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Abstract Boric acid (BA) has positive effects on bone tissue.
In this study, the effects of BA on fracture healing were eval-
uated in an animal model. Standard closed femoral shaft frac-
tures were created in 40 male Sprague–Dawley rats under
general anesthesia. The rats were allocated into five groups
(n=8 each): group 1, control with no BA; groups 2 and 3, oral
BA at doses of 4 and 8 mg/kg/day, respectively; group 4, local
BA (8 mg/kg); and group 5, both oral and local BA (8 mg/kg/
day orally and 8 mg/kg locally). After closed fracture creation,
the fracture line was opened with a mini-incision, and BAwas
locally administered to the fracture area in groups 4 and 5. In
groups 2, 3, and 5, BA was administered by gastric gavage
daily until sacrifice. The rats were evaluated by clinical, ra-
diological, and histological examinations. The control group
(group 1) significantly differed from the local BA-exposed
groups (groups 4 and 5) in the clinical evaluation. Front-rear
and lateral radiographs revealed significant differences be-
tween the local BA-exposed groups and the control and other
groups (p<0.05). Clinical and radiological evaluations dem-
onstrated adequate agreement between observers. The average

histological scores significantly differed across groups (p=
0.007) and were significantly higher in groups 4 and 5 which
were the local BA (8 mg/kg) and both oral and local BA
(8 mg/kg/day orally and 8 mg/kg locally), respectively, com-
pared to the controls. This study suggests that BA may be
useful in fracture healing. Further research is required to dem-
onstrate the most effective local dosage and possible use of
BA-coated implants.
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Introduction

When a bone breaks, several complex cellular and biochemi-
cal processes occur to ensure integrity and fracture healing.
Many factors can positively or negatively affect these process-
es [1, 2]. Boric acid (BA) is an important element in bone
metabolism thought to affect bone fracture through manymet-
abolic processes, and it interacts with calcium, vitamin D, and
magnesium [3, 4]. Recent research into the effects of boron
(B) on mice physiology has shown it to be helpful in bone
growth and repair, including effects on the presence or activity
of osteoblasts and osteoclasts, but not on bone calcium con-
centrations [5].

Boron is an essential trace element for vascular
plants, and it is a ubiquitous element in the human
environment [3]. It is present mostly in bodily tissues
and fluids, such as in bone, hair, and nails, which tend
to have higher levels of boron than other tissues in the
human body [6]. The molecular effects of boron on
bone metabolism have been observed. According to
the study performed on cell culture of mouse osteo-
blasts, remarkable regulation in favor of osteoblastic
function for collagen type I (COL I), osteopontin
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(OPN), bone sialoprotein (BSP), osteocalcin (OCN), and
RunX2 mRNA expressions was observed in B treatment
groups in comparison with untreated control groups [7].
Also, its effects on bone regeneration have also been
demonstrated [8]. In another study, boron was doped
on 45S5 bioactive glass and found that the controlled
and localized release of borate ions could represent a
promising alternative therapeutic strategy to achieve
neovascularization in regenerative medicine and tissue
engineering of vascularized tissues, such as the bone
[9].

In this experimental study, we aimed to investigate whether
local and oral administration of BA improves fracture healing,
and we hypothesized that BA leads to positive effects on frac-
ture healing.

Material and Methods

Animals

The protocol for this study was approved by the Insti-
tutional Animal Care and Use Committee at the
Çanakkale Onsekiz Mart University Medical School.
All animal experiments were conducted in compliance
with the BGuide for the Care and Use of Laboratory
Animals^ published by the US National Institutes of
Health (revised, 1985). Forty male Sprague–Dawley rats
weighing approximately 400–500 g were included. Dur-
ing the experimental procedure, all rats were housed
under standard laboratory conditions with an artificial
12-h light/dark cycle. They were caged individually un-
der a controlled temperature (22±1 °C) and relative hu-
midity and allowed free access to food and water in
polycarbonate units. The rats were observed for 7 days
in the animal care laboratory to exclude any possibility
of underlying disease.

Surgical Technique

The rats were operated on following an intramuscular
injection of ketamine HCl (50 mg/kg, Ketalar; Parke-
Davis, Morris Plains, NJ, USA) and xylazine anesthesia
(10 mg/kg, Rompun; Bayer, Istanbul, Turkey), as de-
scribed by Bonnarens [10]. A femoral channel was pre-
pared by means of a 1-mm Kirschner wire (Hipokrat®,
Izmir, Turkey) that was inserted through the femoral
condyles, and a 0.8-mm Kirschner wire (Hipokrat®, Iz-
mir, Turkey) was inserted into this channel (Fig. 1). To
constitute a standard closed fracture after surgery, the
guillotine method defined by Bonnarens and Einhorn
[2, 10] was used. After closed fracture creation, the
fracture line was opened with a lateral 1-cm mini-inci-
sion, and BA was locally applied to two groups (groups
4 and 5). For the other three groups, the fracture line
was also opened by mini-incision, but no BA was ap-
plied. Then, the fascia and skin were closed with 3/0
absorbable suture (Vicryl Rapide). Fracture formation
was confirmed clinically and radiologically.

Experimental Design

The rats were randomly divided into five independent
groups, each containing eight rats: control group (closed
femur fracture created), group 2 (oral 4 mg/kg BA per
day), group 3 (oral 8 mg/kg BA per day), group 4
(local 8 mg/kg BA), and group 5 (oral 8 mg/kg BA
per day+local 8 mg/kg). For oral BA-exposed groups,
BA was dissolved in saline, and the BA exposure was
initiated at the same hour every day. For local adminis-
tration, the BA was used in a powder form and was
measured with the aid of digital precision scales.

None of the animals received antibiotic prophylaxis during
or after surgery, and none died after surgery. The rats were
humanely euthanized 4 weeks postoperatively.

Fig. 1 Preoperative preparation,
operation, and extraction of the
femur
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Clinical Evaluation of Union

After 4 weeks, the animals were sacrificed, and the right fe-
mur, knee, and hip joints were disarticulated. The muscles and
other soft tissues were skimmed, and the K-wires were re-
moved (Fig. 1). Bone union was clinically evaluated using
the method of Dimar et al. [11]. A pathological movement
examination was performed, and movement in the two planes
was evaluated subjectively by macroscopic assessment. No
movement in the sagittal and coronal planes of the fracture
(front-rear and lateral) was defined as full bone union (two
points), movement in only one plane was consideredmoderate
bone union (one point), and movement in both planes was
considered nonunion (zero point). Scoring was performed by
two different independent orthopedists.

Radiographic Evaluation

After the clinical examination, the femur was evaluated radio-
graphically. The fracture healing of the femur was examined by

postero-anterior and lateral plain radiographs (Mammography
Unit; Faxitron Corporation, Wheeling, IL, USA) at the end of
the fourth week. These radiographs were scored using the Gold-
berg classification [12] by two different independent orthope-
dists who were blinded to group number of the rats. Femur
nonunion was assigned one point; moderate union, two points;
and union, three points. The anterior–posterior (Fig. 2) and lat-
eral radiographs (Fig. 3) of all groups were evaluated separately.

Histological Evaluation

Histological evaluations were conducted after clinical and ra-
diological assessments. The bones were fixed in 10 % form-
aldehyde solution. The specimens were decalcified in 10 %
acetic acid, 85 % NaCl, and 10 % formaldehyde solution for
72 h. After decalcification, longitudinal sections were taken
from the fracture site, including the proximal and distal sites of
the fracture. All slides were stained with standard hematoxylin
and eosin (H&E) methods and evaluated by a pathologist who
was blinded to the groups (Fig. 4). Fracture healing was

Fig. 2 Radiographic anterior–posterior assessment of rat fracture healing

Fig. 3 Radiographic lateral assessment of rat fracture healing
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graded (1–10), as per Huo et al. [13] (Table 1), based on the
ratios of the fibrous tissue, fibrocartilage, cartilage, and bone
areas in the fracture site.

Statistical Analysis

SPSS software (SPSS 19.0, SPSS Inc., Chicago, IL, USA) was
used for statistical analysis. Descriptive values were presented
as mean, standard deviation, median, minimum, maximum,
frequency, and percentage values. To compare the groups, a
chi-square test was used for categorical variables, as well as
the Kruskal–Wallis test for continuous variables, and a Mann–
Whitney U test with a Bonferroni-corrected 95 % confidence
interval. The threshold for statistical significance was p 0.05.

Cohen’s kappa statistical analysis was used to evaluate
inter-observed agreement, and the results were interpreted ac-
cording to Landis and Koch’s guidelines [14], with 0.00–0.20
indicating very low agreement, 0.21–0.40 indicating minor
agreement, 0.41–0.60 indicating moderate agreement, 0.61–
0.80 indicating adequate agreement, and 0.80–1.00 indicating
strong agreement.

The power analysis based on two-sided paired test with
level of significance of 0.05 indicated that 38 rats should be

Table 1 Histological grading of callus tissue

Grade Histological findings of callus

1 Fibrous tissue

2 More fibrous tissue

3 Equal fibrous and cartilage tissue

4 More cartilage and little fibrous tissue

5 Cartilage tissue

6 More cartilage and little immature bone

7 Equal cartilage tissue and immature bone

8 More immature bone and cartilage tissue

9 Callus with immature bone

10 Callus with mature bone

Adapted from Huo et al. [12]

Fig. 4 Histological grading of
callus tissue according to the
groups. Groups 4 and 5 have
significantly higher grading
scores compared to other groups.
Group 1: sections showing
fibrous tissue (thin arrow) in a
grade 1 callus formation (H&E,
×10). Group 2: sections showing
equal chondroid (thin arrow) and
immature bone (thick arrow) in a
grade 3 callus formation (H&E,
×10). Group 3: sections showing
cartilage tissue (thin arrow) in a
grade 5 callus formation (H&E,
×10). Group 4: sections showing
more immature bone (thin arrow)
and little cartilage tissue (thick
arrow) in a grade 8 callus
formation (H&E, ×10). Group 5:
sections showing immature bone
(thin arrow) in a grade 9 callus
formation (H&E, ×10)
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included. We decided to include 40 rats to cover potential loss
of animals during the course of the experiment.

Results

Clinical Evaluation and Analysis

The clinical evaluation assessed with Cohen’s kappa
statistical method demonstrated adequate inter-observed
agreement (kappa = 0.716). In total, 33 rats that

demonstrated clinical examination agreement by the
two observers were included. Groups were compared
using the chi-square test. Clinical score was significant-
ly higher in groups 4 and 5 which were the local BA
(8 mg/kg) and both oral and local BA (8 mg/kg/day
orally and 8 mg/kg locally), respectively, compared to
the control group (p<0.05).

Table 2 Anterior–posterior radiological evaluation

Comparison groups (N/number) p value

Score Control Local 8 mg+oral 0.03a

0 1 0

1 3 1

2 0 5

Score Control Local 8 mg 0.10
0 1 0

1 3 3

2 0 4

Score Control Oral 8 mg 0.68
0 1 1

1 3 6

2 0 1

Score Control Oral 4 mg 0.51
0 1 1

1 3 5

2 0 2

Score Local 8 mg+oral Local 8 mg Nc

0 0 0

1 1 3

2 5 4

Score Local 8 mg+oral Oral 8 mg 0.02b

0 0 1

1 1 6

2 5 1

Score Local 8 mg+oral Oral 4 mg 0.09
0 0 1

1 1 5

2 5 2

Score Local 8 mg Oral 8 mg 0.15
0 0 1

1 3 6

2 4 1

Score Local 8 mg Oral 4 mg 0.34
0 0 1

1 3 5

2 4 2

Score Oral 8 mg Oral 4 mg 0.80
0 1 1

Table 3 Lateral radiological evaluation

Comparison groups (N/number) p value

Score Control Local 8 mg+oral 0.007a

0 2 0

1 4 1

2 0 6

Score Control Local 8 mg 0.01a

0 2 0

1 4 1

2 0 5

Score Control Oral 8 mg 0.56
0 2 2

1 4 3

2 0 1

Score Control Oral 4 mg 0.50
0 2 1

1 4 5

2 0 1

Score Local 8 mg+oral Local 8 mg Nd

0 0 0

1 1 1

2 6 5

Score Local 8 mg+oral Oral 8 mg 0.03b

0 0 2

1 1 3

2 6 1

Score Local 8 mg+oral Oral 4 mg 0.02b

0 0 1

1 1 5

2 6 1

Score Local 8 mg Oral 8 mg 0.05c

0 0 2

1 1 3

2 5 1

Score Local 8 mg Oral 4 mg 0.04c

0 0 1

1 1 5

2 5 1

Score Oral 8 mg Oral 4 mg 0.68
0 2 1

1 3 5

2 1 1
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Radiographic Analysis

The two orthopedists demonstrated adequate inter-observer
agreement for front-rear and lateral radiographs (kappa=
0.693 and 0.667, respectively). To compare the radiological
evaluation results of the front-rear radiographs among the
groups, 33 rats that demonstrated agreement by the two ob-
servers were considered, and the chi-square test was used
(Table 2). To compare the radiological evaluation results of
the lateral radiographs, 33 rats that demonstrated agreement
by the two observers were considered, and the chi-square test
was again used to compare the groups (Table 3).

Histological Analysis

Kruskal–Wallis analysis of variance was used to compare the
mean histological scores among the groups. A statistically
significant difference was observed across the mean histolog-
ical scores of the groups (Table 4). A Mann–Whitney U test
was used to compare the groups, and a Bonferroni-corrected
95 % confidence interval was applied for statistical
significance.

The histological grade scores in groups 4 and 5 were sig-
nificantly higher than those of the control group. There were
no significant differences between other groups (Fig. 5). The
histological grade scores were also higher in other experimen-
tal groups compared to the control group, but these differences
were not significant within the Bonferroni-corrected 95 %
confidence intervals.

Discussion

Boron satisfies several of the criteria for essentiality in humans
[15]. Recent studies have shown that boron may be an essen-
tial dietary component for animals and humans. Hunt claims
that boron meets most of the criteria of a necessary nutrient
[16]. In addition, Hunt et al. [17] also reported that a boron
intake of 3.23 mg/day was associated with increased bone
formation and bone mineral metabolism.

According to animal studies, physiological amounts of sup-
plemental dietary boron influence a large number of metabolic
parameters [18]. In the literature, the subtoxic dose of BAwas
reported as 8.7 mg/kg [6], and the preferred BA dose for
experimental studies in rats was 3–4 mg/kg [5, 8]. Therefore,
in the present study, 4 mg/kg/day boron was used as the ther-
apeutic dose, and twice this amount (8 mg/kg/day) was
established as a high but still subtoxic dose. In the literature,
there is little data concerning the optimal dose for local BA
application. We chose 8 mg/kg BA for local application, as it
represented a high but still subtoxic dose.

Depending on the amount of the element supplied orally,
boron is immediately and completely absorbed from the gas-
trointestinal tract into the bloodstream and accumulates in the
bone. It also interacts with other significant bone metabolism
agents including calcium, vitamin D, and magnesium [15].
The effects of dietary BA on bone strength have been
researched in animals, and studies related to BA have shown
beneficial effects on bone strength and bone formation [19].
Our results also support this evidence by showing clear posi-
tive effects of BA on fracture healing.

Table 4 Grade of histological
assessment between groups in
rodent

Histopatology

Groups Minimum Maximum Median Mean±standard deviation

Control 1.00 7.00 4.00 4.25±2.05

Oral 4 mg 2.00 9.00 6.00 6.00±2.20

Oral 8 mg 2.00 10.00 6.00 6.00±2.83

Local 8 mg 5.00 10.00 7.00 7.50±1.51

Local 8 mg+oral 8 mg 7.00 10.00 8.00 8.00±1.07

A statistically significant difference was determined between the groups with regard to mean histopathological
scores (Kruskal–Wallis test, p=0.007)

Fig. 5 Comparison of histological assessment between groups or rats,
with Bonferroni correction used to account for multiple comparisons
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Several possible mechanisms that explain the effects of BA
on bone healing have been suggested. As a possible mechanism
underlying the effects of BA on bone healing is the increased
presence and activity of osteoblasts and osteoclasts. [5].

Bone formation and fracture repair are not yet fully under-
stood. The administration of various drugs to patients with
fractures can alter the duration of treatment until a solid bony
union is attained [20]. Factors affecting fracture healing and
the acceleration of healing have been frequent subjects of
research. Studies have particularly focused on the acceleration
of fracture healing. The effects of frequently used drugs on
fracture healing comprise an important part of the literature,
and the effects of some drugs, such as montelukast, recombi-
nant human parathyroid hormone, and vitamin C, on fracture
healing have been clearly established [21–23]. In this study,
we aimed to demonstrate the possible contribution of BA to
fracture healing because of its known effects on bone metab-
olism. Although several studies have reported the effects of
BA on bone metabolism, its effects on fracture healing have
remained unclear. However, BA has been shown to decrease
periodontal inflammation, alveolar bone loss, and the severity
of alveolar disease [24].

BA was shown to increase osteogenic effects by stimulat-
ing osteogenic-differentiation-related marker gene synthesis
during the proliferation and differentiation cycle in human
bone marrow stromal cells [25]. On histological examination,
we also found that fracture healing was better in locally ap-
plied BA groups. However, as a limitation of our study, we did
not investigate any bone metabolic markers, tissue-associated
genes (BSP, OCN, RunX2), and RANKL/OPG levels or ratio
for bone formation/remodeling. Another limitation of the
study is that the study did not evaluate the toxicity of the
BA for internal organs like the kidney or liver.

The micronutrients of particular interest with regard to
bone health are magnesium, vitamin D, phosphorus, and cal-
cium. Boron has been observed to positively influence the
metabolism of these dietary substances, which all play a role
in maintaining bone health. As a result, boron may be nutri-
tionally significant in preventing osteoporosis in humans [26].
Besides, boron supplementation has shown advantageous ef-
fects on bone characteristics in hens, and BA is commonly
acknowledged to increase the strength of the tibia and femur
[17]. In our study, two independent orthopedists evaluated the
radiological and clinical effects of boron on fracture healing,
with the agreement between them assessed statistically, and
the results were similar to the histological evaluation results.
Although humans and animals absorb nearly 90–100 % of
supplemental inorganic boron [27], the positive effects of
BA were most prominent in the locally administered BA
groups in our study. The same positive effect was not seen
in oral BA groups. We think that this difference may be the
result of the fracture damaging nutritional arteries, with sub-
sequent insufficient transfer of BA to the fracture line.

Conclusions

BA may be useful as a therapeutic agent in fracture healing.
However, further research is required to demonstrate the most
effective local dosage of BA for fracture healing, as well as
whether BA affects fracture healing in the human body. Due to
the local effect of BA, BA-coated implants should also be
considered in the future.
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