
last nmnber  (N.Oc/Md.Pm) (y = 31.24 

- 7.42 * x; r = -0.64; p < 0.001; n = 29). 

Fig. 5. Linear plot of serum osteocal- 
t in  on osteoblast-osteoid ratio 
(Ob.Pm/O.Ar) (y = 82.41-  0.185 * x; 
r = -0.56; p < 0.01; n = 25). 

et  al. (49, 51) in  OVX rats  w h i c h  h a v e  s h o w n  tha t  t ib ia l  a n d  v e r t e b r a l  
c a n c e l l o u s  b o n e  t u r n o v e r  is m a x i m a l l y  i n c r e a s e d  w i t h i n  the  f irst  10 w e e ks  
af ter  o v a r i e c t o m y ,  a n d  g r a d u a l l y  d e c l i n e s  t o w a r d s  c on t r o l  leve ls  subse -  
q u e n t l y .  

The  d e v e l o p m e n t  of v e r t e b r a l  o s t e o p e n i a  was  p r e v e n t e d  by  dai ly  
a d m i n i s t r a t i o n  of  15 n g  1,25(OH)2D3, 30 n g  1,24,25(OH)3D~, or the  c o m b i n a -  
t i o n  of b o t h  m e t a b o l i t e  dosages  to OVX rats  in  th i s  e x p e r i m e n t  On  t he  
o the r  h a n d ,  t ib ia l  c a n c e l l o u s  b o n e  was  on ly  par t i a l ly  p r e s e r v e d  in  OVX 
rats  in  all t h ree  t r e a t m e n t  g roups ,  a n d  the  p r o t e c t i v e  effect  of  1,24,25- 
(OH)3D3 a lone  a g a i n s t  t ib ia l  c a n c e l l o u s  b o n e  loss in  O V X  rats  was  com-  
pa ra t i ve ly  weak .  Th i s  f i n d i n g  can  p r o b a b l y  be  e x p l a i n e d  by  the  tact  t ha t  
the  a d m i n i s t r a t i o n  of v i t a m i n  D m e t a b o ] i t e s  to OVX ra ts  was  c o m m e n c e d  
no t  be fore  4 w e e k s  af ter  o v a r i e c t o m y  in  th i s  e x p e r i m e n t .  O v a r i e c t o m y -  
i n d u c e d  b o n e  loss in  the  ra t  is m o r e  r ap id  in  the  p r o x i m a l  t ib ia  t h a n  in  the  
ve r t eb r a l  body ,  p r o b a b l y  d u e  to a g rea te r  in i t i a l  i n c r e a s e  in  b o n e  t u r n o v e r  
af ter  o v a r i e c t o m y  in  the  l ong  b o n e s  of t he  a p p e n d i c u l a r  s k e l e t o n  (51). 
Wi th in  35 days  p o s t o v a r i e c t o m y ,  OVX rats  loose  a b o u t  30 % of t ib ia l  
c a n c e l l o u s  b o n e  (49), w h e r e a s  on ly  a b o u t  10 % of v e r t e b r a l  c a n c e l l o u s  b o n e  
is lost  w i t h i n  the  s a m e  t i m e  (51). Thus ,  the  s u b s t a n t i a l  loss of  t ib ia l  
c a n c e l l o u s  b o n e  m a s s  tha t  can  be  e x p e c t e d  to have  d e v e l o p e d  b y  4 w e e k s  
p o s t o v a r i e c t o m y  in  the  c u r r e n t  s t u d y  cou ld  a p p a r e n t l y  no t  be  c o m p e n -  
sa ted  for b y  t r e a t m e n t  w i th  v i t a m i n  D m e t a b o l i t e s  at dosages  tha t  
i n c r e a s e d  b o n e  area  in  the  l u m b a r  v e r t e b r a l  b o d y  of O V X  rats  over  tha t  of  
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control animals. This finding suggests  that  with regard to the prophylaxis  
of the ovar iec tomy- induced  osteopenia  in the appendicular  skeleton of  the 
young  adult  rat, most  benefi t  can be derived from a t rea tment  regimen 
starting immediate ly  after ovariectomy,  i.e., before major  bone  loss has 
developed. A previous s tudy conduc ted  in our laboratory demons t ra ted  
that  the application of  vi tamin D metaboli tes  can comple te ly  prevent  tibial 
cancellous bone osteopenia  in OVX rats, when  the t rea tment  is started 
immediately  pos tovar iec tomy (10). The combina t ion  of 1,25(OH)2D3 with 
1,24,25(OH)3D~ did not  result  in addit ive or over-additive, synergistic 
effects in the present  study. 

The mechan i sm of action of vi tamin D metaboli tes  very likely consists 
in inhibition of  bone resorption, which is demons t ra ted  in the current  
s tudy by significant reduct ions  in osteoclast  n u m b e r  and ur inary hydroxy-  
proline excret ion in OVX rats treated with vi tamin D metabolites.  Fur- 
thermore,  this concept  is corrobora ted  by the negative correlations of 
osteoclast n u m b e r  and ur inary hydroxypro l ine  excret ion with vertebral  
bone area observed in this exper iment  (Fig. 4). Al though  1,25(OH)2D3 is 
one of the mos t  powerful  st imulators of bone resorption in vitro (29), 
several studies have shown that  in vivo adminis t ra t ion of 1,25(OH)2D3 and 
I~(OH)D3 diminishes  bone resorpt ion in humans  and rats (1, 34, 35, 48). 
The depressive effect of  vi tamin D metaboli tes on bone resorpt ion in vivo 
most  likely involves suppress ion of PTH secretion due to augmen ted  
intestinal absorpt ion of  calcium and phosphate ,  and possibly  also due to 
direct inhibitory actions of 1-hydroxylated vi tamin D metaboli tes  on PTH 
secretion (2, 33). PTH is one of  the main regulators of osteoclastic bone  
resorption in vivo (32). Another  possible mechan i sm that  could indirectly 
decrease osteoclastic bone resorpt ion in OVX rats treated with vi tamin D 
metaboli tes is s t imulat ion of calcitonin secretion' due to hypercalcemia.  
Calcitonin directly inhibits osteoclast  activity (32). 

The bone-preserving effects of  the t rea tment  with 1,25(OH)2D3 alone or 
in combinat ion  with 1,24,25(OH)3D~ were accompan ied  by a variety of  
negative side effects in OVX rats in the present  study. The OVX rats in 
Gps 3 and 5 receiving 15 ng 1,25(OH)2D3 were hypercalcemic,  hyperphos-  
phatemic,  hypercalciuric,  and exhibi ted - part icularly in Gp 3 (OVX + 
1,25(OH)2D3) - impaired bone mineralization. The body  weights  in these 
groups were reduced to a level below that  of  the control  group, indicating 
that for the long-term t rea tment  of Fischer-344 rats a dose of  15 ng 
1,25(OH)2D3/rat/d may be too high and not  devoid of  toxic side effects. Our 
finding of  impaired bone mineralization at the dose of 0.08-0.11 ~tg 
1,25(OH)2D3/kg BW/d used in the present  s tudy is in agreement  with 
previous studies which have provided evidence that  1,25(OH)2D3 inhibits 
bone mineralization and suppresses  f luorochrome-based  dynamic  his- 
tomorphomet r i c  indices of  bone formation in the rat at doses h igher  than 
about  0.10 to 0.20 ~g/kg BW/d (13, 15, 17, 48). 

Thus, the finding that  the static h i s tomorphomet r ic  parameters  of bone  
formation (osteoid area, osteoid perimeter,  and osteoblast  perimeter) were 
not reduced in the 1,25(OH)uD.~-treated Gps 3 and 5 relative to untreated 
OVX rats most  likely reflects impaired bone mineralization and not  a 
st imulating action of 1,25(OH)2D3 on bone  formation. The mechan i sm of 
the inhibitory action of 1,25(OH)2D3 on bone mineralization at h igher  
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dosages  is st i l l  unc l ea r .  S i n c e  P T H  is k n o w n  to s t i m u l a t e  b o n e  mi ne r a l i z a -  
t ion  (46), s u p p r e s s i o n  of P T H  sec r e t i on  cou ld  be  a p o s s i b l e  e x p l a n a t i o n  for 
the  d i s t u r b a n c e  of  m i n e r a l i z a t i o n  in  1,25(OH)2D3-treated rats. A n o t h e r  
pos s ib i l i t y  for the  1.25(OH)2Da-induced i m p a i r m e n t  of  b o n e  m i n e r a l i z a t i o n  
is i n c r e a s e d  os t eob las t i c  s y n t h e s i s  of o s t eoca l c i n  (13), a c o n c e p t  t ha t  m a y  
be s u p p o r t e d  by  the  n e g a t i v e  co r r e l a t i on  of s e r u m  os t eoca l c in  w i th  osteo-  
b l a s t -os t eo id  ra t io  (r = -0 .56 ,  p < 0.01; Fig.  5) o b s e r v e d  in  th i s  e x p e r i m e n t .  
O s t e o c a l c i n  is a n o n - c o l l a g e n o u s  b o n e  m a t r i x  p r o t e i n  e x c l u s i v e l y  syn th -  
es ized  b y  os teob las t s .  Os t eoca l c in  c o n t a i n s  c a l c i u m - b i n d i n g  r e s i d u e s  of 
g a m m a  c a r b o x y g l u t a m i c  acid,  a n d  is a ve ry  ef fec t ive  i n h i b i t o r  of  b o n e  

Fig. 6. Representative, undecalcified, midsagittal sections (5 tLm thick) of the proxi- 
mal tibiae from sham-operated rats (Fig. 6A), OVX rats (Fig. 6B), OVX rats treated 
with 1,25(OH)2Da (Fig. 6C), OVX rats treated with 1,24,25(OH)~Da (Fig. 6D), and from 
OVX rats treated with 1,25(OH)2D:~ + 1,24,25(OH)3Da (Fig. 6E). Note that treatment 
with vitamin D metabolites provided partial protection against the pronounced loss 
of cancellous bone mass observed in the proximal tibial metaphysis of the untrea- 
ted OVX rat. Also note the coarsening of cancellous bone structure in the OVX 
animal treated with the metabolite combination (Fig. 6E). Von Kossa/toluidine blue 
stain. Bar = 1 mm. 
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mineralization in vitro (4). However ,  the physiological  role of  osteocalcin 
in vivo is unclear. 1,25(OH)2D3 is k n o w n  to st imulate osteoblastic secretion 
of osteocalcin (44), a fact which  is reflected in increased serum levels of 
osteocalcin in the 1,25(OH)2D3-treated Gps 3 and 5 in the current  experi- 
ment. 

The characterist ic "osteoid but tons"  observed in 1,25(OH)uD3-treated 
OVX rats in this s tudy (Fig. 3) p robab ly  indicate that  1, 25(OH)2D3 is able to 
directly t ransform a quiescent  endosteal  bone surface to a forming surface 
wi thout  intervening bone resorption,  or, in other  words,  that  1,25(OH)2D3 
is able to induce a model ing  activity in vertebral  cancellous bone of  OVX 
rats. 

Al though ur inary excret ion of calcium was enhanced  by a factor of  
about  6 in 1,24,25(OH)aD3-treated OVX rats, serum calcium levels were 
only slightly increased in these animals, and it is remarkable  that 
1,24,25(OH)3D3 almost  complete ly  protected against  vertebral  osteopenia 
in OVX rats wi thout  induc ing  concomi tan t  hypercalcemia.  In keeping 
with the f inding that  low doses of  1,24,25(OH)3D3 do not  increase the 
product ion  of osteocalcin by osteoblasts  in vitro (44), OVX rats treated 
with 1,24,25(OH)3D3 alone (Gp 4) did not  exhibi t  elevated levels of  serum 
osteocalcin relative to unt rea ted  OVX rats in the current  study, and bone 
mineralization was not  d is turbed in this group of rats. In contrast  to the 
actions of 1,25(OH)2D3, t rea tment  of  OVX rats with 1,24,25(OH)3D3 
decreased the values for osteoid area, osteoid perimeter,  and osteoblast  
perimeter,  indicating (together with a reduct ion in osteoclast  number)  a 
suppression of bone  turnover  relative to unt rea ted  OVX rats. Moreover,  
1,24,25(OH).~Da t rea tment  significantly reduced  osteoid width, and 
increased (NS) osteoblast-osteoid ratio, as compared  to unt rea ted  OVX 
animals. The latter data are consis tent  with a p romot ing  effect of  
1,24,25(OH)~D3 on bone mineralization. The finding that  the inclusion of 
1,24,25(OH)3D3 with 1,25(OH)2D3 in Gp 5 partially antagonized the unto- 
ward effects of  1,25(OH)2Da on osteoid width  and osteoblast-osteoid ratio 
further  suppor ts  this concept.  In  a similar fashion, the s tudy by Tam et al. 
(46) demons t ra ted  a s t imulat ing effect of  24,25(OH)2D3 on bone mineral  
apposi t ion rate. Our data suggest  that  the actions of 24-hydroxylated 
vi tamin D metaboli tes on skeletal t issue might  differ f rom that  of 
1,25(OH)uD3, and that  1,24,25(OH)aD3 may play a role in the regulation of  
bone mineralization. However,  the sole use of  static bone his tomor-  
phomet ry  wi thout  tetracycline double  labeling in our s tudy did not permit  
to accurately determine the effects of 1,24,25-(OH)3D3 on bone  format ion 
and bone mineralization. 

In summary ,  OVX rats exhibi ted cancellous bone loss in the lumbar  
vertebra] body  and the proximal  tibia] metaphysis  associated with moder-  
ately increased biochemical  and h i s tomorphomet r ic  indices of bone  turn- 
over, 21 weeks postovar iectomy.  Prophylac t ic  t rea tment  of OVX rats with 
1,25(OH)2D3 and 1,24,25(OH)~Da, alone or in combinat ion,  prevented the 
deve lopment  of osteopenia in the lumbar  vertebral  body, and partially 
prevented  cancellous bone loss in the proximal  tibial metaphysis .  The 
mechan i sm of action of vi tamin D metaboli tes  consists in inhibit ion of 
bone resorption. However,  the adminis t ra t ion of  1,25(OH)2D3 alone or in 
combina t ion  with 1,24,25(OH)aD3 to OVX rats was accompanied  by hyper-  
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ca l cemia ,  h y p e r p h o s p h a t e m i a ,  h y p e r c a l c i u r i a ,  a n d  i m p a i r e d  b o n e  
m i n e r a l i z a t i o n .  A l t h o u g h  1,24,25(OH)3D~ a l o n e  h a d  a p r o n o u n c e d  p r o t e c -  
t ive  e f f ec t  a g a i n s t  v e r t e b r a l  c a n c e l l o u s  b o n e  o s t e o p e n i a  in  O V X  rats,  i t  
n e i t h e r  i n d u c e d  h y p e r c a l c e m i a  n o r  an  i m p a i r m e n t  o f  b o n e  m i n e r a l i z a t i o n .  
S i n c e  c o n s i d e r a b l e  s imi l a r i t i e s  can  be  s h o w n  to e x i s t  b e t w e e n  the  s k e l e t a l  
e f fec t s  o f  o v a r i a n  h o r m o n e  d e f i c i e n c y  in ra ts  and  h u m a n s  (50), t h e s e  da t a  
s u g g e s t  t h a t  1,25(OH)2D3 and,  pa r t i cu l a r ly ,  1,24,25(OH)3D3 m a y  be  p o t e n -  
t ia l ly  e f f e c t i v e  a g e n t s  in t h e  p r e v e n t i o n  o f  ea r ly  p o s t m e n o p a u s a l  b o n e  loss.  
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