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Abstract
Scientific evidence has shown the nutritional importance of boron (B) in the remodeling and repair of cancellous bone tissue.
However, the effects of the nutritional deficiency of B on the cortical bone tissue of the appendicular skeleton have not yet been
described. Thus, a study was performed to histomorphometrically evaluate the density of osteocyte lacunae of cortical bone of
mouse femora under conditions of nutritional deficiency of B and to analyze the effects of the deficiency on the biomechanical
properties of mouse tibiae. Weaning, 21-day-old male Swiss mice were assigned to the following two groups: controls (B+; n =
10) and experimental (B−; n = 10). Control mice were fed a basal diet containing 3 mgB/kg, whereas experimental mice were fed
a B-deficient diet containing 0.07 mg B/kg for 9 weeks. The histological and histomorphometric evaluations of the mice fed a B-
deficient diet showed a decrease in the density of osteocyte lacunae in the femoral cortical bone tissue and the evaluation of
biomechanical properties showed lower bone rigidity in the tibia.
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Introduction

Bone tissue is a specialized form of dense connective tissue
composed of cells and a mineralized extracellular matrix [1].
The cellular composition of the adult skeleton is composed of
osteocytes (90–95%), osteoblasts (5%), and osteoclasts (1%)
[2, 3]. Osteocytes are derived from osteoblasts that have
stopped the production of bone matrix and have become
trapped within lacunae in the interior of the newly formed
bone [2–5]. A large number of canaliculi, which are approxi-
mately 250–300 nm in length [2] and contain the cytoplasmic
extensions of osteocytes, radially emerge from these lacunae.
The cytoplasmic extensions come in contact with the exten-
sions of neighboring osteocytes as well as with osteocytes of
the bone surface [3, 6], and also extend up to the bone marrow
and establish communications with blood vessels [2]. The
osteocyte lacunae and canaliculi thus generate a functional

three-dimensional interconnected network through which in-
terstitial fluid and small molecules circulate [7, 8]. This net-
work is known as Blacuno-canalicular network^ and one of its
main functions is to detect the need for remodeling of the bone
tissue in response to mechanical and hormonal needs [6–17].

The strategic location of osteocytes within the mineralized
bone matrix makes them excellent candidates to detect the need
for remodeling during functional adaptation to mechanical loads
and for repair of microcracks, and, in both cases, transmit signals
to the effector cells in charge of bone formation and resorption
[13–15]. Several studies have shown that osteocytes perform their
function by transducing mechanical loads into biochemical sig-
nals able to influence osteoblasts and osteoclasts [6–11, 14–17].

It has been recently suggested that osteocytes are involved
in calcium (Ca) and phosphorus (P) homeostasis. In this sense,
the osteocyte network could also function as an endocrine
regulator [9–12], since it constitutes a large surface that can
be used to mobilize Ca, as for example during pregnancy,
lactation, and hibernation [18, 19]. In addition, through the
Dmp1, Phex and FGF23 signaling pathways, osteocytes reg-
ulate the resorption of phosphate at the renal level [9–12].

Recent studies have assessed the influence of various die-
tary components, especially Ca and vitamin D, on bone and
mineral metabolism. However, other vitamins (such as vita-
mins A, B, C, and K) and trace elements (such as strontium,
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zinc, silicon, and boron) are also potentially important and
should thus be taken into account [20–26].

Boron (B) is a bioactive trace element that satisfies several
criteria to be considered essential for animals and humans,
including the following: (a) it is present (at comparable con-
centrations) in healthy tissues of different animals, (b) it has a
homeostatic mechanism of control, and (c) its deficiency re-
sults in the alteration or loss of important physiological func-
tions [27–36]. However, it lacks a defined biochemical func-
tion. It has been suggested that the daily intake of B should be
in the order of 1–13 mg/day for adults [20, 27]. The main
sources of B are fruits (except citrus and berries), vegetables,
legumes, nuts, and the water, cider, and beer [28, 29].

The nutritional importance of B in the remodeling and re-
pair of cancellous bone tissue has been shown [37–40].
Regarding the effects of B on cortical bone, in previous stud-
ies, we have assessed the modeling and remodeling of the
periodontal cortical of the alveolar bone of the jaw in mice
[41]. However, the effects of the nutritional deficiency of B on
the cortical tissue of bones of the appendicular skeleton have
not yet been described.

In the last decades, there has been an increasing interest in
the study of the density of osteocyte lacunae (number of lacu-
nae/mm2) as a histomorphometric indicator of bone formation
under local and systemic variables [42–60]. Given the above
background, the aims of the present study were to
histomorphometrically evaluate the density of osteocyte lacu-
nae in cortical bone of the femur of mice under conditions of
nutritional deficiency of B and to analyze the effects of this
deficiency on the biomechanical properties of the mouse tibia.

Materials and Methods

The study material came from 21-day-old male Swiss mice
used in previous experiments [41]. All animal experiments
were carried out in keeping with the guidelines of the
National Institutes of Health for the care and use of laboratory
animals (NIH Publication No. 85–23, Rev. 1985). The proto-
col was examined and approved by the Institutional Ethics
Committee of the School of Dentistry, University of Buenos
Aires.

Experimental Procedure

At weaning, the mice were assigned to two groups: con-
trol (B+; n = 10) and experimental (B− ; n = 10).
Considering that it has been established that 3 mg B/kg
of diet prevents the signs associated with B deficiency in
rats and mice [39, 41, 61], control animals were fed a
basal diet containing 3 mg B/kg and experimental animals
were fed a basal diet containing 0.07 mg B/kg (Table 1)
for 9 weeks [41]. The diet was provided by the United

States Department of Agriculture, Agricultural Research
Service, USDA, ARS Grand Forks Human Nutrition
Research Center, Grand Forks ND, USA.

During the experiment, the animals were daily fed ad
libitum. Body weight was recorded every 7 days and food
consumption was recorded every 24 h. The animals were
sacrificed by means of an intraperitoneal injection of pento-
barbital sodium (Nembutal 1%), and femora and tibiae were
resected. The femora were fixed in formalin 10% and their
length recorded with a digital caliper with an accuracy of
0.05 mm, as the distance between the most proximal point
of the femoral head and the most distal point of the medial
condyle. The tibiae were kept at − 20 °C for subsequent bio-
mechanical studies.

Histological Procedure

The femora were stained in toto with basic fuchsin 1% accord-
ing to the methodology described by Frost [62–64] and then
processed for inclusion in methyl methacrylate. Histological
cuts were subsequently obtained transversal to the longitudi-
nal axis, at the level of the medial femoral diaphysis. The cross
sections were ground using a grinding machine and finished
manually with sandpaper to obtain sections about 50 μm
thick.

Table 1 Composition of the basal diet

Ingredients g/kg

Granulated corn prewashed with acid 713.5

Vitamin-free casein 160

Oil 75

tert-Butylhydroquinone 0.014

DL-α-Tocopherol 0.2

Choline chloride 1

L-Cystine 2

Macro mineralsa 29.3

Vitaminsb 4

Trace elementsc 15

Total 1000

aMacro minerals (in g): CaHPO4, 17; KCl, 7; and Mg (C2H3O2)2 4H2O,
5.3
bVitamins (in mg): vitamin A palmitate (500,000 IU/g), 16; thiamine
HCl, 10; pyridoxine HCl, 15; nicotinic acid, 30; DL-pantholeic acid, 48;
vitamin B12 (0.1% in mannitol), 50; folic acid, 2; biotin, 1; riboflavin, 27;
vitamin K (phylloquinone), 1; inositol, 50; para-aminobenzoic acid, 5;
vitamin D3 (400,000 IU/g), 2.5; and dextrose, 3742.5
c Trace elements (in mg): NaCl, 2000; Mn(C2H3O2)24H2O, 45;
CuSO45H2O, 30; Zn(C2H3O2)22H2O, 84; powdered iron (dissolved in
HCl), 75; NaHAs47H2O, 5; K, 0.4; NaSeO35H2O, 1.4; Cr(C2H3O2)32
H2O, 2; NH4VO3, 0.3; (NH4)2MoO4, 1; NaF, 2; NiCl6H2O, 3.7;
NaSiO29 H2O, 50, and granulated corn (prewashed with acid), 12,700.2
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Histological and Histomorphometric Evaluation

Histological and histomorphometric parameters were evaluat-
ed by means of common optical and fluorescence microscopy
(Nikon Eclipse E800 fluorescence microscope equipped with
a HeNe laser unit (Eclipse C1)), using an excitation of 544 nm
and an emission filter of 570 nm.

The histomorphometric parameters evaluated included:

1- Outer diameter (Fig. 1a), inner diameter (Fig. 1b), and
thickness of the cortical of the medial femoral diaphysis
(Fig. 1c). These measurements were taken on the digital
images obtained through fluorescence microscopy at ×

40. The free software EZ-C1, Silver Version 3.0 (Free
Viewer-Nikon) was used.

2- Greater and lesser diameters of osteocyte lacunae. These
parameters were determined using a common optical mi-
croscope provided with an eyepiece micrometer and an
objective of × 100.

3- Density of osteocyte lacunae. The number of osteocyte
lacunae/mm2 of cortical bone tissue was determined using
images captured through fluorescence microscopy (with
an objective of × 60). To this end, an area of 0.0625 mm2

was determined in the anterior (A), posterior (P), medial
(M), and lateral (L) regions of the medial femoral diaph-
ysis. Then, by using the digital superimposition of a grid,
each area was subdivided into 25 fields of 0.05 mm×
0.05 mm each (Fig. 2), and the number of osteocyte lacu-
nae recorded in each field. The Scandium 5.0 software
was used (Build 1054, Soft Imaging system GmbH).

Evaluation of Biomechanical Properties

The mechanical properties at the level of the tibial diaphysis
were evaluated through a three-point flexion test. To do this,
each tibia was horizontally placed on an Instron equipment
model 4442, with the anterior face up, on two equally spaced
supports, separated by a constant distance of 11 mm. In this
position, the diaphysis was centrally loaded with a force of
50 N at a speed of 5 mm/min until its fracture. The load/
deformation curves obtained allowed determining the follow-
ing structural biomechanical properties associated with the
resistance of the bone [65]:

1- Bone resistance to fracture, i.e., the effective resistance of
the bone to lose its integrity as a single structure

Fig. 1 a Outer diameter (A anterior, P posterior, M medial, L lateral). b
Inner diameter (A anterior, P posterior, M medial, L lateral). c Thickness
of the cortical of the medial femoral diaphysis (A anterior, P posterior, M:
medial, L: lateral)

Fig. 2 Determination of the fields to count the number of osteocyte
lacunae
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2- Maximum elastic resistance, i.e., the maximum capacity
of the bone in flexion to elastically resist a deforming
load;

3- Elastic energy absorption, i.e., the capacity of the bone to
absorb mechanical energy when deforming elastically

4- Bone rigidity, i.e., the effective resistance of the whole
bone to be deformed elastically by the action of loads.

Statistical Analysis

The data are presented as mean ± standard deviation and were
statistically analyzed by means of the Student’s t test, assum-
ing α = 0.05 and β = 0.01.

Results

Body Weight and Food Consumption

No significant differences were observed in body weight or
food consumption between groups (Table 2).

Morphometric Evaluation

No statistically significant differences were observed in the
length of the femur (p > 0.05) between both groups (Table 2).

Histological and Histomorphometric Parameters

The histomorphometric analysis of the outer and inner diam-
eter and thickness of the cortical of the medial femoral diaph-
ysis showed no statistically significant differences between
both groups (p > 0.05) (Tables 3, 4, and 5).

The histological evaluation showed no differences in the
size of the osteocyte lacunae between groups (Table 6), where-
as fluorescencemicroscopy showed absence ofmicrocracks in
the corticals of both groups.

The histomorphometric evaluation showed that the density
of osteocyte lacunae was lower in the experimental mice (B−)
than in control mice (B+) (Fig. 3) (25% lower in the medial
surface and 18% lower in the posterior surface) (Table 7).
Although the density of osteocyte lacunae was also lower in

the anterior and lateral surfaces, the difference between the
two groups was not statistically significant (p > 0.05).

Biomechanical Properties

The structural biomechanical properties obtained at the level
of the medial tibial diaphysis are shown in Fig. 4a–d. The
maximum force required for the fracture (Fig. 4a), the load
at the point of fracture or elastic limit (Fig. 4b), and the energy
accumulated during the elastic deformation (Fig. 4c) did not
differ between the groups. However, the diaphyseal rigidity
(Fig. 4d) was significantly lower (19%) in the experimental
group (B−) than in the control group (B+) (p < 0.05).

Discussion

It has been established that the density of osteocyte lacunae
represents the number of osteoblasts which have become in-
corporated during the formation and mineralization of the
bone matrix [66–68]. In this sense, the lower density of oste-
ocyte lacunae observed in the present study suggests that a
nutritional deficiency of B would determine a decrease in the
number of osteoblasts that will finally be differentiated to
osteocytes. In general, around 29% of osteoblasts develop into
osteocytes, 6% develop into bone lining cells, and the remain-
ing 65% die by apoptosis [3, 4].

Previous studies by our research group have shown that the
nutritional deficiency of B affects both the osteogenesis of the
alveolar bone in rats [39] and the modeling and remodeling of
the periodontal cortical of the alveolar bone of the jaw of mice
due to a marked decrease in bone formation [41]. In addition,
both experimental models showed a statistically significant
decrease in the percentage of osteoblastic bone surfaces and
an increase in the quiescent surfaces associated with bone

Table 2 Study parameters at 9 weeks after treatment

Groups B (+) B (−)

Body weight (g) 30 ± 2 31 ± 1*

Food consumption (g) 15 ± 2 15 ± 1*

Femoral length (mm) 15.42 ± 0.43 15.68 ± 0.44*

(mean ± SD, *p > 0.05)

Table 3 Outer diameter (mm)

Anterior-posterior Medio-lateral

Outer diameter (mm) B (+) 1.23 ± 0.04 1.72 ± 0.13

* *

B (−) 1.27 ± 0.02 1.75 ± 0.12

(mean ± SD, *p > 0.05)

Table 4 Inner diameter (mm)

Anterior-posterior Medio-lateral

Inner diameter (mm) B (+) 0.85 ± 0.07 1.14 ± 0.01

* *

B (−) 0.90 ± 0.02 1.16 ± 0.06

(mean ± SD, *p > 0.05)
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lining cells [39, 41]. So far, there is very limited information
regarding the effects of B at the cellular and molecular level
[30, 69]. Fu et al. [69] showed that a concentration of B ≤
0.65mMhas mitogenic effects on bonemarrowmesenchymal
cells in vitro, as well as on MLO-A5 cells, a cell line of the
osteoblast/osteocyte lineage. In addition, B supplementation
at 1 or 10 ng/mL increased mineralized nodule formation and
bone tissue-associated mRNA expression of type I collagen,
bone sialoprotein, osteopontin, osteocalcin, run-related tran-
scription factor 2, and bone morphogenetic protein-4, 6, and 7
levels by cultured MC3T3-E1 osteoblasts [70]. Boron also
was found to increase calcium deposition, alkaline phospha-
tase activity, and enhance the expression of osteogenic
markers in cultured human bone marrow stromal cells [71].
Recently, Capati et al. [72] demonstrated the acceleration of
the Ca2+ influx and efflux by 0.1 mM B supplementation in
cultured NOS-1 osteoblastic cells. Results indicated that cell
membrane stability may be related to the mechanism bywhich
a very low concentration of B promotes the proliferation and
differentiation in mammalian osteoblastic cells in vitro [72].

Several authors have evaluated the normal density of oste-
ocyte lacunae [46, 48–53, 66, 73–79] but their results are very
variable, probably associated with different factors such as the
species studied, the age of the animal, and the anatomical
location and/or type of bone (cortical or spongy) analyzed.
In the present study, the density of osteocyte lacunae deter-
mined in the cortex of the femur of mice fed a diet sufficient in
boron (3 mgB/kg) was in the order of ~ 13 × 102/mm2, similar
to that observed in the ulna and femur of other species of
laboratory mice [74, 79]. In contrast, mice fed a diet deficient
in B for 9 weeks showed a decrease in the density of osteocyte
lacunae, but no microcracks in the cortex of the femur. These
results are different from those reported by Vashishth et al.
[46] and Qiu et al. [52], who studied samples of human corti-
cal bone tissue and found microcracks associated with regions

with lower density of osteocyte lacunae. Considering the im-
portant roles of osteocytes and their lacuno-canalicular net-
work, the analysis of the functional relevance of the decrease
in the density of osteocyte lacunae in different regions of the
cortical bone tissue is a topic of interest for future studies.

It has beenwidely documented that the longitudinal growth
of long bones in the postnatal stage can be affected bymultiple
factors, including nutritional, pharmacological, and mechani-
cal stimuli [25, 80, 81].

Studies using rats fed diets deficient in protein or rats sub-
jected to a restriction of 20% in the intake of food immediately
after the lactation period have shown a marked decrease in the
bone mass and alterations in morphometric (e.g., length) and
biomechanical variables of the femoral diaphysis [82–84]. In
this study, we found no significant differences in the length of
the femur between the two groups. These observations are
consistent with other studies showing a nutritional deficiency
having not effect on femur length. Fong et al. [85], who found
that mice fed a diet poor in zinc (2.5 mg/kg) for 9 weeks after
weaning did not show alterations in the postnatal longitudinal
growth of the tibia and femur.

Previous studies have shown that a nutritional deficiency of
B negatively affects the biomechanical properties of bones of
the axial and appendicular skeleton [38, 61, 86–88, 92]. In the
present study, among the structural biomechanical properties
evaluated, only the bone rigidity was affected, since the tibia
of the mice fed a B-deficient diet showed lower resistance to
the deformation during the period of elastic bone behavior.

Table 6 Size of osteocyte lacunae (μm)

Larger diameter Smaller diameter

Size of osteocyte
lacunae (μm)

B (+) 9.42 ± 1.70 3.94 ± 0.73

* *

B (−) 8.91 ± 1.70 4.08 ± 0.79

(mean ± SD, *p > 0.05) Fig. 3 Total density of osteocyte lacunae (mean of 4 regions of themedial
femoral diaphysis) (mean ± SD **p < 0.05)

Table 5 Cortical thickness (mm)
Anterior Posterior Medial Lateral

Cortical thickness (mm) B (+) 0.19 ± 0.01 0.20 ± 0.02 0.19 ± 0.01 0.41 ± 0.11

* * * *

B (−) 0.20 ± 0.01 0.20 ± 0.02 0.20 ± 0.02 0.39 ± 0.12

(mean ± SD, *p > 0.05)
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During evolution, vertebrate skeletons have developed re-
sistance to deformation, and thus indirectly to fracture, as an
adaptation to the requirements of their environment and within
the physiological limits of the mechanical demands [18, 89].
This development would have been achieved by optimizing
the two properties that determine the resistance of any solid
structure: (1) the mechanical quality of the material of which it
is composed and (2) the spatial distribution of that material
[90]. In the case of bones, the material properties correspond
to the quantity and quality of collagen and the degree of bone
mineralization, while the spatial distribution of this material
determines the architectural properties of each bone [89].

The mechanism of action by which the nutritional deficien-
cy of B negatively affects the biomechanical properties of the
bone has not yet been elucidated. However, given that it has
been demonstrated that this deficiency does not determine
alterations in the mineralization of rat bone tissue [61], the
deleterious effects observed are likely to be related to changes
in the bone collagen matrix associated with an increase in the
plasma levels of homocysteine [91], as previously demonstrat-
ed by Nielsen [92] in rats fed a B-deficient diet. Therefore, it
would be interesting in future studies to characterize the col-
lagen of cortical bone tissue at the molecular level bymeans of
special analytical techniques such as infrared spectroscopy
(FTIR) [93].

Adequate bone quality in the adult is the consequence of
multiple factors that regulate the acquisition of bone mass,
both qualitatively and quantitatively, during childhood and
adolescence [94, 95]. In this study, B nutritional deficiency
was imposed on prepubertal mice, immediately after the lac-
tation period, and maintained during the critical periods of
bone mass acquisition during growth. In this sense, our find-
ings would be relevant to clinical medicine, because they
highlight the importance of B in infant and adolescent nutri-
tion. In future studies, it will be of interest to evaluate whether
the deleterious effects of the nutritional deficiency of B on the
cortical bone tissue of long bones of the skeleton of adult mice
can be reversed by returning mice to a diet containing a suit-
able level of B in its composition.

Conclusion

The results of this study show that a nutritional deficiency of B
adversely affects the bones of the appendicular skeleton, de-
termining lower bone rigidity and a decrease in the density of
osteocyte lacunae in cortical bone tissue.

Acknowledgements The authors wish to acknowledge the technical as-
sistance of Jim Lindlauf (USDA ARS, Grand Forks Human Nutrition
Research Center) for the preparation of the animal diets and Lic. Pablo
Do Campo (IByME-CONICET) for the confocal laser scanning
microscopy.

Funding Information This study was supported by the United States
Department of Agriculture, Agriculture Research Service USDA, ARS
Extramural Agreement 58-5450-4N-F038.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

Ethical Approval All applicable international, national, and/or institu-
tional guidelines for the care and use of animals were followed.

References

1. Boskey AL, Gehron-Robey P (2013) The composition of bone. In:
Rosen CJ (ed) Primer on the metabolic bone diseases and disorders
of mineral metabolism, 8th edn. American Society for Bone and
Mineral Research, John Wiley & Sons, New York, pp 49–58

Table 7 Density of osteocyte
lacunae (no. of lacunae/mm2) Anterior Posterior Medial Lateral

Density of osteocyte
lacunae (no. of lacunae/mm2)

B (+) 1230 ± 278 1285 ± 148 1302 ± 130 1397 ± 100

* ** ** *

B (−) 1097 ± 157 1056 ± 83 978 ± 107 1294 ± 223

(mean ± SD, *p > 0.05;**p < 0.05)

Fig. 4 a Bone resistance to fracture; N = force expressed in Newtons;
(mean ± SD, *p > 0.05). b Maximum elastic resistance; N = force
expressed in Newtons; (mean ± SD, *p > 0.05). c Elastic energy
absorption; N = force expressed in Newtons; (mean ± SD, *p > 0.05). d
Bone rigidity; N = force expressed in Newtons; (mean ± SD, **p < 0.05)

Gorustovich and Nielsen



2. Bonewald LF (2011) The amazing osteocyte. J BoneMiner Res 26:
229–238

3. Noble BS (2008) The osteocyte lineage. Arch Biochem Biophys
473:106–111

4. Franz-Odendaal TA, Hall BK,Witten PE (2006) Burried alive: how
osteoblasts become osteocytes. Dev Dyn 235:176–190

5. Marie PJ, Cohen-Solal M (2018) The expanding life and functions
of osteogenic cells: from simple bone-making cells to multifunc-
tional cells and beyond. J Bone Miner Res 33:199–210

6. Bonewald LF, Johnson ML (2008) Osteocytes, mechanosensing
and Wnt signaling. Bone 42:606–615

7. Aarden EM, Burger EH, Nijweide PJ (1994) Function of osteocytes
in bone. J Cell Biochem 55:287–299

8. Knothe Tate ML, Adamson JR, Tami AE, Bauer TW (2004) The
osteocyte. Int J Biomed Cell Biol 36:1–8

9. Fukumoto S, Martin TJ (2009) Bone as an endocrine organ. Trends
Endocrinol Metab 20:230–236

10. Dallas SL, Prideaux M, Bonewald LF (2013) The osteocyte: an
endocrine cell ... and more. Endocr Rev 34:658–690

11. Manolagas SC, Parfitt AM (2013) For whom the bell tolls: distress
signals from long-lived osteocytes and the pathogenesis of meta-
bolic bone diseases. Bone 54:272–278

12. Sapir-Koren R, Livshits G (2014) Bone mineralization is regulated
by signaling cross talk between molecular factors of local and sys-
temic origin: the role of fibroblast growth factor 23. Biofactors 40:
555–568

13. Bellido T (2014) Osteocyte-driven bone remodeling. Calcif Tissue
Int 94:25–34

14. Plotkin LI, Bellido T (2016) Osteocytic signalling pathways as
therapeutic targets for bone fragility. Nat Rev Endocrinol 12:593–
605

15. Bonewald LF (2017) The role of the osteocyte in bone and nonbone
disease. Endocrinol Metab Clin N Am 46:1–18

16. Hemmatian H, Bakker AD, Klein-Nulend J, van Lenthe GH (2017)
Aging, osteocytes, and mechanotransduction. Curr Osteoporos Rep
15:401–411

17. Uda Y, Azab E, Sun N, Shi C, Pajevic PD (2017) Osteocyte
mechanobiology. Curr Osteoporos Rep 15:318–325

18. Hall BK (2005) Bones and cartilage: developmental and evolution-
ary skeletal biology. Elsevier Academic Press, San Diego

19. Teti A, Zallone A (2009) Do osteocytes contribute to bone mineral
homeostasis? Osteocytic osteolysis revisited. Bone 44:11–16

20. Nielsen FH (2000) Importance of making dietary recommendations
of elements designates as nutritionally beneficial, pharmacological-
ly beneficial, or conditionally essential. J Trace Elem Exp Med 13:
113–129

21. Nieves JW (2005) Osteoporosis: the role of micronutrients. Am J
Clin Nutr 81:1232S–1239S

22. Palacios C (2006) The role of nutrients in bone health, from A to Z.
Crit Rev Food Sci Nutr 46:621–628

23. Prentice A, Schoenmakers I, Laskey MA, de Bono S, Ginty F,
Goldberg GR (2006) Nutrition and bone growth and development.
Proc Nutr Soc 65:348–360

24. Heaney RP (2007) Bone health. Am J Clin Nutr 85:300S–303S
25. Bonjour JP, Guéguen L, Palacios C, Shearer MJ, Weaven CM

(2009) Minerals and vitamins in bone health: the potential value
of dietary enhancement. Br J Nutr 101:1581–1596

26. Zofkova I, Davis M, Blahos J (2017) Trace elements have benefi-
cial, as well as detrimental effects on bone homeostasis. Physiol Res
66:391–402

27. Nielsen FH (2000) The emergence of boron as nutritionally impor-
tant throughout the life cycle. Nutrition 16:512–514

28. Nielsen FH (2002) The nutritional importance and pharmacological
potential of boron for higher animals and human. In: Goldbach HE,
Brown PH, Rerkasem B, Thellier M, Wimmer MA, Bell RW (eds)
Boron in plant and animal nutrition. Springer, Boston, pp 37–49

29. Devirian TA, Volpe SL (2003) The physiological effects of dietary
boron. Crit Rev Food Sci Nutr 43:219–231

30. Park M, Li Q, Shcheynikov N, Muallem S, Zeng W (2005) Borate
transport and cell growth and proliferation. Cell Cycle 4:24–26

31. Nielsen FH (2008) Is boron nutritionally relevant? Nutr Rev 66:
183–191

32. Hunt CD (2008) Dietary boron: possible roles in human and animal
physiology. Biomed Res Trace Elem 19:243–253

33. Hunt CD (2012) Dietary boron: progress in establishing essential
roles in human physiology. J Trace Elem Med Biol 26:157–160

34. Nielsen FH (2014) Update on human health effects of boron. J
Trace Elem Med Biol 28:383–387

35. Khaliq H, Juming Z, Ke-Mei P (2018) The physiological role of
boron on health. Biol Trace Elem Res. https://doi.org/10.1007/
s12011-018-1284-3

36. Uluisik I, Karakaya HC, Koc A (2018) The importance of boron in
biological systems. J Trace Elem Med Biol 45:156–162

37. Sheng MH, Taper LJ, Veit H, Thomas EA, Ritchey SJ, Lau KH
(2001) Dietary boron supplementation enhances the effects of es-
trogen on bone mineral balance in ovariectomized rats. Biol Trace
Elem Res 81:29–45

38. Gallardo-Williams MT, Maronpot RR, Turner CH, Jonson CS,
Harris MW, Jayo ML, Chapin RE (2003) Effects of boric acid
supplementation on bone histomorphometry, metabolism, and bio-
mechanical properties in aged female F-344 rats. Biol Trace Elem
Res 3:155–169

39. Gorustovich A, Steimetz T, Nielsen FH, Guglielmotti MB (2008)
Histomorphometric study of alveolar bone healing in rats fed a
boron-deficient diet. Anat Rec 291:441–447

40. Nielsen FH, Stoeker BJ (2009) Boron and fish oil have different
beneficial effects on strength and trabecular microarchitecture of
bone. J Trace Elem Med Biol 23:195–203

41. Gorustovich A, Steimetz T, Nielsen FH, Guglielmotti MB (2008) A
histomorphometric study of alveolar bone modeling and remodel-
ing in mice fed a boron–deficient diet. Arch Oral Biol 53:677–682

42. Wink CS, RossowkaMJ, Nakamoto T (1996) Effects of caffeine on
bone cells and bone development in fast-growing rats. Anat Rec
246:30–38

43. Bentolia V, Boyce TM, Fyhrie DP, Drumb R, Skerry TM, Schaffler
MB (1998) Intarcortical remodeling in adult rat long bones after
fatigue loading. Bone 23:275–281

44. Tomkinson A, Gevers EF, Wit JM, Reeve J, Noble BS (1998) The
role of estrogen in the control of rat osteocyte apoptosis. J Bone
Miner Res 13:1243–1250

45. Ohta M, Cheuk G, Thomas KV, Kamagata-Kiyoura Y, Wink CS,
Yazdani M, Falster AU, SimmonsWB, Nakamoto T (1999) Effects
of caffeine on the bones of aged, ovariectomized rats. Ann Nutr
Metab 43:52–59

46. Vashishth D, Verborgt O, Divine G, Schaffler MB, Fyhrie DP
(2000) Decline in osteocyte lacunar density in human cortical bone
is associated with accumulation of microcracks with age. Bone 26:
375–380

47. Vashishth D, Gibson G, Kimura J, Schaffler MB, Pyhrie DP (2002)
Determination of bone volume by osteocyte population. Anat Rec
267:292–295

48. Qiu S, Rao DS, Palnitkar S, Parfitt AM (2002) Age and distance
from the surface but not menopause reduce osteocyte density in
human cancellous bone. Bone 31:313–318

49. Qiu S, Rao DS, Palnitkar S, Parfitt AM (2002) Relationships be-
tween osteocyte density and bone formation rate in human cancel-
lous bone. Bone 31:709–711

50. Qiu S, Fyhrie DP, Palnitkar S, Rao DS (2003) Histomorphometric
assessment of Haversian canal and osteocyte lacunae in different-
sized osteons in human rib. Anat Rec A DiscovMol Cell Evol Biol
272:520–525

Effects of Nutritional Deficiency of Boron on the Bones of the Appendicular Skeleton of Mice

https://doi.org/10.1007/s12011-018-1284-3
https://doi.org/10.1007/s12011-018-1284-3


51. Qiu S, Rao DS, Palnitkar S, Parfitt AM (2003) Reduced iliac can-
cellous osteocyte density in patients with osteoporotic vertebral
fracture. J Bone Miner Res 18:1657–1663

52. Qiu S, Rao DS, Fyhrie DP, Palnitkar S, Parfitt AM (2005) The
morphological association between microcracks and osteocyte la-
cunae in human cortical bone. Bone 37:10–15

53. Qiu S, Rao D, Fyhrie DP, Palnitkar S, Parfitt AM (2006)
Differences in osteocyte and lacunar density between Black and
White American women. Bone 38:130–135

54. Iwamoto J, Matsumoto H, Takeda T, Sato Y, Liu X, Yeh JK (2008)
Effects of vitamin K2 and risedronate on bone formation and re-
sorption, osteocyte lacunar system, and porosity in the cortical bone
of glucocorticoid-treated rats. Calcif Tissue Int 83:121–128

55. Dai R, Ma Y, Sheng Z, Jin Y, Zhang Y, Fang L, Fan H, Liao E
(2008) Effects of genistein on vertebral trabecular bone microstruc-
ture, bonemineral density, microcracks, osteocyte density, and bone
strength in ovariectomized rats. J Bone Miner Metab 26:342–349

56. Rawlinson SCF, Boyde A, Davis GR, Howell PGT, Hughes FJ,
Kingsmill VJ (2009) Ovariectomy vs. hypofunction: their effects
on rat mandibular bone. J Dent Res 88:615–620

57. Skedros JG, Clark GC, Sorenson SM, Taylor KW, Qiu S (2011)
Analysis of the effect of osteon diameter on the potential relation-
ship of osteocyte lacuna density and osteon wall thickness. Anat
Rec (Hoboken) 294:1472–1485

58. Sharma D, Ciani C, Marin PA, Levy JD, Doty SB, Fritton SP
(2012) Alterations in the osteocyte lacunar-canalicular microenvi-
ronment due to estrogen deficiency. Bone 51:488–497

59. Stern AR, Yao X, Wang Y, Berhe A, Dallas M, Johnson ML, Yao
W, Kimmel DB, Lane NE (2018) Effect of osteoporosis treatment
agents on the cortical bone osteocyte microenvironment in adult
estrogen-deficient, osteopenic rats. Bone Rep 26:115–124

60. Hemmatian H, Laurent MR, Bakker AD, Vanderschueren D, Klein-
Nulend J, van Lenthe GH (2018) Age-related changes in female
mouse cortical bone microporosity. Bone 113:1–8

61. Nielsen FH (2004) Dietary fat composition modifies the effect of
boron on bone characteristics and plasma lipids in rats. Biofactors
20:161–171

62. Frost HM (1960) Presence of microscopic cracks in vivo in bone.
Henry Ford Hosp Med Bull 8:25–35

63. Burr DF, Stafford T (1990) Validity of the bulk-staining technique
to separate artifactual from in vivo bone microdamage. Clin Orthop
Relat Res 260:305–308

64. Lee TC, Mohsin S, Taylor D, Parkesh R, Gunnlaugsson T, O’Brien
FJ, Giehl M, Gowin W (2003) Detecting microdamage in bone. J
Anat 203:161–172

65. Rubin C, Rubin J (2006) Biomechanics and mechanobiology of
bone. In: Favus MJ (ed) Primer on the metabolic bone diseases
and disorders of mineral metabolism, 6th edn. American Society
for Bone and Mineral Research, Washington, pp 36–42

66. Mullender MG, Van der Meer DD, Huisker R, Lips P (1996)
Osteocyte density changes in aging and osteoporosis. Bone 18:
109–113

67. Metz LN, Martin RB, Turner AS (2003) Histomorphometric anal-
ysis of the effects of osteocyte density on osteonal morphology and
remodeling. Bone 33:753–759

68. Bromage TG, Lacruz RS, Hogg R, Goldman HM, McFarlin SC,
Warshaw J, DirksW, Perez-OchoaA, Smolyar I, EnlowDH, Boyde
A (2009) Lamellar bone is an incremental tissue reconciling enamel
rhythms, body size, and organismal life history. Calcif Tissue Int
84:388–404

69. Fu H, Fu Q, Zhou N, Huang W, Rahaman MN, Wang D, Liu X
(2009) In vitro evaluation of borate-based bioactive glass scaffolds
prepared by a polymer foam replication method. Mater Sci Eng C
29:2275–2281

70. Hakki SS, Bozkurt BS, Hakki EE (2010) Boron regulates mineral-
ized tissue-associated proteins in osteoblasts (MC3T3-E1). J Trace
Elem Med Biol 24:243–250

71. Ying X, Cheng S, WangW, Lin Z, Chen Q, ZhangW, Kou D, Shen
Y, Cheng X, Rompis FA, Peng L, Zhu Lu C (2011) Effect of boron
on osteogenic differentiation of human bone marrow stromal cells.
Biol Trace Elem Res 144:306–315

72. Capati ML, Nakazono A, Igawa K, Ookubo K, Yamamoto Y,
Yanagiguchi K, Kubo S, Yamada S, Hayashi Y (2016) Boron ac-
celerates cultured osteoblastic cell activity through calcium flux.
Biol Trace Elem Res 174:300–308

73. Mori S, Harruff R, Ambrosius W, Burr DB (1997) Trabecular bone
volume and microdamage accumulation in the femoral heads of
women with and without femoral neck fractures. Bone 21:521–526

74. Robling AG, Turner CH (2002) Mechanotransduction in bone: ge-
netic effects on mechanosensitivity in mice. Bone 31:562–569

75. Power J, Loveridge N, Rushton N, Parker M, Reeve J (2002)
Osteocyte density in aging subjects is enhanced in bone adjacent
to remodeling haversian systems. Bone 30:859–865

76. Skedros JG, Hunt KJ, Hughes PE, Winet H (2003) Ontogenetic and
regional morphologic variations in the turkey ulna diaphysis: implica-
tions for functional adaption of cortical bone. Anat Rec 273A:609–629

77. Skedros JG (2005) Osteocyte lacuna population densities in sheep,
elk and horse calcanei. Cells Tissues Organs 181:23–37

78. Hedgecock NL, Hadi T, Chen AA, Curtiss SB, Martin RB,
Hazelwood SJ (2007) Quantitative regional associations between
remodeling, modeling, and osteocyte apoptosis and density in rab-
bit tibial midshafts. Bone 40:627–637

79. Schneider P, Stauber M, Voide R, Stampanoni M, Donahue LR,
Müller R (2007) Ultrastructural properties in cortical bone vary
greatly in two inbred strains of mice as assessed by synchrotron
light based micro- and nano-CT. J Bone Miner Res 22:1557–1570

80. Rizzoli R (2008) Nutrition: its role in bone health. Best Pract Res
Clin Endocrinol Metab 22:813–829

81. Lezón CE, OliveraMI, Bozzini C,Mandalunis P, Alippi RM, Boyer
PM (2009) Improved bone status by the beta-blocker propranolol in
an animal model of nutritional growth retardation. Br J Nutr 101:
1616–1620

82. Ferretti JL, Tessaro RD, Delgado CJ, Bozzini CE, Alippi RM,
Barceló AC (1988) Biomechanical performance of diaphyseal
shafts of bone tissue of femurs from protein-restricted rats. Bone
Miner 4:329–339

83. Ferretti JL, Capozza R, Cointry G, Bozzini C, Alippi RM, Bozzini
CE (1991) Additive effects of dietary protein and energy deficien-
cies on diaphysis and bone tissue of rat femurs as determined by
bending tests. Acta Physiol Pharmacol Ther Latinoam 41:253–262

84. Boyer PM, Compagnucci GE, Olivera MI, Bozzini C, Roig MC,
Compagnucci CV, Alippi RM (2005) Bone status in an animal
model of chronic suboptimal nutrition: a morphometric, densito-
metric and mechanical study. Br J Nutr 93:663–669

85. FongL, TanK, TangC, Cool J, SchererMA,Elovaris R, Coyle P, Rofe
AM,XianR (2009) Interaction of dietary zinc and intracellular binding
metallothionein in postnatal bone growth. Bone 44:1151–1162

86. Chapin RE, KuWW, KenneyMA,McCoy H, Gladen B,Wine RN,
Wilson R, Elwell MR (1997) The effects of dietary boron on bone
strength in rats. Fundam Appl Toxicol 35:205–215

87. Chapin RE, Ku WW, Kenney MA, McCoy H (1998) The effect of
boron on bone characteristics and plasma lipids in rats. Biol Tarce
Elem Res 66:395–399

88. Naghii MR, Tarkaman G, Mofid M (2006) Effects of boron and
calcium supplementation on mechanical properties of bone in rats.
Biofactors 29:195–201

89. Ferretti JL, Cointry GR, Capozza RF, Frost HM (2003) Bone mass,
bone strength, muscle-bone interactions, osteopenias and osteopo-
roses. Mech Age Dev 124:269–279

Gorustovich and Nielsen



90. Callister WD (2007) Materials science and engineering: an intro-
duction. John Wiley & Sons, New York

91. Blouin S, Thaler HW, Korninger C, Schmid R, Hofstatter JG,
Zoehrer R, Phipps R, Klaushofer K, Roschger P, Paschalis EP
(2009) Bone matrix quality and plasma homocysteine levels.
Bone 44:959–964

92. Nielsen FH (2009) Boron deprivation decreases liver S-
adenosylmethionine and spermidine and increases plasma homo-
cysteine and cysteine in rats. J Trace Elem Med Biol 23:204–213

93. Aparicio S, Doty SB, Camacho NP, Paschalis EP, Spevak L,
Mendelsohn R, Boskey AL (2002) Optimal methods for processing
mineralized tissues for Fourier transform infraredmicrospectroscopy.
Calcif Tissue Int 70:422–429

94. Bachrach LK (2008) Skeletal development in childhood and ado-
lescence. In: Rosen CJ (ed) Primer on the metabolic bone diseases
and disorders of mineral metabolism, 7th edn. American Society for
Bone and Mineral Research, Washington, DC, pp 74–79

95. Wang Q, Seeman E (2008) Skeletal growth and peak bone strength.
Best Pract Res Clin Endocrinol Metab 22:687–700

Effects of Nutritional Deficiency of Boron on the Bones of the Appendicular Skeleton of Mice


	Effects of Nutritional Deficiency of Boron on the Bones of the Appendicular Skeleton of Mice
	Abstract
	Introduction
	Materials and Methods
	Experimental Procedure
	Histological Procedure
	Histological and Histomorphometric Evaluation
	Evaluation of Biomechanical Properties
	Statistical Analysis

	Results
	Body Weight and Food Consumption
	Morphometric Evaluation
	Histological and Histomorphometric Parameters
	Biomechanical Properties

	Discussion
	Conclusion
	References


