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Abstract. This study was conducted to assess the effects of long-term ingestion of 
moderate excesses of vitamin A on trabecular bone remodeling in the fifth lumbar 
vertebral body of aged rats. Eighteen-month-old rats were fed diets with vitamin A 
content equal to the daily requirement (DR), 2-fold, and 5-fold the DR along with calcium 
content of either the DR or 0.3-fold the DR, for 14 months each. As expected, serum 
concentrations of 1,25-dihydroxyvitamin D were higher in the reduced than in the normal 
calcium intake groups (65.1 f 2.4 SEM vs 47.8 f 2.1 pg/ml, P c 0.001). Calcium balance 
was more positive at the higher than the lower calcium intake (5.7 vs 0.9 mg, P c 0.001) 
but was unaffected by vitamin A intake. Histomorphometric analysis of the fifth lumbar 
vertebral body revealed that the 2-fold but not the 5-fold excess in vitamin A intake 
resulted in a 15% increase in percentage of trabecular bone (P c 0.02). The low calcium 
diet depressed bone growth (total bone tissue) but did not affect percentage of trabec- 
ular bone. Several effects of the vitamin A excess and low calcium diet were noted 
along the trabecular surface including increased mineral apposition rate and resorption 
surfaces and decreased formation surfaces. The net effect of vitamin A on trabecular 
bone of the rat varies as intake begins to exceed the DR. At a 2-fold excess, a modest 
favorable effect on percentage of trabecular bone was observed. 
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itamin A toxicity causes a variety of bone ab- 
normalities in growing rats including rapid bone V resorption ( 1, 2), destruction of bone matrix (3), 

and increased bone mineral turnover (4-6). Effects of 
excess vitamin A in man vary with the dose. Acute 
toxicity causes hypercalcemia (7-9) whereas use of syn- 
thetic retinoids in intermediate doses (ranging from 0.8 
to 4 mg kg/day) has been associated with skeletal hy- 
perostosis and calcification of tendons and ligaments 
(10, 11). No information is currently available in rats 
or man on whether modest excesses of vitamin A affect 
the skeleton or more specifically, bone remodeling. The 
skeletal effects of higher intakes of vitamin A raise the 
possibility that bone loss may be aggravated by chronic 
ingestion of modest excesses of vitamin A. A recent 
nutritional status survey of the elderly revealed that 
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approximately 24% of the population surveyed took a 
supplement containing up to 10,000 IU of vitamin A 
daily (twice the DR) and that many took larger supple- 
ments of vitamin A (12). Other surveys have revealed 
that calcium intake in the elderly is often low (13). 
Both low calcium intake (14) and aging (1 5 )  have been 
associated with loss of bone mineral from the spine in 
the elderly. 

This study was conducted to determine whether 
chronic ingestion of a modest excess in vitamin A, with 
normal or low calcium intake, has any effect on bone 
remodeling in aged rats. A lumbar vertebral body was 
selected as the measurement site since it contains re- 
active trabecular bone ( 16). 

Materials and Methods 
Fifty-four male Sprague-Dawley rats over 18 

months of age and weighing approximately 500 g each 
were housed in individual cages and fed 15 g of a test 
diet daily over the 14-month study period. The diets 
were supplemented with sucrose, as needed (rarely), to 
maintain constant body weight. Animals were fed 
standard diets (1 7) with the exceptions that protein was 
reduced moderately from 17.4% to 12% and vitamin 
A (as stabilized retinyl acetate; Dyets, Bethleham, PA) 
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and calcium (as CaHP04) intakes were adjusted. Group 
I was fed the DR ( I  8) of 0.5% calcium and 60 units of 
vitamin A (or I8  retinol equivalents, 19); Group 2 was 
fed 0.5% calcium and 120 units of vitamin A; Group 3 
was fed 0.5% calcium and 300 units of vitamin A; 
Group 4 was fed 0.13% calcium and 60 units of vitamin 
A; Group 5 was fed 0.13% calcium and 120 units of 
vitamin A; and Group 6 was fed 0.13% calcium and 
300 units of vitamin A daily. 

Calcium Balance and Ashing Procedures. After 
I2 months on the test diets, each animal was placed in 
a metabolic balance cage for 3 days of acclimatization, 
followed by a 9-day balance period. Samples of each 
diet (in triplicate) and daily 24-hr food and fecal speci- 
mens were dissolved in hot nitric acid, diluted, and 
analyzed for calcium in the model Spectraspan VI 
direct current plasma emission spectrophotometer 
(Beckman Instruments, Palo Alto, CA). Calcium bal- 
ance was calculated as the daily intake minus daily loss 
in urine and feces. 

To determine femoral and vertebral (last thoracic 
and first lumbar) calcium content, the bones were ashed 
at 450°C in a muffle furnace for 7 days. The ash was 
dissolved in 3 ml of concentrated HC1, diluted, and 
analyzed by atomic emission spectroscopy. 

Laboratory Methods. Serum calcium concentra- 
tion was measured according to the colorimetric 
me thod  of Kessler a n d  Wolfman (20), s e rum 
1 ,25(OH)2D according to the competitive protein bind- 
ing method of Reinhardt et al. (21), and retinyl ester 
and retinol according to the method of Bankson and 
Russell (22). 

Histomorphometry. Three to six rats in each group 
were injected subcutaneously with 10 mg/kg of calcein 
(Sigma Chemical Co.) on Days 26 and 27 before being 
killed and 25 mg/kg of tetracycline on Days 4 and 5 
before being killed. The fifth lumbar vertebral bodies 
were dissected, trimmed, and fixed in 10% phosphate- 
buffered formalin for 24 hr, then stained in Villanueva 
Osteochrome bone stain (Polysciences, Inc., Warring- 
ton, PA) for 4 days. The specimens were then run 
through sequential changes of ethanol. acetone, and 
methyl methacrylate (Eastman Organic Chemicals, 
Rochester, NY). After serial transverse sections of the 
fifth lumbar vertebral body were sawed with a low- 
speed metallurgical saw (Isomet; Buehler, Ltd., Lake 
Bluff, Il), sections at the level which approximates 350 
pm distal to the proximal growth plate were selected 
and ground to 20 pm with a grinder (Maruto Instru- 
ment Co., Ltd. Tokyo, Japan) for histomorphometric 
analysis. 

Static and dynamic trabecular bone histomorpho- 
metric parameters ( 16, 23-25) were measured and cal- 
culated. Briefly, the perimeter or surface of the follow- 
ing structures were traced: total bone tissue (the trabec- 
ular bone and marrow within the endocortical 
envelope), trabecular bone surface, bone formation sur- 

face (surface covered with osteoid), bone resorption 
surface (eroded bone surface), single- and double-la- 
beled surfaces, and the interlabeling distance between 
tetracycline and calcein labels. These measurements 
allowed a custom semiautomated Image Analysis Sys- 
tem (coupled to a Hewlett-Packard 9816 computer) to 
calculate the following: total bone tissue area; trabecular 
bone area; percentage of trabecular bone, expressed as 
trabecular bone area/total bone tissue area; fractional 
bone formation surface, expressed as osteoid surface/ 
trabecular bone surface; and fractional bone resorption 
surface, expressed as eroded bone surface/trabecular 
bone surface. The rate of mineral apposition was cal- 
culated as the mean distance between the calcein and 
tetracycline labels divided by the interdose duration (22 
days). Corrected mineral apposition rate (the rate of 
bone formation averaged over the osteoid surface) was 
obtained by multiplying the bone mineral apposition 
rate by the ratio of labeling (i.e., mineralizing) surface 
to osteoid surface. The bone formation rate or bone 
turnover rate was calculated by the following formula: 
bone formation rate (total bone tissue based) = (labeling 
surface x mineral apposition rate/total bone tissue area) 
x 365 x 100 = %/year. 

Student’s t test was used to assess differences be- 
tween group means. 

Results 
Measured parameters are given in Table I. Body 

weight did not change significantly in any group over 
the 14-month study. Calcium balance was positive by 
a mean of 0.9 mg/day in rats on reduced calcium intake 
(Groups 4-6) and slightly but significantly more posi- 
tive (mean 5.7 mg, P c 0.001) in those on normal 
(0.5%) calcium diets (Groups 1-3). The mean serum 
concentration of 1,25(OH)*D was higher in rats with 
reduced than in those with normal calcium intake (65.1 
& 2.4 SEM v 47.8 f 2.1 pg/ml, P < 0.001). Liver 
content of both retinol and retinyl ester increased with 
increasing vitamin A intake. Those on the 5-fold excess 
(Groups 3 and 6) had significantly higher content of 
these compounds than the other groups, P < 0.05. 
Serum calcium, retinol, or retinyl ester concentrations 
were normal and did not vary among the groups (Table 
I). Similarly, no differences were observed in vertebral 
(TI2 plus L1) or femoral ash calcium content among 
the groups (data not shown). 

The net effects of 14 months of diet intervention 
on size and percentage of trabecular bone of the body 
of the fifth lumbar vertebra, in a subset of animals, are 
given in Table 11. Total bone tissue area tended to be 
lower in animals on the low compared with normal 
calcium diet (i.e., 32% decrease in Group 4 vs Group 
1, P c 0.01). A similar effect of the low calcium diet 
on trabecular bone area was observed (23% decrease in 
Group 4 vs Group 1, P < 0.05). Percentage of trabecular 
bone however was unaffected by the low calcium diet. 
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Table 1. Effects of Different Diets for 14 Months on Measured Parametersa 

Grow2 

Measurement 
No. 
Body weight (9) 
Calcium balance (mg/ 

Plasma values 
day) 

1 ,25(OW2D (pg/ml) 
Calcium (mg/dl) 
Retinol ester" (pgldl) 
Retinol" (pg/dl) 

Retinyl ester" (pg/g) 
Retinol" (pg/g) 

Liver content 

1 
5 

506.9 k 12.1 
3.8 f 8.0 

47 f 12 
9.8 k 1.3 

0 
37 f 13 

54 f 25 
916 & 543 

2 3 
7 8 

498.0 f 12.0 
8.3 iz 4.4 

481.3 f 12.2 
4.7 iz 1.9 

52 f 4 
10.2 k 0.6 

59 f 6 

47 f 7 
10.8 k 0.8 

0 1.7 f 2.9 
45 f 4 

1,195 f 242 1,871 f 214 
112 f 13 38 f 19 

4 5 
8 8 

488.7 f 8.5 
0.6 f 2.1 

487.8 f 21.7 
0.7 f 1.9 

64 f 4 6 3 f  12 
10.2 f 0.8 10.1 f 0.5 

1 .O f 2.4 0.5 f 1 
54 f 7 5 4 f  11 

465 f 139 
47 f 8 

951 f 230 
69 f 37 

6 
7 

480.0 f 28.2 
1.7 k 1.8 

69 f 16 
9.4 f 1.6 
5.0 f 3.5 
49 k 8 

112 f 46 
2,326 k 503 

a All results are mean f SD. 
bGroups 1-3 ingested 0.5% calcium and the DR, 2-fold DR, and 5-fold DR of vitamin A; Groups 4-6 ingested 0.13% calcium and DR, 2-fold 
DR, and 5-fold DR of vitamin A. 
Measured in two to three animals per group. 

Table II.  Long-Term Effects of Dietary Calcium and 
Vitamin A on Trabecular Bone Size and Densitva 

~ ~~ ~ ~ 

Total bone Trabecular O/O Trabecular 

(mm2) (mm2) (mm2/mm2) 
No' Of tissue area bone area bone Group rats 

I 4 5.10 f 1.00 1.08 f 0.19 0.21 f 0.02 
2 3 4.07 f 0.58 0.99 iz 0.13 0.25 f 0.01 
3 5 4.21 f 0.51 0.88 f 0.14 0.21 f 0.03 
4 6 3.48 f 0.45" 0.83 f O . l O d  0.24 k 0.02 
5 6 3.54 f 0.69" 0.92 f 0.19 0.26 f 0.01" 
6 5 3.27 k 0.21 0.74 f 0.08" 0.23 f 0.03 

a All results are mean f SD. 
Values differ from control (Group l), P < 0.02. 
Values differ from control (Group l),  P < 0.01. 
Values differ from control (Group l ) ,  P < 0.05. 

There was no significant effect of vitamin A on total 
bone tissue or trabecular bone area at either calcium 
intake level. The two-fold excess of vitamin A was 
associated with a 15% increase in percentage of trabec- 
ular bone ( P  < 0.02, Table 11) in animals on normal 
calcium intake whereas it had no effect in animals on 
the low calcium diet. 

Trabecular surface parameters assessed at the 14- 
month time point are given in Table 111. At normal 
calcium intakes bone formation surface was decreased 
significantly and similarly by both the 2- and 5-fold 
excesses of vitamin A (by 59 and 58%, P < 0.02). 
Lowering calcium intake also resulted in a significant 
decrease in fractional formation surface (Group 4 vs 
Group 1, 35% decrease, P < 0.05). Effects of vitamin 
A excess within the low calcium groups were not evi- 
dent. The corrected mineral apposition rate was in- 
creased at both the 2-fold (72%, P < 0.02) and 5-fold 
(40%, P < 0.05) excesses of vitamin A at normal but 
not at low calcium intake. Low calcium intake was also 
associated with an increased corrected mineral apposi- 

tion rate (45%, P < 0.02). The 5-fold excess of vitamin 
A was associated with a significant increase in fractional 
resorption surface in rats on the normal (Group 3 vs 
Group 1) but not reduced calcium intake (Table 111). 
The low calcium diet itself also increased the fractional 
resorption surface (36%, P < 0.02). No effect of various 
combinations of vitamin A and calcium could be ob- 
served on bone formation rate. 

Discussion 
This study was conducted to determine whether a 

modest excess of vitamin A intake in the presence of 
normal or reduced calcium intake over their adult life- 
span affects remodeling in the lumbar vertebral body 
in rats. The adult rat was selected as the test animal 
since bone remodeling occurs in the spongiosa of the 
vertebrae of this animal after it reaches 200 g in weight 
(16). This region provides a sensitive measurement site 
since the spongiosa here is very reactive, has a large 
surface, and is well vascularized. Males were used to 
eliminate any variability in bone parameters that might 
have resulted from different breeding histories. The 14- 
month study period represents most of the late adult 
life-span of this animal. To increase the survival rate of 
the old rats in this long study, the animals were fed 
reduced protein diets (26) and were maintained at 
relatively constant weights of approximately 500 g (27, 
28). Despite this, one fifth of the animals died of 
miscellaneous causes during the study. 

As observed by others, lowered calcium intake was 
associated with less positive calcium balance (29) and 
increased serum concentration of 1,25-dihydroxyvi- 
tamin D (30, 31). These effects were likely mediated by 
increases in parathonnone (not measured (32)). The 
lack of a significant effect either of lowered dietary 
calcium or of increased vitamin A intake on femur and 
mid-vertebral column (T12 + L1) ash calcium content 
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Table 111. Vertebral Trabecular Bone Surface Measurementsa 

Bone formation 
rate-total bone Fractional 

tissue area resorption 

based" surface 

(mmlmm) ("/./year) 

Corrected mineral 
appositionb rate 

(PmldaY) 

Fractional 
No. of formation 
rats surface 

(mm/mm) 

Group 

1 4 0.34 f 0.07 0.09 f 0.02 0.11 f 0.02 32.45 f 5.1 6 
2 3 0.14 f 0.07' 0.16 f 0.04d 0.09 f 0.03 30.66 f 8.03 
3 5 0.14 f 0.06" 0.13 f 0.03' 0.15 f 0.04' 29.93 f 9.49 
4 6 0.22 f 0.08' 0.14 f 0.03' 0.15 f 0.03d 33.58 f 7.67 
5 6 0.18 f 0.06" 0.16 f 0.03" 0.13 f 0.03 31.03 f 6.57 
6 5 0.20 f 0.08' 0.14 f 0.05 0.17 * 0.02" 32.85 f 5.38 

a All results are mean f SD. 
Defined as (double label width/interlabeling period) x (labeled surface/formation surface). 
Defined as (labeling surface x mineral apposition rate)/total bone area x 365 x 100. 
Differs from control (Group 1). P < 0.02. 
Differs from control (Group l ) ,  P < 0.01. 

'Differs from control (Group l) ,  P < 0.05. 

seems surprising. However, it has been observed previ- 
ously in younger rats in the setting of negative calcium 
balance (6, 33) and may reflect the insensitivity of the 
bone ash method or the limited selection of measure- 
ment sites. 

Histomorphometric analysis of the fifth lumbar 
vertebral body revealed that animals with normal cal- 
cium intake and prolonged exposure to a 2-fold excess 
of vitamin A had similar amounts of bone tissue but 
significantly greater percentage of trabecular bone than 
control animals. This has not been observed previously 
and is somewhat surprising since the opposite effect has 
been reported at higher excesses of vitamin A (1-6). In 
this study the 5-fold excess of vitamin A had no net 
effect on either the size (total bone tissue) or percentage 
of trabecular bone of the vertebral body. As expected 
(33), long-term ingestion of low calcium diet resulted 
in less total bone tissue, indicating inhibition of bone 
growth. Although it was not evaluated in this study, the 
low calcium intake is expected to effect cortical as well 
as trabecular bone (33), with these effects likely me- 
diated by parathormone. 

On examination of the surface of the trabecular 
tissue, the functioning osteoblasts are laying down bone 
at an accelerated rate in animals on excesses of vitamin 
A as well as in those on low calcium intake. However, 
in these same animals (Groups 2, 3 and, to a lesser 
extent, Group 4), there was a decrease in formation 
surface, indicating a reduction in osteoblast number. 
The latter is consistent with decreased recruitment of 
osteoblasts. The combination of increased osteoblastic 
activity and decreased recruitment resulted in no 
change in bone formation rate from that of the controls. 
Finally, the observed increase in fractional resorptive 
surface at the 5-fold excess of vitamin A and the low 
calcium diet may be due to the increased rate of bone 
resorption and/or the uncoupling of bone formation 
from bone resorption. The latter may be true because 
numerous resorption surfaces without osteoclasts and 

decreased bone formation surfaces were observed. It 
should be emphasized that these trabecular bone surface 
findings represent one point in time and cannot be 
compared with the integrated effects of 14 months of 
the diets on total bone tissue and percentage of trabec- 
ular bone. 

A 2-fold excess of vitamin A in the diet resulted in 
a modest increase in percentage of vertebral trabecular 
bone density (percentage of trabecular bone) in old rats 
whereas it did not occur with 5-fold excess of vitamin 
A. Reduced calcium intake resulted in depression of 
periosteal envelope enlargement but no change in per- 
centage of trabecular bone. The effects of vitamin A 
were not observed in the setting of reduced calcium 
intake. Although alterations in osteoblast activity and 
recruitment were observed at one time point (14 
months), this study provides no evidence of an adverse 
net effect (and instead a modest beneficial effect) of a 
chronic 2-fold excess in vitamin A intake on trabecular 
bone in old rats. 
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