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Abstract

This study aimed to investigate the effects on fracture healing of locally applied boric acid (BA) with and without low-
level laser therapy (LLLT). A unicortical femoral defect was surgically created on the anterolateral surface of proximal
femur of each subject. The subjects, totaling 56 Wistar albino rats, were randomly allocated into four groups (n=14
each): control, LLLT (=905 pm, 10,000 Hz, 25 mW, and peak power 25 W), BA (40 mg/kg), and BA + LLLT groups.
On the 30th day, the highest radiological score was recorded for the BA + LLLT group (3.63 [2-4]), followed by the BA
(3.38 [2.75-3.75]), control (3 [2-3.25]), and LLLT (2.5 [1.25-3]) groups. On days 15 and 30 post-surgery, malondialde-
hyde levels were significantly lower among the BA + LLLT group compared to the control group (p <0.001). On day 30,
superoxide dismutase, catalase, and alkaline phosphatase levels were highest in the BA +LLLT group compared to the
control group (p <0.001). When the histopathological, immunofluorescence, and immunohistochemical findings on the
15th and 30th days were compared with the control group, a statistically significant difference was found for the BA and
BA +LLLT groups (p “ 0.05). This study suggests that locally applied BA with LLLT may accelerate fracture healing.
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Introduction

Fracture healing is a complex process that takes place over
weeks to years, and it is regulated by genetic, biological, and
mechanical factors. This process requires the spatially and
temporally coordinated interaction of a large number of cells
and molecular mediators [1]. The expected healing time
depends on many factors, including the mechanical, biologi-
cal, and clinical factors used to determine fracture assess-
ment scores [2]. Bone grafts are commonly used in multi-
ple comminuted fractures, delayed callus, or the absence of
union in order to stimulate bone fusion after arthrodesis [3].

Boric acid (BA) is the most commonly used boron com-
ponent in the medical field. BA is an important element
thought to affect bone metabolism because it interacts with
calcium, vitamin D, and magnesium [4]. Dietary boron
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deficiency significantly decreases osteogenesis, which
changes bone healing [5]. BA helps bones’ growth and
repair [6], significantly affects preosteoblasts’ proliferation
and osteogenic differentiation [7] and causes a higher rate
of osteoblastic activity [8].

Low-level laser therapy (LLLT), also called photobiology
or biostimulation, is a non-invasive light source therapy that
produces light of a single wavelength. It does not emit heat,
sound, or vibration. LLLT is believed to affect the function
of connective tissue cells (fibroblasts), accelerate connec-
tive tissue repair, and act as an anti-inflammatory agent [9].
LLLT can improve the bone formation process [10], and it
increases callus volume and bone mineral density [11] and
accelerates osteocytes’ proliferation [11]. LLLT increases
osteoblastic activity, vascularization, the organization of col-
lagen fibers, and adenosine triphosphate levels [12]. LLLT’s
advantages are that it is easily accessible, does not require
simultaneous drug administration, is safe for tissue, and can
be applied using incisions or surgical implants [13].

It has been emphasized that boron components have posi-
tive effects on fracture healing [8, 14, 15]. There are also
many research articles showing that the use of graft mate-
rials with LLLT accelerates fracture healing [11, 16]. For
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this reason, this study aimed to investigate effects of locally
applied BA’s on fracture healing among Wistar albino rats
with and without LLLT. We hypothesized that BA with
LLLT would enhance fracture healing.

Materials and methods
Animals

This study was approved by the Ethics Committee for Ani-
mal Experimentation (2021/76) at the Faculty of Veterinary
Medicine of Atatiirk University in Erzurum, Turkey. This
research was conducted between April 2022 and June 2022
at the Atatiirk University Medical Experimental Applica-
tion and Research Center in Erzurum. The study’s subjects
comprised 56 adult, male, Wistar albino rats (aged 12 weeks
and weighing 350+ 50 g). The rats were maintained under a
controlled temperature (22 +2 °C) and light—dark environ-
ment. They had free access to water and a commercially
available diet.

Groups

Each rat was randomly assigned to one of four groups, which
each comprised 14 animals, after its unicortical femoral defect
(UCD) was created. The groups were determined by treatment,
as follows: a control group (no treatment after UCD creation
surgery), an LLLT group, a BA group, and a BA+LLLT group.
Properly packed BA, which was obtained from the Eti Boron
Mining Institute, was sterilized in an ethylene oxide sterilizer
and then placed in the UCDs of the BA and BA+LLLT group
subjects at a dose of 40 mg/kg. The rats in all groups were sac-
rificed using a lethal dose of the anesthetic substance sodium
pentobarbital (800 mg/kg) on days 15 (n=28, seven animals
from each group) and 30 (n=28, seven animals from each group)
post-surgery and subjected to radiological, histopathological, and
biochemical analysis.

Surgery

Butorphanol was administered subcutaneously at a dose of
0.5 mg/kg for each rat just before its operation, and 1 mg/kg
of meloxicam was administered subcutaneously just before
the skin incision. A UCD was created while the rats were
under general anesthesia via the intramuscular administra-
tion of 10 mg of xylazine (Xylazin Bio, 2%, 50 mL, Bioveta)
and 100 mg of ketamine (Ketasol 10%, 10 mL, Interhas-
Richter Pharma, Wels, Austria). The animals were prepared
for surgery and positioned in lateral recumbency. After rou-
tine preparation of the operation area, the femoral shaft was
reached using an anterolateral approach between the biceps
femoris and vastus lateralis muscles. A UCD was created
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with a 2.8 mm drill on the anterolateral surface of the proxi-
mal femur. The defect was irrigated with sterile saline, and
BA was locally applied to the UCD for rats in two groups
(the BA and BA +LLLT groups). For the other two groups,
only sterile saline was applied to the UCD. The subject’s
subcutaneous tissue and muscles were closed using a con-
tinuous suture method (2/0 coated vicryl, Ethicon, USA),
and the skin was closed using a separated suture method
(nylon 2/0). For all groups, 0.2 mL of a broad-spectrum anti-
biotic (Rifocin® 125 mg amp., Sanofi-Aventis, Turkey) was
applied locally to the UCD area to protect against possible
contamination.

Laser application

A GaAs (gallium arsenide) laser device (Lasermed 2200,
Eme Phsio, Italy) was set to A =905 pm, 10,000 Hz, 25 mW,
and peak power 25 W in a continuous mode used for laser
therapy. The device was calibrated before conducting experi-
ments. A monodiode laser probe (MLA1/25) was applied to
the anterolateral surface of each rat’s femur that had under-
gone UCD surgery in the LLLT and BA+LLLT groups
once daily via direct contact with the skin. The laser treat-
ment was calculated according to the formula (power/beam
field) x time = J/cm?, and it was transcutaneously applied at
a level of 4 J/cm? to a single point for 160 s per day for
2 weeks starting on the first day after the operation. The rats
were attended during laser application by the same person
who had performed their UCD surgery.

Radiological evaluation

On days 15 and 30 post-surgery, the craniocaudal and medi-
olateral positions of each rat’s femur were with a stationary
X-ray machine (Mex-100, Oberhausen, Germany). Tomo-
graphic images of the femur were scanned with the rats
in lateral recumbency using a Toshiba Asteion four-slice
Computed Tomographic system (Toshiba, Tokyo, Japan).
CT and radiographic images were simultaneously assessed
using mRUST scala [17].

Biochemical evaluation

Blood was taken from the rats, transferred to lithium heparin
tubes, and centrifuged at 3000 rpm at+4 °C for 10 min. Their
plasma was separated and stored in a deep freezer at—20 °C
until biochemical analysis was performed. Malondialdehyde
(MDA) [18], catalase (CAT) [19], superoxide dismutase (SOD)
[20], and alkaline phosphatase (ALP) activity were analyzed
with a commercially available ELISA kit (Shangai Coon Koon
Biotech Co. Ltd, China) using spectrophotometry (Biotechepo-
cha UV-Visible EIA, USA).
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Histopathological evaluation

Bone tissue samples from each rat’s UCD were fixed in
a 10% buffered formalin solution for 48 h. The detected
bone tissue was decalcified in a decalcification solution.
After undergoing a routine tissue procedure, the tissue was
embedded in paraffin blocks, and 4 um thick sections were
taken from each block. Samples were prepared for histo-
pathological examination, stained with hematoxylin—eosin
(H&E), and examined with a light microscope (Olympus
BXS51, Japan). Sections were examined under the light
microscope, and lesions were scored between 1 and 4 by
evaluating angiogenesis, necrosis, mononuclear cell infil-
tration, granulation tissue, fibrosis, and osteoblastic activity
according to the area covered by X 40 magnification. For the
evaluated criteria, according to the area covered, from 1 to
25% of the total area coverage area was score 1, from 26
to 50% of the coverage area was score 2, from 51 to 75%
coverage area was score 3, and from 76 to 100% coverage
area was score 4 [21].

Immunhistochemical evaluation

Tissue sections were prepared on adhesive (poly-L-lysin) slides,
deparaffinized, and dehydrated for immunoperoxidase examina-
tion. After being washed with suppressed endogenous peroxi-
dase activity in 3% H,0,, the tissues were boiled in an antigen
retrieval solution. To prevent nonspecific background staining
in the sections, a protein block compatible with all primary and
secondary antibodies was added and incubated for five minutes.
TNF-a (CAT [catalase] no.: sc-52746; dilution ratio: 1/100 US)
for bone tissue was used as the primary antibody. For examina-
tion under light microscopy (ZEISS Axio, Germany), a 3X3’
diaminobenzidine (DAB) chromogen was used. Sections were
evaluated in the ZEISS Zen Imaging Software program. The
data were expressed as nm.

Immunofluorescence analysis

Tissue sections were prepared on adhesive (poly-L-
lysin) slides, deparaffinized, and dehydrated for immu-
noperoxidase examination. For bone tissue, primary
antibody BMP-2 (CAT no.: ab214821; dilution ratio:
1/100 UK) was added and incubated at 37 °C for 1 h.
After washing, secondary FITC (CAT no.: ab6717; dilu-
tion ratio: 1/500 UK) was added and incubated at 37 °C
for 30 min. DAPI (CAT no.: D1306; dilution ratio: 1/200
US) was dropped onto the washed tissues and incubated
in the dark for 5 min, and then the glycerin was sealed.
Sections were examined under a fluorescent microscope
(ZEISS AXIO, Germany) and were evaluated in the
ZEISS Zen Imaging Software program. The data were
expressed as nm.

Statistical analysis

For immunohistochemical and immunofluorescence examina-
tion, to determine the intensity of positive staining from the
obtained images, five random areas were selected from each
image. The positive-to-total-area ratio (in percentage terms)
was calculated via measurements with the ZEISS Zen Imag-
ing Software program. A one-way analysis of variance test was
performed after Tukey’s test to compare immunoreactive cells
and the immunopositive stained areas of positive antibodies with
healthy controls. Independent sample t-test was used to deter-
mine the difference between the times of the groups (15th and
30th day). The Kruskal-Wallis test was used to determine the
difference between the groups over time for data that were not
normally distributed, and the Dunn test was used for multiple
comparisons. The Mann Whitney U test was used to determine
the difference between the times of the groups (day 15 and 30).
All data were analyzed using the statistical package for SPSS
software, version 22.0 (IBM Software, Inc. Chicago, USA). A p
value of <0.05 was considered significant. Data were presented
as mean + standard deviation (SD), or median (range).

Table 1 Malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), and alkaline phosphatase (ALP) levels on days 15 and 30 post-

surgery

MDA (mmol/L) SOD (U/mL) CAT (kU/L) ALP (U/L)
Groups Day 15 Day 30 Day 15 Day 30 Day 15 Day 30 Day 15 Day 30
Control 35.51+1.08aA 19.34+0.63aC 8.96+0.11cDE  8.17+0.84cE 25.49+0.81cF 94.75+1.13¢cC  107.07 +1.54dE 108.33 +1.32bDE
LLLT 25.11+£0.59bB 18.83+0.74aC 12.27+0.47bC 11.35+0.72cCD  26.31+0.74cF 101.99+1.78¢cC  112.33+0.61cCD  112.41+0.66bCD
BA 23.66+0.46bB 13.56 +0.85bD 12.47 +0.69bC 18.39+0.93bB  60.12+2.69bE 127.36 +4.75bB  115.93 +0.68bC 122.82 +1.64aAB
BA+LLLT 17.06+0.63cC 12.01+0.47bD 15.99+0.33aB 21.94+095aA  77.01+£2.07aD 195.17+7.84aA  120.98+0.37aB 127.32+0.90aA

The difference between the means in the same column with different lowercase letters (a, b, c) is significant (day 15 separately, day 30 sepa-
rately; p <0.001). The difference between the means in the same column with different uppercase letters (A, B, C, D, E) is significant (a com-

parison between the 15th and 30th days; p <0.001)
p<0.001

@ Springer



11 Page4of9

Lasers in Medical Science (2023) 38:11

_ CONTROL

LLLT

Fig. 1 Histological analysis of transverse and longitudinal sections
taken from the unicortical femoral defect (UCD) area of the treatment
and control groups on Day 15 post-surgery, H&E, bar: 100-200 pm.

Results
Radiological findings

Bone formation was not observed in the control group’s UCD
areas on the 15th day post-surgery. On the 15th day, callus
formation was observed in the control and BA groups. Also
on day 15, bridging was visible in the BA+LLLT group,
while each rat’s fracture line was still evident. On the 30th
day, bridging was observed in the BA+LLLT, BA, and con-
trol groups, while no fracture line was observed for rats in
the BA+LLLT group, and remodeling had formed. On the
15th day, the best radiological scores were obtained for the
BA + LLLT group (3.5 [2.25-4]), followed by the BA (2.5
[2.25-2.75]), LLLT (2.37 [1.5-3]), and control (1.62 [1,
2]) groups. On the 30th day, the best radiological score was
obtained for the BA + LLLT group (3.63 [2—4]), followed by
the BA (3.38 [2.75-3.75]), control (3 [2-3.25]), and LLLT
(2.5 [1.25-3]) groups.

Biochemical findings
On days 15 and 30 post-surgery, MDA levels were signifi-

cantly lower among the BA+LLLT group compared to the
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Histological analysis of sections from treated and control animals at
the unicortical defect site. The drill hole can be seen at 11-1 o’clock
in each section. LLLT low-level laser theraphy, BA boric acid

control group (p <0.001). On day 30, SOD, CAT, and ALP
levels were highest in the BA+LLLT group compared to the
control group (p <0.001) (Table 1).

Histopathological, immunofluorescence,
and immunohistochemical findings

When histopathological findings on the 15th day post-surgery
were evaluated, fibrous callus had started to form for the control
group, versus severe fibrous callus formation for the LLLT group,
tight connective tissue formation for the BA group, and severe
fibrocartilaginous callus formation in which these fibrous tissues
were replaced by chondrocytes. Bone trabeculae were observed
to have formed. Inflammation of the bone tissue was severe for
the control group, moderate for the LLLT group, and mild for the
BA group, but no inflammation was observed for the BA+LLLT
group. While osteoblastic activity had just started for the control
group, it was observed to be mild for the LLLT group, severe for
the BA group, and very severe for the BA+LLLT group.
When osteoblastic activity was examined on the 30th day,
it was observed to be mild for the control group, moderate for
the LLLT group, severe for the BA group, and very severe for
the BA+LLLT group. In addition to osteoblastic activity, severe
osteoclastic activity was observed for the BA group, versus very
severe for the BA+LLLT group. The UCD was found to have
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Fig.2 Histological analysis of transverse and longitudinal sections
taken from the UCD area of the treatment and control groups on day
30 post-surgery, H&E, bar: 100-200 pm. Histological analysis of sec-

closed for all groups except the control group. For the control
group, the UCD was observed to have closed, the chondrocytes
had increased, and the fibrous tissue had decreased. The remod-
eling process was found to have started for the LLLT group. For
the BA group, severe bone marrow formation and bone trabecu-
lae formations were observed. Severe bone marrow formation
was observed for the BA+LLLT group. When the 15th and 30th
days of histopathological findings were evaluated, the control
group was scored as grade 1, LLLT group as grade 2, BA group
as grade 3, and BA+LLLT group as grade 4 (Figs. 1 and 2).

On the 15th and 30th days, BMP-2 expression in the
osteoblasts was mild for the control group, moderate for the
LLLT group, severe for the BA group, and very severe for the
BA+LLLT group (Fig. 3). On the 15th day, TNF-o expressions
in the cytoplasm of the inflammatory cells and around the ves-
sels were mild for the control group, moderate for the LLLT and
BA groups, and severe for the BA+LLLT group (Fig. 4). On the
30th day, TNF-a expressions in the cytoplasm of the inflamma-
tory cells and around the vessels were observed to be severe for
the control group, moderate for the LLLT and BA groups, and
mild for the BA+LLLT group.

tions from treated and control animals at the unicortical defect site.
The drill hole can be seen at 11-1 o’clock in each section

The histopathological, immunofluorescence, and immuno-
histochemical scores for the BA and BA +LLLT groups were
significantly higher than those of the control group (Table 2).
When the histopathological, immunofluorescence, and immuno-
histochemical findings on the 15th and 30th days were compared
with the control group, a statistically significant difference was
found for the BA and BA+LLLT groups (p “0.05).

Discussion

This experimental study aimed to investigate effects of BA
on bone formation after co-administration with LLLT as a
graft material. Localized BA applied to the bone defects of
rats significantly increased bone formation compared to the
control group.

Adding BA to mice’s drinking water has been shown to
increase the presence and activity of osteoblasts and osteoclasts,
increasing bone calcium concentration and thereby aiding bone
growth and repair [22]. However, a recent study reported that
local BA application is more effective than oral administration

@ Springer
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Fig. 3 Immunohistochemical and immunofluorescence analyses of sections taken from the UCD area of the treatment and control groups on day
15 post-surgery, TNF-a expressions, IHC-P, BMP-2 expressions (FITC), IF, bar: 200 um

[23]. For this reason, we chose to apply BA to the defect, rather
than administering BA orally. The local administiration of BA
via injection into femoral defects has also been found to cause
a higher rate of osteoblastic activity at the early stage of intram-
embranous bone formation [8]. Similarly, in this study, a local
BA application to rat UCD significantly increased the amount
and quality of bone formation compared to the control group.
Many different BA doses have been used for rats previously [24,
25]. Although the current study did not aim to identify a standard
dose of locally applied BA for a fracture model, our observations
suggest that 40 mg/kg of BA could be used for rats without any
systemic effect. However, more studies are warranted to detect
the optimal dose.

LLLT has an anti-inflammatory effect on soft tissues,
depending on its wavelength, its dose, and local conditions.

@ Springer

LLLT reduces pain and accelerates healing by stimulating cell
proliferation [26]. It has been found to increase osteoblastic
activity, blood vessels, and the mineralized bone matrix in bone
fractures [27]. Additionally, due to LLLT’s correlation with
calcification, an increase in ALP activity has been observed
[28], which is an important marker of bone formation after
laser application [29]. Many LLLT factors—such as its wave-
length and application time—are still being investigated [30].
Different LLLT doses can be used for cortical defects [11]. The
literature includes studies on the use of LLLT for fractures at
different wavelengths, strengths, and energy densities by dif-
ferent authors [31-33]. Additionally, various factors—such as
cell growth stage, frequency, and number—atffect LLLT [33].
An adequate energy display in laser therapy has been much dis-
cussed [34, 35], but no dose standardization has been applied to
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Fig.4 Immunohistochemical and immunofluorescence analyses of sections taken from the UCD area of the treatment and control groups on day
15 post-surgery, TNF-a expressions, IHC-P, BMP-2 expressions (FITC), IF, bar: 200 um

achieve ideal photobiomodulation [36]. The parameters used in
the current study were continuous irradiation, a wavelength of
905 nm, an energy density of 25 mW, 4.0 J/cm?, and once-daily

therapy of 14 treatments, each lasting 160 s. A similar laser dose
has been previously applied to rats’ femoral defects [12].

In the current study, radiography and tomography were used
to evaluate the mRUST scoring system. It was not clear why in 15

Table 2 Immunohistochemical

Groups Day 15 Day 30

(TNF-a) and

immunofluoresence (BMP-2) TNF-a (nm) BMP-2 (nm) TNF-a (nm) BMP-2 (nm)

results on days 15 and 30 post-

surgery Control 19.63 +1.57% 20.74 +£4.36% 65.27+3.52% 20.31+4.48%
LLLT 40.11+3.15° 39.31+4.13° 41.43+5.19° 39.18 +4.92°
BA 39.52+4.25° 60.14+3.28°¢ 40.98 +£6.22% 58.91+5.37°
BA+LLLT 60.27£5.21¢ 79.11£4.34¢ 25.56+£2.35¢ 79.11+3.61¢

Different lowercase letters (a, b, c, d) in the same column represent a statistically significant difference
LLLT low-level laser theraphy, BA boric acid
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and 30 days the results of the radiological analysis were reversed
between the control group and LLLT. This is likely because the
mRUST scoring system, which has poor effectiveness for evalu-
ating bony union in the early postoperative period [37].

BA and LLLT treatments decreased MDA levels in unicorti-
cal bone defects of rat livers on 15 and 30 days, possibly due to
oxidative stress inhibition. After treatment, SOD and CAT activ-
ities increased as a result of BA application due to the repression
of oxidative stress. Previous studies have demonstrated that oxi-
dative stress occurs during recovery from a fracture, and reactive
oxygen species is one factor that negatively affects fracture heal-
ing [38, 39]. Increased radical production has been reported to
impair fracture healing in examinations performed 22 days after
afracture [40]. Therefore, early periods are extremely important
to fracture healing [40]. Thus, BA and laser application can be
said to positively affect fracture healing by regulating antioxi-
dant enzyme activity and suppressing reactive oxygen species
harmful effects.

The main limitation of the current study is its lack of micro
computed tomographic analysis, which is accepted as a gold
standard for evaluating fracture healing due to its robustness
and reproducibility [41]. In micro computed tomography, many
parameters—such as bone volume, the percentage of bone vol-
ume over tissue volume, trabecular thickness, trabecular separa-
tion, trabecular number, open pore volume, and the percentage of
open porosity—are evaluated to assess bone mass and structure
[8]. However, this technique is expensive and complicated for
assessing healing ratios [42]. Previous studies have shown that
the mRUST scoring system more highly correlates with micro-
CT parameters; the distinction between “bridging” and “non-
bridging” callus in the mRUST system, as well as the amount
of callus in the fracture area, were also concluded to be better
evaluated [43]. The lack of a critically sized (5 mm) defect on
the femur is this study’s other limitation [44]. Nevertheless, the
fracture healing of small-diameter bone defects has been used for
rats’ femurs [45].

Conclusion

Thus, our results show that BA accelerates bone healing when
used as a graft material with LLLT. Results suggest that a com-
bination of BA and LLLT may improve bone formation, but
further studies with different doses of BA are needed to better
prove the benefits of association.
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