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Research Reports: Biological

Introduction
Antiresorptive therapies, including nitrogen-containing bisphos-
phonates such as zoledronic acid (ZOL), are the first-line treat-
ment of choice for preventing bone loss in osteoporosis and 
suppressing skeletal metastatic events in cancers (Chen and 
Sambrook 2011). In patients undergoing antiresorptive therapy 
for prolonged periods or at high doses, a rare but serious oral 
complication called medication-related osteonecrosis of the 
jaw (MRONJ) can occur following dental interventions (Marx 
et al. 2005). MRONJ clinically manifests as exposed bone that 
has persisted for >8 wk without history of radiation exposure to 
the head and neck area (Ruggiero et al. 2014).

According to clinical studies, 84% of patients with MRONJ 
presented with periodontal disease as a dental comorbidity, and 
in 78% of the cases, the precipitating event that led to osteone-
crosis of the jaw (ONJ) development was an extraction or dental 
surgery (Marx et al. 2005). Consistent with this, the etiologic 
role of periodontal disease and dentoalveolar surgery in MRONJ 
pathogenesis has been corroborated in multiple preclinical ani-
mal models (Aghaloo et al. 2011; Kim et al. 2018; Soundia et al. 
2018). Because periodontal disease is driven by local microbial 
dysbiosis and extraction sites are in intimate contact with oral 
bacteria during healing, several groups have investigated the 
association between the oral microbiome and MRONJ lesion 
development. Scanning electron microscope analysis from 
MRONJ lesions has revealed microbial biofilm formation on 
sequestered bone (Sedghizadeh et al. 2008). Metagenomic anal-
yses revealed altered bacterial diversity in patients with MRONJ, 

with some studies reporting an increase in Actinomyces spp. 
accumulation on MRONJ lesions (Marx et al. 2005; Hansen  
et al. 2006; Kos, Brusco, et al. 2010). Moreover, a decrease in 
MRONJ incidence in patients with cancer who improved their 
oral hygiene suggests a critical role for bacterial infections in 
MRONJ pathogenesis (Ripamonti et al. 2009). Together these 
findings suggest that antiresorptive therapy, dental surgery, and 
local inflammation are each a risk factor for MRONJ develop-
ment and further raise the question of whether the microbiota 
plays a role in the etiopathogenesis of MRONJ.

The oral mucosal barrier comprises the epithelium—which 
separates a diverse community of microorganisms that exert 
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Abstract
Medication-related osteonecrosis of the jaw (MRONJ) is a rare intraoral lesion that occurs in patients undergoing long-term and/
or high-dose therapy with nitrogen-containing bisphosphonates, a RANKL inhibitor, antiangiogenic agents, or mTOR inhibitors. The 
presence of pathogenic bacteria is highly associated with advanced stages of MRONJ lesions; however, the exact role of indigenous 
microbes in MRONJ development is unknown. Here, we report that the normal oral flora in mice protects against inflammation-
induced osteonecrosis. In mice that developed osteonecrosis following tooth extraction, there was increased bacterial infiltration 
when compared with healed controls. Antibiotic-mediated oral dysbiosis led to a local inhibition of bone resorption in the presence of 
ligature-induced periodontitis (LIP). There was no significant difference in empty lacunae, necrotic bone formation, osteoclast number, 
and surface area in antibiotic-treated as compared with conventionally colonized mice following extraction of healthy teeth after 
zoledronic acid infusions. However, extraction of LIP teeth led to increased empty lacunae, necrotic bone, and osteoclast surface area 
in antibiotic- and zoledronic acid–treated mice as compared with conventionally colonized mice. Our findings suggest that the presence 
of the indigenous microbiota protects against LIP-induced osteonecrosis.

Keywords: osteoclast(s), medication-related osteonecrosis of the jaw/MRONJ, ligature-induced periodontitis/periodontal disease, 
wound healing, bone, antibiotic(s)
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pleiotropic effects on host function (Shreiner et al. 2015)—from 
numerous host immune, endothelial, and mesenchymal cells that 
form intricate networks for nutrient and antigen exchange 
(Chang et al. 2014). The lack of tight junctions between teeth 
and oral mucosa is unique to the oral cavity and makes this area 
particularly susceptible to bacterial infiltration (Bosshardt and 
Lang 2005). When bacteria accumulate at sites directly adjacent 
to this interface, they can become pathobionts that cause local 
inflammation leading to host-mediated destruction of alveolar 
bone, clinically known as periodontitis (Darveau 2010). 
Periodontitis is driven by local microbial dysbiosis, and extrac-
tion sites are inevitably colonized by oral bacteria during heal-
ing. Therefore, we hypothesize that disruption of the microbiota 
may influence the development of MRONJ.

In this study, we investigate the role of indigenous bacteria 
in MRONJ pathogenesis by assessing bone mass, osteonecro-
sis development, and osteoclast number in the maxillary sec-
ond molar region. These phenotypes are examined in response 
to microbiota depletion with broad-spectrum antibiotic (Abx) 
treatment and subsequent extraction of healthy or periodon-
tally diseased teeth in vehicle (Veh)– or ZOL-treated mice.

Materials and Methods

Animals

Six-week-old female C57BL/6J mice were purchased from the 
Jackson Laboratories (stock No. 000664) and housed in a spe-
cific pathogen–free (SPF) environment with 12-h light/dark 
cycle managed by the UCLA Division of Laboratory and 
Animal Medicine. All experimental protocols were approved 
by institutional guidelines from the Chancellor’s Animal 
Research Committee (2011-062).

Commensal Microbiota Reduction  
and Ligature-Induced Periodontitis

SPF mice were randomly assigned into 4 groups: SPF + no 
ligature control (NLC), SPF + LIP, Abx treated + NLC, and 
Abx + LIP (n = 8 mice each). All Abx animals received a 
mixture of intragastric and intraoral gavage of vancomycin 
(50 mg/kg), metronidazole (100 mg/kg), and neomycin (100 
mg/kg) twice daily and ampicillin (0.5 mg/mL) in the drink-
ing water ad libitum for the first 7 d of the study. For the 
control groups, sterile saline gavage and unaltered water were 
provided. After 7 d, a 6-0 silk suture was aseptically placed 
on the right and left second maxillary molar (M2) of the Abx 
+ LIP and SPF + LIP groups. Dysbiosis in Abx animals was 
maintained by delivering a mixture of vancomycin (0.5 mg/mL), 
ampicillin (1 mg/mL), and neomycin (1 mg/mL) in drinking 
water ad libitum for the remainder of the study. Three weeks 
after ligature placement, animals were sacrificed. A sche-
matic illustrating the timeline of the study is presented in 
Figure 3A.

Commensal Microbiota Reduction  
and Osteonecrosis Development

SPF mice were randomly assigned into 6 groups: SPF/Veh/
NLC, SPF/ZOL/NLC, SPF/ZOL/LIP, Abx/Veh/NLC, Abx/
ZOL/NLC, and Abx/ZOL/LIP (n = 7 to 10 mice each). Animals 
in the SPF and Abx groups received unaltered water or Abx 
gavage/water as described earlier for the entire study. Animals 
in the Veh and ZOL groups received biweekly intravenous 
injections of 0.9% NaCl or 125 μg/kg ZOL (Sagent 
Pharmaceuticals) starting 1 wk after the gavage administration 
and continuing throughout the study. Two weeks after the 
gavage administration, animals in the LIP groups received a 
ligature as previously described. Three weeks after ligature 
placement, all animals underwent maxillary M2 extraction. 
Prior to sacrifice, oral swabs and fecal samples were aseptically 
obtained. Following sacrifice, spleens and ceca were harvested, 
and weights were compared per total body weight. A schematic 
illustrating the timeline of the study is presented in Figure 4A.

Micro–computed tomography

Whole maxillae and femurs were scanned with a voxel size of 
10 μm3 and a 1.0-mm aluminum filter at 60 kVp and 166 μA 
(SkyScan 1275; Bruker). See Appendix for detailed recon-
struction and analysis methods.

Histomorphometric and Histochemical Staining

Hematoxylin/eosin and tartrate-resistant acid phosphatase 
(TRAP; 387A-1KT, Millipore Sigma) staining was performed 
following decalcification and paraffin embedding as described 
previously (Williams et al. 2014). Quantifications were per-
formed with ImageJ and Histomorph (van ’t Hof et al. 2017).

16S Sequencing and Quantitative Real-time 
Polymerase Chain Reaction

Bacterial DNA was extracted from fecal and oral samples 
before sacrifice with the DNeasy PowerSoil Kit (12888-100; 
Qiagen). Total bacterial load was performed as described pre-
viously (Dutzan et al. 2018). DNA underwent library prepara-
tion as described (Tong et al. 2014) with uniquely barcoded 
primers targeting the V4 region of the 16S rRNA gene 
(Caporaso et al. 2012). Demultiplexed sequencing results were 
analyzed with the QIIME2 pipeline (Bolyen et al. 2019). See 
Appendix for detailed 16S sequencing, analysis, and poly-
merase chain reaction methods.

Fluorescent In Situ Hybridization

Archived MRONJ samples (Williams et al. 2014) were depar-
affinized in a 60 °C oven and rehydrated in serial dilutions of 
xylene and ethanol. Bacterial fluorescent in situ hybridization 
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was performed with a universal bacterial probe (5′-[Cy3]
GCTGCCTCCCGTAGGAGT-3′; MilliporeSigma) as previ-
ously described (Fung et al. 2019).

Statistical Analysis

Data are shown as mean ± SEM unless otherwise noted. 
Differences among groups were compared by 1- or 2-way analy-
sis of variance with Tukey’s post hoc test, unless otherwise noted.

Results

MRONJ Lesions Display Increased Local 
Bacterial Infiltrate

MRONJ lesions are barrier defects that involve bone exposure 
in the maxillofacial region that inevitably becomes colonized 
by the oral microbiota. To determine the extent of microbial 
infiltration in murine MRONJ lesions, we used archived Veh- 
and ZOL-treated tissue samples from our previous study (Fig. 
1A; Williams et al. 2014) and performed fluorescent in situ 
hybridization with a universal bacterial 16S rRNA gene probe. 
We found significantly increased bacterial staining in the con-
nective tissue and epithelium in ZOL-treated tissue with 
exposed bone and unhealed epithelium as compared with Veh-
treated controls that had complete epithelial closure and no 
exposed bone (Fig. 1B). These data indicate that bacteria are 
present in ONJ-like lesions in mice.

Broad-Spectrum Abx Treatment Alters Spleen and 
Cecal Weight and Oral Microbiota Composition

To understand the role of the microbiota in MRONJ pathogen-
esis, we adopted a model of systemic dysbiosis that utilized 
broad-spectrum Abx to deplete oral and gastrointestinal (GI) 
microbiota (Reikvam et al. 2011). Mice treated with Abx for  
4 wk showed significant decreases in oral and fecal 16S rDNA 
gene expression as compared with SPF controls (Fig. 2A). 

Spleen size as a percentage of body weight was decreased by 
40% in Abx mice versus SPF mice (Appendix Fig. 1A). 
Conversely, Abx mice developed enlarged ceca that weighed an 
average of 4 times more than ceca from SPF controls (Appendix 
Fig. 1B). 16S sequencing of oral swabs revealed significantly 
increased alpha diversity in Abx as compared with SPF groups 
(Fig. 2B, C), while Bray-Curtis principal coordinate analysis  
(q < 0.001) and taxonomic bar plots showed that SPF and Abx 
samples comprised significantly different bacterial taxa (Fig. 
2D, E). Taken together, these data demonstrate that broad-spec-
trum Abx sufficiently depleted the oral and GI microbiota and 
altered oral microbial composition.

Microbiota Depletion Inhibits Alveolar Bone Loss 
and Bone Mass Reduction Following LIP

To determine how the microbiota influences maxillary bone 
homeostasis in the absence of antiresorptive therapy or tooth 
extraction, we compared alveolar bone height and maxillary 
bone mass following LIP in SPF and Abx mice (Fig. 3A). 
Micro–computed tomography imaging and cementoenamel 
junction (CEJ)–alveolar bone crest (ABC) distance revealed 
that LIP induced significant alveolar bone loss in SPF and Abx 
mice as compared with NLC mice, and there was a significant 
increase in CEJ-ABC distance in SPF versus Abx animals with 
LIP, which was associated with dysbiosis at the ligature site 
(Fig. 3B, C; Appendix Fig. 2). We also observed a significant 
increase in CEJ-ABC distance on buccal roots of SPF + NLC 
animals as compared with Abx + NLC animals (Fig. 3B, C).

Gut microbiota perturbation has been shown to regulate 
long bone mass in Abx mice, which was replicated in our 
cohort (Appendix Fig. 3; Yan et al. 2016). In our model of 
microbiota depletion, bone loss on buccal but not palatal roots 
was significantly reduced in Abx animals relative to SPF con-
trols (Fig. 3C). In contrast to long bone, maxillary bone mass 
and trabecular structure were not significantly altered by Abx 
treatment (Appendix Fig. 4, NLC groups). In addition, though 
buccal bone mass and trabecular bone structure were 

Figure 1. Increased microbial infiltrate in mouse osteonecrosis of the jaw–like lesions. (A) Experimental schematic of the previously published study. 
(B) Representative images (left) and quantification (right) of fluorescence in situ hybridization of 16S rDNA with the universal bacterial probe Eub338 
conjugated to Cy3. Positive stain is indicated by white arrowheads. Scale bar: 100 μm. Values are presented as mean ± SEM. ****P < 0.0001. B, bone; 
CT, connective tissue; E, epithelium; ES, extraction site; Veh, vehicle; ZOL, zoledronic acid.
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significantly altered in SPF + LIP mice, these parameters were 
unaltered in the Abx + LIP group (Appendix Fig. 4, LIP groups) 
even though bone loss occurred in both cohorts (Fig. 3C). This 
is evident qualitatively by observing porous buccal bone in 
SPF + LIP animals and smooth buccal bone in Abx + LIP ani-
mals (Fig. 3B). Together, these findings suggest that the micro-
biota regulates maxillary bone mass and structure in periodontal 
health and disease.

Reduction of Commensal Microbiota 
Exacerbates Inflammation-Induced 
Osteonecrosis Development

A histologic hallmark of ZOL-induced osteonecrosis is an 
increase in empty lacunae, which is associated with reduced 
bone remodeling (Williams et al. 2014; Kim et al. 2017). To 
test whether the microbiota regulates the development of ZOL-
induced osteonecrosis, we examined the number of empty 
lacunae and amount of necrotic bone in SPF and Abx mice 
treated with ZOL and LIP (Fig. 4A). ZOL treatment without 

LIP did not affect the number of empty lacunae or amount of 
necrotic bone in Abx as compared with SPF animals (Fig. 4B–
D). However, ZOL-treated mice with LIP prior to tooth extrac-
tion developed significantly increased empty lacunae and 
necrotic bone in Abx versus SPF animals. This is consistent 
with previous findings demonstrating that LIP exacerbates 
osteonecrosis development in ZOL-treated mice (Kim et al. 
2018). These data suggest that microbiota depletion combined 
with local inflammation (LIP) preceding a tooth extraction 
potentiates the development of osteonecrosis during ZOL 
therapy.

Abx-Induced Dysbiosis Increases Osteoclast 
Number and Surface during Inflammation-
Induced Osteonecrosis

As demonstrated previously, biweekly ZOL infusions increase 
TRAP-positive osteoclasts 3 wk after healthy or diseased tooth 
extraction occurs (Williams et al. 2014; Kim et al. 2018). To 
examine whether microbiota depletion affects resorptive cell 

Figure 2. Broad-spectrum antibiotic (Abx) treatment alters oral microbiota composition in mice. (A) 16S rDNA quantitative real-time polymerase 
chain reaction was performed from genomic DNA extracted from fecal and oral samples collected prior to sacrifice and normalized to the sample 
weight in milligrams. Significance was calculated with unpaired t tests. The alpha (B, C) and beta (D) diversity of the microbial communities found at 
the site of ligature placement were calculated by Faith’s phylogenetic diversity, alpha rarefaction plot, and Bray-Curtis dissimilarity principal component 
analysis, respectively. (E) Microbiota composition is shown at the amplicon sequence variant level. The top 12 variants are classified at the highest 
taxonomic level identified by sequencing. f_, family; g_, genus; o_, order; s_, species. Significant differences in microbes between specific pathogen–free 
(SPF) and Abx were calculated with discrete false-discovery rate. Quantified data from panel A are presented as mean ± SEM. Data from panel B are 
presented as a minimum/maximum box and whisker plot. Data from panel C are presented as mean ± SD. *P < 0.05. **P < 0.01. ***P < 0.001. ****P < 
0.0001. ns, not statistically significant.
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numbers and surface area, we utilized enzyme histochemistry 
to identify TRAP-positive osteoclasts at the site of extraction 
in Abx and SPF animals (Fig. 5A). ZOL infusions increased 
osteoclast number (Fig. 5B) and surface (Fig. 5C) in Abx and 
SPF tissues following healthy tooth extraction. Interestingly, 
Abx tissues from LIP groups showed an increase in osteoclast 
number and surface as compared with SPF tissues. When we 
examined the differentiation and bone-resorptive functions of 
osteoclasts from Abx-treated mice, we found that the number 
of osteoclasts increased but were smaller and showed sup-
pressed resorptive function when compared with osteoclasts 
from SPF mice (Appendix Fig. 5). Cumulatively, our data sug-
gest that in the setting of bisphosphonate treatment and peri-
odontal inflammation, the commensal microbiota dampens 

osteonecrosis formation and the number of active osteoclasts 
(Fig. 5D).

Discussion
Pathogenesis of MRONJ is still incompletely understood, 
although the first formal report appeared more than 15 y ago 
(Marx 2003). Several hypotheses have been proposed that 
could explain its etiology, including inflammation and bacte-
rial infection (Aghaloo et al. 2015). In this study, we examined 
the role of bacteria in osteonecrosis development by using a 
microbiota depletion model and demonstrated for the first time 
a protective role for indigenous bacteria in inflammation-
induced osteonecrosis development. Our data reveal that host-
microbe interactions are important for oral-maxillofacial bone 
physiology.

To delineate the role of the commensal microbiota in LIP-
induced bone loss and subsequent osteonecrosis development, 
we significantly depleted bacteria indigenous to the oral and 
GI microbiota with an Abx treatment regimen modified from 
Reikvam et al. (2011), which includes Abx with activity against 
gram-positive, gram-negative, and anaerobic bacteria. Such a 
regimen yields significant reduction in oral and gut microbes 
in mice as measured by 16S rDNA expression (Fig. 2A). 
Reduced spleen weights and enlarged ceca were also con-
firmed (Appendix Fig. 1), which are important physiologic 
features observed in germ-free and Abx-treated mice (Gordon 
and Pesti 1971; Kennedy et al. 2018). Furthermore, taxonomic 
analysis and Bray-Curtis principal coordinate analysis revealed 
that Abx treatment changed the community composition of 
oral bacteria from that of mostly Methylobacterium komagatae 
and Enterobacteriaceae to Bacteroidales family S24-7, consist-
ing of uncultivatable bacteria primarily found in laboratory 
animals (Lagkouvardos et al. 2016). These phenotypic charac-
teristics combined with 16S rDNA expression and sequencing 
confirm a significant reduction and alteration of indigenous 
oral microbiota in our study.

Increased alpha diversity in the microbiota-depleted ani-
mals was seen in LIP and non-LIP models (Fig. 2B, Appendix 
Fig. 2). We hypothesize that depletion of the oral microbiota 
enabled recolonization of the oral cavity by microbes indige-
nous to the gut during coprophagy, as evidenced by the 
increased presence of gut-associated microbes, such as those 
from the order Clostridiales and S24-7. Another possible expla-
nation for increased alpha diversity in Abx as compared with SPF 
animals is that Abx treatment decreases abundance of domi-
nant taxa, such as Methylobacterium and Enterobacteriaceae, 
thereby enabling increased colonization of the oral cavity by a 
larger diversity of rare taxa, such as Ruminococcus gnavus and 
Roseburia (Gomez-Arango et al. 2017). Indeed, the oral micro-
biota harbors a high number of naturally Abx-resistant bacteria 
(Clemente et al. 2015).

The absence or depletion of gut microbiota causes osteope-
trosis in the long bones of mice (Appendix Fig. 3, Veh group; 
Sjögren et al. 2012; Yan et al. 2016). Interestingly, there were 
no differences in bone mass between the Abx/ZOL and SPF/

Figure 3. Systemic dysbiosis reduces alveolar bone loss and bone 
mass reduction following LIP. (A) Schematic of mouse model. For a 
detailed description, see Materials and Methods (Commensal Microbiota 
Reduction and Ligature-Induced Periodontitis). (B) Representative 
buccal views of micro–computed tomography reconstructed maxillae 
from specific pathogen–free (SPF) or antibiotic (Abx) animals with 
or without ligature-induced periodontitis. Scale bar: 500 μm. (C) 
Quantification total distance from the cementoenamel junction (CEJ) 
to the alveolar bone crest (ABC) measured from mesiobuccal (MB), 
distobuccal (DB), and palatal (P) roots on the second maxillary molar. 
All quantified data represent mean ± SEM. **P < 0.01. ***P < 0.001. 
****P < 0.0001. ns, not statistically significant. LIP, ligature induced 
periodontitis; NLC, no-ligature control.
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ZOL cohorts (Appendix Fig. 3, ZOL group), suggesting that 
the mechanism by which Abx-induced osteopetrosis occurs 
overlaps with that induced by ZOL. Moreover, the increased 
bone mass in germ-free mice was associated with a reduction 
in bone-related inflammatory cytokine expression and diminu-
tion of osteoclastogenesis (Sjögren et al. 2012). Together, this 
suggests that osteoclasts may play a central role in causing the 
osteopetrotic phenotype in Abx- and ZOL-treated mice.

Several studies have observed the sequela of Abx perturba-
tion of the microbiota in the context of periodontal disease. 

Broad-spectrum Abx treatment consistently leads to significant 
reduction of oral bacterial load measured by relative (Tsukasaki 
et al. 2018) or absolute (Dutzan et al. 2018) quantification of 
16S rDNA copies (Fig. 2A). In our study, LIP-mediated bone 
loss was reduced but not halted by microbial depletion, in 
agreement with previous reports (Abe and Hajishengallis 
2013; Dutzan et al. 2018; Fig. 3). Ligature placement is pro-
posed to induce periodontitis-like lesions in mice via inflam-
mation and subsequent bone resorption that, in theory, occurs 
due to localized bacterial aggregation (Graves et al. 2008). 

Figure 4. Histologic assessment of osteonecrosis formation in dysbiotic mice. (A) Schematic of mouse model. For a detailed description, see 
Materials and Methods (Commensal Microbiota Reduction and Osteonecrosis Development). (B) Hematoxylin and eosin section staining at the site 
of extraction. Representative images from each animal cohort are shown at 2 magnifications. Scale bar: 100 μm. (C) The number of osteocyte lacunae 
without nuclear stain were quantified as empty lacunae. (D) Areas containing >3 empty lacunae were quantified as necrotic and are presented as a 
percentage of the total bone present. All quantified data represent mean ± SEM. *P < 0.05. ***P < 0.001. ****P < 0.0001. ns, not statistically significant. 
Abx, antibiotic; LIP, ligature-induced periodontitis; SPF, specific pathogen–free; Veh, vehicle; ZOL, zoledronic acid.
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Figure 5. Histologic assessment of TRAP-positive osteoclasts in dysbiotic mice. (A) TRAP staining (purple) with aniline blue counterstain at the 
site of extraction. Representative images from each animal cohort are shown at 2 magnifications. Scale bar: 100 μm. The number (B) and surface 
(C) of TRAP+ osteoclasts per bone surface were quantified. (D) Proposed model. Antibiotic (Abx) perturbation of the oral microbiota does not 
alter the number of osteoclasts or necrotic bone formation in periodontal health (left) or periodontal health with zoledronic acid (ZOL) treatment 
(center). When periodontal disease is combined with ZOL therapy, Abx-induced dysbiosis leads to increased necrotic bone and osteoclast number 
at the extraction site (right). All quantified data represent mean ± SEM. *P < 0.05. ****P < 0.0001. ns, not statistically significant. LIP, ligature-induced 
periodontitis; SPF, specific pathogen–free; TRAP, tartrate-resistant acid phosphatase; Veh, vehicle.
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However, our data suggest that the physical placement of the 
ligature may also elicit local inflammation and bone resorp-
tion, which could be due to the unique mechanosensing abili-
ties of gingival cells, the importance of which was recently 
highlighted in periodontal bone loss (Dutzan et al. 2017). We 
observed increased osteonecrosis development in Abx/ZOL/
LIP mice, suggesting that trauma or damage is another integral 
factor in MRONJ pathogenesis in addition to normal flora 
maintenance. Such an observation demonstrates that LIP-
mediated bone loss is governed by entrapped bacteria on the 
ligature and physical and mechanical trauma that elicits osteo-
clastogenic responses. Further study is needed to define the role 
of the indigenous microbiota and physical/mechanical trauma 
in periodontal bone loss and MRONJ pathophysiology.

Previous studies have suggested that pathogenic bacteria 
colonize extraction sites in bisphosphonate-treated animals 
and humans and exacerbate ONJ lesion development (Hansen 
et al. 2006; Sedghizadeh et al. 2008; Kos, Brusco, et al. 2010; 
Katsarelis et al. 2015). In the present study, depletion of indig-
enous oral microbes increased the amount of osteonecrosis 
induced by BP following LIP and tooth extraction (Fig. 4). 
From these findings, we hypothesize that 1) “beneficial” bacte-
ria may be present in the oral microbiota that help reduce 
osteonecrosis development or 2) Abx-resistant pathogenic bac-
teria may fill the niche left by Abx treatment and cause local 
immune responses and tissue destruction that ultimately leads 
to increased osteonecrosis development. Alternatively, low 
levels of immune stimulation by the microbiota may be impor-
tant during osteonecrosis development, and Abx mice lacking 
these interactions may explain the increased osteonecrosis. 
While previous studies have identified a correlation between 
pathogenic bacteria and MRONJ lesions (Hansen et al. 2007; 
Kos, Kuebler, et al. 2010), our study identifies an important 
role for the indigenous microbes in MRONJ development. 
Collectively, these studies suggest that a delicate balance must 
be maintained between the clinical management of pathogenic 
bacteria and the preservation of the indigenous oral flora in the 
context of antiresorptive treatment and dental interventions 
such as a tooth extraction.

Here, we significantly reduced the oral and GI bacterial 
load and altered the remaining community composition of the 
microbiota (Fig. 2). Rodents are coprophagic and expose the 
oral cavity to intestinal microbes during their daily routine 
(Soave and Brand 1991), so it is technically challenging to 
reduce oral bacteria without also reducing gut bacteria. Thus, 
the effect of solely reducing oral-specific commensal bacteria 
on MRONJ pathophysiology remains unknown. Additionally, 
our model does not represent a germ-free condition. This limi-
tation is mitigated by the fact that Abx treatment is a more 
clinically relevant strategy to alter the microbiota. Nevertheless, 
further study is necessary to integrate findings from this study 
to clinical practice.

In this study, we perturbed the microbiota by reducing the 
overall bacterial load and altering oral flora composition with 
Abx treatment, and we revealed that indigenous bacteria pro-
tect against osteonecrosis development in a mouse model of 

LIP but have no effect on osteonecrosis development in peri-
odontal health. Our study has important implications because 
Abx regimens are often prescribed to patients with ONJ in a 
preventative and palliative manner (Ruggiero et al. 2014). 
However, further studies are needed to evaluate clinically rel-
evant doses of Abx therapy as a strategy for reducing MRONJ 
development.
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