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Summary

The aim of this study was to compare the efficacy of honey bee venom (BV) and royal jelly (RJ) alongside chitosan scaffold (CS)
in improving radius bone defect in rats. A total of 60 full thickness radial bone defects with a length of 5 mm were created in 60 male
Wistar rats. Six healthy radial bones (3 rats) were also assigned as normal control for biomechanical studies. The defects were left
empty (untreated group) or were filled by the autograft (autograft group), CS (CS group), CS alongside the BV solution (CS-BV
group), and CS alongside the RJ solution (CS-RJ group). Healing of the bone defects were evaluated clinically and radiologically on
days 0, 28, 42 and 56 after operation while the biomechanical testing and histopathological examination were performed on the 56th
day after surgery. The autograft was more radiopaque than the untreated and CS groups at the 28th, 42nd and 56th postoperative days
(P<0.05). The CS-BV and CS-RJ groups showed significantly higher radiographic outcomes than the untreated and CS groups at the
56th post-operative day (P<0.05). The density of osseous tissue (DOT) and the osteocytes and osteoblasts count of the CS-RJ and
CS-BV groups were significantly higher than the CS and autograft groups (P<0.05). The biomechanical results of the CS-RJ group
were significantly superior to the autograft, while the biomechanical properties of CS-BV group were not significantly different with
the autograft group (P>0.05). The scaffolds in CS group were observable in the surgical site after 56 days. There was no significant
difference in radiographs, DOT, cartilage tissue and fibrous tissue, and also biomechanical performances of the CS-BV and CS-RJ
groups at the 42nd and 56th day after surgery. The untreated and CS groups showed weakest biomechanical results among all groups.
It could be concluded that both treatment strategies in the CS-BV and CS-RJ groups were appropriate and useful in treating critical

bone defects.
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Introduction

Bone autograft is gold standard in treatment of bone
fractures, especially those fractures with lost parts or
those suffered from delayed-union or non-union for some
reasons (Buck and Murtha, 2017). However, bone
grafting is associated with some well-known side effect
that limit their applications (Oryan et al., 2014a). Tissue
engineering is an excellent choice in treatment of bone
fractures and includes scaffolds, enhancers of bone
formation and stem cells (Oryan et al., 2016¢). In fact,
bone scaffold is the most important part of bone tissue
engineering and can be divided into natural and artificial
groups (Oryan et al., 2014b). Natural scaffolds are
considerably more biocompatible, more biodegradable
and have better regeneration properties than their
synthetic counterparts (Zhang et al., 2008). In addition to
the specific structure of these scaffolds, they can also
transfer cells, medications or molecules to the fracture
site.

Chitosan scaffold (CS) is a natural polysaccharide
that has attracted much attention in medicine and
pharmacology because of its unique biocompatibility,
biodegradability and low toxicity (Sforcin et al., 2017).
Chitosan is produced by partial deacetylation of chitin

(Komi et al., 2017). It has a lot of biological properties,
including beneficial effectiveness on wound healing and
antimicrobial and antiviral activity (Komi et al., 2017).
The CS molecules retain their structure in neutral
environments, but they break down and degrade in acidic
environments such as in inflammatory organs. Therefore,
it is possible to use CS as a mean for delivering the drugs
in an acidic environment (Rady et al., 2017).

The honey bee venom (BV) has been used in
traditional medicine, since ancient times, as a curative
agent for various diseases such as arthritis, rheumatism,
back pain, tumors and skin diseases. Honey BV may be
used as apitherapy, apipuncture, or local injection. It
contains different peptides, enzymes and non-peptide
components. Bee venom regulates function of the
immune system and increases the production of cortisol
(Rady et al., 2017). Combination of CS and BV as
biofilm and hydrogel has been shown to have positive
effects on wound healing in the healthy and diabetic rats
(Amin et al., 2008; Amin and Abdel-Raheem, 2014). On
the other hand, royal jelly (RJ) is produced by worker
bees and is the permanent food of the queens and the first
few days’ larvae. Royal jelly contains water, proteins,
carbohydrates, fat, fatty acids, mineral salts, vitamins and
polyphenols (Sabatini et al., 2009). It has been
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demonstrated that RJ has antibacterial, antioxidant,
antitumor, and anti-inflammatory properties (Viuda-
Martos et al., 2008; Ramadan and Al-Ghamdi, 2012).
Experimental studies have shown that RJ results in
vascular dilatation and increases cell proliferation and
differentiation (Hattori et al., 2007; Zamami et al., 2008;
Miinstedt et al., 2009). It has been shown that apisin, one
of the major glycoproteins in RJ, increases the
proliferation of neonatal skin fibroblasts, and results in
enhanced secretion of collagen, glycosaminoglycans and
other extracellular matrices (Tsuruma et al., 2011). In
addition, apisin promotes differentiation of the MC3T3-
El cells into osteoblasts (Bogdanov, 2017). Combination
of such beneficial effects of BV or RJ, along with CS
scaffold may promote bone healing. Therefore, the aim
of this study was to evaluate the clinical, radiological,
macroscopical, histopathological and biomechanical
effects of the CS-BV and CS-RJ scaffold composites on
repair of radial bone defect in the rat model. The
advantage of this model is that there is no need to use a
stabilizing instrument that would interfere with the
healing process (Okamoto et al., 2003). The hypothesis
of this study was the possibility of BV and RJ positive
effects along with the CS scaffold in improving the radial
bone defect in rats.

Materials and Methods

Chitosan scaffold

An average molecular weight CS powder (Sigma-
Aldrich) was slowly dissolved in acetic acid (0.5 M)
(Merk, Germany) at 50°C. The resulted acidic solution
was neutralized by adding NaOH solution (1 M)
(Venkatesan and Kim, 2010). In order to create porosity,
the CS (2% w/v) was freeze-dried (-80°C for 72 h) and
cross-linked with 0.5% glutaraldehyde solution. After
removing the glutaraldehyde residues (Campos et al.,
2013), the scaffolds were fixed and dried in 96% ethanol
and placed in sterile containers at 4°C before use.

Royal jelly and bee venom

The pure BV and fresh RJ were purchased from
approved local bee fields. The natural products have
different composition and quality between species and
also in different seasons. The Apis mellifera R] was
collected in spring and was then characterized. The fresh
RJ was freeze-dried immediately after purchase, to result
in a white and soft powder that was kept away from light
and humidity until use. The Apis mellifera BV was
collected in spring and its HPLC test revealed melittin
consisted 49% of its components.

Animals and surgical operation

Sixty-three male Wistar rats, aging eight weeks and
weighing 200 to 250 g, were purchased from an
approved local animal house. Three rats (n=6; number of
radial bones) were randomly selected and considered as
the normal bone group to compare the biomechanical
performance of the intact radius and wulna bone
complexes with the injured treated or untreated bones of
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other groups. Two weeks before the study started, the
animals were moved to new cages to become
accustomed with the new environment and diet. Water
and food were freely accessible throughout the
experiment. During the experiment, animal care was
performed for all rats in accordance with the Animal and
Health Guidelines, published by the National Institutes
of Health (NIH Publication No. 85-23). Animal studies
were approved by our Veterinary School’s Ethics
Committee.

After induction of anesthesia, using ketamine (10%,
75 mg/kg) and xylazine (2%, 10 mg/kg BW) (both from
Alfasan, Woerden, Netherlands), a 5 mm bone piece
from the middle of the radius bone was removed to
produce a non-union model (Bigham-Sadegh and Oryan,
2015). Based on the implanted material, the radial bone
defects were randomly divided into 5 groups
(n=12/group). The first two groups were the untreated
and autograft groups. The bone defects in the untreated
group remained empty and in the autograft group, the
defects were filled with the extracted bone pieces from
the contralateral radius. Groups 3-5 were the CS, CS-BV,
and CS-RJ groups, in which the bone defects were
implanted with the CS scaffolds, with similar size to the
harvested radial bone segments (dimensions =2 X 2 X 5
mm?). After implanting the scaffolds and closing the
approach, 0.1 ml of the diluted BV solution (1 mg/ml), or
RJ solution (50 mg/ml) was injected percutaneously into
the defect site, in the CS-BV and CS-RJ groups,
respectively. Injection of the BV, and RJ was similarly
repeated in the third postoperative day. Flunixin
meglumine (2.5 mg/kg) was used for pain relief, and
Enrofloxacin  (Enrofan 5%) was  administered
intramuscularly for 5 days, for antibiotic therapy. The
animals were euthanized 56 days after the operation.

Clinical examinations

Clinical behavior, physical activities, and weight
bearing on the injured limb were blindly evaluated
throughout the experiment, in terms of pain expression at
digital touch and presence of inflammatory responses
such as hyperemia, swelling and edema.

Evaluation of the diagnostic imaging

Lateral radiography was performed from the injured
area of forelimbs in the anesthetized animals [ketamine
(10%, 75 mg/kg) and xylazine (2%, 10 mg/kg BW) (both
from Alfasan, Woerden, Netherlands)| at the Oth, 28th,
42nd and 56th days after injury. Blind evaluation of the
radiographs was blindly done by two orthopedic
surgeons and bone formation, bone union and bone
remodeling were scored based on the Lane and Sindhu
system (Lane and Sandhu, 1987) which has been
described in Table 1.

Histopathological evaluations

The animals were euthanized at the 56th post-surgical
day by rapid intracardiac injection of potassium chloride
(10%) in the deep stage of anesthesia [ketamine (10%,
75 mg/kg) and xylazine (2%, 10 mg/kg BW) (both from
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Alfasan, Woerden, Netherlands)] (Tasker, 2008). The
radius and ulna complex were extracted and the healing
area of the radius was evaluated macroscopically. The
radius and ulna bone complexes (n=6/group) were fixed
in 10% formalin buffer solution. They were decalcified
with 0.5% nitric acid, dehydrated with graded ethanol,
cleared by xylol, and finally embedded in paraffin
blocks. The paraffin blocks were cut in 5 pm thick slices
and then stained with hematoxylin and eosin. Blind
assessments of tissue sections were blindly performed by
two experienced pathologists. Three different
microscopic fields of the healing area in each tissue
section (x400) were photographed, using a digital
camera (Olympus, Tokyo, Japan) connected to a typical
optical microscope (Olympus, Tokyo, Japan). Fibroblasts
/fibrocytes,  chondroblast/chondrocytes,  osteoblasts/
osteocytes,  osteoclasts,  polymorphonuclear  and
mononuclear inflammatory cells as well as blood vessels
(BV) in each field were counted. The density of fibrous
tissue (DFT), density of cartilaginous tissue (DCT) and
DOT were also assessed in the x400 magnification.

Biomechanical evaluations

The samples considered for biomechanical
evaluations (n=6 in each group) were wrapped in sterile
gas soaked with phosphate buffer solution (PBS) and

Table 1: Modified Lane and Sandhu radiological scoring

system
Radiological healing time pattern Score
Bone formation
No evidence of bone formation 0
Bone formation occupying 25% of the defect 1
Bone formation occupying 50% of the defect 2
Bone formation occupying 75% of the defect 3
Bone formation occupying 100% of the defect 4
Union (proximal and distal evaluated separately)
No union 0
Possible union 1
Radiographic union 2
Remodeling
No evidence of remodeling 0
Remodeling of medullary canal 1
Full remodeling of cortex 2
Total point possible per category
Bone formation 4
Proximal union 2
Distal union 2
Remodeling 2
Maximum score 10

were kept at -20°C until biomechanical test [three-point
bending test using a universal tensile testing machine
(Instron, London, UK)]. After measuring the diameter of
each bone sample, they were horizontally placed on two
supporting bars at a distance of 20 mm. A third rod was
lowered at 10 mm/min in the middle of the healing area
until fracture occurred. The load-deformation curve was
drawn and the ultimate load, maximum stress, yield load,
bending stiffness, ultimate strain, and yield strain were
measured and calculated. All the extracted data from the
load-deformation curve were presented as meant
standard deviation (SD), as previously described (Oryan
et al., 2016b).

Statistical analysis

The quantitative data such as the biomechanical and
histomorphometric results were presented as mean+SD
and were analyzed statistically by one-way ANOVA
followed by Tukey post-hoc test. The qualitative or
scored data were presented as mean (min-max) and
subjected to Kruskal-Wallis, non-parametric ANOVA,
and subsequent Mann-Whitney U test. P-values lower
than 0.05 were considered statistically significant. The
whole statistical analysis was done by SPSS software,
version 19.0 (SPSS, Inc., Chicago, USA).

Results

The diagnostic imaging outcomes

The radiographic results are shown in Table 2. The
untreated, CS, and CS-RJ groups showed significantly
inferior results to the autograft group at day 28 (P=0.000,
P=0.000, and P=0.007 respectively). Although the
radiological score of the CS-BV group were superior to
the CS and the untreated groups, the differences were not
significant.

There was also no significant difference between the
autograft group and CS-BV and CS-RJ groups at the
42nd day after surgery. There was no significant
difference between the CS group and the untreated group
at this stage. The CS-BV group was superior to the CS
and untreated groups and was closer to the autograft
group at this stage, but it still did not show a significant
difference with any of them at the 42nd day post-injury.
There was also no significant difference between the CS
and CS-RJ despite the superiority of the CS-RJ to CS
group (P=0.051). There was a significantly higher
radiological score in the autograft over the CS and
untreated groups (P<0.05). There were no significant

Table 2: The sum of radiographically scored bone healing at determined postoperative intervals

Groups
Postoperative days Autograft (1) Untreated (2) CS (3) CS-BV (4) CS-RJ (5) p
(n=12) (n=12) (n=12) (n=12) (n=12)
28 5.27 (3-8)° 1.58 (1-2) 1.2 (0-4) 3.5(0-8) 2.54 (0-6) 0.000
42 5.90 (4-10) 2.91 (1-4) 2.5 (1-4) 3.83 (0-10) 4.18 (1-8) 0.031
56 6.36 (4-10)° 3.00 (1-5)¢ 3.7 (2-5)f 5.91 (0-10) 6.72 (4-9) 0.001

CS: Chitosan scaffold, CS-BV: Chitosan scaffold-Bee venom, and CS-RJ: Chitosan scaffold-Royal jelly. * Kruskal-Wallis non-
parametric ANOVA, ® P<0.05 (1 vs. 2, 3, 5), ¢ P<0.05 (1 vs. 2, 3), ¢ P<0.05 (1 vs. 2, 3),  P<0.05 (2 vs. 4, 5), and f P=0.003(3 vs. 5)
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Fig. 1: Macroscopic and radiographic findings of the radial defects at 56 days after injury. In the gross evaluation, the defects in the
autograft group were filled by hard connective tissue including cartilage and bone which connected to cut edges of the radius and the
ulnar periosteum. In the CS-RJ and CS-BV groups the healing areas were filled with bone and cartilage tissues. While in the
untreated defect group the defect area was mostly filled by loose soft connective tissues. The autograft group demonstrated
significant superiority over the untreated defect group at the 56th post-operative day (P<0.05). The untreated defect and CS groups
demonstrated significantly inferior bone formation in comparison to the autograft, CS-RJ and CS-BV groups at the 56th post-
operative day (P<0.05). CS: Chitosan scaffold, CS-BV: Chitosan scaffold-Bee venom, and CS-RJ: Chitosan scaffold-Royal jelly

differences between other groups at this stage. area. A loose areolar connective tissue (LACT)

The CS-BV and CS-RJ groups had no significant
difference with the autograft group at the 56th day after
injury (P>0.05). There were significant differences in
radiographic scores between the CS-BV and CS-RJ with
the untreated group (P=0.045, P=0.000, respectively) at
this stage. Radiographic evaluations demonstrated
significant superiority of the CS-RJ over CS group
(P=0.000) at this time point. Despite the superiority of
CS-BV scores over the CS group, there was no
significant difference between them (P=0.107), at the
56th postoperative day. There were no significant
differences between other groups at this stage (Fig. 1).

Gross and histopathological findings

During the 56 days of the experiment, no death
occurred, and normal activities, normal weighing on the
limbs and normal weight gain in animals were observed
in all groups. A fascia-shaped soft tissue was formed and
the bone union did not occur in the bone defect of the
untreated group. The scaffold in the CS treated group, as
well as the autograft group, was not completely degraded
and their remnants were visible at the defect site after 56
days. A combination of soft tissue and hard tissue,
including cartilage, was found in the CS group, while the
defect area in the autograft, CS-BV, and CS-RJ groups
were replaced with a bone-like hard tissue.

The implanted scaffolds in the CS-RJ and CS-BV
groups were degraded and the defect areas were replaced
by a combination of woven bone (WB), cartilage,
fibrocartilage, and dense connective tissue (DCT) (Fig.
2). New bone formation was dominant at the edge of the
bone and in the middle of the defect area, in these
groups. The defects treated with CS-RJ were filled with
WB and hyaline cartilage (HC). Addition of the BV and
RJ probably led to a faster degradation of these scaffolds
in the defect site. A combination of WB and HC was
attached to the edges of the bone, in the autograft group,
while a DCT was visible on the surface of the defect
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composed of collagen fibers, fibroblasts, BV and a small
amount of cartilage and bone was formed near the radius
edges, in the untreated group.

There was a significantly higher number of
osteoblasts + osteocytes and DOT in the CS-RJ group
than the CS group (P=0.000). The number of primary
osteons (PO) in the CS, CS-BV, and CS-RJ groups was
significantly more than the untreated group (P<0.05). On
the other side, there was a significant superiority in the
number of osteoblasts + osteocytes and DOT in the CS-
BV over the CS group (P<0.05). The CS-BV and CS-RJ
treated groups were significantly superior to the autograft
group in the DOT (P=0.000, and P=0.000, respectively).
There was no significant difference between the CS-BV
and autograft groups in the number of osteoblasts +
osteocytes. The chondrocytes + chondroblasts count and
density of cartilage tissue (DCT) were significantly
higher in the autograft group than the untreated group
(P=0.027, P=0.000, respectively). The least healing was
observed in the untreated group so that the main
regenerated tissue in the defect sites was FCT
(fibroblasts + fibrocytes, collagen fibers and BV), and
the highest DFT belonged to this group (P<0.05). There
was a significant superiority in the number of osteocytes
+ osteoblasts and DOT in the autograft group, over the
CS group (P=0.007 and P=0.001, respectively) (Fig. 3).

The histomorphometric results indicated that the
untreated defects had significantly higher number of
fibroblasts + fibrocytes and greater DFT and
significantly fewer osteoblasts/osteocytes, chondroblasts/
chondrocytes and PO in comparison to the autograft, CS-
BV, and CS-RJ treated groups (Table 3). Inflammatory
cell infiltration was higher in the untreated and CS-BV
groups than other groups. The highest percentage of bone
tissue density was seen in the CS-RJ group.

Biomechanical performance
There was no significant difference between the CS-
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Fig. 2: Tissue sections from the radial bone defects at the 56th post-operative day. In the CS-RJ and CS-BV groups a remarkable
superiority in bone formation and a significant decrease in cartilage and fibrous tissue is evident compared to the untreated, and CS
groups. The scaffolds in the CS-RJ and CS-BV groups participated more effectively in healing than in the CS group. The scaffold
was replaced by woven bone and hyaline cartilage in the CS-BV and CS-RJ groups, at the 56th post-operative day. Primary osteons
were present very often in the newly formed osseous tissue which indicates early stages of remodeling in the CS-BV and CS-RJ
groups. Cartilage and woven bone filled the distance between the radial bone edges in autograft group in which the graft is still
visible in the defect area. The healing area, in the untreated group, is filled by loose areolar connective tissue, and minimum amounts
of bone and cartilage tissue which are observed in the vicinity of the radial bone edges. Residual of the scaffolds still remain in the
healing area of the CS group after 56 day of implantation while surrounded by fibrous connective tissue. Major part of the
regenerated tissues consists of cartilage and osseous tissue, in the CS group (H&E staining). CS: Chitosan scaffold, CS-BV: Chitosan
scaffold-Bee venom, and CS-RJ: Chitosan scaffold-Royal jelly, CT: Cartilage tissue, LCT: Loos connective tissue, FCT: Fibrous
connective tissue, RBE: Radial bone edge, WB: Woven bone, BV: Blood vessel, CCT: Calcified cartilaginous tissue, HC: Hyaline
cartilage, DCT: Dense connective tissue, BM: Bone marrow, R: Remnants of the scaffold, and PO: Primary osteon

Table 3: Histomorphometric findings in the lesions of different experimental groups after 56 days of injury

Parameter Autograft (1) Untreated (2) CS (3) CS-BV (4) CS-RJ (5) pt
Mean+SD Mean+SD Mean+SD Mean+SD Mean+SD
Inflammatory cells (n) 7.0 £2.05 10.86 + 4.48° 9.71 £ 3.35¢ 10.0 £2.73¢ 6.0+1.8 0.000
Fibroblast + fibrocyte (n) 18.6 +7.35° 65.8 +15.57" 54.14 +5.49¢ 13.1 £4.30 11.2+£2.27 0.000
Chondroblast + chondrocyte (n) 52.4 +10.54" 26.14 + 6.98' 41.14 £10.12 17.6 + 5.26% 24.7 +4.38 0.032
Osteoblast + osteocyte (n) 46.9 +7.78 7.86 +£2.26™ 34.57 +7.85" 45.2 +4.55° 4.5+7.92 0.001
Osteoclast (n) 4.2 +1.54° 04 1.29 +0.75" 1.60 +0.89° 356+1.13 0.531
Blood vessels (n) 39+1.72 10.0 £ 2.30" 2.57+1.27" 0.8 +1.3% 533+1.22 0.000
Osteons (n) 2.1 £1.37* 0.86 +0.69Y 243 +1.07 44+194 5.89 +1.69 0.260
Density of fibrous tissue (%) 13.50 £4.76* 54.14 +9.77® 37.71 £4.23% 14.6 +4.82 10.78 £ 1.85 0.000
Density of cartilage tissue (%) 39.5 +6.60* 22.0+6.75 28.71 £6.52*¢ 20.0 £5.29 23.56 £3.39 0.000
Density of osseous tissue (%) 35.6 + 6.96% 6.57 +2.14%* 24.14 + 4.56™ 51.4+2.51 51.67 +£3.87 0.000

CS: Chitosan scaffold, CS-BV: Chitosan scaffold-Bee venom, and CS-RJ: Chitosan scaffold-Royal jelly. * One-way ANOVA
followed by Tukey post-hoc test, ® P<0.05 (2 vs. 5), © P<0.05 (3 vs. 5), 4 P<0.05 (5 vs. 5), © P<0.05 (1 vs. 2, 3, 5), f P<0.05 (2 vs. 4,
5), ¢ P<0.05 (3 vs. 4, 5), " P<0.05 (1 vs. 2, 3, 4, 5), | P<0.05 (2 vs. 3, 4),1 P<0.05 (3 vs. 4, 5), ¥ P<0.05 (4 vs 5), ' P<0.05 (1 vs. 2, 3, 5),
™ P<0.05 (2 vs. 3, 4, 5), " P<0.05 (3 vs. 4, 5), ° P<0.05 (4 vs. 5), P P<0.05 (1 vs. 2, 3, 4), 4P<0.05 (2 vs. 3, 4, 5), " P<0.05 3 vs 5), ®
P=0.005 (4 vs. 5), ' P<0.05 (1 vs. 2, 4), “ P<0.05 (2 vs. 3, 4, 5), ¥ P<0.05 (3 vs. 4, 5), ¥ P<0.05 (4 vs 5), * P<0.05 (1 vs. 2, 5), Y P<0.05
(2 vs. 3, 4, 5), 2P=0.000 (3 vs. 5), @ P<0.05 (1 vs. 2, 3), ®® P<0.05 (2 vs. 3, 4, 5), * P<0.05 (3 vs 5), ® P<0.05 (1 vs 2, 3, 4, 5), ®
P=0.000 (3 vs. 4), ¥ P<0.05 (1 vs. 2, 3, 4, 5), % P<0.05 (2 vs. 3, 4, 5), and " P<0.05 (3 vs. 4, 5)

Table 4: Results of three-points bending biomechanical test on the radius-ulna complex 56 days after injury

Parameter Untreated (1) Autograft (2) Normal (3) CS 4) CS-BV (5) CS-RJ (6) P
Mean+SD Mean+SD Mean+SD Mean+SD Mean+SD Mean+SD

Maximum load (N) 299 +2.8° 39.0 £3.98¢ 47.1+7.1¢ 35.8+6.3¢ 429+7.71 49.23 £10.0 0.001
Maximum stress (N/mm?) 43+0.78" 8.1 +1.36¢ 10.1 £ 1.07" 55+2.1 6.87 £0.5 7.12+1.8 0.000
Yield load (N) 244422 332423 39.7 £5.7% 29.3+59 343 +7.47 44.1 £9.01 0.000
Bending stiffness (N/mm) 19.42 £ 3™ 32.56 £5.2" 4583 +£7.13° 22.73+£6.09° 43.76+£9.87 51.87 £6.69 0.000
Ultimate strain (%) 8.5+2.14 57+1.0° 3.79+£1.01° 754 +1.9 6.01 £1.44 449 +1.8 0.000
Yield strain (%) 6.68 + 1.4" 5.04 +0.44" 2.53 +1.3% 6.1 +1.5 398 +1.27 34+1.6 0.000

Normal: Intact radius-ulna bone complex of rat, CS: Chitosan scaffold, CS-BV: Chitosan scaffold-Bee venom, and CS-RJ: Chitosan
scaffold-Royal jelly. * One-way ANOVA followed by Tukey post-hoc test, ® P<0.05 (1 vs. 2, 3, 4, 5, 6), © P=0.043 (2 vs. 3), ¢ P<0.05
(3 vs. 4), © P=0.026 (4 vs. 6), f P<0.05 (1 vs. 2, 3, 6), £ P<0.05 (2 vs. 3, 4), " P<0.05 (3 vs. 4, 5, 6), 1 P<0.05 (1 vs. 2, 3, 4, 5, 6),}
P<0.05 (2 vs. 3, 6), K P<0.05 (3 vs. 4), ' P<0.05 (4 vs. 6), ™ P<0.05 (1 vs. 2, 3, 5, 6), " P<0.05 (2 vs. 3, 4, 5, 6), ° P<0.05 (3 vs. 4), P
P<0.05 (4 vs. 5, 6), 4P<0.05 (1 vs. 2, 3, 6), " P=0.010 (2 vs. 3), * P<0.05 (3 vs. 4), ' P<0.05 (4 vs. 6), “ P<0.05 (1 vs. 3, 5, 6), ¥ P<0.05
(2 vs. 3), ¥ P<0.05 (3 vs. 4), and * P<0.05 (4 vs. 5, 6)
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Fig. 3: Density of fibrous, cartilage and osseous tissues in the
regenerated tissue of different groups at 56 days post-injury.
The autograft had the highest DCT and the defect demonstrated
the highest DFT. The CS-RJ and CS-BV have the highest DOT
(P<0.05). The least amount of DOT belonged to the defect
group while the lowest DFT contributed to the CS-RJ group
(P<0.05). CS: Chitosan, CS-BV: Chitosan-Bee venom, CS-RJ:
Chitosan-Royal jelly, DCT: Density of cartilage tissue, DFT:
Density of fibrous tissue, and DOT: Density of osseous tissue
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Fig. 4: Biomechanical properties of the radius and ulnar bone
complex, 56 days after injury. Maximum stress (a), Maximum
load (b), bending stiffness (c), yield load (d), yield strain (e),
and ultimate strain (f) included for all the untreated and
treatment groups. CS: Chitosan, CS-BV: Chitosan-Bee venom,
and CS-RJ: Chitosan-Royal jelly

BV and CS-RJ in the evaluated biomechanical factors.

There was no significant difference in biomechanical
parameters between the CS-RJ and CS-BV groups and
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the normal group except for maximum stress (P=0.009,
and P=0.001 respectively) and ultimate strain for CS-BV
(P=0.008) which indicated superiority of the normal
group. The normal group showed significantly higher
maximum load, maximum stress, yield load, and bending
stiffness and significantly lower ultimate strain and yield
strain (P<0.05) compared to the autograft, untreated, and
CS groups (P<0.05). There were no significant
differences in the assessed biomechanical factors
between the CS-BV and the autograft group. The CS-RJ
group was significantly superior to the autograft group in
the yield load (P=0.030) and bending stiffness (P=0.001).
There was no significant difference in bending stiffness
between the normal and autograft groups. The
biomechanical properties of CS-BV were significantly
higher than the CS in bending stiffness (P=0.006) and
lower in yield strain (P=0.034). The biomechanical
properties of CS-RJ group were statistically higher than
the CS group in the maximum load (P=0.026), yield load
(P=0.010), and bending stiffness (P=0.000). The ultimate
strain and yield strain were significantly lower in the CS-
RJ group than the CS group (P=0.027 and P=0.025,
respectively). The biomechanical findings are shown in
Table 4 and Fig. 4.

Discussion

Since ancient times, bee products have been used in
many ways to treat various problems. The ability of
honey as the main product of the hive in wound healing
has led to significant results (Oryan and Zaker, 1998;
Oryan et al., 2016a). The efficacy of the CS-RJ and CS-
BV treated groups in improving bone formation in the
defects area, in the present study, was superior to other
groups after 56 days of surgery. The CS-RJ group was
better than CS-BV group in most assessed criteria, but its
superiority was not statistically significant. The CS
scaffolds used in this study did not show infection and
necrosis in tissue samples and clinical examination,
which suggests its proper biocompatibility. However, the
presence of the CS scaffold remnants in the defect area
and lack of replacement of bone tissue in the lesions of
the animals of this group, after 56 days of surgery,
indicated its poor biodegradability and improper
osteoconductivity. In addition to the CS-RJ group, the
CS-BV group also showed proper biocompatibility,
biodegradability and osteoconductivity. The CS scaffolds
in the CS-BV and CS-RIJ treated groups were completely
decomposed and replaced with bone and -cartilage
tissues.

Chitosan scaffold has many promising characteristics,
including non-toxicity, biocompatibility, anti-microbial,
and antioxidant properties. Most reports regarding the
antioxidant activity of CS are based on the ability of
amine and hydroxyl groups to trap free radicals to form
stable macromolecule radicals (Tamer et al., 2016).
Alidadi et al. (2017) measured the potential of CS and
demineralized bone matrix scaffolds in improving the
repair of critical radial bone defects and reported the low
biodegradability of CS scaffold that agrees with the
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results of our study.

Bee venom could change bone metabolism by four
main mechanisms. Melittin, as one of the main proteins
of the BV, is responsible for the first mechanism which
is suppression of the osteoclast formation by obstructing
the RANK-RANKL system and also inhibiting the effect
of interleukin (IL)-1PB osteoclastogenesis (Badr er al.,
2016). The second mechanism is based on the immune
responses of hyaluronidase enzymes and phospholipase
A in the BV that result in release of histamine and
heparin from the mast cell granules, resulting in
production and release of IL-la and IL-6 (Yang et al.,
2014; Al Subaie et al, 2016; Pak, 2017).
Pharmacological studies have shown that IL-1, TNF-al,
and other proinflammatory signals have major roles in
bone regeneration (Oryan et al., 2014; Rutkowski, 2014;
Schmidt-Bleek et al., 2014). The third mechanism of BV
in improving bone repair is probably based upon its
antioxidant activity. Badr ef al. (2016) reported that the
antioxidant activity of BV led to a reduction in reactive
oxygen species, nitric oxide and anti-inflammatory
cytokines (Badr ef al., 2016). Finally, BV can increase
growth factors such as transforming growth factor-f§ and
vascular endothelial growth factor in the healing area,
leading to cellular proliferation and differentiation
(Jaasma et al., 2007; Dang et al., 2011; Wu et al., 2012;
Freudenberg et al., 2015; Schliephake et al., 2015; Zhao
et al., 2015; Badr et al., 2016). In the present study, the
CS-BV treated group showed increased biodegradability
and osteoconductivity. Unfortunately, in the present
study immunological assays did not perform and the
exact mechanism responsible for bone healing
improvement by BV could not be determined. However,
decrease of osteoclasts in CS-BV group in comparison to
other groups in histomorphometrically assessments
probably emphasize on the role of melittin, which
contains 49% of the applied BV, in suppression of
osteoclast. The CS scaffold in the CS-BV group was
biologically degraded and more integrated with fresh
bone and cartilage tissues than the other groups.
Probably destruction of the scaffold in this group was the
result of severe inflammation, enzymatic activity and
enormous phagocytosis in the inflammatory and early
proliferative stages of wound healing.

Royal jelly is composed of water, proteins, amino
acids, lipids, vitamins, sugar and steroids (Mateescu,
1999). Various properties have been attributed to this
natural compound, including anticoagulant, anti-
inflammatory, anti-bacterial, anti-carcinogenic, as well
as diminishing blood pressure and enhancing wound
healing (Okamoto et al., 2003; Kashima et al., 2014;
Siavash et al., 2015). It has been suggested that major RJ
proteins (MRIJPs) play a significant role in RJ biological
activities, especially in wound healing (Siavash et al.,
2015). It has also been reported that the effects of RJ on
estrogen receptors increase the proliferation of MC3T3-
El cells, the precursor cell of osteoblast (Kaku et al.,
2014). There is evidence that RJ has high mitogenic
properties and also stimulates expression of extracellular
bone matrix (Narita et al., 2006; Musa et al., 2014; Chen

et al., 2016). Antioxidant activity of RJ also has an
important role in bone healing process as Ozan et al.
(2015) stated in regeneration of maxillary bone in rats.
Another potential mechanism of RJ in enhancing bone
healing is associated with increase in TGF-§ production
(Koya-Miyata et al., 2002; Satomi et al., 2004). The CS-
BV and CS-RJ scaffolds showed superior biomechanical
and histological results than the other treatment strategies
including the autograft group, in the present study.
Improvement in biomechanical performance in the CS-
RJ group may be due to modulation of the inflammatory
phase in the early stages of recovery and also enhanced
proliferation and differentiation of the mesenchymal
cells in the wound site in the proliferative and maturation
phases of the healing process, which results in the earlier
use of the damaged limbs. This weight-bearing behavior
may increase the regeneration process and ultimately
strengthen the biomechanical function of the injured
limb.

The radiographic, histopathologic and biomechanical
findings indicated a marked improvement in quality and
quantity of the newly regenerated bone in the CS-BV and
CS-RJ treated groups compared to the untreated and CS
groups. Unfortunately, our study did not include in vitro
study for determining possible mechanisms or
compounds responsible in enhancing bone healing. The
CS scaffolds along with BV and RJ are possible choices
in healing of the critical radial bone defect, but certain
mechanisms in enhancing bone healing by these natural
substances needs to be widely investigated. Although
further studies and evidence are still needed for the safe
and uncomplicated use of these compounds, the results
of this study highlight the capability of CS-BV and CS-
RJ as potential alternatives and enhancers of bone graft
substitute materials.
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