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Objective Ellagic acid (EA), a phenolic antioxidant, has benefits in bone health and
wound healing. The combination of EA and hydroxyapatite (HA) (EA-HA) is expected
to increase osteogenesis. The aim of this study was to analyze osteogenesis after appli-
cation of EA-HA according to the number of osteoblasts and osteoclasts in the bone
and the expression of the receptor activator of nuclear factor kappa-B ligand (RANKL),
osteoprotegerin (OPG), and osteocalcin (OCN) protein.

Materials and Methods Thirty Wistar rats were assessed with bone defects created
in the left femur. The defects were filled with EA-HA and then sutured. Control groups
were filled with polyethylene glycol (PEG) or HA. Each group was sacrificed either 7 or
14 days after treatment.

Results The defects filled with EA-HA exhibited the highest number of osteoblasts
and the greatest expression of OPG and OCN at both day 7 and day 14 (p = 0.000).
Conversely, treatment with EA-HA resulted in lower numbers of osteoclasts and
reduced RANKL staining at both time points (p = 0.000).

= RANKL
= OPG

Conclusions

Introduction

As periodontal diseases progress, excess bone resorption can
result in bone defects. Periodontal bone defects are highly
prevalent in Indonesia, where the incidence has increased
throughout the last decade.? According to data from Riset
Kesehatan Dasar, the prevalence of this disease in 2007 was
23.4%. This increased to 25.9% in 2013 and the most recent
data in 2018 reports a prevalence of 57.6%. This is similar
to the United States, where 50% of the adult population suf-
fer bone resorption as periodontal diseases progress. The
Indonesian Ministry of Health Survey in 2011 stated that
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EA-HA can increase osteogenesis in bone defects by increasing the
number of osteoblasts and the expression of OPG and OCN.

bone defects and periodontal disease account for 60% of oral
health problems in Indonesia.

The progression of bone defects into the alveolar bone can
necessitate the wearing of complete dentures, especially if
the defect is in the mandibular region of the anterior region,
which is four times more common than in the alveolar bone
of the maxilla.? The most commonly used therapy, especially
in cases of large bone defect, is to use a bone graft. This graft
can be either an autograft, an allograft, or a xenograft.* The
most common source for a xenograft, which is a graft taken
from another species, is bovine bone, which is then pro-
cessed until pure hydroxyapatite (HA) mineral is obtained.
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This material is a good osteoconductor, with ratios of cal-
cium and phosphate that are suitable for use in humans.>’"HA
is one of the materials commonly used for bone grafts and is
easily obtained from bones, teeth, or natural minerals. HA is
an inorganic compound found in human bones and teeth. In
fact, almost 95% of tooth enamel is HA in the form of cal-
cium HA crystals.® Therefore, HA can be used in the form of a
graft or inert scaffold for bone healing because its chemical
structure resembles natural bone. In addition, HA has good
biocompatibility, bioaffinity, bioactivity, osteoinduction,
osteoconduction, and osteointegration properties.>®

Bone damage triggers the process of bone healing that
begins with inflammation. This inflammation increases the
activity of the osteoclasts that play a role in bone resorption.
Suppressing inflammation would be expected to decrease
osteoclast activity and so increase the rate of new bone for-
mation.’ The inclusion of factors such as ellagic acid (EA) can
be considered to add anti-inflammatory properties to bone
graft material. EA is a compound that is commonly found in
pomegranates alongside other polyphenol compounds such
as Gallo tannin and anthocyanin.'' Polyphenol compounds
are the most important bioactive materials in the mainte-
nance of bone health.'? EA prevents the formation of free rad-
icals and has anti-inflammatory, antioxidant, antiapoptotic,
antimutagenic, and antiviral properties.'

There are no reports into the effects of the combination of
EA and HA on the bone healing process. Therefore, it is neces-
sary to study whether the combination of EA and HA affects
the process of osteogenesis associated with bone defects.
Effects on osteogenesis can be observed via the expression
of bone growth biomarkers such as receptor activator of
nuclear factor kappa-B ligand (RANKL), which binds to the
cytokine osteoprotegerin (OPG) that is produced by osteo-
blasts and acts as a decoy receptor for RANKL. Osteocalcin
(OCN) is another important component of bone formation.
This study will generate data that will be useful for the devel-
opment of future research in the fields of biomaterials and
tissue regeneration.

Materials and Methods

Ethical Clearance

This research protocol was approved by the Ethics Committee
of the Faculty of Dental Medicine at the University of
Airlangga (431/HRECC.FODM/VII/2019).

Materials and Antibodies

HA powder (BATAN, Jakarta, Indonesia); EA (90%, Xi'an Biof
Bio-Technology, Shaanxi, China); polyethylene glycol (PEG,
202398, Sigma-Aldrich); anti-RANKL polyclonal antibody
(ab216484, Abcam); anti-OPG polyclonal antibody (ab73400,
Abcam); anti-OCN monoclonal antibody (ab13418, Abcam).

Preparation of HA and EA-HA

HA and EA-HA were made into gel form to facilitate applica-
tion into bone defects. HA gel was made by mixing HA with
PEG in a ratio of 1:0.25. EA-HA was prepared by mixing HA
powder and EA powder at a ratio of 97:3.
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Animals

Thirty healthy male Wistar rats (Rattus norvegicus) weigh-
ing 200 to 250 g each were obtained from the Biomedic
Laboratory in the Faculty of Medicine at the University of
Airlangga. The rats were divided into six groups of five ani-
mals and were adapted, fed, and provided with water accord-
ing to standard diet and animal care protocols.

Bone Defect Model

Before creating the bone defect, all animals were fasted for
12 hours while retaining free access to water. Anesthesia
was performed using 100 mg/kg ketamine hydrochloride
(Ketalar, Warner Lambert, Ireland) and 4 mg/kg Xxylazine
(X1126, Sigma-Aldrich).

A bone defect was created in the lateral femur, 50 mm
from the joint between the tibia and the femur, as a 1 cm
incision with a 0.84 mm diamond round bur (801G; 018,
Mesinger, Germany). This created a defect with dimensions
of 2 mm in diameter and 2 mm in depth. The bone was irri-
gated with saline solution during the creation of the bone
defect. After drilling, the bone defect groups were treated
as described in =~Table 1. After treatment, the defects were
sutured with nylon (Nylus nylon, nonabsorbable suture,
Lotus surgical, India) and topical gentamicin sulfate was
applied to the wound at 2 to 4 mg/kg every 24 hours. Animals
were sacrificed after 7 or 14 days of treatment and the femur
was dissected for further analysis.

Analysis of Osteoblasts and Osteoclasts

Histological assessment was performed by hematoxylin-eo-
sin staining and counting the number of osteoblasts and
osteoclasts under a microscope at 100x magnification. Counts
were performed by a single operator in five fields of view."

Expression of RANKL, OPG, and OCN

Histological assessment was performed after immunohisto-
chemical staining by counting the number of macrophages
expressing RANKL, OPG, or OCN under a microscope at 400x
magnification. Counts were performed by a single operator
in five fields of view.'®

Statistical Analysis

Data were analyzed using the One-Sample Kolmogorov
Smirnov Test for data distribution and the Levene’s test for
data homogeneity. One-way analysis of variance with least
significant difference as a post-hoc test was used to assess

Table 1 Animal treatment groups

Group Treatment

PEG (control) The bone defect was treated with PEG.
HA The bone defect was treated with HA gel.
EA-HA The bone defect was treated with EA-HA.

Abbreviations: EA-HA, ellagic acid-hydroxyapatite; PEG, polyethylene
glycol.
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the expression of RANKL, OPG, and OCN between groups.
Results were considered significant at p < 0.05.

Results

Osteoblast and Osteoclast Number

Histological visualization of osteoblasts and osteoclasts is
shown in =Fig. 1. The number of osteoblasts in the EA-HA
group was higher than in the HA group at day 7 (p = 0.028)
and higher than the PEG group on day 14 (p = 0.017;
=Fig. 1G). The number of osteoclasts in the EA-HA group was
lower than either the HA group (p = 0.001) or the PEG group
(p =0.000) at both 7 and 14 days (~Fig. 1G).

RANKL Protein Expression

Expression of RANKL in the EA-HA group was lower than in
either the HA (p = 0.001) or PEG (p = 0.000) group at both
day 7 and day 14 (vs. HA group, p = 0.000; vs. PEG group, p =
0.005; =Fig. 2). RANKL immunohistochemistry for all groups
is shown in ~Fig. 3.

OPG Protein Expression

Expression of OPG in the EA-HA group was higher compared
with either the HA group (p = 0.042; p = 0.018) or the PEG
group (p = 0.001; p = 0.000) at day 7 and day 14, respectively
(=Fig. 2). OPG immunohistochemistry for all groups is shown
in ~Fig. 4.

OCN Protein Expression

OCN expression in the EA-HA group was higher than in
either the HA group (p = 0.000; p = 0.004) or the PEG group
(p = 0.016; p = 0.000) on day 7 and day 14, respectively
(=Fig. 2). OCN immunohistochemistry for all groups is shown
in =Fig. 5.

osteoblast

WPEG WHA #HA-EA

Fig. 1 The numbers of osteoblasts (yellow arrow) and osteoclasts
(green arrow) present in all groups (A-F). The characters above each
bar in (G) indicate the significance for each marker (p < 0.05).
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®PEG YHA WHA-3%EA

Fig. 2 RANKL, OPG, and OCN expression in all groups. The character
above each bar indicates the significance for each marker (p < 0.05).
OCN, osteocalcin; OPG, osteoprotegerin; RANKL, receptor activator
of nuclear factor kappa- ligand.

Fig.3 (A-F)RANKL expression (red arrow) in all groups. Magnification
at x400. RANKL, receptor activator of nuclear factor kappa- ligand.

PEG groups.

7 days
after treatment

14 days
after treatment

Fig. 4 (A-F) OPG expression (red arrow) in all groups. Magnification
at x400. OPG, osteoprotegerin.

Fig. 5 (A-F) OCN expression (red arrow) in all groups. Magnification
at x400. OCN, osteocalcin.



Discussion

Regeneration of a bone defect by osteogenesis begins with
inflammation, which is characterized by the formation of
blood clots and fibrous tissue.'* Macrophages, neutrophils,
and polymorphonuclear cells produce cytokines and growth
factors such as tumor necrosis factor-a, transforming
growth factor-B, fibroblast growth factor, platelet-derived
growth factor, and insulin-like growth factor that, alongside
collagen, stimulate the migration of mesenchymal cells. After
inflammation has resolved, the next stage of regeneration
involves the formation of the extracellular matrix and bone.
Protein mediators expressed during this phase include bone
morphogenetic protein, OCN, and collagen. The collagen
forms a matrix around which the deposition and growth of
HA crystals occur. The last phase, remodeling, is dominated
by OCN, various cytokines, and type I collagen.!>"

During the inflammatory phase, oxygen-based free rad-
icals are formed by phagocytic cells such as monocytes,
macrophages, and neutrophils located on the bone surface.!
These free radicals increase osteoclast formation and bone
resorption, which inhibits remineralization of the bone
defect or tooth extraction site.' In our study, treatment of the
bone defect with HA-EA affected the inflammatory phase of
regeneration. This was observed as an inhibition of the bone
resorption process; the number of osteoclasts in the EA-HA
treatment group was lower than in the control groups. It
may be that EA inhibits bone resorption by reducing the
production of the pro-inflammatory cytokines that trigger
osteoclast differentiation. EA inhibits cytokine production by
reducing transcription of NF-kB, resulting in increased osteo-
clast apoptosis.?’

The process of osteogenesis is inseparable from the
molecular triad of the receptor activator of nuclear factor
kappa (RANK), RANKL, and OPG. RANKL has two recep-
tors, RANK and OPG, that are crucial for bone remodeling.
RANKL is a regulator of osteoclast formation and activation.
In bone, RANKL is expressed by osteoblasts and binds to
RANK on osteoclasts. The RANK-RANKL bond accelerates
the differentiation of hematopoietic osteoclast precursors
into mature osteoclasts. OPG produced by osteoblasts acts
as a decoy receptor that competes with RANK to bind RANKL
and so inhibits osteoclast differentiation, suppresses osteo-
clast matrix activation, and induces osteoclast apoptosis.?!
The more the OPG binds with RANKL, the more the resorp-
tion process will be suppressed, and the faster osteogenesis
can proceed.?2*0ur results show that RANKL expression
and osteoclast numbers were decreased by EA-HA while
the expression of OPG and OCN and the number of osteo-
blasts increased. EA has a stimulatory effect on the prolif-
eration of osteoblasts and fibroblasts and is not toxic to
bone-forming cells.?> It also increases the proliferation of
human bone marrow stromal cells (osteoblast progenitor
cells) and%inhibits osteoclastogenesis by decreasing the
expression of tartrate-resistant acid phosphatase, reduc-
ing the amount of RANKL that binds to osteoclasts, and
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inhibiting resorption by preventing the release of helix pep-
tide chains.?” The reduction in RANKL expression by EA-HA
effectively increases the expression of OPG. Osteoblasts,
which are OPG-secreting cells, are always directly propor-
tional to OPG expression and this condition also confirmed
in this research that the number of osteoblasts.

HA is a potential bone graft material with a composition
similar to that of human bone and with good biocompatibil-
ity and osteoconductive properties.>?® On application into a
bone defect or socket after extraction HA forms a biological
apatite layer. This layer produces an environment conducive
to recruiting and inducing the proliferation of osteoprogeni-
tor cells and their differentiation into mature osteoblasts. EA
has anti-inflammatory, antibacterial, and antioxidant activ-
ity and accelerates bone healing by increasing the number
of osteoblasts. The EA-HA combination produced the highest
number of osteoblasts in the bone defect groups.

EA has polyphenol components that are mostly composed
of punicalagin and exhibits antitumor activity. EA concen-
trations of 1 to 3% show anti-inflammatory and anticancer
activity in lung, prostate, and brain cancer cells.?>! The ella-
gitannin component of EA is antioxidant, antibacterial, and
anti-inflammatory, is nontoxic for normal cells, and acceler-
ates wound healing.'5?>

OCN is produced by osteoblasts and binds the HA in the
bone matrix.*2** It is the main molecular marker in bone for-
mation and bone regeneration.'* The antioxidant effects of
EA reduce oxidative stress in osteoblasts and stimulate their
activity, thereby increasing OCN production. The EA-HA
treatment group exhibited the highest OCN expression and
the greatest number of osteoblasts. This is consistent with
previous reports that EA increases expression of OCN and
osteopontin.?>*> EA is also able to inhibit bone resorption by
inhibiting the production of cytokines and proteins that trig-
ger osteoclast differentiation. EA inhibits the production of
cytokines by inhibiting transcription of NF-kB. This process
will increase the differentiation of osteoblasts and osteo-
cytes, increase osteoclast apoptosis, and suppress osteoclast
formation, thereby inhibiting bone resorption.2°36

Conclusions

The therapeutic application of HA and EA to treat bone
defects increases the number of osteoblasts and expression
of OCN and OPG in bone, while reducing the number of
osteoclasts and the expression of RANKL.
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