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The combination of hydroxyapatite and the herbal extract ellagic acid is expected to accelerate the bone healing
process (osteogenesis) due to the extract’s anti-inflammatory and antioxidant properties. The osteogenesis
process is closely associated with angiogenesis markers, such as fibroblast growth factor 2 (FGF-2), vascular
endothelial growth factor (VEGF) and alkali phosphatase (ALP). The objective of this study is to analyse the
combination of ellagic acid and hydroxyapatite to promote FGF-2, VEGF and ALP expression as angiogenesis
markers in a bone defect model. The research sample comprised 30 male Wistar rats with a defect introduced on
the left femur; these were divided into three groups for treatment with ellagic acid and hydroxyapatite, hy-
droxyapatite and polyethylene glycol (PEG) (control). On days 7 and 14 days after treatment, the Wistar rats
were euthanised, and the femoral bone tissue was removed for the immunohistochemical analysis of FGF-2,
VEGF and ALP expression. FGF-2 and ALP expression increased in the group treated with ellagic acid and hy-
droxyapatite on days 7 and 14 post treatment (p < 0.05), and there was an increase in VEGF expression on day 7
post treatment (p < 0.05). The combination of ellagic acid and hydroxyapatite promoted FGF-2, VEGF and ALP
expression as angiogenesis markers in the bone defect model.

1. Introduction

advantages and disadvantages.®® Hydroxyapatite is a bovine-derived
xenograft and an inorganic material with the formula Cas(PO4)3(OH).

In the biomedical field, one of the problems caused by the increasing
trauma in dentistry is alveolar defects. This can be caused by several
factors, e.g. infection, tumours, surgery and the presence of congenital
abnormalities.' The healing process in alveolar bone and bone defects
involves interactions between osteoblasts, osteoclasts and osteocytes as
well as other factors, such as hormones, nutrients, growth factors and
inflammatory cytokines. In the process of bone healing (osteogenesis),
bone tissue undergoes a regeneration process in which new bone tissue
is formed.>

Bone graft material is used to overcome the problem in both alveolar
and bone defects. This material is divided into several types, namely,
autografts, allografts and xenografts, each with their respective

Recently, it has been widely studied in the biomedical field because it
has a mineral composition that is similar to that of bone and teeth. In
terms of properties, hydroxyapatite has the biological advantages of
biocompatibility, bio affinity, bioactivity, osteo-conduction, osteointe-
gration and osteo-induction. This material contains only calcium and
phosphate, so there is no local or systemic toxicity.°

Optimal osteogenesis can occur when there is a balance between
bone formation and bone resorption by osteoblasts, osteoclasts and os-
teocytes.” The first phase of the process is the inflaimmatory phase in
which monocyte cells differentiate into osteoclast cells, which play a
role in bone resorption.® However, the use of xenografts has a disad-
vantage in that they can cause an intense inflammatory reaction. Efforts
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to suppress inflammation so that it does not become chronic require
natural ingredients to be combined with hydroxyapatite to accelerate
the bone healing process. One natural ingredient that has been proven to
have this ability and is non-toxic is ellagic acid.”'® Ellagic acid can
reduce the expression of pro-inflammatory cytokines, including inter-
leukin 1§ (IL-1p), tumour necrosis factor (TNF) and interleukin 6 (IL-6).
Also, it inhibits the activation of nuclear factor kappa B (NF-kB) to in-
crease interleukin 10 (IL-10) and interleukin 4 (IL-4), which stimulates
the production of collagen and fibroblasts and triggers protein
synthesis.'' 13

Fibroblast growth factor-2 (FGF-2) is a potent mitogenic factor for
various cell types, including fibroblasts and osteoblasts. FGF-2 induces
the process of angiogenesis through autocrine and paracrine factors that
stimulate endothelial cell proliferation and migration along with the
expression of proteases, growth factors and integrins involved in
angiogenesis processes, which are important in the proliferative phase of
bone repair mechanisms.'®!'® Vascular endothelial growth factor
(VEGF) is stimulated by FGF-2 and plays a role in increasing the
expression of bone morphogenic protein 2 (BMP-2) and osteoblast dif-
ferentiation for the bone healing process.'® Additionally, the role of
VEGF increases the activity of alkaline phosphatase (ALP) in the bone
remodelling process, thereby increasing the mineralization of the
extracellular matrix.'”

Based on the above, it is necessary to research bone defect treatments
using a combination of ellagic acid and hydroxyapatite. The objective of
this study is to analyse the combination of ellagic acid and hydroxyap-
atite to promote FGF-2, VEGF and ALP expression as angiogenesis
markers in bone defects.

2. Materials and methods
2.1. Animals and ethical approval

The study was conducted on 30 healthy male Wistar rats (Rattus
novergicus) weighing 200-250 g. They were divided into three groups,
each containing five rats. The protocol of this research was approved by
the ethics committee at the Faculty of Dental Medicine at Airlangga
University (registration number: 360/HRECC.FDODM/VIII/2020).

3. Material and methods

This study used ellagic acid 90% (Xi’an Biof-Technology Co., Ltd.
China), hydroxyapatite (BATAN, Indonesia) and polyethylene glycol
(PEG, 202398, Sigma-Aldrich) in addition to antibody FGF-2 (recom-
binant anti-FGF2, rabbit monoclonal ab92337, Abcam), VEGF (anti-
VEGFA, rabbit polyclonal, ab46154, Abcam) and ALP (anti-ALP, mouse
polyclonal, ab67228, Abcam).

3.1. Preparation of ellagic acid and hydroxyapatite

This study used hydroxyapatite and ellagic acid with hydroxyapatite
in gel form. The hydroxyapatite gel was formed by mixing with poly-
ethylene glycol at a ratio of 1:0.25. The ellagic acid and hydroxyapatite
(ratio 97:3) gel was formed by mixing with polyethylene glycol at a ratio
of 1:0.25.°

3.2. Bone defect creation

The Wistar rats were acclimatised in individual cages for seven days.
They were given food and water and were fasted for 12 h before the
introduction of bone defects. The animals were anaesthetised with ke-
tamine hydrochloride (Ketalar, Warner Lambert, Ireland) (100 mg/kg/
body weight) and xylazine (X1126, Sigma-Aldrich) (4 mg/kg/body
weight).

A round bur (801G-018, Meisinger, Germany) was used to create
bone defects of 2 mm in diameter and 2 mm in depth on the lateral side
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of the left femur. The bone defects were irrigated with saline solution
during the procedure. After irrigation, each animal was treated as
described in Table 1. The treated bone defects were sutured with nylon
sutures (Nylus nylon nonabsorbable sutures, Lotus Surgical, India) and
were given the topical antibiotic gentamicin sulphate (2-4 mg/kg body
weight/24 h). Seven and 14 days after therapy, the animals were
euthanised for bone tissue biopsy.

3.3. FGF2, VEGF and ALP expression

Indirect immunohistochemical analysis was conducted by observing
the number of macrophages in the bone defect area expressing FGF-2
and VEGF. Additionally, ALP expression was conducted on osteoblasts.
Observations were made using a light microscope with x400 and x1000
magnification.

3.4. Statistical analysis

The data were analysed using the Shapiro-Wilk normality test, while
Levene’s test was used for homogeneity. One-way analysis of variance
and high significant difference tests were used to determine the differ-
ences in the expression of FGF-2, VEGF and ALP between the groups.

4. Result
4.1. FGF2 expression

FGF2 expression was observed to increase on days 7 and 14 (see
Fig. 1, Table 2). Observations on day 7 showed that the group treated
with ellagic acid and hydroxyapatite had higher FGF2 expression than
the group treated with hydroxyapatite and the control (p = 0.005 and p
= 0.000, respectively).

Observations on day 14 were similar to day 7; the group treated with
ellagic acid and hydroxyapatite had higher FGF2 expression than the
group treated with hydroxyapatite and the control (p = 0.019 and p =
0.000, respectively). The group treated with hydroxyapatite also
showed higher FGF2 expression compared with the control (p = 0.002).

4.2. VEGF expression

Higher VEGF expression was observed in the group treated with
ellagic acid and hydroxyapatite than in the group treated with hy-
droxyapatite and the control on day 7 (p = 0.049 and p = 0.001,
respectively) (see Fig. 2, Table 2).

VEGF expression was also higher in the group treated with ellagic
acid and hydroxyapatite than with the control on day 14 (p = 0.000).

4.3. ALP expression

Higher ALP expression was observed in the group treated with ellagic
acid and hydroxyapatite than in the group treated with hydroxyapatite
and the control on days 7 and 14 (p = 0.004, p = 0.000, p = 0.035 and p
= 0.000, respectively) (see Fig. 3, Table 2).

5. Discussion

Hydroxyapatite is an inorganic compound that is reported to support
the bone healing process because it has good osteoinduction and

Table 1
The animal distribution.
Group Treatment
A PEG gel (control)
B Hydroxyapatite gel
C Hydroxyapatite and ellagic acid gel
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14 days

HA-EA

X400 x1000

X460 x1000

Fig. 1. The FGF-2 expression in the bone defect. (A, B, C) observation after 7 days treatment. (D, E, F) observation after 14 days treatment.

Table 2
The expression of FGF-2, VEGF dan ALP.

Days Groups  Expression (Mean + SD)*

observation FGF-2 VEGF ALP

7 days A 2.60 + 0.897 4.80 + 1.487 4.60 + 1.34°
B 5.80 + 1.64° 7.20 + 2.05° 7.80 + 2.39"
C 10.40 + 1.67%"  11.80 + 2.59%  13.40 + 1.52%

b b

14 days A 6.40 + 2.07%° 8.00 + 2.247 7.80 + 1.317
B 11.40 + 1.14%¢ 12,40 + 2.70 11.40 + 3.36°
C 15.40 +2.70%>  15.80 + 2.78°

15.80 + 2.17%
b

c

SD = Standard deviation.
*Same character in each marker expression and each days means significant
different with Tukey HSD with significant value as p < 0.05.

osteoconduction properties'®

Ellagic acid has anti-inflammatory, antioxidant, antibacterial, anti-
viral and anti-allergic properties.'” This combination enhances the
properties of hydroxyapatite in bone remodelling through its
anti-inflammatory properties. It was shown that there was an increase in
the expression of FGF-2 and VEGF with this combination on days 7 and
14 post treatment. The mechanism involved ellagic acid as an
anti-oxidant, which inhibits reactive oxygen species or free radicals due
to stress conditions on osteoblast cells from trauma. The inhibition of

reactive oxygen species that causes the translocation of NF-kB to the
nucleus is also inhibited so that pro-inflammatory cytokines, such as
TNF-, IL-1, IL-8, and IL-6.7%% As an anti-inflammatory, ellagic acid,
which is a flavonoid compound, can also stimulate M2 phenotype
macrophages; this stimulates the release of IL-10, IL-4, VEGF, FGF-2,
BMP-2, TGF-p and PDGF to reduce inflammation and support the dif-
ferentiation of mesenchymal stem cells, resulting in an increase in
vascular tissue, fibroblasts and osteoblasts. Vascular tissue stimulates
the migration of mesenchymal stem cells to bone defect areas to provide
appropriate oxygen and nutrients. Fibroblasts and osteoblasts stimulate
the formation of collagen, which functions as bone matrix in the process
of osteogenesis.”* Research conducted by Ioyah et al. (2019) revealed
that ellagic acid derived from the skin of Garcinia mangostana L. also has
anti-inflammatory and antioxidant properties. Ellagic acid positively
increases and accelerates the bone healing process, which can be seen
from the reduction in the diameter of defects in the femur of rats.>
VEGF is a strong angiogenic factor that can stimulate and initiate the
function of endothelial cells to migrate, proliferate and differentiate to
increase the formation of new blood vessels. Clinically, this affects the
bone remodelling process.”® VEGF also initiates the process of angio-
genesis through neovascularization, thereby stimulating the migration
and recruitment of mesenchymal stem cells in the area around bone
defects. VEGF does not promote bone regeneration directly, but it in-
teracts synergistically with BMP-2 to trigger the recruitment of mesen-
chymal stem cells to the defect site and to induce osteoblast

14 days

HA-EA

X400 x1000

b i 3 . < P 4
5 g q e A il

x400 x1000

Fig. 2. The VEGF expression in the bone defect. (A, B, C) observation after 7 days treatment. (D, E, F) observation after 14 days treatment.
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Fig. 3. The ALP expression in the bone defect. (A, B, C) observation after 7 days treatment. (D, E, F) observation after 14 days treatment.

differentiation.'®

The significant VEGF expression in this study was observed only with
hydroxyapatite and ellagic acid on day 7 post treatment. This condition
arose because during bone regeneration, VEGF expression began to
appear on day 3 and reached its peak on days 5-10.?” In addition, on
days 7-9, which was the soft callus formation phase, the angiogenesis
process was stimulated by several growth factors, including VEGF, BMP,
TGF-f and FGF. VEGF expression played an important role at the
beginning of the angiogenesis process for endothelial migration and
proliferation in the formation of a strong blood vessel structure.” When
reaching the final phase of proliferation on day 14, the number of
macrophages decreased, and VEGF expression decreased accordingly.
The decrease in VEGF expression was also influenced by a decrease in
the number of blood vessels because on day 14, the blood vessels already
appeared to be stable.?%%®

In addition, VEGF also plays a role in the bone remodelling process
by inhibiting the apoptotic process of osteoblast cells and increasing the
activity of osteocalcin (OSC) and ALP. This results in the stimulation,
migration and proliferation of osteoblast cells and increases extracel-
lular matrix mineralization. This study also showed that ALP expression
increased after the administration of hydroxyapatite and ellagic acid on
days 7 and 14 post treatment.

ALP is an enzyme attached to the outer membrane of osteoblasts and
is the main regulator of bone mineralization. ALP is considered to be an
important biomarker for bone formation.?’ The ellagic acid and hy-
droxyapatite treatment produced an increase in ALP expression in the
bone defect on days 7 and 14. Previous studies have confirmed that the
combination of ellagic acid and hydroxyapatite can increase new bone
formation by increasing OSC, osteoprotegerin and osteoblasts while
decreasing the osteoclast activation receptor activator of the nuclear
factor kappa p ligand during bone defect healing on days 7 and 14.°
Ellagic acid showed a significant effect on increasing ALP expression.
This is because ellagic acid acts as an anti-inflammatory that can control
inflammation by reducing pro-inflammatory cytokines, including IL-18,
IL-6 and TNF-a, and inducing anti-inflammatory cytokines, such as
IL-10.°%*! IL-10 inhibits the formation of osteoclasts and increases
osteoblast differentiation.>

During bone formation, osteoblasts form type-I collagen and pro-
teoglycans as bone matrix (osteoid) and secrete large amounts of ALP.
The role of ALP in mineralization is to prepare an alkaline atmosphere in
the formed osteoid tissue so that calcium can be deposited easily. In
addition, ALP can break down phosphate bonds into free phosphate ions
that will react with calcium ions to form calcium-phosphate bonds in
the form of hydroxyapatite crystals. The formed hydroxyapatite crystals
then settle or are buried in the bones and accelerate bone calcification in
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the mineralization process. ALP secretion decreases if the osteoid
mineralization process has been completed. Therefore, it can be
concluded that if there is an increase in ALP, then bone calcification
during the mineralization phase for new bone formation occurs faster,
and healing of the bone defects occurs.

As an anti-inflammatory, ellagic acid can also help the function of
VEGF in endothelial cells to increase and accelerate the vascularization
process.>> The application of hydroxyapatite can promote endothelial
cell proliferation and maintain the morphology and biochemistry
related to endothelial cell function. In other conditions, the application
of hydroxyapatite with osteoconductive properties induces the growth
of new blood vessels and induces mesenchymal stem cells to proliferate
and differentiate into osteoblasts; this facilitates osteoblast migration at
the surface, which accelerates the bone healing process.>* The pore
structure in hydroxyapatite is an important aspect related to pore
interconnectivity because interconnected pores increase blood vessel
vascularity, which increases the supply of oxygen and nutrients.>
Additionally, hydroxyapatite can induce the angiogenesis process by
increasing VEGF expression and enhancing the bone healing process.
The presence of calcium and phosphorus ions in hydroxyapatite can
induce osteoblast differentiation.*®

6. Conclusion

This study used a combination of ellagic acid and hydroxyapatite to
promote FGF-2, VEGF and ALP expression as angiogenesis markers in a
bone defect model. These three markers are the main markers in
angiogenesis which are the main determinants of bone regeneration.
The use of this combination of ingredients promises to be used after
tooth extraction to prevent bone damage and regenerate bone tissue.
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