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I.

INTRODUCTION

A. Statement of Problem

In 1991 the first injectable form of bisphosphonates, pamindronate, was
approved for the treatment of bone metastases (Wade & Suzuki, 2007). Since then,
bisphosphonates have been successfully used for the treatment of malignant
hypercalcemia, Paget's disease osteopenia, and osteoporosis (Friedman, 2006).
Osteonecrosis of the jaw has been linked to the use of intravenously administered
bisphosphonates, specifically, pamidronate and zoledronate (Marx, 2003). Although in a
much lower proportion, there is a risk of developing this condition with the use of oral
bisphosphonates,

especially with the N-containing type such as alendronate,

risedronate and ibandronate (Ruggiero eta/., 2004).
Osteonecrosis of the jaw can develop spontaneously; however, invasive dental
treatment seems to be one the most important factors related to the development of this
condition (Ruggiero et a/., 2004). Nowadays, there is no clear understanding of the
etiology, incidence, pathogenesis, development and treatment of this condition.

1

2

B. Significance

Today, more than 2000 cases of bisphosphonate-induced necrosis of the
jaw (BIONJ) have been reported (Wade & Suzuki, 2007). Published reports have
focused on the epidemiological aspect, classification and conservative treatment
of this morbid condition. Most of these reports have identified the necessity of
deepening the scientific knowledge base concerning the pathogenic mechanisms
of BIONJ (Marx, 2003, Ruggiero eta/., 2004, Kobayashi eta/., 2009, Silverman &
Landesberg, 2009).
There are more questions than answers regarding BIONJ; the literature
does not provide definitive information about the diagnosis, treatment, and
prevention of this condition. Developing a reliable and reproducible animal model
is imperative to understand the pathogenic mechanisms and management of
BIONJ. So far, there is no animal model that may be used to test markers, and
possible treatments for BIONJ. By establishing an association between
histological and serum marker expression following administration of zoledronic
acid and the development of BIONJ following exodontias, a fundamental
research tool will be provided. Succeeding studies of the disease would be able
to concentrate on understanding the pathogenic mechanisms of this debilitating
clinical condition.
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C. Review of Related Literature

1. Normal Bone Metabolism

The mechanism of action of bisphosphonates is directly related to
osteoclast

activity.

Osteoclasts

are

multinucleated

cells

derived

from

hematopoietic stem cells, and are responsible for bone resorption. Their
differentiation pathway is common to that of macrophages and dendritic cells
(Vaananen et a/., 2000). Monocytes activated by the Receptor Activator of
Nuclear Factor k 8 (RANK) convert into osteoclasts. Osteoclasts are located in
small cavities called Howship's lacunae, formed from the resorption of the
underlying bone (Barret et a/., 2005). The precursor cells also secrete
osteoprotegrin (OPG), which regulates the conversion of the monocytes by
competing with RANK for the binding of Receptor Activator of Nuclear Factor k B
Ligand (RANKL). Osteoclasts erode and absorb previously formed bone, and
become attached to the bone via integrins in a membrane extension called "the
sealing zone." An isolated area between bone and a portion of the osteoclasts is
created. Osteoclasts have a ruffled border, which enhances their surface area.
Proton pumps, which are W-dependent ATPases, then move from endosomes
into the cell membrane opposed to the isolated area where they acidify the area
to approximately pH 4.0. The acidic pH dissolves hydroxyapatite, and acid
proteases secreted by the cell break down collagen, forming a shallow
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depression in the bone. The collagen breakdown products have pyridinoline
structures (Vaananen eta/., 2000, Barret eta/., 2005).
Osteoblasts are modified fibroblasts responsible for bone formation. Bone
has inorganic and organic components. Osteoblasts are mononuclear cells that
produce the organic component called osteoid. Their early development from the
mesenchyme is the same as that of fibroblasts, where numerous growth factors
are involved in the differentiation process (Vaananen eta/., 2000). Osteoblasts
are able to lay down a Type I collagen matrix and form new bone. (Barrett et a/.,
2005). The inorganic components are mainly crystalline mineral salts and
calcium, which is present in the form of hydroxyapatite. The matrix is initially laid
down as unmineralized osteoid. Once the matrix is mineralized, the cells become
embedded within the bone matrix, and are termed osteocytes. Osteocytes are
still connected with the blood supply through a series of canaliculi. Osteocytes
represent the vast majority of cells in the bone (Vaananen et a/., 2000, Barret et
a/., 2005).
A balance between osteoblast and osteoclast activity characterizes normal
bone tissue (Mohan et a/., 1984). Bone resorption is necessary for important
physiologic events. This process is essential for bone growth, tooth eruption,
fracture healing and all the skeletal processes of bone turnover. It is also
important for the maintenance of blood calcium levels (Vaananen eta/., 2000).
Parathyroid hormone (PiH) is the most important regulator of calcium
homeostasis. Other participants in the normal bone metabolism are calcitriol,
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growth hormone, glucocorticoids, thyroid hormone, estrogens, cytokines and
fibroblast growth factors (Bringhurst eta/., 2005).

2. Osteoporosis

Osteoporosis is defined as a reduction of bone mass or density, or the
presence of a fragility fracture (Lindsay & Cosman, 2005). Loss of bone tissue
causes deterioration in the architecture of the skeleton, leading to a markedly
increased risk of fracture. In the United States, as many as eight million women
and two million men have osteoporosis, and an additional 18 million individuals
have bone mass levels that put them at increased risk of developing
osteoporosis. Osteoporosis occurs more frequently with increasing age, as bone
tissue is progressively lost. Treatment for osteoporosis included nutritional
recommendations

and

exercise,

estrogens,

PTH

replacement

and

bisphosphonates (Lindsay & Cosman, 2005).

3. Bisphosphonates

a. Structure and modes of action
All bisphosphonates have a basic common structure similar to that of the
endogenous regulator of bone mineralization, inorganic pyrophosphate (Russell

eta/., 1970). The phosphate-oxygen-phosphate (P-0-P) structure of inorganic
phosphate is easily broken down via hydrolysis and eliminated. However, the
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phosphate-carbon-phosphate (P-C-P) structure common to bisphosphonates is
resistant to pyrophosphatases and is far more stable against acid hydrolysis
providing their extremely long half life (Marx, 2007). The individual characteristics
of each bisphosphonate are provided by the carbon atom at the center of their
structure which can form two covalent bonds with an array of other molecules.
The bone-targeting characteristic of bisphosphonates is due primarily to
their avidity for calcium (Rogers et a/., 2000). After bisphosphonates are fixed to
sites of active remodeling in the bone, they bind to mineral and strongly inhibit
osteoclastic activity. This characteristic is useful in reducing the hypercalcemia
that occurs in postmenopausal osteoporosis and in cancer, by mechanisms often
involving increased cytokine activation of osteoclasts (Azuma eta/., 1995). Once
the bisphosphonates are bound to the hydroxyapatite and incorporated in to the
bone, future bisphosphonate release occurs after acidification of the bone
surface during bone resorption. Radiolabeled alendronate was used in young
rats to observe its activity, and it showed that higher levels of incorporated
bisphosphonates were localized at sites of osteoclastic activity (presumably
where bone was exposed) (Azuma eta/., 1995). The ability of bisphosphonates
to sequester Ca2 + is reduced at low pH. The acidic microenvironment under the
osteoclast ruffled border will release bisphosphonates from the bone and
produce high local concentrations in direct contact with the osteoclast. Sato et
a/., (1991) reported that half of the alendronate that was bound to hydroxyapatite
in vitro at neutral pH was released as the pH dropped below 4.0.
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b. Classification of the bisphosphonates

The nitrogen-containing bisphosphonates are the more powerful and toxic
compounds; their therapeutic potential is based on the inhibition of the
conversion of dimethylallyl diphosphate into farnesyl diphosphate, which is
fundamental for the structural integrity of osteoclasts (Wade & Suzuki, 2007).
Members of this group including alendronate, risedronate, and zolendronate,
inhibit enzymes essential for the biosynthesis of compounds needed for posttranslational lipid modification or prenylation of small GTPases (Gibbs & Oliff,
1997). These small GTPases regulate many cellular events essential for
osteoclast function, such as the control of cell shape, integrin signaling, and
apoptosis (Clark eta/., 1998). The loss of the resorptive function by osteoclasts
and the onset of apoptosis seem to be related to the failure of this stabilizing
function and the resultant failure of the signaling protein function. The
effectiveness of the nitrogen-containing bisphosphonates is greatly influenced by
the structure and conformation of the nitrogen-containing side chain. For
example, the positions of the nitrogen and chain length can affect anti-resorptive
properties of a bisphosphonate (Rogers eta/., 1995).
The non-nitrogen bisphosphonates were the earlier and less potent class
of bisphosphonates. Non-nitrogen bisphosphonates do not inhibit prenylation.
They affect osteoclasts by a mechanism similar to that of an endogenous
inorganic

phosphate.

Clodronate

and

etidronate

are

non-nitrogen

bisphosphonates and these can be incorporated in to non-hydrolyzable
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analogues of ATP. Accumulation of these metabolites may· inhibit osteoclast
function and induce osteoclast apoptosis (Rogers eta/., 2000).

c. Bisphosphonate - induced apoptosis

The direct effect of bisphosphonates on osteoclasts has been described
previously. Breuil et a/., (1998) reported no inhibition of the formation of
osteoclast-like cells from mononuclear cells cultured on bone when alendronate
was used at concentrations that inhibited bone resorption significantly. Other
studies have shown that bisphosphonates can cause apoptosis of mouse, rat,
and rabbit osteoclasts in vivo and in vitro. Characteristics of osteoclast apoptosis
include nuclear fragmentation, reduction in the size of the nucleus, chromatin
condensation and the activation of caspases (Hughes et a/., 1995). Apoptotic
cells may lose adherent properties but loss of attachment can also induce
apoptosis (Rogers eta/., 2000).
Induction of osteoclast apoptosis will inhibit bone resorption, however,
inhibition of bone resorption by osteoclasts does not necessarily involve
osteoclast apoptosis (Breuil eta/., 1998). It has been shown that low doses of
bisphosphonates can cause changes in osteoclasts affecting bone resorption
without decreasing osteoclast numbers. When this occurs, however, the loss of
resorptive function is generally associated with a loss of the osteoclast-ruffled
border. Bisphosphonates can also affect osteoclast function by causing damage
to the cytoskeleton and the actin ring, a structure unique to osteoclasts (Hughes
et a/., 1995). At doses of bisphosphonates that do not induce osteoclast
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apoptosis, the alteration in the structure of osteoclasts can still interfere with
bone resorption and may actually be reversible if the bisphosphonates are
discontinued (Sato & Grasser, 1990).

d. Effect of bisphosphonates on bone turnover

In vitro, the growth and maturation of osteoblast-like cells can be inhibited
or stimulated by bisphosphonates. However, bisphosphonates do not inhibit bone
formation. The possibility that bisphosphonates may cause osteoblasts to release
factors that inhibit osteoclast activity or formation is an intriguing concept
supported by a finding that the treatment of osteoblast-like cells in vitro with 10·7
M ibandronate or 10-6 M clodronate inhibited bone resorption when these cells
were later cultured with osteoclasts (Sahni et a/., 1993). Similar effects were
obtained when medium from bisphosphonate-treated osteoblasts was given to
osteoclasts in culture.

4. Bisphosphonate-lnduced Osteonecrosis of the Jaw

Since 2003, case series reports began to emerge of osteonecrosis of the
jaw associated with the use of bisphosphonates, primarily in patients with cancer
(Marx, 2003, Ruggiero eta/., 2004). Several terms have been used to describe
osteonecrosis of the jaw, including; bisphosphonate related osteonecrosis of the
jaw, vascular necrosis of the jaw, bisphosphonate-associated osteonecrosis of
the jaw, and bisphosphonate-associated osteonecrosis among some others. The
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most recent evidence supports a more specific term: BIONJ (Wade & Suzuki,
2007).
In the same way, there is great variety of definitions in the literature
attempting to characterize the clinical description of this condition. For example,
the American Association of Oral and Maxillofacial Surgeons (AAOMS) position
paper states that patients may be considered to have BIONJ if they fulfill the
following criteria: (1) current or previous treatment with a bisphosphonate; (2)
exposed bone in the maxillofacial region that has persisted for more than 8
weeks; (3) no history of radiation therapy to the jaws (Ruggiero eta/., 2009). The
American Society of Bone and Mineral Research (ASBMR) defined BIONJ as "an
area of exposed bone in the maxillofacial region that has not healed within 8
weeks after identification by a healthcare provider in a patient who is receiving or
has been exposed to a bisphosphonate and has not had radiation therapy to the
craniofacial region" (Khosla eta/., 2007).

a. Etiology
The most important predisposing factors for the development of BIONJ
appear the type and total dose of bisphosphonate, history of trauma, dental
surgery, or dental infection (Yarom et a/., 2007). Time of exposure to
bisphosphonates also appears to be associated with the development of BIONJ,
The doses for oncologic treatment are often up to 12 times higher than those
used for osteoporosis. It has been suggested that patients that develop BIONJ
receive a median number of 35 infusions for oncologic treatment. Median time of
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exposure to bisphosphonates for the same group was 39.3 months (range from
11 - 86 months) (Bamias et a/., 2005). The risk for osteonecrosis of the jaws is
substantially higher for patients taking zoledronic acid and increases over time,
probably because of the long half-life of these drugs (Ruggiero et at., 2004).
Although oral lesions may develop after as few as 4 months of bisphosphonate
therapy, the median duration of drug use ranges from 22 to 39 months. Trauma
to oral tori is also associated with osteonecrosis. The impact of local factors,
such as infections, smoking, and of underlying medical conditions, such as
diabetes or peripheral vascular diseases, remains to be determined. BIONJ may
result from marked suppression of bone metabolism that results in accumulation
of physiologic microdamage in the jawbones, compromising biomechanical
properties. Trauma and infection increase demand for osseous repair that
exceeds the capacity of the hypodynamic bone, resulting in localized bone
necrosis. The antiangiogenic property of bisphosphonates and other medications
and the presence of other co-morbid factors may promote the risk for, or
persistence and progression of this condition (yVoo et at., 2006).

b. Diagnosis
Clinical presentation

BIONJ patients may present with various complaints. Marx (2005)
reviewed 119 cases of BIONJ and reported that 69% of patients presented with
an area of exposed bone and pain, 31% presented with asymptomatic exposed
bone, 24% with one or more mobile teeth, and 18% with a cutaneous fistula or
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exposed bone through the skin. Patients may have more subtle complaints, such
as feeling a heaviness or numbness in the jaw. Out of the 119 cases, 68% of
bone exposures occur in the mandible alone, 28% in the maxilla and 4%
occurred in both jaws (Marx eta/., 2005). Figure 1 shows clinical presentations of
BIONJ at different levels of severity.

Radiography

Although plain radiography is not a reliable tool in the early stages of
BIONJ, it can be used as an initial radiologic screening of patients who present
for an evaluation of the condition. There are reports of hyperostotic lamina dura,
diffuse sclerosis, and widened periodontal ligament that may be associated with
the development of the condition (Marx, 2007, Arce eta/., 2009). Periapical and
panoramic radiographs are helpful in ruling out other causes of dental pain. In
more advanced cases, larger areas of osteolysis, sequestra, or oesteomyelitis
can be easily identified in panoramic or periapical radiographs, although
radiographs tend to underestimate the extent of the lesion (Figure 2).
Computerize axial tomography provides 3-dimensional information, that may help
to identify in a more accurate manner the extent of the affected areas. This
diagnostic tool is particularly helpful if surgical resection is planned (Wade &
Suzuki, 2007, Arce eta/., 2009).
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Figure 1. Clinical presentation of BIONJ in different stages of severity. (Courtesy
of Dr. M. Stevens- Oral and Maxillofacial Surgery, MCGJ
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Figure 1.
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Figure 2. Radiographic presentation of BIONJ in an advanced stage of the
disease. (Courtesy of Dr. M. Stevens- Oral and Maxillofacial Surgery, MCG)
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Figure 2.
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Laboratory tests
The C-terminal cross-linked telopetide (CTx) test has been used in
metabolic studies as an indicator of the rate of bone renewal. The reliability of
CTx in establishing a calculation of BIONJ risk is controversial. Serum CTx
values s 100 pg/ml have been assigned as high risk; values > 100 - s 150 pg/ml
as moderate risk; and values > 150 pg/ml as minimal to no risk (Marx, 2007).
Others have concluded that CTx cannot be recommended as reliable indicator of
risk, and that there is no relationship between the CTx value and the risk of
developing BIONJ, or with the severity of the disease (Bagan eta/., 2009).

c. Epidemiology
The true incidence of BIONJ is difficult to determine for several reasons.
First, because it is a relatively new entity, it has often gone unrecognized in
patients treated for exposed bone in the oral cavity. Second, not all practitioners
have reported known cases to MedWatch, thereby leading to under-reporting of
the disease. Third, online surveys of cancer patients that have been conducted
are not controlled and may result in only a small population of interested patients
answering the survey with a potential for under-reporting (Wade & Suzuki, 2007).
A wide range of incidence of BIONJ has been reported for both intravenous and
oral bisphosphonates; here are a few examples:
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A group of 252 patient receiving bisphosphonates for oncologic treatment
was followed over 8 years, and 17 patients (6.7%) developed BIONJ. (Bamias et
a/., 2005). Another estimate of BIONJ comes from a retrospective chart review of
447 cancer patients who received bisphosphonate therapy between January 1,
2000 and December 31, 2005. The results showed an incidence of 5.4% in
multiple myeloma patients, 2.5% in breast cancer patients and 2.9% in those with
prostate cancer (Wade & Suzuki, 2007). The actual number of patients receiving
bisphosphonates is not known. One estimate on incidence, based on numbers of
prescriptions written for alendronate, was 0.007% or 0.7/100,000 person-years of
exposure (Koshla et a/., 2007). In January 2009, an electronic medical records
review identified a group of 208 patients with history of alendronate use. Sixty-six
patients underwent simple dental extraction, 4 patients developed BIONJ at the
extraction site and another 5 developed the condition after denture related
mucosal ulceration. They also reviewed the charts of 4384 patients with no
history of alendronate that underwent extractions; they observed no cases of
BIONJ among these patients. The authors reported that 9 patients had active
BIONJ, those patients represented one in 23 of the patients receiving
alendronate or approximately 4% of the population (Sedghizadeh eta/., 2009)

d. Treatment
Patients receiving or scheduled to begin bisphosphonate therapy should
receive a comprehensive dental examination and panoramic and intraoral
'
radiographs. Patients should be made aware of osteonecrosis, including its
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signs, symptoms, and sequelae. Treatment protocols have been outlined, but
trials and outcomes of treatment and long-term follow-up data are not yet
available. There are no randomized clinical trials that assess treatment
strategies, an expert panel from the Novartis group proposed the following
guidelines for patient's management:
Patients are grouped into the following three broad categories: group 1,
patients about to begin bisphosphonate therapy; group 2, patients without
osteonecrosis of the jaws who are receiving bisphosphonate therapy; and group
3, patients with osteonecrosis of the jaws fY'/oo

et at.,

2006). Patients with

osteoporosis who are taking oral preparations, such as alendronate, are at lower
risk than those receiving intravenous preparations. Patient management before
initiation of therapy with bisphosphonates is targeted at eliminating active sites of
infections to minimize future infections and the need for future dentoalveolar
surgery, such as tooth extractions, to treat such infections. It is probably not
necessary to delay initiation of bisphosphonate therapy if dental treatment can be
completed within 1 to 2 months. With drug use between 3 and 6 months, patients
in group 2 (those receiving intravenous bisphosphonates who do not have signs
of osteonecrosis of the jaws) should be evaluated on a case-by-case basis.
Those who have been receiving intravenous bisphosphonate therapy for
oncologic indications for more than 6 months are at risk for this condition. In
group 3, patients with osteonecrosis of the jaws, there are anecdotal reports of
the use of acrylic stents (with or without soft liners) to cover areas of exposed
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bone, protect adjacent soft tissues, and improve comfort. However, there is a risk
that the stent may create additional trauma.
Reduction of pain or even resolution of lesions of osteonecrosis has been
observed in patients after antibiotic therapy and mouth rinses, also withdrawal of
bisphosphonates, and removal of sequestra have been recommended. Extensive
resection has not consistently resulted in wound closure and may lead to
worsening or progression of disease. However, even for patients with multiple
myeloma

who

are

potential

candidates

for

hematopoietic

stem-cell

transplantation or continued chemotherapy, asymptomatic osteonecrosis may not
necessarily pose a substantial risk for increased morbidity if there is no evidence
of active infection, as characterized clinically by pain and suppuration (yVoo eta/.,
2006).
Some techniques have been proposed for the treatment of BIONJ;
Hyperbaric oxygen therapy, given to a few patients, has only rarely shown clinical
efficacy (yVoo et a/., 2006). Fleisher reported preliminary successful results in the
diagnosis and treatment of 10 patients with BIONJ. Cone beam computer
tomography was used to identify the affected area, and tetracycline for labeling of
vital bone. Under illumination with the Wood's lamp (ultraviolet expectrum),
necrotic bone was removed until it became illuminated. Patients were followed
for 8 weeks (Fleisher et a/., 2008).
Currently, there is no published evidence to support or oppose
discontinuation of bisphosphonate therapy once osteonecrosis develops or
before required dental surgery. Because of the long half-life of bisphosphonates,
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recovery of normal osteoclast function and bone turnover after drug withdrawal
may be too gradual for this measure to have clinical significance. It is also
unclear what effect, if any, discontinuation of such therapy would have on overall
morbidity and mortality among patients with cancer. Nevertheless, patients may
benefit from bisphosphonate withdrawal. There have been anecdotal reports of
healing and complete resolution of existing sites of osteonecrosis after several
months of therapy cessation. The removal of the antiangiogenic effects of the
drug on the soft tissues and periosteum may play a role in healing. For this
reason, discontinuation of oral bisphosphonate therapy for several weeks before
and after dentoalveolar surgery may be warranted. Until data from clinical trials
are available, the optimal timing and duration of such a drug holiday are
somewhat arbitrary and must be weighed against the risks posed by not taking
medication.

If

the

patient's

underlying

systemic

disease

is

stable,

bisphosphonates can be withdrawn until the area of osteonecrosis heals or until
clinical variables indicate disease progression. 0/'Joo et a/., 2006)

5. Animal Models for Osteoporosis

Various animal models have been established and used to investigate the
pathogenesis of osteoporosis and to facilitate the pre-clinical testing of new
treatment options. However, bone mineral density (BMD) found in animal studies
is difficult to compare because the methods and the values delivered by different
types of equipment used for each particular study. The relative decrease in BMD
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due to ovariectomy is lower in animals than that of osteoporotic humans. The
different animals species show different effects on BMD due to osteoporosis
when compared with healthy control animals. For example, ovariectomized dogs
show no differences in BMD compared with

healthy dogs,

BMD of

ovariectomized primates decreased 2.0% compared with healthy primates, and
ovariectomized rats decreased 8% compared with normal rats (Egermann et a/.,
2005).
The ovariectomized rat is the animal model studied most for osteoporosis.
Following ovariectomy, this model shows a biphasic loss of bone, with an initial
rapid phase of bone loss up to 100 days, followed by an intermediate period of
relative stabilization of cancellous bone volume at an osteopenic level. However,
the total loss of BMD is less than the loss seen in humans (19%).
The mechanism of bone loss currently accepted for the estrogen-deficient
rat skeleton is an imbalance in bone turnover, i.e., bone resorption exceeds bone
formation. This model mimics postmenopausal cancellous bone loss when
examined over relatively short periods of time. But observation periods of 12
months and more have revealed higher values of bone mineral content, bone
area and body weight for ovariectomized rats than are seen in humans.
Furthermore, the lack of a Haversian system in cortical bone, the absence of
impaired osteoblast function during the last stages of estrogen deficiency and the
absence of multicellular unit-based remodeling in young rats limits this model.
The most controversial model is the dog; the main advantage is that the
dog possesses cortical bone with a Haversian system, and manifests internal
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cortical and cancellous bone remodeling processes similar to those in humans.
However, removal of ovaries and uteri does not appear to be an efficient way to
create sufficient bone loss in canine species (Egermann eta/., 2005).

6. Micro-Computed Tomography

Micro-computed tomography (micro-CT) is a reliable method that provides
the possibility of a 3-dimensional analysis of complex structures like bone. Like
tomography, it uses x-rays to create cross-sections of 3-dimensional objects that
later can be used to recreate a virtual model without destroying the original
model.
In the early 1980's, Felkamp introduced the cone beam technology by
modifying Herman's fan-beam reconstruction algorithm. Feldkam published a
series of papers on the use of bench-top micro CT applied to bone
michroarchitecture (Ritman, 2004). Today, it is a highly accurate tool that allows
us to quantify trabecular bone in 3 dimensions. The several possibilities of
analysis, include; Bone Volume Fraction, Trabecular Thickness, Trabecular
Number, Structural Model Index, Bone Surface Density, Trabecular Pattern
Factor, Degree of Anysotropy, Cortical Thickness, etc. Morphometric analysis of
bone biopsies using micro-CT has been shown to have a high correlation with
the results obtained from conventional histological sections (Moon eta/., 2004)
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7. Bone Turnover Markers

Markers of bone turnover are being evaluated in the diagnosis and
monitoring of metabolic bone disease. Among these, calcitonin receptor,
osteocalcin, carboxy terminal propeptide of Type I collagen (PICP), and bonespecific AP (BAP) reflect bone formation, whereas carboxy-terminal telopeptide
of Type I collagen (ICTP), tartrate-resistant acid phosphatase (TRAP), RANK,
calcitonin and cathepsin K (CTSK) reflects bone resorption.
Human calcitonin has a plasma half-life of 5 to 10 minutes. The kidney is
the predominant site of metabolism and subsequent clearance of the circulating
hormone. The secretion of calcitonin is directly regulated by the plasma
concentration of calcium (Lichtenstein et a/., 1986). When blood calcium rises
acutely, there is a proportional increase in plasma calcitonin. Conversely, an
acute decrease in plasma calcium produces a corresponding decrease in plasma
calcitonin. However, the effects of chronic hypercalcemia and hypocalcemia are
more complex, and contradictory findings have been reported. Thus, normal,
elevated,

and

decreased

levels

of calcitonin

have

been

reported

in

hyperparathyroidism. Chronic hypocalcemia may result in increased storage of
calcitonin in the parafollicular cells (C cells) of the thyroid but does not appear to
have any consistent effect on calcitonin secretion. As with other peptide
hormones, calcitonin seems to mediate its effects via adenyl cyclase to cause an
increase in intracellular cAMP generation. The major biological effect of calcitonin
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is to decrease calcium resorption in bone by inhibiting the activity of osteoclasts
(Zaidi

et at. 2002). In addition, calcitonin may reduce the formation and

maturation of osteoclasts. However, it should be noted that athyroid patients and
patients with tumors of calcitonin-secreting cells (medullary thyroid carcinoma)
have no major abnormalities in either bone histomorphometry or calcium
homeostasis. The diminished inhibition of calcium resorption from skeletal tissue
in long-term in vitro experiments is probably due to desensitization of the
calcitonin receptor. This escape phenomenon may explain the lack of sustained
hypocalcemic effect of chronic calcitonin excess in patients with medullary
thyroid carcinoma (Levine et at. 2005).
Osteocalcin,

or

bone

GLA protein,

is

a

vitamin

K-dependent,

noncollagenous bone protein of, as yet, uncertain function. This protein contains
three residues of glutamic acid, which are carboxylated to carboxyglutamic acid
by a vitamin K-dependent post-translational modification of the protein. The
carboxylated form binds strongly to hydroxyapatite, which is the principal mineral
phase of bone. Osteocalcin is found predominantly in bone matrix, but most of
the plasma osteocalcin is released in to the circulation proportional to the amount
of newly synthesized osteocalcin rather than by bone matrix resorption.
Osteoblastic activity is associated with serum osteocalcin, and measurement of
plasma osteocalcin concentration is considered a useful clinical marker of bone
formation and, indirectly, of bone remodeling or turnover. The kidneys excrete
osteocalcin, and serum values are increased in renal failure (Levine

et at., 2005).

In normal individuals, osteocalcin and other markers of bone formation follow the
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same pattern as the markers of bone resorption because the two processes are
coupled during bone remodeling. Concentrations of osteocalcin are greatest
during infancy and at puberty, with levels varying in parallel to the normal pattern
of growth and puberty. After adolescence, bone remodeling slows, and the
concentrations of these markers decline (Robins 1994).

·.
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D.

Purpose

It is imperative to understand the development, clinical presentation and
treatment of BIONJ. The purpose of this study is to establish an extraction wound
rat model that is predictive of the development of BIONJ.

E. Hypotheses

Hypothesis #1: Oral surgery performed in rats treated with zoledronic acid
will result in non-healing wounds simulating the clinical presentation of human
BIONJ.

Hypothesis #2: Micro CT evaluation of the extraction wounds sites will show
differences in the BMD between the zoledronic acid group and control group

Hypothesis #3: A correlation between zoledronic acid treatment and markers
of bone turnover and vascular proliferation will be established.
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F. Specific Aims

Specific Aim #1: To establish a reliable micro-CT method of measuring bone

healing and to use it to identify changes in mandible bone after zoledronic
acid treatment

Specific Aim #2: To use histological markers of bone turnover to identify

changes in mandible bone tissue after zoledronic acid treatment.

Specific Aim #3: To use serum markers of bone turnover to identify changes

in mandible bone tissue after zoledronic acid treatment.
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II. MATERIALS AND METHODS

A. Experimental Protocol

Thirty four Sprague-Dawley retired breeder rats (Harlan, Indianapolis, IN,
USA), approximate weight 300 g were, used. The animals were provided with
food and water ad libitum, no special diet was provided, except for the 151 week
postsurgery when the animals were fed a soft diet (Nutra-Gel, BioServ,
Frenchtown, NJ, USA). The experimental protocol for this study was reviewed
and approved by the Institutional Animal Care and Use Committee. The rats
were randomized into one control (n=17) and one experimental (n=17) group.
The animals were labeled from 1 to 34 to facilitate identification. The
experimental group received zoledronic acid (50 J.!glkg IV; diluted to 100 J.!glmL in
PBS) at baseline; and re-dosed at week 3 postsurgery. The intravenous injection
was applied according to Griffith and Jeffers (1942), Briefly, a rubber band
tourniquet is placed at the base of the tail to reveal the tail vein; the zoledronic
acid was injected using a tuberculin (1cc/25G) syringe.
The surgical extraction included hemisection and removal of the mesial
root of the 151 mandibular molar. The control and experimental groups were each
divided into 3 subgroups: subgroups 1 was sacrificed the day of surgery,
subgroups 2 and 3 at 4 and 8 weeks, respectively. Table 1 summarizes
distribution of the groups, one animal from the 4 and 8 weeks from both
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experimental and control group were used exclusively for tetracycline labeling.
Figure 3 shows a flowchart of the study.

Table 1. Control and experimental groups distribution and number
assigned to each animal of the group.
Time Between Surgery and Sacrifice
Immediate

4wks

Bwks

Control Group: (no injection)

5 (1-5)

6 (22-26, 33)

6 (11-15, 34)

Experimental Group:

5 (6-10)

6 (27-32)

6 (16-21)

Zoledronic acid
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Figure 3. Flowchart of the study design.
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B. Methods

1. Surgical Procedure

Three weeks after the first injection, the animals were anaesthetized with
an intramuscular injection of a cocktail composed of ketamine (100 mg/ml),
xylazine (20 mg/ml) and acepromazine (10 mg/ml) at a dosage of 0.5 mllkg.
The extractions were. performed based on a modified Gottardello technique
(Zecchin eta/., 2007). Two rubber bands were used to maintain the mouth of the
rats opened and to immobilize the tongue. The rubber bands were attached to a
rubber dam frame, which allowed for better access to the surgical site (Figure 4).
Syndesmotomy was performed by using a small (1-mm) excavator (Darby
Perry Excavator 210/211, manufacture, city, country). The crown of the 1"1
mandibular right molar was sectioned using a carbide tapered fissure high-speed
bur. Constant irrigation was used to maintain the site clean and to avoid
overheating. The mesial half of the crown and the mesio-buccal root of the right
mandibular first molar were extracted using a modified mosquito forceps. The
mesio-buccal is the thickest root of the mandibular 181 molar, yet its diameter is
only about 1mm, which made the extraction extremely difficult. On a few
occ;:asions, the root was fractured in the socket, when this occurred the remaining
root was removed using a tapered carbide bur to a standardized depth of 2mm
from the

cemento~namel

junction of the remaining half crown of the mandibular

first molar. At this time, the animals in the experimental group received a 2"d
dose of zoledronic acid. The animals were maintained for observation in
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individual cages until they recuperated from the anesthesia. Animals were fed a
soft diet (Nutri-Gel BioServ, Frenchtown, NJ) for 1 week postsurgery to reduce
trauma from mastication and hard food.
Experimental and control animals were euthanized at surgery and at week
4 and 8 postsurgery. They were euthanized by cervical dislocation while deeply
anaesthetized.

Immediately

after

sacrifice

the

animals

were

perfused

transcardially using 60 ml of 10% neutral buffered formalin (Sigma, St. Louis,
MO, USA). A scalpel blade (#15) was used to dissect and separate the mandible
from the head. Soft tissues were removed and the mandibles were stored in
formalin until micro-CT reconstruction.
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Figure 4. Access to the mandibular first molar by using 2 rubber bands.
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Figure 4.
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2. Serum analysis

Blood samples were collected by amputation of a small portion of the tail
(about 0.5 em) at four different time points: baseline, on the day when the
extractions were performed, after 4 weeks of healing, and after 8 weeks of
healing (only for the 8 weeks healing groups).
The C-terminal cross-linked telopetide (CTx) Crosslaps test (Roche
Diagnostics, Mannheim, Germany) has been used in metabolic studies as an
indicator of the rate of bone renewal. Attempts were made to quantify the values
of Ctx from the serum of the animals; however, the results obtained were
extremely diverse even amongst the animals in the same group. It was decided
to eliminate the quantification of this serum marker. A problem may have existed
with this kit as the manufacturer discontinued the CTx assay for rat's serum.
Instead, the serum bone turnover marker PYD was quantified. The serum
PYD assay gives a quantitative measure of the excretion of pyridinium crosslinks
as an indicator of type-1 collagen resorption. When the collagen is degraded, the
pyridinium is released into the blood stream. The Metra PYD assay kit from
Quidel Corp. (San Diego, CA), was used for this determination. Twenty five ul of
filtered serum was used for each determination.
Vascular Endothelial Growth Factor (VEGF) was also quantified in the
serum of the animals. VEGF is a chemical signal produced by cells that
stimulates the growth of new blood vessels. It is part of the system that restores
the oxygen supply to the tissues when blood circulation is inadequate. Its
function is to create new blood vessels during embrionic development, after
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injury, and to bypass blocked vessels. It is a subfamily of the platelet-derived
growth factor family of proteins. A rat VEGF Assay Kit - Immune-Biological
Laboratories Co. Ltd Gunma, Japan (IBL) was used to quantify the levels of
VEGF in the serum of the animals.

3. Bone mineral density - Micro CT analysis
To evaluate BMD, the hemi-mandibles of each group were dissected and
then scanned in a micro-computerized tomography system (micro-CT; Skyscan
1172; Skyscan, Aartlesaar, Belgium) at an image pixel size of 33 J.lm.
Reconstruction was done using a Skyscan Nrecon program (Figure 5). The data
sets obtained after reconstruction were loaded into the Skyscan CT-analyzer
software for the measurement of mineral density of these samples. Calibration
was carried out using phantoms of hydroxyapatite crystals of known density. The
initial idea was to measure the BMD around the socket (Figure 6). However,
during the developing of the pilot study, it was noticed that for numerous samples
the buccal wall of the socket fractured during the healing phase (Figure 6).
Therefore, it was decided to obtain BMD measurements for 4 anatomical sites of
interest: the socket area (apical to the extraction site), the anterior area (mesial to
the 1"1 molar), the

2nd

molar area (apical to the roots of the

2nd

molar) and the

ramus (Figure 7). An average of five measurements was performed for each of
these sites. The chosen region of interest had the same diameter and it was
applied to the same number of cuts in each area.
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Figure 5. Mandibular reconstruction of hemi-mandible before extraction.

Figure 6. A. micro CT image of MB root before extraction, B. empty socket after
extraction and C. fracture of socket walls during healing

Figure 7. Areas of interest for BMD measurements; 1: the anterior area (mesial to
the first molar), 2: the socket area (apical to the extraction site), 3: the second
molar area (apical to the roots of the second molar) and 4: the ramus
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Figure 5.

Figure 6.

4

Figure 7.
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4. Histology and immunohistochemistry

After scanning formalin-fixed

mandibles for micro-CT, they were

processed for histology and immunohistochemistry. Harvested mandibles were
demineralized in a EDTA decalcification fluid (41.3 disodium EDTA, 4.4 NaOH in
1000 ml distilled water) for 6 weeks at 4C0 • The specimens were then dehydrated
using ascending concentrations of ethanol, cleared in xylene and embedded in
paraffin. Serial 5-10 jJm thick sections were cut parallel to the occlusal plane of
the molars through the molar roots and the extraction site, before mounting on
the microscope slides. The sections were then mounted on the microscope slides
for H&E staining.
A board certified Oral Pathologist (RA) masked to the treatment protocols,
examined the slides at 20x, 40x, 1OOx and 200x for changes in bone cellularity,
vascularity, inflammatory cell infiltrate, osteoblastic and osteoclastic activity and
necrosis of the bone.
Four animals distributed as following, 2 control animals (#33 and #34) and
2 experimental animals (#21 and #32), were included in the study only to
evaluate the bone formation rate (mineral apposition) using double tetracycline
fluorescent bone labeling. Two weeks following the extraction surgery, one
control animal (#33) and one experimental animal (#32) received an injection
with demeclocycline (20 mglkg IP). One week later, these animals received a
second injection with oxytetracycline (20 mglkg IP). These animals were then
euthanized following a 4-week healing interval. Five weeks following the
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extraction surgery, the second control animal (#34) and experimental animal
(#21) received an injection with demeclocycline (20 mg/kg IP). One week later
these animals received a second injection with oxytetracycline (20 mg/kg IP).
These animals were then euthanized following an 8-week healing interval.
The hemi-mandibles were treated with a graded series of solutions
consisting of ethanol, xylene and methyl methacrylate. After the samples were
polymerized, 300 1-1m thick sections were cut in the lateral plane in the mesiodistal direction using a Well4240 Diamond Wire Saw (Nocross,GA) with constant
water irrigation to prevent over-heating.
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Ill. RESULTS

A. Collagen Breakdown

The effect of zoledronic acid on collagen breakdown was also studied in
the control and experimental rats by measuring the pyridinium (PYD) cross-links
of collagen released into the serum. The results of this part of the study are seen
in Figures 8 A&B. As shown in Figure SA, no measurable effect of zoledronate on
collagen breakdown is seen after 4 weeks in unwounded rats, and the values of
the PYD measurements for the two groups are not significantly different.
However, in wounded rats (Figure 88), an apparent release of PYD cross-links
into the serum of control rats (wounded but without zoledronate) is seen while a
apparent decrease in serum PYD is seen in wounded rats treated with zoledronic
acid. These results, however, are not significantly different (p= 0.2)

\
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Figure SA. The effect of zoledronate injection on the PYD levels of adult rats
before surgery

Figure 88. Effect of zoledronate injection on the PYD level of adult rats after
surgery
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B. Angiogenesis
VEGF is a group of signaling proteins some of which are prominently
involved in angiogenesis. An increase in VEGF is often an indicator of ischemia
(leading to new blood vessel formation). The VEGF in the serum of zoledronatetreated rats at baseline (123.5
pg/ml), at 4 weeks (214.8

.± 37.6

pg/ml), at wounding time (147.8

.± 47.5 pg/ml)

and at 8 weeks (223.4

.± 44.7

.± 73.5 pg/ml)

after wounding, was measured and compared with the same data points for the
control group (135.6 .± 51.8 pg/ml; 132.1
152.7

.± 58.8

.± 44.1

pg/ml; 188.1

.± 47.1

pg/ml; and

pg/ml, respectively). A two-sample Student's t-test was used for

statistical analysis. The levels of VEGF at 4 weeks post-wounding were
significantly different when compared to the VEGF levels at wounding time for
both the control (p

= 0.03)

and the experimental (p

= 0.01)

groups. The

experimental group showed a trend of increasing values for VEGF at 8 weeks of
healing, while the control group, at the same time point, showed a trend of
decreasing values for VEGF serum expression (Figure 9). However the
difference between control and experimental values was not statistically different
(p=0.13)
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Figure 9. Effect of zolendronic acid on VEGF at baseline, at wounding, at 4
weeks and 8 weeks of healing.
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C. Micro CT Analysis
The BMD was measured by scanning and reconstruction of the
hemimandibles in a micro-computerized tomography system {micro-CT; Skyscan
1172; Skyscan, Aartlesaar, Belgium). Four different areas of interest (AOI) were
evaluated: the area anterior to the first molar, the socket area, the area apical to
the second molar and the ramus area.
A two-sample Student's t-test was again used for statistical analysis. The
BMD was not significantly different between the control and the experimental
groups at the beginning of the experiment in any of the AOI. In the extraction
socket area, the value for BMD at 4 weeks after wounding was significantly
lower (p

= 0.013) for the control group (0.16 .±. 0.04 g/cm 2)

animals treated with bisphosphonates (0.25

.±. 0.05

compared to the

g/cm2) (Figure 10). In the

second molar region we observed lower values of BMD for the control group
(0.35 .±. 0.01 g/cm2) at 4 weeks of healing; these values approached significance
(p = 0.063) compared to the experimental group (0.39 .±. 0.04 g/cm2) (Figure 11 ).
BMD measured at the anterior area, showed a trend of higher values of BMD for
the animals that received bisphosphonate therapy as compared with the control
animals; however, these results were not significantly different {Figure 12). In
the ramus region the BMD values for both groups are very close at the three
different date points; there were no significant differences (Figure 13).
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Figure 10. Effect of zoledronic acid on BMD apically to the extraction site
baseline and after 4 weeks of healing.

Figure 11. Effect of zoledronic acid on BMD apical to the second mandibular
molar at baseline and after 4 weeks of healing.
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Figure 12. Effect of zoledronic acid on BMD measured mesial to the extraction
site at baseline, 4 and 8 weeks of healing.

Figure 13. Effect of zoledronic acid on BMD measured at the ramus area at
baseline, 4 and 8 weeks of healing.
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D. Histology

Formalin-fixed, paraffin-embedded tissues were sectioned at

5~m

thickness and stained with hematoxillin and eosin (H&E) for examination by light
microscopy. A board certified Oral Pathologist (RA) who was blinded to the
treatment groups of the specimens examined the slides.
The results obtained for the specimens from the bisphosphonatetreated and control groups were different. The tissue sections obtained from the
control groups showed normal healing process with bone trabeculae exhibiting
features of remodeling, such as woven bone formation with cellular lacunae and
osteoblastic and osteoclastic activity. The tissue sections from the 8-week control
groups showed more organized tissue maturation with good evidence of healing.
The tissue sections from the experimental groups showed variable degrees of
healing, somewhat similar to those observed in the control groups. However, all
specimens from both 4 and 8-weeks experimental bisphosphonate-treated group
(except for animal #16 that was damaged during the decalcification process and
was not included for histology) showed features of osteonecrosis such as empty
osteocytic lacunae, absence of vascularity in interstices of bone, and irregular
resorption bone surfaces. Interestingly, occasional osteoclasts were observed in
Howship's lacunae, which exhibited pyknosis of nuclei, and shrinkage of cellular
size. These features were interpreted to be consistent with irreversible cellular
damage or necrosis. In some specimens, the necrotic bone spicules were
surrounded with numerous basophilic bacterial colonies and mixed inflammatory
cell

infiltrates

including

numerous

neutrophils.

Figure

14

shows

one
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representative animal from the control group and two representative animals
from the experimental group at 4 weeks after surgery. Figure 15 shows one
representative animal from the control group and two representative animals
from the experimental group at 8 weeks after surgery.
The results obtained from the four animals that were processed for
tetracycline labeling were inconclusive. The tetracycline fixation did not show a
clear pattern of bone formation. However, we were able to identify necrotic bone
at the socket area in the 8-weeks experimental specimen (animal #21) (Figure
16) confirming the findings from H&E.
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Figure 14. Histopathology of mandibular bone from a representative control rat
at 4 weeks after wounding (A) normal bone remodeling, note cellular lacunae,
normal osteocytes within lacunae and vascularity. And bisphosphonate-treated
representative rats at 4 weeks after wounding (B & C) osteonecrosis with
sequestration of the buccal cortex (arrow) and mixed inflammatory cellular
infiltration associated with bone remodeling (arrow heads) adjacent to
osteonecrosis (arrow), lack of vascularity and bacteria within interstices (arrow).
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Figure 15. Histopathology of mandibular bone from a representative control rat
at 8 weeks of healing (A) normal bone remodeling, note cellular lacunae, normal
osteocytes within lacunae and vascularity. And bisphosphonate-treated
representative slides from 2 animals at 8 weeks of healing (8 &C) osteonecrosis
with empty osteocytic lacunae, sequestration and lack of vascularity.
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Figure 16. Image from the tetracycline labeled specimen of the bisphosphonatetreated rat at 8 weeks of healing (animal #21).

'
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Figure 16
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IV. DISCUSSION
The development of an animal model for BIONJ is important to establish
treatment strategies that are evidence-based and associated with valid outcome
data (Ruggiero & Drew 2007). This study attempts to develop a reliable animal
model that will reproduce the characteristics of this morbid condition. We
replicated clinical conditions that increase the risk of developing BIONJ in adult
animals, with high doses of intravenous zoledronic acid undergoing dental
extractions of mandibular molars
Aromatase

inhibitors (Ais)

are components

used for therapy of

postmenopausal women with estrogen receptor positive breast cancer; it inhibits
the citochrome P450 CYP-19 enzyme responsible for peripheral conversion of
androgens to estrogens. Estrogen deficiency results in increased bone resorption
and bone loss (Confavreux eta/., 2007). In 2006, Gasser reported that a single
dose of zoledronic acid (20 J.Jglkg) was successful in preventing bone loss in rats
treated with an aromatase inhibitor. Hokugo & Nishimura (2008) used 35 J.Jg/kg/2
weeks,

and

although

he

observed

an

increase

in

the

1BF

labeled

fluorodeoxyglucose (1BF-FDG) indicating possible chronic inflammation at the
healing oral mucosa of experimental animals, his protocol was not successful in
developing alterations in the bone remodeling metabolic activity. Since BIONJ
has been reported as a dose dependent entity, in our experiment we decided to
use a high non-lethal dose of zoledronic acid (50 J.lg/kg).
To determine the best time for surgery, we executed a pilot study where
we observed that the levels of PYD decreased considerably at 3 weeks after the
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zoledronic acid injection, while at week 4 these levels started to raise to baseline
levels. It was decided to perfonn the surgery at 3 weeks after the initial dose of
zoledronic acid. We considered that this time point would be the most vulnerable
time for healing since the levels of collagen breakdown were diminished. We also
estimated that a second dose of zoledronic acid at this time point would increase
the possibility of creating healing problems.
We evaluated the effect of zoledronic acid on collagen breakdown, by
measuring the PYD cross-links of collagen released into serum. Our study found
that collagen breakdown is not affected by zoledronic acid in the unwounded
mandible even after treatment with zoledronic acid. However, after the extraction
of the mesio-buccal root of the mandibular first molar, the control group
increased the rate of collagen break down as it is expected during healing time,
but in the animals treated with zoledronic acid the rate of collagen breakdown did
not increase. This may explain the healing delay observed in animals treated with
the bisphosphonate.
VEGF was also evaluated in the serum of the animals in our study. Our
results indicate that the animals in the control group showed elevated levels of
VEGF right after the surgical procedure. VEGF belongs to a group of proteins
involved in angiogenesis. After injury it may be expected to have elevated levels
of these proteins since angiogenesis is an important part of the healing process.
After 4 weeks of healing, the levels of VEGF started to decrease in our control
group indicating that the tissue has enough blood supply to heal so the
angiogenesis process started to decrease. The experimental group _initially
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behaved in the same way, as after surgery the expression of VEGF raised.
However, it continued rising even after 8 weeks of healing. We explain this
phenomenon as the expression of ischemic tissue looking for new blood vessel
formation. We postulate that the blood supply for the healing zone was
insufficient; therefore the expression of VEGF continued increasing.

This

prolonged "healing zone" of decreased blood vessel formation and subsequent
VEGEF elevation may be due to the lack of released cytokines

which would

physiologically occur with normal osteoclastic activity.
Bisphosphonates are well known as effective medications used for the
treatment of osteoporosis. Bisphosphonates inhibit the activity of osteoclasts
shifting the bone turnover process to increase mineralization and decrease
resorption. The values of BMD obtained from the micro-CT analysis confirmed
that the animals treated with zoledronic acid showed higher levels of BMD as
compared with control animals. This was observed in all of the areas of interest
measured in our experiment.
Rats from our study were also processed for routine histology. Slides from
all the animals corresponding to the 4- and 8-weeks experimental groups showed
signs comparable to the reported for cases of BIONJ in humans. Empty lacunae
and bacterial infiltration were a common characteristic for the animals in these
groups. Animal #16 (experimental group at 8 weeks of healing) was damaged
during the decalcification process and was not included in the histologic analysis.
Although all the animals in the experimental 8-weeks healing group showed
necrotic areas, these areas were scattered when compared to the observed in
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the 4-weeks experimental animals. The slides from the control groups showed
signs of normal healing, and osteonecrosis was not observed on these slides.
A few research teams are currently working in the development of a
BIONJ model. Sonis eta/., (2008) treated a group of Sprague-Dawley rats with a
sequence of zoledronic acid and dexamethasone weekly for up to 3 weeks,
followed by extractions of either unilateral maxillary or mandibular molars. Their
findings are similar to ours. They reported that extractions in the mandible were
more difficult than the maxillary extractions and that in some cases it was
necessary to leave residual root tips in the mandible. The animals were sacrificed
at 14 or 28 days after extractions. The first histologic evidence of necrosis was
found at 14 days after extraction in the groups treated with zoledronic acid, as
necrotic bone was observed among treated animals in which overlaying mucosa
was ulcerated, but it was not seen in specimens were the mucosa was intact. In
our study we did not observe intact mucosa in any of the animals.
Macroscopically, the overlying mucosa of our animals was slightly advanced in
the healing process in the control group. We attribute this discrepancy with the
report by Sonis eta/., (2008) to the fact that we did not suture the extraction site.
We applied slight pressure to control any possible bleeding and kept the animals
under observation until we confirmed that they recovered from anesthesia and
that there was no bleeding. Son is eta/., (2008) found a more robust proliferation
of small blood vessels at both time points studied; we did not quantify blood
vessels in our specimens; perhaps his findings may be correlated to our findings
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of higher expression of serum VEGF at 4 weeks of healing in both experimental
and control groups.
Kobayashi et a/. (2009) used daily subcutaneous injections (250 J.lg/kg) of
zoledronic acid before and after extraction of the first maxillary molar in mice.
Although they observed delayed wound healing of the tooth extraction socket,
these mice did not manifest representative symptoms of BIONJ such as necrotic
bone exposure and accumulation of oral bacteria colonies, which are typical
signs observed in humans developing BIONJ. Our study differs significantly from
their design. We injected the zoledronic acid via IV route, which is the
administration route that has been often related to the development of BIONJ.
Also, our surgical procedure consisted of extracting the first mandibular molar (as
opposed to the maxillary molar). Our surgical technique required a high level of
dexterity, as factors that increased the level of difficulty for this procedure
included the highly dense component of the mandibular bone, the limited access
to the area due to the presence of the tongue and the divergent and thin
characteristics of the roots of the mandibular molars. However, we considered
that it was of great importance to work in the mandible since the vast majority of
BIONJ human cases are reported in the lower jaw.
Another major difference between our study and the report by Kobayashi
eta/. (2009) is the time of the study design. It has been suggested that the risk of
developing BIONJ is dose and time dependent (Woo et a/., 2007). Our animals
were subjected to extraction 3 weeks after the first dose of zoledronic acid and
were allowed to heal for up to 8 weeks. Kobayashi et a/. (2009) reported a
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reduced number of newly formed blood vessels; in our study we report an
increase in the values of serum VEGF. One possible explanation is the fact that
zoledronic acid inhibits osteoclast activity. The significant increase in bone
density induces vasculatr constriction, as a response to the restricted blood
supply the expression of VEGF is increased.

Although most of the investigations regarding the pathogenesis of BIONJ
support the hypothesis that the development of this conditions is related to bone
turnover or angiogenesis disorders (Ruggiero et a/., 2004, Marx et a/., 2005) it is
important to evaluate other possible routs of initiation. Landesberg et a/. (2009)
has proposed an "outside-in" hypothesis, it suggested that the adverse effect of
bisphosphonates on the epithelial keratinocytes may play a critical role in the
initiation of BIONJ. They investigated the effect of relevant doses of
pamindronate on the murine oral keratinocytes. This in-vitro study reported that
pamindronate inhibits cellular proliferation and wound healing capacity of
keratinocytes at concentrations above 0.1 mM. The toxic effect of pamindronate
resulted in detachment of the adherent cells, apoptosis was not a finding.
In conclusion, the animal model developed in the present study showed
several of the most common findings seen in tissues of patients that have been
diagnosed with BIONJ. These included, bone sequestration and necrosis with
empty lacunae, mixed inflammatory cellular infiltration and bacterial colonization.
Future studies with a larger sample size should be conducted to confirm our
findings.
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V.SUMMARY

The first injectable form of bisphosphonate, pamidronate, was approved
by the FDA for the treatment of bone metastases in 1991. Since then, various
forms of these agents have been successfully used for the treatment of life
threatening conditions. Bisphosphonates have improved the quality of life of
millions of patients. The positive impact for patients has been responsible for
their widespread use in medicine. Despite the benefits, BIONJ has emerged as a
significant complication in a subset of patients receiving this medication.
Osteonecrosis of the jaw has been linked to treatment regimens that
include intravenous bisphosphonate, and in a much lower incidence with oral
bisphosphonates. Invasive dental treatment has also been described as an
important risk factor (Marx, 2003, Ruggiero eta/., 2004).
The objective of our investigation was to establish a rat model predictive of
the development of BIONJ following exodontias. To accomplish this, thirty four
retired breeder rats were used after IACUC approval, and randomized into two
groups: control (n=17), and experimental (n=17). The experimental group
received an IV injection of zoledronate (50 J.lglkg) at day 1 and at three weeks
later when the mesial buccal root of the right mandibular first molar was
extracted. At weeks 0, 4 and 8, five experimental rats and five controls for each
week (0, 4, and 8), were sacrificed. Serum analysis included PYD (collagen
breakdown) and VEGF (angiogenesis). Mandibles were processed for micro-CT,
and after analysis the same mandibles were decalcified for histology. The results
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consistently showed a trend for increased BMD in the experimental animals as
compared with the control animals in four different areas of interest. The PYD
levels at 8 weeks decreased for the experimental group, while the levels
increased for the control group, showing an expected healing response for this
latter group. Serum VEGF continued rising after 8 weeks for the experimental
group, while in the control group these levels started decreasing at 4 weeks; we
interpret this as a response to restricted blood supply in the zoledronic treated
rats.
H&E-stained slides from the experimental groups showed isolated areas
of necrotic bone; containing areas of empty osteocytic lacunae and bacterial
colonization. These are pathognomonic signs of development of BIONJ
described in the literature for humans. The control groups showed normal bone
healing and there were no signs of necrosis.
In conclusion, our study showed that zoledronate increased the bone
density and decreased the collagen breakdown of the animals, which may have
reduced vasculature perfusion increasing the expression of VEGF. Although
consistent findings of BIONJ features were observed in our experimental groups,
we encourage the development of future studies with a larger sample size to
confirm our findings with stronger statistical significance.
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