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Purpose: The mechanisms underlying the pathophysiology of medication-related osteonecrosis of the
jaw (MRON]J) development have not yet been fully elucidated. MRON] is described as a multi-factorial
process in which bacterial infection seems to play an important role. The purpose of the present study
was to investigate the influence of a primary installed infectious disease in the development of MRON]
after dental extraction.

Keywords: . Materials and methods: Twenty-six rats underwent pulpal exposure of one upper and one lower first
Osteonecrosis . - . . . . .
Radiology molar to induce periapical lesions. Thereafter, animals received zoledronate during a 4-week period. The
Microscopy day after the last injection, the four first molars from each quadrant were extracted. Eight weeks later,
Nanotechnology animals were sacrificed for macroscopic, radiological, and histological assessment.

Oncology Results: The incidence of MRON] was highest in mandibular infected teeth (47.4%), while the histological
Osteoporosis evaluation showed the highest incidence of osteonecrosis (88.2%) and the largest mean value for extent

of the necrotic bone area (1.22 + 0.71 mm?). Radiological findings confirmed the clinical and histological
results. Statistical analysis showed that the combination of both factors, mandibular localization and
periapical infection, significantly increased the incidence of MRON] after extraction, considering clinical
(p = 0.0074), radiological (p = 0.026), and histological (p = 0.0022) outcomes.
Conclusion: These findings support the potential implication of inflammatory/infectious dental pathol-
ogy in initiating the osteonecrotic process before dental extraction. The possible partial role of the in-
fectious process in MRON] development emphasizes the importance of maintaining good oral health and
dental care for preventing infectious pathology in the management of these patients.

© 2018 Published by Elsevier Ltd on behalf of European Association for Cranio-Maxillo-Facial Surgery.

1. Introduction

Bisphosphonates (BPs) are antiresorptive drugs commonly used
to treat diseases involving bone resorption, such as bone metastatic
diseases, multiple myeloma, and osteoporosis (Russell et al., 2008;
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Ruggiero et al., 2009). Despite the significant benefits of anti-
resorptive drugs (ARD), medication-related osteonecrosis of the
jaw (MRON]) represents their main adverse side effect (Ruggiero
et al., 2009; Marx, 2011). According to the latest definition of
MRON] established by the American Association of Oral and
Maxillofacial Surgeons, patients may be considered to have MRON]
if each of the following characteristics is present: (1) current or
previous treatment with antiresorptive or antiangiogenic agents;
(2) exposed bone or bone that can be probed through an intraoral
or extraoral fistula in the maxillofacial region that has persisted for
more than 8 weeks; and (3) no history of radiation therapy to the
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jaw or obvious metastatic disease to the jaw (Ruggiero et al., 2014).
This definition refers to bisphosphonates as well as other anti-
resorptive (denosumab) and antiangiogenic therapies. Globally, the
most commonly triggering factor used for MRON] occurrence is
dental extraction. According to a recent systematic literature re-
view, the risk of MRON]J after dental extraction in patients treated
with ARD for oncological reasons reached 3.2%, and the occurrence
may increase in the presence of risk indicators, such as concomitant
chemotherapy (Gaudin et al., 2015). Other factors, such as corti-
costeroids or diabetes, are associated with an increased risk of
MRON] in humans and in animal studies (Saad et al., 2012; Tsao
et al,, 2013; Berti-Couto et al., 2014). Current knowledge of the
physiopathology of MRON]J shows that this process is complex and
multi-factorial. The main actors involved in the development of
MRON]J are (1) the inhibition of osteoclastic bone resorption and
remodeling (Ruggiero et al., 2014), (2) the inhibition of angiogen-
esis (Wood et al., 2002; Bezzi et al., 2003; Lopez-Jornet et al., 2010;
Conte Neto et al., 2013), and (3) the infection/inflammation process
(Hoff et al., 2008; Ripamonti et al., 2009; Otto et al., 2015),
respectively. Tooth extraction in ARD patients is often associated
with periodontal or periapical disease (Ficarra et al., 2005;
Boonyapakorn et al., 2008; Ruggiero et al., 2009; Marx, 2011), and
a clinical study concluded that the presence of osteomyelitis at the
time of extraction might be associated with the occurrence of
clinical and/or radiologic MRON]J in patients treated with intrave-
nous (IV) BPs (Saia et al., 2010). The development of MRON] may
therefore be influenced by a previously or secondarily developed
bone infectious disease, such as marginal or periapical periodon-
titis. Additionally, animal studies have shown that local inoculation
with bacteria increases the risk of MRON] development (Mawardi
et al,, 2011; Tsurushima et al., 2013; Sakaguchi et al., 2015). Other
authors have demonstrated that both inflammation and bacterial
infection combined with systemic ARD are sufficient to induce
MRON]J in rodents (Aghaloo et al., 2011, 2014; Aguirre et al., 2012;
Kang et al., 2013; de Molon et al., 2014; Moreira et al., 2014). In a
larger animal model, it was showed that MRON]J occurred not only
after extraction but also in areas of periodontal infection (Otto et al.,
2017). Therefore, infection/inflammation seems to play a role in the
pathophysiology of MRON] development, but the cause-and-effect
relationship is not yet fully understood. The infectious process
surrounding teeth could eventually initiate the bone necrotic pro-
cess, but the incidence of MRONJ occurrence after extraction of
healthy versus infected teeth has not been investigated in clinical or
preclinical studies. The objective of the present study was to
explore the pathophysiology of MRON] development and to
investigate the influence of an installed osteomyelitis in the
development of MRON] after dental extraction in rats. The hy-
pothesis was that installed dental pathology, such as periapical
periodontitis, is a risk factor for MRON] after extraction. The effect
of the localization (upper or lower jaw), the presence of primary
infection or the combination of these two factors on MRON]J
development was investigated.

2. Materials and methods
2.1. Animals and study design

The study involved 26 male Wistar rats aged 6—10 weeks and
weighing 250—350 g. All experimental procedures and protocols
used in this investigation were reviewed and approved by the
Institutional Animal Care and Use Ethics Committee of the Uni-
versity of Liege, Belgium (Protocol #13—1639; Date:07/11/2014).
The Animal Research Reporting of In Vivo Experiments (ARRIVE)
guidelines were carefully followed, as well as national and Euro-
pean legislation.

Rats were housed in individual cages with filtered air,
controlled humidity and temperature of 23 + 2 °C. A 12-h light/
dark cycle was maintained, and ad libitum access to diet and water
was provided. At baseline (DO0), all animals were subject to pulpal
exposures in the first left maxillary molars and first right
mandibular molars to induce periapical lesions. Thereafter, all
animals started receiving zoledronic acid through intraperitoneal
(IP) injections of 0.3 mg/kg 3 times per week for 4 weeks (Zometa,
Novartis Pharma, Basel, Switzerland). Overall, 12 injections and a
total dose of 3.6 mg/kg were administered to each rat. The day
following the last injection (DO + 4 weeks), all animals underwent
extraction of the first molars in each quadrant. Eight weeks after
teeth extraction (DO + 12 weeks), the animals were euthanized by
an overdose of pentobarbital, and samples were collected for
assessment.

2.2. Experimental procedures

All intra-oral procedures were performed under general
anesthesia. Animals were anesthetized with an IP injection of
ketamine (70 mg/kg) and xylazine (30 mg/kg). Pulpal exposures
were performed using a size 1/2 round bur, avoiding furcal
perforation. Exposed teeth were left open throughout the
experiment, in order to induce periapical lesions. After receiving
ARD treatment (DO + 4 weeks), all first molars (maxillary and
mandibular, left and right) were extracted using a surgical tech-
nique as atraumatic as possible. Teeth were luxated using a
periodontal scaler as an elevator. In most cases, the entire root or
apical portion of the root broke off during the procedure. The
remaining roots were extracted when possible, and broken apical
portions were drilled using a size 1/2 round bur. Surgical pro-
cedures are illustrated in Fig. 1.

2.3. Macroscopic analysis

Following euthanasia, extraction sites were clinically examined
for the presence of bone exposure and/or fistulae bone contact on
probing (“macroscopic MRONJ”). Photographs of each site were
taken for double checking the presence of bone exposure. Dissec-
tion of the maxillae and mandibles were performed, and the
samples were fixed in 10% formaldehyde for 48 h and then stored in
sterile phosphate-buffered saline (PBS) at 4 °C.

2.4. Radiological analysis

Samples were subjected to microfocus computed tomography
(microCT) (NanoTom M, GE, Germany) to identify radiological evi-
dence of MRON] or the presence of residual dental roots (Fig. 2).
Based on radiological characteristics of MRON] described in
humans, extraction sites were defined as “positive radiological
MRON]” when at least two of the following criteria were present:
(1) poor bone regeneration (maximum 30%), (2) disorganization of
trabecular patterns, (3) cortical irregularity, (4) areas of osteolysis,
(5) cortical disruption, (6) fragmentation aspect, and (7)
sequestrum.

2.5. Histological analysis

Histological sections (hematoxylin and eosin stained) were first
used to determine the presence of “histological MRON]” based on
the following criteria: (1) presence of mucosal ulceration, and/or
(2) bone sequestrum associated with pseudoepitheliomatous hy-
perplasia (PEH), and (3) inflammatory infiltrate (Hokugo et al.,
2010; Aguirre et al., 2012; Williams et al., 2014; Park et al., 2015)
(Fig. 3). Samples were defined as histological MRONJ (yes/no).
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Fig. 1. Surgical procedures. (A) Pulpal exposure confirmed by bleeding. (B) Luxation of the tooth using periodontal scalers. (C) Tooth extraction showing fracture of the mesial roots.
(D) Use of a small round bur to drill remaining roots or apical fragments. (E) MRON]J clinically defined (bone exposure) 8 weeks after tooth extraction.
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Fig. 2. Alveolar bone healing assessment by micro-CT imaging. (A) Three-dimensional reconstruction of an extraction site defined as “radiological MRON]J” (score 4). (B) Axial
section. (C) Coronal section. (D) Sagittal section. Radiological characteristics of osteonecrosis such as osteolysis, disorganization of trabecular patterns, cortical disruption and lack of
newly bone formation are observable.
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Fig. 3. (A) Histological section showing typical signs of MRON]. Invagination of
pseudoepitheliomatous hyperplasia (PEH) (black arrows) surrounding necrotic bone
(area outlined in red) and inflammatory infiltrate (green arrow). Apical fragment of
distal root is outlined in yellow. (B) Histological section representing an extensive
MRON] lesion. Epithelial discontinuation, absence of newly bone formation and
presence of bone sequestrum and larges area with empty osteocytic lacunae (outlined
in red).

Moreover, a 3 x 3-mm region of interest (ROI) was selected to
perform histomorphometric measurements of the bone necrosis
surface (Fig. 4). Necrotic bone was defined as a region with empty
osteocytic lacunae and was calculated using appropriate software
(NDP.view 2.5.14 Hamamatsu Photonics, K.K., Japan).

2.6. Statistical analysis

Results were presented as a frequency table for categorized
variables and as mean, standard deviation (SD), median, inter-
quartile range (IQR) and range for quantitative variables. Summary
data were generally described according to the jaw (upper or lower)
and the presence of infection (yes or no). In the statistical analysis,
the fact that 4 teeth were available for each rat at each time point
was considered. Thus, MRON]J occurrence at the clinical or histo-
logical level was studied in relation to localization and infection by
logistic regression for repeated measures (GEE). GEE was also used
for the radiological score. Finally, for the extent of necrotic areas, a
generalized linear mixed model (GLMM) was applied. The inter-
action term between the two factors (localization and presence of
infection) was included in the model. The degree of agreement

between the clinical, histological, and radiological evaluation was
assessed by the Cohen kappa (k) coefficient and its 95% confidence
interval (95% CI); the closer k to 1, the better the agreement be-
tween the evaluations. Results were considered significant at the
5% level (p < 0.05). Analyses were performed using SAS version 9.3
(SAS Institute, Cary, NC, USA).

3. Results

Of the 26 rats used for the study, 19 rats survived until the end of
the experiment. Therefore, 76 extraction sites were available for
analysis. Quantification of necrotic areas and percentage rates of
extraction sites defined as “macroscopic MRON]”, “histological
MRON]” and “radiological MRON]J” are summarized in Table 1.

3.1. Macroscopic examination

Regarding the macroscopic evaluation, the incidence of MRON]J
after extraction of healthy teeth was comparable in maxillae and
mandibles (42.1% of extraction sites) (Fig. 1). Considering the
infected extracted teeth only, significantly more MRON] develop-
ment occurred in the mandible (47.4%) than in the maxilla (15.8%)
(p = 0.034). Data also showed that when both factors (infection and
mandibular localization) were present, the incidence of MRON] was
significantly increased (p = 0.0074).

3.2. Radiological examination

Detailed numerical data related to the radiological examination
are displayed in Table 1. The lowest proportion of radiological
MRON] was shown for healthy teeth extracted from the maxilla
(26.3%). MRON] occurrence was higher considering other configu-
rations (quadrants 2, 3, and 4) and comparable between them
(63.2%). A statistically significant increased risk for MRON] devel-
opment was demonstrated when both factors were present
(p = 0.026) (Fig. 2).

3.3. Histological examination

Among the 76 samples, 6 could not be used for histological
analysis for technical reasons. Occurrence of histological MRON]
after extraction of healthy teeth did not differ significantly between
maxillae and mandibles (p = 0.75). However, occurrence of MRON]J
after extraction of infected teeth was much higher in the mandible
(88.2%) than in the maxillae (42.1%). As demonstrated for clinical
findings, only the combination of both factors (mandibular locali-
zation and infection) significantly increased the risk of MRON]
occurrence (p = 0.0022).

3.4. Histomorphometry

Concerning the quantification of necrotic areas, the lowest mean
value was found for non-infected sites in the maxilla, and the
highest mean value was found for infected sites in the mandible
(Table 1). A significant risk increase for MRON] was evidenced when
considering only mandibular localization (p = 0.005), while only a
tendency was seen for infection. When combining both factors,
none was significant. When comparing the extent of the necrotic
area for sites clinically defined healthy and sites clinically defined
as MRON]J, mean values were significantly higher in the latter group
(p = 0.019).
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Fig. 4. (A) Histological sections showing extraction site in defined region of interest (3 x 3 mm). Area outlined in red corresponds to necrotic bone area (with empty osteocytic
lacunae). (B) Viable bone showing osteocytes with nuclei. (C) Necrotic bone with empty osteocytic lacunae.

Table 1
Summary of results.

Site Infection Quadrant Macroscopic MRON] (%) Histological MRON] (%) Radiological MRON]J (%) Extent of necrotic area (mm? + SD)
Maxilla No Q1 42.1% 56.2 % 263 % 0.56 + 0.28

Yes Q2 15.7 % 421 % 63.1% 0.82 + 0.50
Mandible No Q3 42.1% 50.0 % 63.1% 0.99 + 0.66

Yes Q4 473 % 88.2% 63.1% 1.22 + 0.71

3.5. Degree of agreement between methods of analysis

The degree of agreement between macroscopic and histological
examination of MRON] was satisfactory (k = 0.46; 95% CL
0.27—0.64), as was the degree of agreement between macroscopic
and radiological examination of MRONJ (k = 0.25; 95% CI:
0.05—0.46), indicating that criteria defined for histological and
radiological confirmation of MRON] are well associated with
installed clinical MRON]. These macroscopic, histological, and
radiological results emphasize the aggravating role of MRON]
development when combining mandibular localization and
installed infection.

4. Discussion

Animal models are important to understanding the patho-
physiological mechanisms involved in MRON] and to develop
evidence-based treatment options (Sharma et al,, 2013). In this
study, a high cumulative dose of zoledronate was chosen to induce
lesions. This molecule is indeed associated with the highest rate of
MRON] in humans, and the incidence of MRON] is known to be
higher in patients treated for oncological reasons than in patients
treated for osteoporosis (Gaudin et al., 2015). The objective of the

present experimental study was to evaluate the impact of installed
peri-apical infectious processes on MRON]J occurrence after tooth
extraction. Macroscopic, histological, and radiological assessment
revealed that MRON] lesions were more frequently observed after
extraction of periapically infected teeth at the mandible, in com-
parison with non-infected and/or maxillary teeth. However, the
experimental data did not show a significant influence for factors
(mandibular localization or periapical infection) taken individually,
although they did for their combination. As demonstrated in hu-
man studies, MRON] lesions occur more frequently at the mandible
compared to the maxilla, and they are attributed to higher density
and lower vascularity of mandibular bone (Ruggiero et al., 2014).
Consequently, this type of bone displays less defensive potential
and is more susceptible to MRON]J development. Considering pre-
existing infection, our findings are in line with those of several
clinical studies, suggesting that installed osteomyelitis before
extraction was a risk factor for MRON] development (Marx, 2003;
Ficarra et al., 2005; Hoff et al., 2008; Ruggiero et al., 2009; Saia
et al, 2010; Marx, 2011; Otto et al.,, 2012, 2015). However, the
physiopathology of MRON] is not completely understood. Although
several animal studies have demonstrated a major role of peri-
odontitis or peri-apical diseases in MRON] pathogenesis, none of
them has investigated the combination of installed infection and
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dental extraction (Aghaloo et al., 2011, 2014; Aguirre et al., 2012;
Kang et al., 2013; de Molon et al., 2014; Moreira et al., 2014). The
present experimental study is the first to compare MRON] occur-
rence after extraction of healthy versus infected teeth and to
demonstrate that post-extraction MRON] is enhanced in dense and
poorly vascularized bone, such as mandibular bone, if pre-existing
infection/inflammation is installed before extraction. These find-
ings reinforce the hypothesis that a primary installed infectious
disease leads to the initiation of the osteonecrosis, and secondary
extraction in an infected site further exposes already necrotic bone
and enhances the establishment of post-extractional MRON]J. Ac-
cording to this hypothesis, local infection/inflammation seems to
trigger MRON] development, before the extraction itself. Similar
conclusions were found in clinical studies, reporting that baseline
osteomyelitis was a risk factor for MRON] development (Saia et al.,
2010), and that the infectious conditions may be more determinant
than tooth extractions in MRON] development (Otto et al., 2015).
Some pathogenesis theories state that local infections and
consecutive acidosis could play a role in MRON] development. In-
fectious inflammatory processes lead to local tissue acidosis, and
BPs are known to be released from acidic milieu, resulting in high
cytotoxicity (Otto et al, 2010). Our results showed that local
infection seems to enhance MRON] occurrence, but extraction re-
mains obviously an additional risk as MRONJ were also observed
after extraction of non-infected tooth.

In the present study, histological MRON]J (potentially compared
to stage 0 in human patients) was more frequently observed than
macroscopic lesions. Nevertheless, there is no evidence that
extraction sites presenting with histological necrotic areas without
clinical exposure could lead to established MRON] lesions (stage 1,
2, or 3). Histological and radiological assessments were thus com-
plementary to clinical evaluation, but the main criterion for
defining MRON] lesion was bone exposure.

Two limitations may be underlined in the present experimental
study. The first concerns the high rate of root fractures. MicroCT
scans revealed apical root remnants in 94% of extraction sites,
despite the use of a size 1/2 round bur to drill broken apical por-
tions during extraction procedures. Compared to the rate of root
fractures provided by histological analysis (only 42%), we believe
that the histological analysis underestimates these data. The upper
first molars are composed of five divergent roots, and the lower first
molars are composed of four roots, usually with a broadening of the
most apical portion. These anatomical characteristics may explain
the occurrence of fractures and why histological analysis un-
derestimates their frequency. Considering the fact that most of the
sites presented a complete mucosal healing, even with the
remaining root fragments (infected or not), and that apical portions
were present in the same proportion for each quadrant, then for
each condition (infected tooth or not, upper or lower jaw), the risk
of bias was limited. The second limitation concerns the study
design. In the present study, the pulp opening needed to induce a
peri-apical infection was created at the first ARD injection, indi-
cating that the period for ARD administration and the period for
periapical lesion development were grouped. Thus, during the
earliest stage of periapical disease, resorptive function may still
have been effective because animals were just starting to receive
ARD. This context does not totally mimic the real situation found in
patients. To mimic the clinical context, pulpal exposure should have
been performed after a period of massive saturation of bone with
ARD, making the resorptive function less competent. In this way,
the effect of periapical infection on the prevalence of MRON]
development after extraction might have been greater, but this
hypothesis needs to be confirmed by additional studies.

Current guidelines recommend the avoidance of dental extrac-
tion in cancer patients treated with ARD because extraction is an

important triggering risk factor for MRON]J occurrence. However,
according to the present findings and the recent literature,
compromised teeth affected by periodontal or periapical disease
seem to increase the risk for MRON] development, and their
removal using an adjusted extraction protocol may therefore be
recommended to prevent further MRON] development. Addition-
ally, since primary infection may be the starting point of necrosis, it
may also be advised to remove necrotic bone, for example, by
drilling, when extracting an infected tooth. This study enhances the
importance of maintaining good oral health and dental care for
preventing infectious disease in the management of ARD-treated
patients. Our results also support human studies in which the au-
thors concluded that the application of preventive measures,
including elimination of infectious processes, could significantly
reduce the incidence of MRON] in cancer patients receiving ARD
(Boonyapakorn et al., 2008; Dimopoulos et al., 2009; Ripamonti
et al., 2009).

5. Conclusion

In the present study, we designed a rat model presenting with
macroscopic, radiological, and histological characteristics of MRONJ
comparable to those in patients. Our results support the potential
role of inflammatory/infectious dental pathology in initiating the
osteonecrotic process, leading to an increased risk for MRON]
development after extraction. These conclusions confirm the
importance of maintaining good oral health and dental care for
preventing infectious disease in the management of ARD-treated
patients. Moreover, avoiding extraction of compromised teeth in
patients at high risk for MRON] development may not always be the
best therapeutic option.
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