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ABSTRACT 

The effects of different levels of dietary boron were determined 
in vitamin D deficient rats. Vitamin D deficient diets containing either 
0.158 ppm or 2.72 ppm of boron were fed to rats for 11 w, and 
calcium, magnesium, and phosphorus apparent absorption and bal- 
ance were measured in the twelfth week. Higher apparent absorption 
and balance values for calcium and phosphorus were observed in the 
rats with higher dietary boron, but very few differences were seen in 
body wt, organ wt, and bone parameters. Balance measurements 
represented the present status of the rats after 12 w on the diets, but 
other measurements represented an accumulation over the lifetime of 
the rat, including a suckling period with ample vitamin D and boron. 
The data demonstrated that when rats are vitamin D deficient, as 
indicated by hypocalcemia, the level of boron in the diet affects 
mineral balance. 

Index Entries: Boron; vitamin D; calcium; magnesium; phospho- 
rus; apparent absorption and balance; hypocalcemia. 

INTRODUCTION 

Boron  is k n o w n  to be  an essent ia l  e l ement  in plant  nutr i t ion,  bu t  at 
this t ime, it is no t  r ecogn ized  as an essent ial  nu t r ien t  for animals.  Im- 
p r o v e d  g r o w t h  and  r educed  p l a sma  alkaline p h o s p h a t a s e  activity after 
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supp lemen ta l  boron  was a d d e d  to a vi tamin D deficient diet for day-old 
chicks r enewed  speculat ion,  not  active since the 1940s, that  boron  may  be 
a potential  ultratrace e lement  for animals  (1,2). These s tudies  by Nielson 
and  H u n t  on chicks have also s h o w n  that  diets low in boron but  adequate  
in all o ther  nut r ients  did not  result  in any deficiency signs. However ,  if 
the diet is also low in other  minerals ,  such as, m a g n e s i u m  or potass ium,  
or low in vi tamin D, deficiency signs occur, indicating an interaction 
be tween  boron and  other  nutr ients .  Initially, it was suspec ted  that bor- 
on 's  interaction with vi tamin D deficiency was caused by a role of boron 
in the metabol ism of vi tamin D. Later s tudies have found  evidence for 
o ther  modes  of interaction (3). Since the knowledge  of possible roles of 
vi tamin D has increased in the last few years, boron and vi tamin D may 
interact in one or more  of several biological functions.  

A l though  s tudies  in rats have demons t r a t ed  effects of boron w h e n  
rats are deficient in both calcium and m a g n e s i u m  (4), effects of boron in 
rats deficient only in vi tamin D are not  known .  As a result, the present  
s tudy  focuses on  the use of vi tamin D deficient, hypocalcemic rats fed 
lower and  h igher  dietary boron levels. 

MATERIALS AND METHODS 

Weanl ing Harlan Sprague-Dawley rats were obtained at 21 d of age. 
The rats were fed a corn meal based diet s u p p l e m e n t e d  with an AIN 76A- 
vi tamin mix wi thou t  vi tamin D, and  a mineral  mix wi th  or wi thout  
supp lementa l  boron.  The formula t ion  of the mineral  mix essentially 
fol lowed that of Nielson and  H u n t  (5), except for the addi t ion of a h igher  
level of po tass ium that may  have been low in their previous  formulat ion.  
Compos i t ion  of the diets is s h o w n  in Table 1. Corn meal was s t r ipped of 
minerals  by wash ing  three t imes wi th  2N hydrochloric  acid and  rinsing 
with u l t rapure  water  (6). Diets were  analyzed for boron conten t  by Curtis 
H u n t  of the USDA, ARS H u m a n  Nutr i t ion Research Center ,  Grand 
Forks, ND. The rats were fed the diets ad libitum for 12 w, and  had  free 
access to u l t rapure  water.  A total of 19 rats were used  in the  s tudy,  10 
c o n s u m i n g  the diet deficient in both  boron and vi tamin D, and  nine 
c o n s u m i n g  the diet  deficient in vi tamin D with supp lemen ta l  boron. 
Plasma levels of calcium and  m a g n e s i u m  were moni to red  in three differ- 
ent  ra ts / t reatment  g roups  at 3-wk intervals (3, 6, and 9) dur ing  the study.  
Plasma p h o s p h o r u s ,  as well as calcium and  m a g n e s i u m  levels, were 
measu red  in seven rats on  lower dietary boron and six rats on  higher  
boron  at the end  of the s tudy  (12th week). All rats had  b lood samples  
taken twice, wi th  blood taken three t imes from a few rats. Appa ren t  
balance of these same minerals  was assessed in 13 rats for a 4-d period 
prior to sacrifice. Blood was obta ined by cardiac punc tu re  of rats unde r  
e ther  anesthesia ,  and  rats were sacrificed by exsanguinat ion.  

In order  to separately collect the feces and  urine, rats were  h o u s e d  in 
stainless steel metabolic  cages. Dry fecal samples  were  charred on a 
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Table 1 
Composition of Rat Diet for Boron Studies 

245 

Ingredient Amount 

g/kg dry diet 

casein, high protein a 160.00 

ground corn, acid washed a 708.00 

corn oil b 75.00 

methionine, L. c 3.00 

mineral mix d 42.00 

choline bitartrate c 2.00 

AIN-76A vitamin mix a 10.00 

aUnited States Biochemical Corporation, Cleveland, OH. 
bMazola corn oil 
CSigma Chemical, St. Louis, MO. 
dMineral mix contained (in g/kg of diet): sodium chloride, 2.0; magnesium acetate, 

3.5; manganese acetate, 0.1125; copper sulfate, 0.03; potassium iodide, 0.0004; zinc 
acetate, 0.05; sodium selenite, 0.0003; ammonium molybdate, 0.004; chromic chloride, 
0.002; ammonium vanadate, 0.0003; nickel chloride, 0.002; sodium arsenate, 0.005; 
potassium chloride, 3.5; potassium acetate, 4.53; sodium metasilicate, 0.05; potassium 
fluoride, 0.0025; ferrous sulfate, 0.2; calcium phosphate (dibasic), 17; acid washed 
ground corn, 11.011. This mineral mix yielded a dietary Ca, Mg, and P content of 0.5, 
0.04 and 0.39%, respectively. The boron supplemented diet contained 0.017 g boric 
acid/kg diet, to provide 3 mg B/g diet. 

hotplate after addition of I mL concentrated nitric acid and then ashed at 
500~ overnight. The samples were then redissolved in a hydrochloric 
acid solution (1 part concentrated HCI:9 parts ultra pure water), and 
diluted in 0.5% lanthanum oxide for calcium and magnesium analyses. 
Diet and tissue samples were treated in a similar manner. Aliquots of 
urine were boiled down to dryness, charred and ashed, and then redis- 
solved in the abovementioned hydrochloric acid solution to original vol. 
Plasma samples were directly diluted in 0.1% lanthanum oxide. A 
Perkin-Elmer 3030B flame atomic absorption spectrometer was used to 
analyze samples for calcium and magnesium content, whereas phospho- 
rus content was estimated, using a spectophotometric method developed 
by Chen et al. (7). Apparent balance for calcium, magnesium, or phos- 
phorus was estimated by subtracting the fecal and urinary mineral con- 
tent from the level of intake [I-(F + U)]. Apparent absorption (%) was 
estimated by subtracting fecal content from intake and dividing by the 
intake [(I-F/I) x 100]. 

At the time of sacrifice, the liver, both kidneys, spleen, brain cortex, 
cerebellum, and brain stem were removed. These tissues were analyzed 
for calcium, magnesium, and phosphorus content, as described above. 

The right anatomical femur was taken for bone analyses. After 
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placing the bones in a pressure cooker for 15 min at 10 psi, the bones 
were cleaned of tissue. The femurs were placed in ultrapure water and 
hydrated under vacuum for 1 h and the density was calculated after 
obtaining the wt of the hydrated bone out of water and the buoyancy (wt 
of bone immersed in water) using a density measurement apparatus 
(Mettler, Hightstown, NJ). Dry fat-free wt was obtained after extraction 
of the femurs in a Soxhlet extraction device for 48 h with ethanol, 
followed by 48 h with diethyl ether. The ash and the calcium, magne- 
sium, and phosphorus content of the ash were obtained as described 
previously. The data were statistically analyzed using the General Linear 
Models and Univariate procedures of SAS | 

RESULTS 

Body Weight Gain, Tissue Weights, Calcium, 
hlagnesium and Phosphorus Content, 
and Bone Parameters 

Weanling rats 21 d old, were fed vitamin D-deficient diets containing 
either 0.158 ppm of boron or 2.72 ppm of boron (unsupplemented, 
supplemented, respectively) for 12 w. No significant differences in body 
wt gain or in food intake occurred over the time span of the study, and 
the final wts (mean -SEM) were 364.9 + 24.8 g and 356.5 +42.2 g for 
the lower boron and the higher boron diets, respectively. Weights of 
organs/body wt also were not different. Rats on the unsupplemented diet 
had higher total calcium (p < 0.007) and higher mg calcium/g (p < 0.012) 
in the brain cortex and higher total phosphorus (p < 0.028) and higher 
mg phosphorus/g (p < 0.044) in the cerebellum than the boron supple- 
mented group (Table 2). This same group also had higher total phospho- 
rus (p < 0.046) and higher mg phosphorus/g in liver (p < 0.035). No 
significant differences in magnesium content were found for any of the 
tissues measured. In addition, all bone parameters measured, except 
one, that included length, density, dry fat--free bone wt, ash wt, % ash, 
total mg calcium, magnesium, and phosphorus, and mg/g bone calcium, 
magnesium, and phosphorus, showed no differences (Table 3). The only 
exception was a significantly higher mg/g bone magnesium in rats on the 
boron-supplemented diet. 

Plasma Calcium, Magnesium, 
and Phosphorus Values 

Plasma calcium levels were measured periodically during the study, 
not only to assess a possible boron and vitamin D deficiency interaction, 
but also to assess the state of vitamin D deficiency. Average plasma 
calcium levels decreased over time for rats in both treatment groups, 
demonstrating the development of vitamin D deficiency as body stores 
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were depleted (Table 4), but were unaffected by boron level in the diet. 
Magnesium was unaffected by boron or vitamin D status, remaining 
unchanged through the course of the study. At the end of the study, 
plasma phosphorus levels were also unaffected by the level of boron in 
the diet (Table 4). 

Apparent Calcium, Magnesium, 
and Phosphorus Balance 
After 11 w on the diets, the rats were placed in stainless steel 

metabolic cages for measurement of apparent balances conducted during 
the twelfth and final wk of the study. The group fed an unsupplemented 
diet had a significantly lower calcium (p <0.025) and phosphorus (p < 
0.02) apparent balance than the group fed a boron supplemented diet 
(Table 5). These differences basically resulted from lower apparent cal- 
cium (p < 0.025) and phosphorus (p < 0.011) absorption, with fecal 
phosphorus greater (p < 0.05) in the group on the unsupplemented diet 
(Table 5). The rats on a boron supplemented diet showed a relatively 
larger variation in apparent mineral balance, compared with the animals 
on the unsupplemented diet (Fig. 1). One of the rats with supplemental 
boron did not respond, as indicated by lower calcium, magnesium, and 
phosphorus apparent balances, compared with the rats without supple- 
mental boron. When statistical analyses were run without this rat, appar- 
ent calcium (p < 0.002) and phosphorus (p < 0.001) balance became 
highly significant. In addition, magnesium apparent balance of the two 
groups that previously was not significantly different also became highly 
significant (p < 0.002). 

DISCUSSION 

In the last few years, the knowledge of the possible biological roles 
of vitamin D has increased as studies have shown that a number of types 
of tissues have vitamin D receptors (8). For example, evidence suggests 
that vitamin D may play a role in immune function, and it is known to 
affect insulin secretion. Interactions with other nutrients in these func- 
tions is likely. When diets that are low in boron and deficient in vitamin 
D are fed to chicks, deficiency signs representing a boron and vitamin D 
interaction occurred (1). Hunt (3) has reported that vitamin D-deficient 
chicks have elevated levels of plasma glucose, [3-hydroxybutyrate, pyru- 
vate, triglycerides, alkaline phosphatase, triiodothyronine (T3), and low- 
er levels of plasma ionized calcium. Supplementation with boron reduces 
these metabolic parameters and elevates the plasma ionized calcium in 
vitamin D deficient chicks. After the discovery of a boron-vitamin D 
interaction, initially, boron was thought to possibly affect the metabolism 
of vitamin D. Boron supplementation in the absence of any other nutri- 
ent deficiencies has been shown to have no effect on calcium, magne- 
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sium, or phosphorus  balances in growing male rats (9). In addition, no 
effect on serum levels of vitamin D metabolites was seen. 

The results from the present  s tudy have demonst ra ted  that a rela- 
tively low boron diet (0.158 ppm B), in combination with a vitamin D 
deficient status in rats, p roduced  a lower calcium and phosphorus  appar- 
ent  balance, as compared with vitamin D deficient rats with supplemen-  
tal boron (2.72 ppm B). This mainly reflected a lower absorption of these 
minerals from their diet. The rats had been on vitamin D deficient diets 
for about 12 w, and all but  two were vitamin D deficient as determined by 
low total plasma calcium levels (10). 

A higher  degree of variability was observed within the boron sup- 
plemented group for calcium magnes ium,  and phosphorus  apparent  
balance, compared with a more narrow range in the group with no sup- 
plemental  boron. This was possibly on account of variable boron require- 
ments  of individual rats in a vitamin D deficient state. Since one rat on 
the boron supplemented  diet had apparent  balance values lower than the 
rats in the unsupp lemen ted  group, the data were also statistically an- 
alyzed with data from this rat omitted. This resulted in greater signifi- 
cance levels for calcium and phosphorus  apparent  balance and absorp- 
tion values. In addition, magnes ium apparent  balance and absorption for 
the two groups, that previously was not significantly different, became 
highly significant. 

The increase in brain cortex calcium and the decrease in cerebellum 
phosphorus  observed with a boron deficiency in vitamin D deficient rats 
provides a direct measure  of changes occurring in brain tissue as a 
consequence of boron deficiency. Penland (11,12) has reported changes 
in electroencephalogram readings in h u m a n  subjects consuming diets 
low in boron and magnesium.  These effects of low boron intake on brain 
minerals (in rats) and brain electroencephalograms (in humans)  occurred 
in conjunction with a vi tamin D or a magnes ium deficiency, respectively. 
This suggests that brain function could be altered by low dietary boron 
levels in combination with other nutr ient  deficiencies. 

Since supplemental  boron did not  result in greater body wt, organ 
wt, organ mineral  content,  bone wt, density,  and so on, it is possible that 
other nutr ient  interactions were occurring. Hunt  and Nielson (13) have 
shown that the negative effects of low magnes ium dietary levels on bone 
occurred w h e n  low dietary magnes ium was combined with low boron 
and a vitamin D deficient diet. Therefore, bone and other parameters  
may not show evidence of boron deficiency interactions unless several 
nutrients are deficient in the diet. 

The discrepancy be tween  the bone and tissue mineral data and the 
balance data may be related in part to the timing of the measurements  
and the relative degree of vitamin D and/or boron depletion. The mineral  
content of the bone and tissues examined in this s tudy reflect mineral  
retention over the lifespan of the rat (114 d), including a suckling period 
with adequate vitamin D and,  presumably,  ample boron in the diet. The 
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apparent  balance measurements  represented the state of the animal over 
the last four days prior to sacrifice, following twelve w on a vitamin D 
deficient diet with or wi thout  supplemental  boron. Al though rats in the 
present  s tudy were  hypocalcemic, and most  of them exhibited the frank 
hypocalcemia of 7-8 mg/dL previously reported by Halloran (14), even 
lower values of plasma calcium have been reported, suggesting that a 
greater deplet ion of vitamin D stores may be possible (15). This suggests 
that the rats in this s tudy were still in the process of becoming vitamin D 
depleted. Day-old chicks, in contrast to weanl ing rats, apparent ly have 
relatively low vitamin D stores, since a vitamin D and boron interaction 
wi thout  other nutrient  deficiencies has been previously demonst ra ted  
(1). 

Unde rwood  and DeLuca (16) have demonstra ted  that normal bone 
formation occurred in rats in a vitamin D deficient state as long as 
calcium and phosphorus  w e r e c o n t i n u o u s l y  infused into the rats. This 
indicated that vitamin D was needed  for absorption of these minerals,  
but was not directly involved in bone formation. In addition, Nielsen (17) 
has shown in a s tudy involving men  and postmenopausal  w o m e n  that 
serum calcitonin was higher  during an initial boron deplet ion period 
than during the subsequent  boron repletion. It seems likely that until 
calcium and phosphorus  absorption have been appreciably decreased for 
some time, protective hormonal  effects may delay any detrimental  effects 
on bone formation. 

Supplementat ion of diets of postmenopausal  w o m e n  on low boron 
diets (0.25 mg boron/d) with 3.0 mg of boron/d resulted in improvements  
in calcium and magnes ium retention, and elevation of serum concentra- 
tions of 17f3-estradiol and testosterone (18). This effect was greater in the 
w o m e n  on low magnes ium diets. The diets were adequate  in vitamin D, 
but the pos tmenopausal  w o m e n  may have somewhat  impaired vi tamin 
D metabolism, as a result of lower estrogen levels in serum, that may 
have had an impact on the study. 

The results from the present  s tudy demonstra ted  that supplementa l  
boron improved calcium and phosphorus  apparent  absorption and bal- 
ance in rats that were  vitamin D deficient. These data verified an interac- 
tion be tween vitamin D deficiency and boron in the absence of other 
nutrient  deficiencies. Furthermore,  the data also suggested that a boron 
and vitamin D interaction in the absence of other nutr ient  deficiencies 
could only be seen when  rats were  vitamin D depleted. Depletion of the 
vitamin D stores in rats, as indicated by low plasma calcium levels, is a 
relatively lengthy process that other researchers may not have followed. 
Overall, the s tudy has implications for a means of improving mineral  
absorption and balance in people with marginal vitamin D intakes and 
possibly low boron intakes. 

Future studies in rats should involve measurements  of body  wt, 
tissue, and bone parameters  only on rats that have been hypocalcemic for 
several weeks.  Apparent  balance and absorption measurements  should  
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also s h o w  less variat ion and  grea ter  s ignif icance if p e r f o r m e d  at this same  
time. This protocol  w o u l d  e lucidate  a v i t amin  D and  boron  interact ion in 
rats if all o the r  nu t r ien ts  in the diet  are adequa te .  
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