©Copyright 1991 by The Humana Press, Inc.
All rights of any nature, whatsoever, reserved.
0163-4984/91/3001-0047 $02.40

In Ovo Administration
of Boron Alters Bone Mineralization
of the Chicken Embryo

NANCY KING,! TED W. ODOM,>* H. WAYNE SAMPSON,?
AND SAM L. PARDUE*

'Current address: United States Army Research Institute
of Environmental Medicine; *Department of Poultry Science,
Texas Agricultural Experiment Station, and °Department of Anatomy,
College of Medicine, Texas A&M University, “Present address:
Department of Poultry Science, North Carolina State University

The opinion or assertions contained herein are the private views of the authors and
are not to be construed as official or as reflecting the views of the Department of the
Army or the Department of Defense.

ABSTRACT

It has been hypothesized that boron (B) is an essential element
for animals, especially in bone metabolism. In this study, the influ-
ence of in ovo boron administration was assessed in the chicken. At
8 d of embryogenesis, carrier or B (0.1, 0.5, or 1.0 mg) was injected on

- to the chorioallantoic membrane of fertile eggs. At hatching, body
weights were recorded and tissue samples collected. Although boron
failed to alter bone mineralization, it decreased (p < 0.05) dried bone
weight, suggesting a reduction in the bone organic matrix. Further-
more, 1 mg boron decreased (p < 0.05) hatchability and increased
(p < 0.05) the height of the proliferative zone in the growth plate,
indicating an unfavorable effect on bone elongation of the developing
chick.

Index Entries: Boron; trace element; bone; mineralization;
growth plate; chick; in ovo.
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INTRODUCTION

Since the initial classification of boron (B) as an essential element for
plants (1,2), numerous attempts have been made to establish a similar
relationship in animals (3-7). Boron’s ubiquitousness in the environment
has confounded these experiments. If boron is required in very small
amounts, as has been hypothesized (3,4,8), then the amount of boron
already present in the diet and water may have been sufficient for the
organism, therefore negating any further physiological effects associated
with boron supplementation. The inability to demonstrate a clear boron
deficiency resulted in its classification as nonessential for animals.

In the early 1980s, Hunt and Nielsen suggested that a sign of boron
deficiency was produced in chickens fed a diet low in boron and vitamin
D (9). Subsequent studies implied that boron has a significant function in
bone metabolism (8-16). Thus, the purpose of the present study was to
determine if in ovo boron administration influences bone formation and
mineralization of the chicken embryo.

MATERIALS AND METHODS

Experimental Protocol

Five hundred fertile broiler eggs (Boothe Hatchery, Gonzales, TX)
were placed in a forced-ventilation incubator (Petersime model 1, Peter-
sime Incubator Co., Gettysburg, OH) at 37.6°C with 56% relative humidi-
ty. On day 8 of embryonic development the eggs were briefly removed
from the incubator and candled. Those eggs with a live embryo were
randomly placed in treatment groups.

Solutions of 1000, 5000, and 10,000 ppm of boron were prepared
using sodium tetraborate as the boron source (borax; Na,B,O; - 10H,0,
Fisher Scientific, Fair Lawn, NJ). Since borax is 12.06% Na, the raising
boron concentration produced an increase in the Na concentration in the
injections. Therefore, three separate control groups, one for each level of
boron, received saline (NaCl), which was Na-balanced on a molar basis.
The superior end of each egg was wiped with 80% alcohol, a pinpoint
puncture was made, and 100 L of the appropriate solution was injected
onto the chorioallantoic membrane of each egg. The eggs received 0.1 mg
of B (B-0.1), 2.7 mg of NaCl (control-1), 0.5 mg of B (B-0.5), 13.6 mg of
Na(l (control-2), 1.0 mg of B (B-1.0), or 27.1 mg of NaCl (control-3). The
injection site was immediately sealed with paraffin and the eggs were
returned to the incubator.

On the 18th day of development, the eggs were transferred to a
hatcher (Petersime model H-145) where the temperature was maintained
at 36.9°C with 69% relative humidity. At 21 d, hatchability was deter-
mined [(hatched eggs + fertile eggs) x 100]. All the live chicks were leg-
banded, weighed, and transferred to the laboratory for tissue sampling.
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Blood Analyses

Blood (>500 pL) was obtained via cardiac puncture in heparinized
syringes (Na hegarin, 25 mg/100 mL). Whole blood was immediately
analyzed for Ca®*, Na*, and K* (Chemlyte Ion Selective Analyzer,
Gilford Systems, Oberlin, OH). Remaining blood samples were kept on
ice and centrifuged (Model CR3000, Jouan Inc., Winchester, VA). Plasma
was frozen for later analysis of Mg, total Ca, and P;. Total plasma Ca and
Mg were determined by atomic-absorption spectrophotometry (Perkin-
Elmer model 4000, Norwalk, CT) (17). The analysis of plasma P; was
done using the Sigma Diagnostics procedure No. 360 UV (Sigma Diag-
nostics, St. Louis, MO), reading at 340 nm in a Beckman spec-
trophotometer model DU-6 (Beckman Instrument, Inc., Irvine CA).

Sexing

The chicks were sexed by gonad examination during sample collec-
tion.

Bone Analyses

After the chicks were killed via cervical dislocation, the legs were
removed and the muscle dissected from the bone and discarded. The left
tibiae were measured for length and width, fat-extracted with ether
(Soxhlet apparatus) for 16 h, and dried overnight in a drying oven at
102°C. The dehydrated, defatted bones were weighed and ashed in a
muffle furnace (Thermolyne Furnatol II, Thermolyne Corporation, Du-
buque, IA) at 550°C for 18 h. The ash percentage of each bone was
determined, and its mineral composition was assessed by atomic absorp-
tion (Ca, Mg, Na, K, Cu) and colorimetrically (P,).

Histology

The right dissected tibiae were slit longitudinally and placed in
Carson’s fixative. Six tibiae from each sex and treatment were chosen at
random for histological and morphometric analysis. One half of the fixed
proximal tibia was dehydrated with ethyl alcohol and embedded in
paraffin. Two 5-um sections were taken from each sample and stained
with hematoxylin and eosin. The growth-plate image was projected from
the microscope onto paper and traced at a magnification of 14.75 x, and
reserve, proliferative, and hypertrophic zones were indicated. The
height of each zone was then measured at three intervals by an individu-
al unfamiliar with the treatment distribution. The average of the three
measurements was used as the zone height.

Statistical Analyses

The data were statistically analyzed by the Statistical Analysis Sys-
tem (18) utilizing the General Linear Model (GLM) procedure for an
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unbalanced analysis of variance (ANOVA) using a split-plot design
(19,20). A p value of < 0.05 was considered statistically significant, and
the means were partitioned by Duncan’s Multiple-Range Test (21).

RESULTS

None of the variables analyzed demonstrated a significant difference
attributable to sex. All data presented represent values pooled across
both sexes. Boron-1.0 injection had a lower (p < 0.05) hatch percentage
than the other boron dosages and control groups (Fig. 1). The relative
body weights (body weight + egg weight) X 100, were calculated in
order to account for any bias introduced by egg selection. The relative
body weights were similar among the treatment groups (Table 1). How-
ever, paired comparisons (GLM) showed that the relative body weight of
the B-0.5 dose treatment was higher (p < 0.05) than its control (Fig. 2).

The left-tibiae dry weight was less (p < 0.05) for the B-0.5 and B-1.0
groups (Table 2). Neither the bone length nor width, nor the mineral
composition (Ca, P, Mg, Na, K, Cu) of bone ash, showed a significant
difference associated with treatment (Table 2 and 3). Although the per-
centage of bone ash was comparable for all treatments, a pattern suggest-
ing a dose response was evident (Fig. 3). This pattern, with the ash
percentage peaking at the middle dosage, was observed for the controls
as well.

Although the growth-plate heights were similar among all treatment
groups, the proliferative-zone height was increased (p < 0.05) for the
B-1.0 treatment (Fig. 4). The heights of the reserve and hypertrophic
zones showed no significant difference.

The results of plasma minerals are summarized in Tables 4 and 5.
Plasma Ca?* and K* were the only minerals that demonstrated a signifi-
cant difference (p < 0.05) between treatments. The B-0.5 group had lower
plasma Ca®* than its control (control-2) and the B-1.0 group, and plasma
K* was higher for the B-1.0 group than for all other treatments.

DISCUSSION

In studies conducted by Pardue et al. (16) it was reported that in ovo
boron administration (150 pL. of 500 or 1000 ppm boron) increased em-
bryonic (26 d) weight, tibial length, and yolk-sac internalization of the
turkey embryo. At hatching (28 d), the boron-treated poults had a higher
(p < 0.05) percentage of bone ash than the controls. Further trials (un-
published data from this lab) with turkey embryos showed a tendency
for increased bone ash in boron-treated poults. This effect was not
maintained throughout the growing period, and at 3 wk of age, the
boron-treated turkeys tended to have less bone ash than the controls. A
decrease (p < 0.05) in the percentage of bone K of the 1-d-old poults
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Fig. 1. The effect of in ovo B administration (-e-, bor-
on; ---O---, control) on egg hatchability. Each point is the
mean * SEM of at least 68 eggs. Values marked with an
asterisk (*) differ significantly (p < 0.05) from all others.

Table 1
Effect of in ovo B Administration on Embryonic Growth'

Relative?

Treatment n Egg weight2 Body weig‘ht3 body weight
g g
B-0.1 57 63.23 + 0.59 46.65 + 0.47 74.00 + 0.26
Control-1 59 63.12 + 0.61 46.51 + 0.49 73.72 + 0.39
B-0.5 37 62.37 + 0.68 46.67 + 0.54 74.84 + 0.41
Control-2 48 62.81 + 0.61 45.92 + 0.45 73.40 + 0.24
B-1.0 8 66.25 + 1.10 49.32 + 1.27 74.41 + 1.26
Control-3 48 62.56 + 0.68 46.20 + 0.55 74.17 + 0.45

'Data are mean + SEM. Values do not differ significantly (Duncan’s Multiple-range
test).

’Egg weight at setting time.
‘Body weight at hatching.
‘Relative body weight = (body weight/egg weight) x 100.

treated with boron was also noted. At 3 wk of age, the bone K values
were similar in both groups, whereas the bone Ca percentage was de-
creased (p < 0.05) for the boron group. Additional studies carried out by
Pardue et al. (22) further suggest that boron either administered in ovo
(100 pL of 100 ppm) and/or supplemented in the diet (3 mg/kg diet), may
influence mineral status and growth in the broiler chicken.

All boron treatments received the same amount of Na as their re-
spective controls, and the osmolarity of the treatments was comparable.
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Fig. 2. The effect of in ovo B administration (-e-, bor-
on; -—0---, control) on embryonic growth. Points are the
mean * SEM for 57 chicks for B-0.1, 37 chicks for B-0.5,
eight chicks B-1.0, 59 chicks for control-1, 48 chicks for
control-2, and 48 chicks for control-3. The asterisk (*) indi-
cates significant difference (p < 0.05) between B-0.5 and
control-2 when paired comparison were done.

Table 2
Effect of in ovo B Administration on Tibial Characteristics
of One Day Old Chicks'

Treatment n Weiqht2 Length width Ash
mg mm mm

B-0.1 57 73.38 + 0.892 31.6 + 0.1® 1.8 % 0.0% 31.45 + 0.302
Control-1 56 74.08 + 0.912 31.5 + 0.12 1.8 + 0.08 30.89 % 0.373
B~0.5 37 67.15 + 0.94P 31.3 ¥ 0.228 1.8 + 0.0 31.66 + 0.362
Control-2 46 74.10 + 1.012 31.6 + 0.12 1.8 + 0.0® 31.27 + 0.382
B-1.0 8 65.30 + 2.92P 31.6 ¥ 0.33 1.8 + 0.12 30.95 + 1.612
control-3 47 73.73 + 1.08% 31.6 + 0.23 1.8 + 0.02  30.27 + 0.44%

‘Data are mean + SEM. Means followed by a different superscript letter within a
column differ significantly (p<0.05; Duncan’s Multiple-range test).
Dried, defatted left tibia.

It is unlikely that the B-1.0 effect on hatchability was a result of either the
Na concentration or the osmolarity of the injected solution. The possi-
bility of a Na-B interaction affecting hatchability remains to be explored.

Boron, along with other nutritional factors, such as manganese,
biotin, and riboflavin, has been known to cause embryo malformations
and poor hatchability (23-25). Boron toxicity displays the same ter-
atogenicity as does riboflavin deficiency. It has been suggested that
boron and riboflavin form a water-soluble complex (26) that is readily
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Table 3
Effect of in ovo B Administration on Tibial Mineral Composition
of One Day Old Chicks'?

Treatment Ca P Mg Na K Cu
B-0.1 30.3340.41 29.89+1.68 0.76+0.01 4.04+0.20 1.70+0.02 0.16+0.01
n=55 n=14 n=58 n=13 n=57 n=56
Control-1l1 31.03+0.41 26.34+1.25 0.74+0.01 3.73+#0.21 1.66+0.02 0.16+0.00
n=52 n=13 n=58 n=13 =57 n=58
B-0.5 30.60+0.38 28.19+1.66 0.77+0.01 4.30+0.28 1.70+0.03 0.15+0.01
n=36 n=11 n=37 n=11 n=37 n=37
Control-2 30.03+0.46 26.88+2.61 0.76+40.01 3.92+0.31 1.70+0.02 0.16+0.01
n=47 n=10 n=48 n=8 n=49 n=49
B-1.0 30.99+1.26 27.92+2.88 0.72+0.04 4.26+0.12 1.70+0.07 0.15+0.01
n=7 n=5 n=8 n=4 n==8 n=8

Control-3 30.69+0.29 28.39+1.56 0.75+0.01 4.18+0.18 1.7040.02 0.1740.00
n=47 n=9 n=49 n=9 n=49 n=49

'Data are mean + SEM. Values do not differ significantly (Duncan’s Multiple-range
test).

?Percent mineral in bone ash.
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Fig. 3. The effect of in ovo B administration on bone min-
eralization. Values are mean + SEM. Means do not differ signif-
icantly.

excreted, depleting the body of riboflavin. Furthermore, the addition of
riboflavin was found to lower the incidence of malformations caused by
boric acid in avian embryos (23). In recent studies, Rossi and coworkers
(27) observed that riboflavin would not ameliorate the negative effects
associated with high B (320 ppm) in broilers’ diets.

Landauer (24) injected 2.5 mg of boric acid or 3.5 mg of sodium
borate (0.4 mg B) into the yolk sac. The B-1.0 eggs in the present study
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Fig. 4. The effect of in ovo B administration on the height of
the epiphyseal plate zones. The height of the growth-plate, re-
serve, and hypertrophic zones does not differ significantly. The
proliferative zone is longer (p < 0.05) with B-1.0 treatment than in
the corresponding control (C-3).

Table 4
Effect of in ovo B Administration on Plasma Calcium
of One Day Old Chicks'"?

Treatment Ionized Ca Bound Ca3 Total Ca
B-~0.1 1.40+.023P 0.89+0.182 1.64+0.202
n=14 =6 n=13
Ccontrol-1 1.41+.023P 0.70+0.192 1.35+0.182
n=11 n=4 n=13
B-0.5 1.32+.03P 0.58+0.21%2 1.2610.152
n=7 n=3 n=11
Control-2 1.45+.032 0.53+0.232 1.64+40.232
n=7 n=6 n=10
B-1.0 1.45+.052 1.01+0.392 2.12+0.452
n=4 n=4 n=5
Control-3 1.37+.033P 0.84+0.212 1.88+0.252
n=8 n=7 n=9

'Data are mean = SEM. Means followed by different superscript letters within a
column differ significantly (p<<0.05; Duncan’s Multiple-range test).

*Expressed in mmol/L.

*Bound Ca = Total Ca - Ionized Ca.
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Table 5
Effect of in ovo B Administration on Plasma Minerals
of One Day Old Chicks"

Treatment Kt Na*t P; Mg
B-0.1 3.740.1P 144412 1.9+40.12 0.7+0.0%
n=56 n=50 n=14 n=12
Control-1 3.840.1P 144402 1.740.13 0.6+0.03
n=58 n=53 n=13 n=13
B-0.5 3.9+0.1P 144412 1.6+0.123 0.6+0.02
n=34 n=30 n=10 n=11
Control-2 3.9+0.1P 145+12 1.7+40.23 0.7+0.12
n=48 n=44 n=8 n=9
B-1.0 4.840.32 143+22 1.8+0.32 0.7+0.12
n=7 n=7 n=5 =5
Control-3 3.9+0.1P 143412 2.1+0.13 0.740.02
n=47 n=40 n=7 n=8

'Data are mean + SEM. Means followed by different superscript letters within a
column differ significantly (p<<0.05; Duncan’s Multiple-range test).
?Expressed in mmol/L.

received a dose 2.5 greater than those in Landauer’s study. Landauer
reported a hatchability of 19%,Z compared with 54% with the B-1.0
treatment obtained in the present study. Since the dead embryos in the
present study were not examined, the authors can not attest to the
existence of malformations. However, Landauer reported only 36% nor-
mal chicks among those hatched, with the remaining showing some
degree of defect. Although there was no teratogenicity among the B-1.0
chicks, boron’s toxicity was evidenced by the decreased hatchability of
that group.

The decrease in dry bone weight observed in the B-0.5- and B-1.0-
treated embryos, and the absence of an effect on bone mineralization, as
indicated by the percentage of bone ash, suggest that boron decreased
the amount of organic material in bone, although the inorganic portion
was not changed. Further studies are required to examine the organic
composition of bone from boron-treated embryos to determine if the
organic matrix is affected.

Table 3 depicts a lack of difference in the mineral composition of the
bone ash for the boron and control groups, indicating that bone mineral-
ization was normal.

Growth-plate morphology provides a mean of assessing the growth
of bone, with its enlargement being a characteristic of rickets (28) and
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vitamin D deficiency (29,30). The effect of vitamin D deficiency on rickets
development appears to be indirect, by altering serum Ca and P levels
(29,30). Jande and Dickson (29) demonstrated this effect by supplement-
ing vitamin D deficient chicks with vitamin D or Ca. They observed that,
in spite of the deficiency in vitamin D, Ca supplementation decreased the
proliferative-zone height and corrected the cell disarrangement associ-
ated with vitamin D deficiency in chicks (29). However, the calcification
zone was poorly calcified, which was attributed to a considerable de-
crease in serum P (29).

The lengthening of the growth plate in rickets is caused primarily by
an increase in the proliferative and/or hypertrophic zones (28,31). The
zone affected varies among species and with the nutrient deficiency
involved, namely Ca or P (32). The increase in the zone of proliferation is
not associated with an augmentation in cell division, but with cellular
hypertrophy and an accumulation of matrix because of the inability of the
chondrocytes to mature (29,32,33). This delay in cell conversion has been
associated with Ca in several ways. Since intracellular acquisition of Ca
occurs in the upper regions of the zone of hypertrophy, a Ca deficiency
has been associated with this delayed chondrocyte maturation (33).
However, it has also been suggested that Ca, through inhibition of the
growth of perforating epiphyseal vessels, alters growth-plate morphol-
ogy (32). It has also been proposed by Arsenault and colleagues (34) that
the presence of “anti-invasive factor(s)” in the cartilage matrix inhibits
angiogenesis, suggesting the possibility of matrix calcification in turn
suppressing the “anti-invasive factor(s),” hence permitting vascular in-
vasion of metaphysis (34).

The increase in the proliferative-zone height for the B-1.0 treatment
may be indicative of the inability of chondrocytes to mature in conse-
quence of a possible boron interference with normal bone calcification
(28). Boron may be interacting with Ca and/or vitamin D. If boron
interacts with Ca, it may cause an apparent Ca deficiency, leading to an
increase in the proliferative zone of chicks. Boron interaction with vita-
min D may be twofold. If B antagonizes vitamin D, then a Ca deficiency
could follow, with the resulting increase in the proliferative zone. Yet, if
B is synergistic to vitamin D (9,35), then the changes in growth-plate
morphology would reflect signs of vitamin D toxicity, which also include
an enlarged proliferative zone (36). The two conditions can easily be
separated by morphometric analysis of cell size and cell number. The
increase in the proliferative zone caused by vitamin D deficiency is
characterized by the enlargement of the chondrocytes, whereas vitamin
D toxicity presents an increase in chondrocyte proliferation.

Based on these results, future studies with boron should include an
element analysis for the growth plate as well as morphometric analysis of
its cell size and number.
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SUMMARY

In ovo boron administration influenced the development of the chick-
en embryo. There appears to be a dose-response effect, with B-0.5
promoting an increase in relative body weight (p < 0.05). One milligram
of boron was detrimental to egg hatchability and to bone elongation (p <
0.05). Further, B-0.5 and -1.0 dosages decreased (p < 0.05) the dried bone
weight, suggesting a reduction in the bone organic matrix composition.
The results imply a possible involvement of boron in bone metabolism.
However, additional research needs to be conducted to ascertain wheth-
er boron’s effect on bone is achieved by competing with Ca utilization in
bone mineralization, or whether, by decreasing bone organic matrix,
bone calcification is altered.
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