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Summary. To clarify the effect of aging on bone metabolism, alteration of the 
cellular zinc content and protein synthesis was examined in the femoral diaphysis 
of 3- and 30-week-old male rats. The cellular zinc content in bone tissue marked- 
ly decreased in 30-week-old compared to 3-week-old rats. When the bone tissue 
from older rats were cultured with [3H]leucine, incorporation of [3H]leucine into 
the acid-insoluble residues was less than for weanling rats. This decrease was 
partly restored by the oral administration of zinc sulfate (0.5, 1.0, and 2.0mg 
Zn/100 g body weight) to elderly rats for 3 days. An increase of in vitro [3H]leu- 
cine incorporation by bone tissues obtained from the rats that had received zinc 
(2.0 rag/100 g) was blocked by cycloheximide (10 -6 M) or dipicolinate (10 -3 M), 
a chelator of zinc. These results suggest that bone protein synthesis declines with 
age, and that this decline may be based partly on the decrease in bone cellular 
zinc. 
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Introduction 

Serum levels of calcitropic hormones, which regulate bone metabolism, change 
with increasing age. Serum levels of 1,25-dihydroxyvitamin D3 decrease during 
aging [2, 4]. In the mitochondria of kidney [2], 1,25-dihydroxyvitamin D3 is pro- 
duced by 1-hydroxylase. This enzyme activity is lowered by aging [5]. In this 
way, increasing age could induce the decrease of calcium content in bone. Also, 
with aging, parathyroid hormone immunoreactivity in serum may increase due 
to a decline in renal clearance of long-lived C-terminal fragments [3, 9]. Addi- 
tionally, the secretion of calcitonin, which inhibits bone resorption, decreases 
with age [6]. 

Alterations in the function of bone cells with increasing age may also contri- 
bute to the decrease in bone calcium content. This role, however, is not precise- 
ly known. We previously reported that increasing age induced the decline of al- 
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ka l ine  p h o s p h a t a s e  ac t iv i ty  and  ca lc ium con ten t  in the  f e m o r a l  d iaphysis  of  rats  
[13]. These  dec reases  we re  pa r t ly  r e s t o r e d  by  the  ora l  admin i s t r a t i on  of  z inc  sul- 
fa te  a n d / o r  1 ,25 -d ihydroxyv i t amin  D3 [13]. P rev ious  obse rva t i ons  sugges ted  a 
d e c r e a s e  in b o n e  f o r m a t i o n  with  inc reas ing  age.  T h e r e f o r e ,  the  p re sen t  invest i -  
ga t ion  was u n d e r t a k e n  to  clarify a poss ib le  m e c h a n i s m  for  the  d e t e r i o r a t i o n  of  
b o n e  f o r m a t i o n  and  ca lc i f ica t ion  wi th  increas ing  age in rats .  I t  was found  tha t  
the  ce l lu la r  zinc and  p r o t e i n  synthes is  dec rea sed  in e lde r ly  rats .  Phys io log ica l  
and  nu t r i t i ona l  s ignif icances  o f  zinc for  bone  f o r m a t i o n  in e lde r ly  ra ts  were  sug- 
ges ted .  

Materials and methods 

Animals 

Male Wistar rats (conventional) were obtained from Japan SLC, Hamamatsu, Japan. The ani- 
mals were freely fed commercial laboratory chow (solid) containing 57.5% carbohydrate, 
1.1% calcium, 1.1% phosphorus, and 0.012% zinc at a room temperature of 25~ and distilled 
water. The animals were killed at 3 and 30 weeks of age. 

Chemicals 

L-[4,5-3H]Leucine (53.0 Ci/mmol) was obtained from New England Nuclear (Boston, Mass.). 
Dulbecco's Modified Eagle's Medium (high glucose, 4500 mg/dl) and a penicillin-streptomycin 
solution (5000 units/ml penicillin; 5000 gg/ml streptomycin) were obtained from Gibco Labora- 
tories (Grand Island, NY). Bovine serum albumin (Fraction V) and cycloheximide were ob- 
tained from Sigma (St. Louis, Mo). Zinc sulfate, 2,6-pyridinedicarboxylic acid (dipicolinate), 
and all other chemicals were reagent grade from Wako Pure Chemical Industries (Osaka, 
Japan). All water used was glass distilled. 

Bone culture 

The rats were bled by cardiac puncture under light anesthesia with ether at 3 and 30 weeks of 
age. The femur was removed aseptically after bleeding and soaked in sterilized ice-cold 0.25 M 
sucrose solution. The femur, cleaned of soft tissue and marrow, was completely removed by 
washing, and the diaphysis and epiphysis (containing metaphyseal tissue) were separated. The 
right femoral-diaphyseal tissues were not cut into small pieces. The femoral-diaphyseal frag- 
ments were cultured in a 35-ram dish in 2.0ml medium consisting of Dulbecco's Modified 
Eagle's Medium (high glucose, 4500 mg/dl) supplemented with 0.25% bovine serum albumin 
(Fraction V) plus antibiotics (100 units penicillin - 100 gg streptomycin/ml of medium) [11]. 
Cultures were maintained at 37~ in a water-saturated atmosphere containing 5% CO2 and 
95% air for 2 or 4 h. 

In separate experiments, rats (30-week-old) received an oral administration of zinc sulfate 
(0.5, 1.0, and 2.0mg Zn/100g body weight) for 3 days, and the animals were killed 24h after 
the last administration. The femoral diaphysis was obtained aseptically and cultured in medium 
containing either vehicle (sterile distilled water), cycloheximide (10-6M), or dipicolinate 
(10-3M) for 2h. 

Bone protein synthesis 

Effect on newly synthesized bone total protein was determined by studying the incorporation 
of [3H]leucine [1, 12]. The diaphyseal fragments were pulsed with [3H]leucine (5.0 ~tCi/ml of 
medium) at the initiation of culture, and cultured for 2 or 4h. At the end of the culture, the 
bone tissue was removed and washed with ice-cold 0.25 M sucrose. Bone tissues were extracted 
with ice-cold 10% trichloroacetic acid, acetone, and ether, and then rinsed in ice-cold 0.25 M 
sucrose. The bones were dried and weighed. To determine the amount of [3H]leucine incorpo- 
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ration into bone total protein, the dried bone residues were dissolved in 1.0 ml of 0.2 N NaOH, 
and an aliquot was removed and placed in a vial to measure the disintegrations per minute by 
scintillation counting. Data are expressed as disintegrations per minute (dpm) per mg dry 
weight of acid-insoluble residues. 

Bone zinc content 

Diaphyseal fragments were removed and washed with ice-cold 0.25 M sucrose solution, blot- 
ted, and weighed. The bone tissue was minced in 2.0ml of 0.1 N NaOH solution and shaken 
for 24 h at 4~ [12]. The bone tissue (matrix) remaining after alkaline extraction was separated 
by centrifugation at 600 g for 5 min, and the supernatant fractions (cellular components) were 
retained. Zinc content in the bone matrix and the cellular component was determined by 
atomic absorption spectrophotometry after digestion with nitric acid. Bone zinc content was 
expressed as micrograms of zinc per gram of wet bone tissue. 

Statistical analyses 

Data are expressed as means + SEM. Statistical differences were analyzed using Student's t- 
test. P-values of less than 0.05 were considered to indicate statistically significant differences. 

Results 

Effect  of  aging on  zinc conten t  in the femora l  diaphysis of  rats is shown in Fig. 1. 
Zinc  content  in the bone  matrix of  elderly rats (30 weeks  old) did no t  differ f rom 
weanl ing rats (3 weeks old). Howeve r ,  zinc conten t  in the cellular componen t s  
o f  bone  tissues decreased  significantly with age. The  total  amoun t  of  zinc in b o n e  
tissues (matrix and cellular componen t s )  did not  alter significantly with increas- 
ing age. 

Al tera t ion  o f  in vitro prote in  synthesis in the femora l  diaphysis of  different  
aged rats is shown in Fig. 2. The  effect on  newly synthesized b o n e  total pro te in  
was de te rmined  by measur ing  the incorpora t ion  o f  [3H]leucine into the cul tured 
diaphyseal  f ragments .  Inco rpora t ion  of  [3H]leucine for  2 or  4 h into the b o n e  tis- 
sues f rom elderly rats was lower  than the incorpora t ion  into b o n e  tissue f rom 
weanl ing rats. Also ,  [3H]leucine incorpora t ion  per  D N A  (mg) of  bone  tissue sig- 
nificantly decreased  with increasing age (data  no t  shown).  

The  effect o f  oral  zinc adminis t ra t ion on pro te in  synthesis in the cul tured 
femora l  diaphysis f ragments  f rom elderly rats was examined.  Inco rpo ra t ion  of  
[3H]leucine significantly increased in the bone  tissue at all doses of  zinc sulfate 
(0.5, 1.0, and 2 .0 rag  Zn/100 g), as shown in Fig. 3. 
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Fig. 1. Alteration of zinc content in the femoral 
diaphysis of rats of different ages. Each bar is the 
mean for five rats. Vertical lines represent the 
SEM. * P < 0.01 compared with the value for 
3-week-old rats. n ,  Bone matrix zinc; I ,  bone 
cellular zinc 
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Fig. 2. Alteration of in vitro protein synthesis in 
the femoral diaphysis of rats of different ages. 
Femoral-diaphyseal fragments were cultured in 
medium containing [3H]leucine. Each point is 
the mean for five rats. Vertical lines represent the 
SEM. * P < 0.01 compared with the value for 
3-week-old rats. O . . . .  O, 3-week-old rats; 
�9 � 9  30-week-old rats 
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Fig. 3. Alteration of in vitro protein synthesis in 
the femoral diaphysis of elderly rats treated with 
zinc sulfate p.o. Animals were killed 24 h after 
conclusion of the zinc administration (3 days). 
The femoral-diaphyseal fragments were cultured 
in medium containing [3H]leucine for 2 h. Each 
point is the mean for five rats. Vertical lines 
represent the SEM. * P < 0.01 compared with 
the control values 
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Fig. 4. Effect of cycloheximide on the zinc 
administration-induced increase of in vitro 
protein synthesis in the femoral diaphysis of 
elderly rats. The rats received the zinc sulfate 
(2.0mg Zn/100 g) for 3 days, as in Fig. 3. 
Femoral-diaphyseal fragments were cultured in 
medium containing [3H]leucine and 
cycloheximide for 2 h. Each bar is the mean for 
five animals. Vertical lines represent the SEM. 
* P < 0.01 compared with the control value. [~, 
Control; I ,  bone of zinc-treated rats 

W h e n  cycloheximide,  an inh ib i tor  of p ro te in  synthesis,  was added  to the cul- 
ture  med ium,  the z inc- induced increase  in the incorpora t ion  of [3H]leucine into 
b o n e  tissue was b locked comple te ly  (Fig. 4). Thus ,  the admin is t ra t ion  of zinc 
caused an increase of p ro te in  synthesis  in b o n e  tissues of elderly rats. 

Dip ico l ina te  is a chelator  of zinc [7, 8]. Diaphysea l  f ragments  ob ta ined  from 
elderly rats that  had  received zinc sulfate were cul tured  for 2 h in m e d i u m  con- 
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Fig. 5. Effect of dipicolinate, a chelator of zinc, on 
the zinc administration-induced increase of in vitro 
protein synthesis in the femoral diaphysis of elderly 
rats. The rats received zinc sulfate as in Fig. 4. 
Femoral-diaphyseal fragments were cultured in 
medium containing [3H]leucine and dipicolinate for 
2 h. Each bar is the mean for five animals. Vertical 
lines represent the SEM. *P < 0.01 compared with 
the control value. [], Control; J ,  bone of zinc- 
treated rats 
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taining dipicolinate. The presence of dipicolinate completely blocked the increase 
of [3H]leucine incorporation in bone tissues (Fig. 5). 

Discussion 

Alterations in the function of bone cells with increasing age are not precisely 
known, although it has been reported that renal production of 1,25-dihydroxy- 
vitamin D3, which regulates bone metabolism, declines with increasing age [5]. 
Our previous investigation demonstrated that bone metabolism in male and 
female rats altered with the passage of time; increasing age induced decreases in 
alkaline and acid phosphatase activities, deoxyribonucleic acid (DNA), and cal- 
cium contents in the femoral diaphysis of rats [13]. These decreases were clearly 
seen at 28 weeks of age as compared with bone metabolism of 3-week-old rats 
[13]. The age-induced decrease of bone metabolism was partly restored by the 
oral administration of zinc and/or 1,25-dihydroxyvitamin D3 to elderly rats (28 
weeks old) [13]. The mechanism by which the function of bone cells deteriorates 
with increasing age, however, remains to be elucidated. The present investiga- 
tion, therefore, was undertaken to clarify a possible mechanism for altering 
bone metabolism with increasing age. 

Zinc content in the cellular components, but not the matrix, was lower in the 
femoral diaphysis of elderly rats (30 weeks old) than in that of weanling rats (3 
weeks old). Recently, it has been demonstrated that zinc, an essential trace 
metal, plays a physiological role as an activator of bone formation in weanling 
rats; the metal can stimulate protein synthesis at the translational level in bone 
cells in vivo [10] and in vitro [11, 12]. Presumably, the decrease in bone celular 
zinc content is of importance in the development of bone metabolism deteriora- 
tion with increasing age. 

[3H]Leucine incorporation into the acid-insoluble residues of bone tissues 
from 30-week-old rats markedly decreased compared to 3-week-old rats. There- 
fore, bone protein synthesis most likely deteriorates with increasing age. Oral 
administration of zinc sulfate (0.5, 1.0, and 2.0 mg Zn/100 g body weight) for 3 
days partly restored the rate of leucine incorporation. Presumably, the increase 
in bone cellular zinc content caused by zinc administration induced the stimula- 
tion of bone protein synthesis. Cycloheximide, an inhibitor of protein synthesis 
at the translational process, completely blocked the zinc administration-induced 
increase in [3H]leucine incorporation into the bone tissue obtained from elderly 
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rats. This result supports the view that the zinc administration-induced increase 
in [3H]leucine incorporation into the bone tissue is based on the stimulated bone 
protein synthesis. 

Dipicolinate (2,6-pyridinedicarboxylic acid), a chelator of zinc, has been 
used to prevent the effect of zinc on enzyme activity [7, 8]. The zinc chelator pre- 
sumably decreases the zinc effect mainly by forming an extracellular Zn (dipicoli- 
nate)22- complex [7]. Dipicolinate in culture medium completely blocked the in- 
crease in [3H]leucine incorporation into the bone tissue obtained from elderly 
rats treated with zinc. This finding supports the view that the zinc-induced in- 
crease in bone protein synthesis may result from the increased level of zinc in 
bone cells. Thus, zinc has a stimulatory effect on bone protein synthesis in el- 
derly rats. 

It has been reported that serum levels of calcitropic hormones,  which stimu- 
late bone formation, decrease with increasing age [3, 4, 9]. Deterioration of 
bone protein synthesis with increasing age may be involved in the decrease of 
serum calcitropic hormone levels. However,  the present investigation clearly 
demonstrates that increasing age causes the decrease of cellular zinc content and 
protein synthesis in bone tissue, and that the decreased bone protein synthesis is 
partly restored by the supplement of zinc. From the present findings, it appears 
that the decrease in bone cellular zinc content induces the deterioration of bone 
protein synthesis with increasing age. The depletion of zinc in bone cells may in- 
duce the deterioration of bone formation in elderly rats. Zinc presumably plays 
a physiological role in the development of bone disorder with increasing age. In 
aging, the supply of zinc may be important in preventing bone disorder. 
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