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مظعلادمتعي.ةجرحةيكينيلكإماظعةلكشمماظعلامائتلالظي:ثحبلافادهأ
قيضيناكموينمزطابتراىلعريبكلكشبةيئاعوةجسنأنعةرابعوهيذلا
غلابرمأةيومدلاةيعولأانيوكتنإف،يلاتلابو.ماظعلاايلاخوةيومدلاةيعولأانيب
ةساردلاهذهنمضرغلاناك.ماظعلارسكءافشويمظعلالكيهلاومنلةيمهلأا

قلخملانيتوربلالثممظعللةنوكملالماوعلليعضوملاقيبطتلاةيلاعفمييقتوه
ةيلمعيفيمظعزفحمكامهنيبعمجلاو،1نيتيوبويجنألثمةيعولألو9ماظعلل
.ماظعلامائتلا

يتلا،ءاضيبلاناذرجلاروكذنمنيعبرأوةينامثمادختسامت:ثحبلاقرط
يفرهشأ8ىلإ6نممهرامعأحوارتتومارج400و300نيباهنزوحوارتي
مظعنميسنلإابناجلايفةيحارجةيلمعلتاناويحلاتعضخ.ةساردلاهذه
ايلحمصاصتملالةلباقئقرمةجنفسإقيبطتمت،ةطباضلاةعومجملايف.ةبصقلا

يف.تاعومجمثلاثىلإةيبيرجتلاتاعومجملالصفمتامنيب،ماظعلابيعىلع
،ايلحم9ماظعللقلخملانيتوربلانممجم1قيبطتمت،ىلولأاةعومجملا
ةعومجملاتجلوعو،1نيتيوبويجنأنممجم1ـبةيناثلاةعومجملاتجلوعو
مجم0.5و9ماظعللقلخملانيتوربلانممجم0.5(يلحمجيزممادختسابةثلاثلا
ةلباقةئقرمةجنفسإبةيبيرجتلاتاعومجملاعيمجحلاصإمت.)1نيتيوبويجنأنم
.ةحارجلادعب28مويلاو14مويلايفنارئفلابةيحضتلامت.صاصتملال

،هدحو1نيتيوبويجنأ،9ماظعللقلخملانيتوربلاـليعضوملاقيبطتلا:جئاتنلا
ةدايزوةيمظعلاةجسنلأانيوكتىلإيدؤيقاسلاةبصقيفبيععمامهفيلوتو
ماظعلاددعيفيجيردتضافخناظحول.ظوحلملكشبةيمظعلاايلاخلاددع
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عاخنةقطنميفريبكقرفدوجومدعو،قيبرتلاةقطنميفةدايزو،ةيقيبرتلا
.مظعلا

هل1نيتيوبويجنأو9ماظعللقلخملانيتوربلانيبعمجلانإ:تاجاتنتسلاا
ماظعلانوكتميظنتمتي.ماظعلابويعمائتلاةيلمعزيزعتيفةيجلاعتاناكمإ
هذهلمعت.1نيتيوبويجنأو9ماظعللقلخملانيتوربلاةطساوبةيعولأانيوكتو
ىلعنيلماعيأنمةءافكرثكألكشبماظعلاديدجتةيلمععيرستلاعًملماوعلا

.ةدح

؛9ماظعللقلخملانيتوربلا؛1نيتيوبويجنأ؛ةيعولأادلوت:ةيحاتفملاتاملكلا
مظعلانوكت

Abstract

Objectives: Bone healing remains a critical clinical or-

thopedic problem. Bone, which is a greatly vascularized

tissue, depends on the tight temporal and spatial link

between blood vessels and bone cells. Thus, angiogenesis

is crucial for skeletal growth and bone fracture healing.

The purpose of this study was to evaluate the efficacy of

the local application of osteogenic and angiogenic factors

such as bone morphogenetic protein 9 (BMP9) and

angiopoietin 1 (Ang1), respectively, and their combina-

tion as an osteoinducer in the process of bone healing.

Methods: Forty-eight male albino rats, weighing 300

e400 g and aged 6e8 months, were utilized in this study.

The animals underwent surgery on the medial side of the

tibia bone. In the control group, an absorbable hemo-

static sponge was locally applied to the bone defect, while

experimental groups were separated into three groups. In

Group I, 1 mg BMP9 was locally applied, Group II was

treated with 1 mg Ang1, and Group III was treated with
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local application of a combination (0.5 mg BMP9 and

0.5 mg Ang1). All experimental groups were fixed with an

absorbable hemostatic sponge. The rats were sacrificed

on days 14 and 28 after surgery.

Results: Local application of BMP9 alone, Ang1 alone,

and their combination to a tibia defect caused osteoid tissue

formation and significantly increased the number of bone

cells. A gradual decrease in the number of trabecular bone,

an increase in trabecular area, and no significant difference

in the bone marrow area were noted.

Conclusion: The combination of BMP9 and Ang1 has

therapeutic potential in promoting the healing process of

bone defects. Osteogenesis and angiogenesis are regulated

by BMP9 and Ang1. These factors act together to

accelerate bone regeneration more efficiently than either

factor alone.

Keywords: Angiogenesis; Angiopoietin 1; Bone morphoge-

netic protein 9; Osteogenesis

� 2023 The Authors. Published by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Bones are solid organs that constitute a part of the endo-

skeleton of vertebrates. They supply protection and support
to various organs of the body, in addition to the formation of
red andwhite blood cells and the deposit of minerals.1 Bone is
composed of osteoblasts and osteocytes, which serve as

support cells; osteoclasts, which are responsible for
remodeling the bone; and a non-mineralized matrix of
collagen and non-collagenous proteins named osteoid. The

matrix also has inorganic mineral salts deposited within.
Production of the bonematrix and subsequentmineralization
of that matrix are carried out by the osteoblasts, which

develop from mesenchymal stem cells of the bone marrow
stroma.2 The periosteal rupture causes a hematoma at the site
of bone damage.3 Local vascular thrombosis causes bone

necrosis around the fracture borders. Increased permeability
of the capillary causes a local inflammatory callus to
develop on the periphery of the injury (intramembranous
ossification initiated by preosteoblasts).4 In the middle of

the fracture site, an intramedullary callus occurs. Callus
development and mineralization are enhanced by chemical
and mechanical factors.5 The medullary cavity is restored as

woven bone, which is ultimately converted to lamellar bone.6

Osteogenesis and angiogenesis work together to promote
bone formation and regeneration. Bone morphogenetic

proteins (BMPs) may contribute significantly to the devel-
opment of bone and cartilage, as well as the healing of
fractures and the repair of other musculoskeletal tissues.7

BMP9 is a protein encoded by the growth differentiation

factor 2 (GDF2) gene in humans.8 In vivo, GDF2 is one of
the most effective BMPs for orthotropic bone growth.9

BMP9 is thought to be the strongest osteoinducer of the

numerous recombinant BMPs, and it may help osteogenic
differentiation of bone marrow-derived mesenchymal stem
cells in vitro and in vivo.5,10 The ability of BMP9 to induce

bone formation was established for the repair of critical-
sized cranial lesions and compatibility with bone-inducing
bioimplants.11 Furthermore, BMP9 has a wide range of
biological roles including neurogenesis, tumorigenesis,

angiogenesis, metabolism, and osteogenic activity.12

Angiopoietin 1 (Ang1) protein is an oligomer that belongs
to theAng family of growth factors. TheAng family (Ang1e4)
is essential for controlling both pathological and physiological
angiogenesis.13 Angs play a key role in the formation of blood
vessels.14 Angs all bind to the same tyrosine kinase receptor

found in endothelial cells, and are important for managing
bilateral interactions between the endothelium and the matrix
and surrounding mesenchyme.15 Angs also help in the
maturity and stability of blood vessels, and may play a role in

early development of the heart.16 Ang1 has many effects on
adult vascular systems including promoting vessel survival,
preventing vascular leakage, and suppressing the expression

of inflammatory genes. Therefore, it is no surprise that this
ligand is being evaluated in preclinical trials and has promise
for therapeutic usage in a variety of diseases such as stroke,

sepsis, diabetic retinopathy, and transplant arteriosclerosis.17

Ang1 induces vascular remodeling and angiogenesis in
addition to promoting vessel stability and has been linked to

pulmonary hypertension. These therapeutic uses may need
measures to reduce the risk of possible negative consequences
while increasing vessel-protective outcomes.18

An absorbable hemostatic sponge is prepared from spe-

cial neutral purified gelatin foam with a homogenous tiny
porosity that provides proper hemostasis.19 When blood
comes into contact with the matrix of the sponge, the

gelatin sponge stimulates the thrombocytes. This induces
the thrombocytes to release a substance that stimulates
their aggregation while also altering the characteristic of

their surface, enabling them to behave like a catalyst for
the synthesis of fibrin.20 The absorbable gelatin sponge is
100% biodegradable. In 2e4 min, it becomes hemostatic.

It has a neutral pH and when it comes into contact with
the mucosa, and liquefies in 2e5 days. It absorbs 35 times
its weight in fluids and blood, is compatible with
medications, and has a 4-year lifespan.

Many studies have demonstrated that the interaction of
angiogenic and osteogenic factors can promote bone regen-
eration and repair. Therefore, the ability to provide a com-

bination of growth factors locally could improve the repair
process of critical-sized bone lesions, simulating the cir-
cumstances of in vivo bone healing. Thus, the aim of this

study was to assess the effects of these treatments on the
tissue structure of the tibia and to investigate whether these

http://creativecommons.org/licenses/by-nc-nd/4.0/
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treatments play a vital role as an osteoinducer in the process
of bone healing in albino rats.

Materials and Methods

Experimental design and surgical procedure

All experimental procedures were applied in agreement
with the ethical principles of animal experimentation with
ethical approval granted by the University of Baghdad

(Reference No. 583; Baghdad, Iraq). Forty-eight male
Albino rats, weighing 300e400 g and aged 6e8 months,
originating from the University of Baghdad, were used in this

study. During the experimental period, the rats were housed
in a plastic cage under standard laboratory conditions of 13/
11 h light/dark cycles. The rats were fed with commercial
food bits and distilled water. The rats were randomly divided

into eight groups, with six rats per group.
The rats had a surgical procedure on the medial side of the

tibia. The procedure was carried out in sterile conditions

using a gentle method. The dose of general anesthetic
administered to each rat was calculated depending on its
weight. To induce general anesthesia, intramuscular in-

jections of 2% xylazine (0.4 mg/kg body weight) and 50 mg
ketamine hydrochloride (40 mg/kg body weight) were used.
Furthermore, an antibiotic of 20% oxytetracycline (0.7 mL/
kg) intramuscular injection was provided. The tibiae were

shaved, and the skin was washed with ethanol and iodine
solution. The skin and fascia flap were reflected after creating
an incision. A hole of 1.8 mm was drilled with a small round

bur at a rotary speed of 1500 rpm using instrument drilling
and constant cooling with watered saline. Following hole
preparation, saline solution was used to clean the operation

site to eliminate debris from the drilling site, and the region
was air-dried. In the control group, an absorbable hemo-
static sponge (Gelfoam sponge; Abcam, Cambridge, UK)

was locally applied to the bone defect, whereas the experi-
mental groups were divided into three groups (six rats for
each period in each group). In the first group, 1 mg BMP9
(Abcam) was applied locally, the second group was treated

with local application of 1 mg Ang1 (Abcam), and the third
group was treated with a combination of 0.5 mg BMP9 and
0.5 mg Ang1. The muscles were sutured using absorbable

catgut, and the skin was sutured. The absorbable hemostatic
sponge (Gelfoam) was used to repair each experimental
group. On days 14 and 28 after surgery, the rats were sacri-

ficed to assess the effects of BMP9, Ang1, and their combi-
nation on the histological changes and number of
osteoblasts, osteocytes, osteoclasts, trabecular number (TN),
trabecular area (TA), and bone marrow area (BMA) of the

tibiae bone.

Histological examination

Tissue specimens were fixed immediately for 3 days in
10% freshly prepared formalin, and then were decalcified in
a formic acid-sodium citrate solution made from two sepa-

rate solutions (125 ccs of 90% formic acid and 125 ccs
distilled water; 50 mg sodium citrate and 250 ccs distilled
water). The decalcification solution was replaced every 3e4
days, and the specimens were examined regularly with a tiny
needle. Decalcification occurred when the needle was entered
the specimen unchallenged. To eliminate the remaining acid,

the specimens were rinsed in running water for 30 min.21

The specimens underwent a routine tissue processing
procedure. Histological examination of the prepared speci-

mens was carried out with a light microscope at 40�
magnification. Microscopically, images were analyzed with
Image J software (NIH, Bethesda, MD, USA) to determine

the trabecular bone area and BMA, whereas the number of
osteoblasts, osteocytes, osteoclasts, and the TN were histo-
logically calculated in four fields of view under a light
microscope at 40�magnification. An experienced histologist

conducted the histological assessment, who was blind to the
grouping to avoid any bias.

Statistical analyses

Statistical analyses were carried out to evaluate the effects
of using BMP9 and Ang1 protein separately and in combi-

nation on bone healing in rats. The data are presented as the
mean and standard deviation. In the statistical analyses, the
experimental values were compared to the control. Data

were analyzed by GraphPad Prism (version 9; GraphPad
software, LLC, Boston, MA, USA) using two-way analysis
of variance with Tukey’s multiple comparison post-hoc test.
P < 0.05 was considered statistically significant.

Results

Histological examination of the tibia-operating site

Histological examination of the tibiae-operating site on
days 14 and 28 of treatment with BMP9 and Ang1 alone, and
the combination (BMP9 þ Ang1) in addition to the control

group is presented in Figure 1.
On day 14, histological examination of the tibiae-

operating site of the control group showed new immature

trabeculated bone occupied by a large number of irregularly
arranged osteoblasts and osteocytes at the peripheries of the
trabeculae as shown in Figure 1A. Rats treated with BMP9,
Ang1 alone, and the combination (BMP9 þ Ang1) showed

newly formed bone trabeculae surrounding areas of the
bone marrow, including several osteoblasts and osteocytes
at the peripheries. Moreover, osteoclast and reversal lines

were observed between old and new bone (Figure 1BeD).
On day 28, histological investigation of the tibiae-

operating site of the control group showed that mature

bone, including osteoblasts and osteocytes, almost filled
the operating site (Figure 1E). Rats treated with BMP9
showed mature bone filling the defected area, which was

characterized by the existence of osteon (haversian system)
with consistent arrangement of osteocytes around the canal
of the haversian system. Osteoblasts also lined the border
of the haversian canals, as shown in Figure 1F. Rats

treated with Ang1 showed arrangement of osteocytes in a
consistent pattern around the haversian canal within dense
bone in the defected site. As shown in Figure 1G,

osteoblasts were seen at the borders of the bone. Again,
rats treated with the combination of BMP9 þ Ang1
showed mature bone filling the defected area, which

was characterized by the existence of osteon with regularly



Figure 1: Histological images of the tibia bone-operating site under a light microscope (hematoxylin and eosin, 40�) on days 14 and 28.

(A, E) control group (B, F) group treated with bone morphogenetic protein 9 (BMP9), (C, G) group treated with angiopoietin 1 protein

(Ang1), and (D, H) group treated with the combination of BMP9 þ Ang1.
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distributed osteocytes around the haversian canal.

Osteoblasts also lined the border of the haversian canals
(Figure 1H).

Histomorphometric analyses of the tibia-operating site

Number of osteoblasts

On day 14, descriptive analyses of the number of osteo-
blasts showed a significant increase in the number of
osteoblasts in all experimental groups compared with the

control group. The highest number of osteoblasts
(17.33 � 1.03) was counted in the combined treatment
(BMP9 þ Ang1) group, while the lowest number

(17.10 � 1.12) was found in rats treated with BMP9 alone.
However, on day 28, non-significant differences in the
number of osteoblasts were found between the groups

treated with BMP9 and Ang1 and the control group, while a
significant decrease was noted in the number of osteoblasts in



Figure 2: Histomorphometric analyses of the number of (A) osteoblasts, (B) osteocytes, and (C) osteoclasts in the tibiae bone of albino

rats on days 14 and 28 of treatment with bone morphogenetic protein 9 (BMP9), angiopoietin 1 (Ang1), and the combination of

BMP9 þ Ang1, and a control group treated with a hemostatic sponge. P < 0.05 indicated a significant difference.

Effects of BMP9 and Ang1 on bone healing958
rats treated with the combination (BMP9þAng1) compared
with the control group (Figure 2A, Table 1).

Number of osteocytes

On days 14 and 28, statistically significant differences
were seen in the number of osteocytes between all of the
treated groups and the control group. This number was
significantly increased from 9.83 � 1.16 and 7.66 � 0.81 for

the control group to the highest values of 16.83 � 0.75 and
13.33 � 0.81 for the combination group on days 14 and 28,
respectively. Furthermore, on day 14, there were significant

differences between the combination group and groups
treated with BMP9 and Ang1 protein alone, whereas on day
28, a significant difference was noted between rats treated

with BMP9 alone and rats treated with a combination of
BMP9 þ Ang1 (Figure 2B, Table 1).

Number of osteoclasts

On day 14, a statistically significant increase was found in

the number of osteoclasts in the BNP9-treated group
(1.75 � 0.61) compared with the control group (0.41 � 0.49).
However, a non-significant difference was seen between the

groups treated with Ang1 (1.16 � 0.40) and the combination
group (1.16 � 0.40) and the control group. On day 28,
however, osteoclast count significantly increased from
0.66 � 0.51 in the control group to 2.0 � 0.63, 2.16 � 0.75,

and 2.66 � 0.51 in the BMP9, Ang1, and combination
groups, respectively (Figure 2C, Table 1).
Trabecular number (TN)

Histological investigation of the tibiae bone-operating site
in the treated rats showed a general decrease in TN compared

with the control group as shown in Figure 3A andTable 2. On
day 14, maximumTN (16.00� 0.89) was found in the control
group, whereas the rats treated with a combination of BMP9

andAng1had aminimumTN (10.00� 0.89).Moreover, there
were significant differences between the combination group
(10.00 � 0.89) and the groups treated with BMP9

(14.00 � 0.89) and Ang1 (13.00 � 0.89), as shown in
Table 2. On day 28, a statistically significant decrease was
found in TN between the treated groups and the control
group. This number significantly declined from 16.00 � 0.89

for the control group to 14.00 � 0.89 for BMP9,
13.00 � 0.89 for Ang1, and 9.33 � 0.51 for the combined
group. Furthermore, a significant difference was noted

between the BMP9 (14.00 � 0.89) and Ang1 (13.00 � 0.89)
groups and the combination group (9.33 � 0.51) as shown
in Figure 3A and Table 2.

Trabecular area (TA)

The influence of different treatments on TA in the tibiae-
operating site of the rats is shown in Figure 3B and Table 2.
On day 14, the TA significantly increased only in rats treated

with BMP9 (4.16 � 0.40) and the combination (3.50 � 0.54)
compared to the control group (1.75 � 0.05). Furthermore,
significant differences between BMP9- and Ang1-treated
groups as well as between Ang1-and combination-treated



Table 1: Mean values of the number of osteoblasts, osteocytes,

and osteoclasts in the tibiae bone of albino rats on days 14 and

28 of the experimental groups treated with bone morphogenetic

protein 9 (BMP9), angiopoietin 1 (Ang1), and the combination

of BMP9 D Ang1, and a control group treated with a hemo-

static sponge.

Bone cells Duration Groups Descriptive statistics

Mean S.D Min Max

Osteoblasts 14 days Control 9.33a 0.81 9.00 11.00

BMP9 17.10b,c 1.12 16.00 19.00

Ang1 16.50b 0.54 16.00 17.00

Combination 17.33b,c 1.03 16.00 19.00

Osteoblasts 28 days Control 9.50a 1.04 8.00 11.00

BMP9 8.33a,c 0.51 8.00 9.00

Ang1 8.00a 0.63 7.00 9.00

Combination 6.83b,c 1.16 6.00 9.00

Osteocytes 14 days Control 9.83a 1.16 8.00 11.00

BMP9 14.66b 1.36 13.00 15.00

Ang1 13.50b 1.04 12.00 15.00

Combination 16.83b 0.75 16.00 18.00

Osteocytes 28 days Control 7.66a 0.81 7.00 9.00

BMP9 10.83b 0.75 10.00 12.00

Ang1 11.66b 1.03 10.00 13.00

Combination 13.33b 0.81 12.00 14.00

Osteoclasts 14 days Control 0.41a 0.49 0.5 1.00

BMP9 1.75b 0.61 1.00 2.5

Ang1 1.16a 0.40 1.00 2.00

Combination 1.16a 0.40 1.00 2.00

Osteoclasts 28 days Control 0.66a 0.51 0.00 1.00

BMP9 2.00b 0.63 1.00 3.00

Ang1 2.16b 0.75 1.00 3.00

Combination 2.66b 0.51 2.00 3.00

a-c Different letters show statistically significant differences

(P < 0.05).
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groups were observed. On day 28, Figure 3B demonstrates
statistically significant differences between the control

group and the treated groups. This area significantly
increased gradually from 1.75 � 0.05 for the control group,
to 3.00 � 0.63 for BMP9 and 2.66 � 0.51 for Ang1, to

reach the highest value of 3.66 � 0.51 for the combination
group. In addition, a statistically significant difference
between Ang1-and combination-treated groups was found

(Table 2).

Bone marrow area (BMA)

The effects of three types of treatment on the BMA on
days 14 and 28 are shown in Figure 3C and Table 2, where

the treated groups did not significantly differ from the
control group.

Discussion

A balance between bone formation by osteoblasts, which
are from mesenchymal stem cells, and bone resorption by

osteoclasts, which are from hematopoietic stem cells, con-
trols bone volume. In general, mesenchymal cell recruitment,
proliferation, differentiation, and secretion of the extracel-

lular matrix (ECM) and biomineralization are the stages
involved in hard tissue formation.22,23 During all phases of
bone fracture healing including formation of cartilaginous
callus, callus remodeling, and bony bridging of the fracture

space, the ECM offers cell migration, structural support,
cell proliferation, and differentiation signals.24 Bones have
numerous blood vessels, and bleeding occurs once a bone is

fractured. Around the bone fracture, blood clots form,
which is known as a hematoma, and it includes a protein
meshwork that acts as a plug which temporarily closes the

hole left by the fracture.25 Then the immune system
mobilizes to control inflammation, a crucial step in the
healing process.26 In response to the immune system’s
signal, stem cells from the blood, bone marrow, and

surrounding tissues migrate toward the fracture. These
stem cells initiate the formation pathways of cartilage and
bone, which together enable bone healing.27 While most

fractures mend quickly and without leaving scars, fracture
healing may occasionally be slowed down or results in a
non-union consequence.28 Delayed or unsuccessful fracture

treatment results in higher medical expenses, more
operations, and a longer recovery period, all of which are
linked to higher death rates in older populations.29 Thus,
the current study determined the effects of BMP9, Ang1,

and the combination (BMP9þAng1) on bone healing
through histological and histomorphometric analyses.

In this study, general histological findings showed that all

histological sections showed good healing in both the control
and experimental groups, but with differences in the rate of
bone deposition and remodeling. On day 14, rats treated with

BMP9, Ang1 alone, or the combination had newly formed
bone trabeculae in which lacunae containing osteocytes were
scattered and osteoblasts rimmed their trabecular borders.

These results are in agreement with previous studies, which
demonstrated that the irregular region was occupied by deli-
cate and interwoven bone trabeculae 14 days after surgery,
where the newly formed trabeculae contained substantial

osteocytes and were encompassed by cuboid osteoblasts in all
cases.30,31 On day 28, the results obtained from the BMP9,
Ang1, and combination groups showed that mature bone

filled the defected region and was distinguished by the
presence of osteon and consistent arrangement of osteocytes
alongside the haversian canal. Along the edge of the

haversian canals, osteoblasts were also detected. In normal
bone healing, vascular tissue growth occurs before bone
formation. Angiogenesis is first stimulated by Ang1, and

then bone formation is supported by BMP9. The results in
this study are in agreement with the findings by Beederman
et al.9 (2013), who showed that BMP9 was the most
osteoinductive of the various forms of recombinant BMPs,

and may improve in vitro and in vivo osteogenic
differentiation of bone mesenchymal stem cells.9 BMPs are
considered osteoinductive due to their ability to transform

connective tissue into bone tissue. They induce stem cells to
differentiate into various cell types (adipose tissue, cartilage,
and bone). They are extremely prevalent in the bone tissue

and help to create bone and cartilage during embryogenesis.
They are thought to prevent osteoclast formation in
addition to stimulating osteogenesis, and greatly stimulate
osteoblastic differentiation.2,10 BMP9 induces Smad

signaling pathways and stimulates Runt-related transcrip-
tion factor 2 expression.32 BMP9 enhances the production of
mineralized nodules, increases the activity of alkaline

phosphatase and osteogenic-associated gene expression to



Figure 3: Histomorphometric analyses of (A) the number of trabeculae, (A) area of trabeculae, and (C) bone marrow area in the tibiae of

albino rats on days 14 and 28 of treatment with bone morphogenic protein 9 (BMP9), angiopoietin 1 (Ang1), and the combination of

BMP9 þ Ang1, and a control group treated with a hemostatic sponge. P < 0.05 indicated a significant difference.
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encourage the regeneration of bone and joints.33

Additionally, BMP9 upregulates b-catenin protein levels,
stimulates the Wnt/b catenin signaling pathway, and
enhances bone healing.34

Bone is highly vascularized; hence, angiogenesis is
thought to be a crucial stage in the process of bone repair.
Newly created blood vessels contribute to the process of bone
healing by supplying nutrients, transporting large molecules,

allowing cells to aggregate, and maintaining the ideal meta-
bolic environment. Ang1 has been linked to vessel remodel-
ing and protection.10 Ang1 has the ability to inhibit

apoptosis and stimulate migration of endothelial cells.
Ang1 binds and transmits signals via Tie2 receptor tyrosine
kinase. The quiescence of hematopoietic stem cells in the

bone marrow niche is controlled by Tie2/Ang1 signaling.17

Quantitative analyses are crucial for studies that attempt
to evaluate the efficacy of new therapeutic approaches for

bone osteogenesis and angiogenesis. Therefore, histo-
morphometric analyses were carried out to detect the pres-
ence of bone in the defected area. Osteoblasts, osteocytes,
and osteoclasts are the primary agents of bone resorption

and production.35 This study illustrated that treatment with
a combination of BMP9 þ Ang1 significantly decreased the
number of osteoblasts while significantly increasing the

number of osteocytes and osteoclasts on day 28 after
operation compared with the control group. Osteoblasts
play a key role in the development of new mineralized

tissues, comprising vascular endothelium and autonomic or
sensory neurons throughout the subsequent stages of bone
creation and rehabilitation.36 This result may be explained

by the fact that cell counting revealed that most of the
surviving osteoblasts settled on the bone defect site because
woven bone is formed and matured. The majority of
osteoblasts that generate the bone become stuck inside the

matrix and are referred to as osteocytes, which eventually
stop secreting osteoid.2 In a previous study conducted by
Monfoulet et al.,37 the authors created a drilled hole

transcortical bone defect in the mid-diaphysis of the mouse
femur and found that after 2 weeks, immature bone kept
accumulating in the drilled hole and the cavity was filled with

mature lamellar cortical bone after 4 weeks.
Neovascularization is crucial for the repair of bone de-

fects and fractures.38 It was clear from the results that the

TN was significantly decreased in all treated groups, which
enclosed newly formed bone marrow compared with
the control group. Our results are in accordance with
those of Toru et al.,23 who found that osteogenesis

and angiogenesis were stimulated by Ang1, which is
expressed by osteoblasts. While for the combination group,
a significant decrease was found in the number of bone

trabeculae surrounding the haversian canals with a
decreasing BMA, which indicated the formation of new



Table 2: Mean values of the number of trabeculae, trabecular

area, and area of bone marrow in the tibiae bone of albino rats

on days 14 and 28 of experimental groups treated with bone

morphogenic protein 9 (BMP9), angiopoietin 1 (Ang1), and the

combination of BMP9 D Ang1, and a control group treated

with a hemostatic sponge.

Duration Groups Descriptive statistics

Mean SD Min Max

Trabecular

number

14 days Control 16.00a 0.89 15.00 17.00

BMP9 14.00b,c 0.89 13.00 15.00

Ang1 13.00b,c 0.89 12.00 14.00

Combination 10.00b,c 0.89 9.00 11.00

Trabecular

number

28 days Control 16.00a 0.89 15.00 17.00

BMP9 14.00b,c 0.89 13.00 15.00

Ang1 13.00b,c 0.89 12.00 14.00

Combination 9.33b,c 0.51 9.00 10.00

Trabecular

area

14 days Control 1.75a 0.10 1.60 1.90

BMP9 4.16b,c 0.40 4.00 5.00

Ang1 2.50a,c 0.54 2.00 3.00

Combination 3.50b,c 0.54 3.00 4.00

Trabecular

area

28 days Control 1.75a 0.05 1.70 1.80

BMP9 3.00b 0.63 2.00 4.00

Ang1 2.66b,c 0.51 2.00 3.00

Combination 3.66b,c 0.51 3.00 4.00

Bone marrow

area

14 days Control 1.66a 0.51 1.00 2.00

BMP9 1.50a 0.54 1.00 2.00

Ang1 1.66a 0.51 1.00 2.00

Combination 1.45a 0.35 1.00 1.90

Bone marrow

area

28 days Control 1.66a 0.51 1.00 2.00

BMP9 1.50a 0.54 1.00 2.00

Ang1 1.33a 0.51 1.00 2.00

Combination 1.33a 0.24 1.00 1.70

a-c Different letters show statistically significant differences

(P < 0.05).
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bone compared with the control group. This was due to
BMP9’s potent angiogenesis and remodeling of bone
marrow stem cells that differentiate into osteoblasts when
combined with Ang1.

The trabecular bone area recorded in this study was
significantly increased in all treated groups compared with
the control group and was more clearly observed in the

combination group after 4 weeks. A previous study suggested
that the process of bone repair occurs at the same level as the
progression of bone maturation, and the TA values in the

experimental groups were higher than those in the control
group.39

The results of this study showed that the BMA decreased

in the treated groups compared with the control group on
days 14 and 28. However, this decrease was statistically non-
significant, and the lowest values were observed in the
combination group, indicating increased density and matu-

rity of the bone that filled the defected site. This finding could
be explained according to the outcomes of a previous study
conducted by Tera et al.,40 who showed that osteoblast
precursors proliferate and differentiate into osteoblasts,
which occupy the resorption area and start to produce new

bone by releasing osteoid, which is ultimately mineralized.
Despite these promising consequences, future studies are
necessary to expand the understanding of mechanisms

associated with induced bone healing. In addition, more
investigations are needed to determine the effectiveness and
safety of administering BMP9 and Ang1 to large animals

and humans.

Conclusion

In conclusion, osteogenesis and angiogenesis work
together to produce and repair bones. The results obtained in
this study showed that the combination of BMP9 and Ang1

has therapeutic potential in promoting the healing process of
bone defects. These factors act together to accelerate bone
regeneration more efficiently than either factor alone.
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