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Abstract

Medication-related osteonecrosis of the jaw (MRONJ) is an uncommon but potentially serious complication associated with antiresorptive and
antiangiogenic therapies, such as bisphosphonates and denosumab. Despite increasing clinical awareness, the pathophysiology of MRONJ
remains poorly understood, and no universally accepted preventive strategies are currently available. Preclinical animal studies have served
as a cornerstone for investigating potential preventive and therapeutic approaches, offering valuable insights into disease onset, progression,
and intervention timing. This narrative, scoping-style review critically examines and maps the available preclinical evidence on preventive and
therapeutic strategies aimed at mitigating MRONJ risk, with an emphasis on animal models that simulate clinical conditions. We methodologically
explore and compare a wide range of proposed interventions, including laser and photobiomodulation therapies, ozone application, antibiotics,
anti-inflammatory agents, natural compounds, and biologics such as BMPs, mesenchymal stem cells (MSCs), and platelet-rich plasma. The
efficacy of these interventions is discussed in relation to their impact on inflammation, angiogenesis, bone remodeling, microbial control, and soft
tissue healing. Among the most promising strategies, low-level laser therapy and the use of MSCs consistently demonstrated improved healing
outcomes and reduced necrotic bone exposure in rodent models. Anti-inflammatory medications and natural compounds, such as resveratrol,
showed favorable modulation of the inflammatory microenvironment, while some antibiotics were effective in reducing bacterial burden when
administered at appropriate doses and timings. However, discrepancies in study design, animal species, drug administration protocols, and
outcome measures often limit direct comparisons and translational conclusions. Taken together, the animal literature supports the potential of
multimodal preventive strategies, particularly when interventions are applied before or immediately after dentoalveolar trauma. Nonetheless,
further standardization of experimental models and validation in clinical settings are urgently needed. This review highlights the strengths and
limitations of current preclinical evidence and proposes directions for future research to bridge the gap between bench and bedside in the
management of MRONJ.

Keywords: MRONJ, medication-related osteonecrosis of the jaw, animal models, prevention, laser therapy, natural compounds, biologics, antibiotics,
inflammation

Lay Summary

Medication-related osteonecrosis of the jaw (MRONJ) is a condition in which the jawbone fails to heal properly, leading to exposed bone, pain,
necrosis, and risk of infection. This review summarizes animal studies testing strategies to prevent or treat MRONJ, including lasers, stem
cells, bone-building hormones, natural compounds, antibiotics, and biomaterials. Some approaches, such as low-level laser therapy and stem
cells, consistently improved healing, while others showed promise in specific settings. However, differences in experimental design and lack of
standardization limit translation to patients. Future research should focus on standardized models, combination therapies, and clinical trials to
bring these strategies from the laboratory to real-world care.
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Introduction

Medication-related osteonecrosis of the jaw (MRON]) is
an uncommon yet potentially serious condition primarily
associated with antiresorptive therapies such as bisphospho-
nates and denosumab, as well as with certain antiangiogenic
medications.' 3 First reported by Marx in 2003 and later
by Ruggiero in 2004, this condition manifests clinically
as exposed necrotic bone in the maxillofacial region that
persists for more than 8 wk,>® in patients under antiresorptive
therapies. The incidence of MRON] varies according to
the patient population, medication type, and treatment
duration. According to the 2022 update of the American
Association of Oral and Maxillofacial Surgeons (AAOMS)
Position Paper, the estimated prevalence ranges from 0.2%
to 6.7% among cancer patients receiving high-dose i.v.
bisphosphonates or denosumab, and from 0.001% to
0.01% among patients treated for osteoporosis with low-
dose oral formulations.” In contrast, the incidence among
patients receiving antiangiogenic agents, such as bevacizumab
or sunitinib, is generally lower, reported between 0.2%
and 0.9%, though it may increase when combined with
antiresorptives.” The significance of anti-angiogenic agents as
an independent risk factor for MRON]J was highlighted in the
2014 AAOMS guidelines'; however, they were de-emphasized
in the 2022 update due to insufficient support from current
clinical evidence.” These variations highlight the influence of
underlying disease, treatment regimen, and local risk factors
on MRON] development.®? This wide variation underscores
both the complexity of the condition and the importance of
patient-specific risk factors in its development. Local factors
that increase the risk of MRON] include dental extractions,
traumatic surgical procedures such as implant placement or
removal, peri-implantitis, bone augmentation, orthodontic
treatment, periodontitis, and poorly fitting dentures, although
a significant proportion of cases may occur spontaneously
without an evident local trigger. Systemic risk factors include
chemotherapy, corticosteroid use, diabetes, smoking, and
older age, all of which may impair bone remodeling and
wound healing or alter immune responses. These cumulative
factors contribute to interindividual variability in MRON]
susceptibility.”

The pathophysiology of MRON] remains incompletely
understood!?>!! despite extensive research efforts, with
current hypotheses proposing a multifactorial etiology that
includes suppressed bone remodeling, impaired angiogenesis,
chronic inflammation, microbial infection, and immune
dysregulation.”>12-1% Bisphosphonates, the most commonly
implicated drugs, exert their effects by inhibiting osteoclast-
mediated bone resorption, which disrupts normal bone
turnover and repair mechanisms.!> This pharmacological
action, while beneficial for conditions like osteoporosis and
metastatic bone disease, creates a vulnerable environment in
the jaw where the high remodeling rate and unique microbial
flora predispose to necrotic changes following trauma or
infection.!?> The jaw’s specific susceptibility compared to
other skeletal sites may also relate to its embryological origin,
vascular supply, and the thin mucosa overlying cortical bone.

The clinical management of MRON] presents significant
challenges due to the lack of universally effective preventive or
therapeutic strategies.”»”>1%>!7 Current treatment approaches
are primarily palliative and stage-dependent, ranging from
conservative measures such as antimicrobial rinses for early

stages to surgical debridement or resection for advanced cases.
However, recurrence rates following surgical intervention dif-
fer substantially across patient populations. In individuals
treated for osteoporosis, recurrence is generally low, ranging
from 2% to 8%, whereas in cancer patients receiving high-
dose antiresorptive or antiangiogenic therapy, recurrence may
reach 15%-25%, particularly in advanced stages or in those
with systemic comorbidities. These differences underscore
the influence of underlying disease context and medication
regimen on healing outcomes.”>!3:1° This therapeutic gap
highlights the critical need for evidence-based prognostic and
preventive strategies, particularly for high-risk patients under-
going oncologic or osteoporotic treatments who require inva-
sive dental procedures.”>?>16:17

Preclinical animal models have served as indispensable tools
for investigating MRON] pathogenesis and evaluating poten-
tial preventive and therapeutic interventions.”’=>® The most
commonly employed models utilize rodents treated with zole-
dronic acid (ZOL), alendronate (ALD), or RANKL inhibitors,
often in combination with dexamethasone (DEX) or other
immunosuppressive agents to enhance lesion development. A
broad range of experimental models have been proposed by
different groups to reproduce MRON]-like features, including
spontaneous models, disease-associated models, and surgi-
cal induction protocols. For instance, several studies com-
prehensively characterized rodent models with variations in
drug dosing, disease triggers, and healing timelines, model
reproducibility and lesion outcomes.”*:*8=3* These collective
efforts from independent laboratories underscore the transla-
tional utility and methodological diversity of MRONY] preclin-
ical research.?1:25:27:35,36 Besides systemic administration of
these antiresorptives, local factors play an important role for
MRON] development, for instance dental trauma, periodon-
tal or periapical disease, and peri-implantitis (Figure 1). These
models successfully replicate key clinical features of MRON],
including osteonecrosis, non-healing extraction sockets, and
chronic inflammation.”*2%:37=44 Larger animal models, such
as dogs and pigs, while better approximating human jawbone
physiology and oral microbiota, are used less frequently due
to higher costs and ethical considerations.*>>*¢ Despite their
utility, translational challenges persist due to heterogeneity in
study designs, species-specific responses to medications, and
inconsistent outcome measures across studies.*>*”

Medication-related osteonecrosis of the jaw remains a
challenging condition to manage due to its complex and
multifactorial etiology and unknown pathogenesis.'! The
disease arises from a confluence of systemic and local
factors that create a pathological environment prone to bone
necrosis and unfavorable for tissue healing.!! Anti-resorptive
therapies suppress osteoclast activity leading to impaired
bone remodeling and accumulation of microdamage. When
compounded by local insults, such as dental extractions,
periodontal or periapical infections, or peri-implantitis, the
jawbone becomes particularly vulnerable.!’ The resulting
necrotic tissue further amplifies inflammation through a
cascade of immune dysregulation. This involves excessive
production of reactive oxygen species (ROS), upregulation
of pro-inflammatory cytokines like IL-1, IL-6, and IL-17,
and a shift toward M1 macrophage polarization and Th17
dominance, alongside a reduction in regulatory T cells and
M2 macrophages (Figure 2).*350 These immune alterations
compromise wound healing and perpetuate a chronic
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Figure 1. General approaches for establishing medication-related osteonecrosis of the jaw models in rodents involves a 2-step protocol. Initially, animals
receive systemic administration of bisphosphonates or other antiresorptive/antiangiogenic agents through routes such as s.c., i.p., oral gavage, or i.m.
injection. Subsequently, a local risk factor is introduced to trigger osteonecrosis, typically involving tooth extraction, periapical or periodontal disease, or peri-
implantitis. Abbreviations: ZOL: zoledronate; ALD: alendronate; OPG-Fc: osteoprotegerin. Created with BioRender.com (License Number: TZ292C7PNM).

inflammatory cycle. Additionally, defective epithelial migra-
tion over exposed bone sustains the lesion and facilitates
microbial colonization, exacerbating local tissue damage. This
intricate interplay of suppressed bone turnover, immune dys-
regulation, and persistent infection underscores why MRON]
remains a therapeutic challenge and highlights the need for
multifaceted preventive and therapeutic approaches.!!

Recent preclinical investigations have explored a diverse
array of strategies to prevent or mitigate MRON] Figure 3
and Tables 1-6):

1. Biophysical modalities: including low-level laser therapy
(LLLT), photobiomodulation (PBM), and antimicrobial
photodynamic therapy (aPDT) demonstrate efficacy in
enhancing tissue repair through anti-inflammatory and pro-
osteogenic effects.’! =53 These non-invasive treatments appear
to modulate cellular metabolism, reduce oxidative stress, and
promote angiogenesis, addressing multiple aspects of MRON]
pathophysiology.’*-

2. Pharmacologic interventions: encompass a wide range
of agents targeting different pathogenic mechanisms. Teri-
paratide (PTH), an anabolic bone agent, has shown promise
in restoring bone turnover when administered periopera-
tively.*1-56=68  Other pharmacological approaches include
statins for their pleiotropic anti-inflammatory effects,®’
antimicrobials to reduce bacterial burden,”® and novel
molecular targeted therapies addressing specific pathways
like RANKL or HMGB1 signaling.”!7?

3. Biologic therapies represent a rapidly advancing frontier,
with cell-based therapies, including mesenchymal stem cells
(MSCs), stromal vascular fraction cells, PBMCs, and other
cell types, as well as platelet-rich plasma (PRP) demonstrating
significant potential to promote angiogenesis and osteogene-
sis.>3:73 These approaches leverage the body’s natural regen-
erative capacity, with cell-based therapies showing particular
promise due to their immunomodulatory properties and abil-
ity to support tissue regeneration.”+”>

4. Biomaterial-based strategies include ceramic scaffolds,
hydrogels, and bioactive glasses designed to provide structural
support while delivering therapeutic agents.”®~’% These mate-
rials can be functionalized with growth factors like BMP-2
or antibiotics to address both the structural and infectious
components of MRON]J.”?-80

Despite these advances, several critical knowledge gaps
remain. The optimal timing and duration of preven-
tive interventions, whether administered before, during,
or after dental extractions, significantly influence out-
comes but lack standardization across studies.®>>%! Addi-
tionally, the complex interplay between systemic drug
effects and local tissue responses creates challenges in
developing universally applicable therapies.'® Most pre-
clinical studies have focused on monotherapies, while
MRONJ’s multifactorial nature may require combinatorial
approaches targeting multiple pathogenic pathways simulta-
neously.32-83
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Figure 2. Schematic representation of medication-related osteonecrosis of the jaw (MRONJ) development. The development of MRONJ involves a
complex interplay between systemic factors and local triggers. In individuals receiving antiresorptive agents, events such as tooth extraction, peri-
implantitis, periodontitis or local inflammation can extend the inflammatory response into the alveolar bone. The combination of impaired angiogenesis,
microbial colonization, and osteoclast inhibition disrupts normal bone resorption and remodeling. As a result, bone remains exposed to a hostile
environment rich in inflammatory and infectious stimuli, ultimately leading to necrosis. The necrotic bone tissue further amplifies inflammation by promoting
oxidative stress and elevating levels of pro-inflammatory cytokines, including 1L-17, IL=1, and IL-6. This pro-inflammatory milieu skews immune responses
toward M1 macrophage polarization and an increased Th17 cell profile, while simultaneously reducing the presence of regulatory T cells (Tregs) and M2
macrophages. Epithelial migration over necrotic bone and persistent bone exposure perpetuates this cycle, exacerbating inflammation and driving the
progression of tissue destruction. Created with BioRender.com (License Number: GU292C7TUK).

This comprehensive review critically examines the current
state of preclinical evidence regarding MRON] prevention
and treatment, evaluating the efficacy, mechanisms, and lim-
itations of emerging interventions. By synthesizing findings
from diverse therapeutic approaches and highlighting both
consistent results and unresolved controversies, we aim to
provide a roadmap for future research directions that will
facilitate the translation of promising preclinical findings into
clinically effective strategies. Importantly, when interpreting
the current literature, one must also consider the poten-
tial impact of publication bias, as studies reporting positive
outcomes are more likely to be published than those with
negative or inconclusive results. This bias may artificially
inflate the perceived effectiveness of certain interventions and
underscores the need for more rigorous, transparent, and
standardized reporting in preclinical MRON]J research.

Given the substantial heterogeneity among preclinical
MRON] studies, regarding animal models, antiresorptive reg-
imens, experimental triggers, and outcome assessments, con-
ducting a fully systematic review or meta-analysis was deemed
infeasible. Instead, we adopted a narrative review framework
with elements of a scoping review, aiming to comprehensively
map and synthesize available evidence while identifying con-
sistent trends, knowledge gaps, and translational challenges.
In this context, we identified and included peer-reviewed

preclinical studies that (1) employed recognized rodent
MRON] models, (2) reported defined preventive or therapeu-
tic interventions, and (3) provided quantitative or histological
outcomes relevant to bone or soft tissue healing. Studies were
retrieved through PubMed and Scopus searches using com-
binations of the terms “MRON],” “bisphosphonate-related
osteonecrosis of the jaws (BRON]J),” “rodent model,” “pre-
vention,” and “therapy”. Where multiple studies addressed
similar interventions, representative examples were selected to
reflect methodological diversity, including timing, dosage, and
delivery protocols. This approach follows a scoping rationale
to map the breadth of experimental strategies rather than an
exhaustive systematic review.

Laser-based preventive strategies

A total of 7 preclinical studies have evaluated the efficacy
of various laser-based modalities, including LLLT, PBM, and
aPDT, for the prevention or attenuation of MRONTJ in rodent
models (Table 1). Despite variations in animal species, laser
parameters (wavelength, power, energy density), photosen-
sitizers, and timing of intervention, the collective evidence
indicates that laser-based approaches consistently improve
both hard and soft tissue healing, reduce inflammation, and
enhance bone regeneration.
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Figure 3. Preventive strategies to manage medication-related osteonecrosis of the jaw varying from laser-based therapies, hormone-based strategies,
ceramic-based biomaterials, biologicals-based strategies, ozone and oxygen therapies, natural products-based strategies, antimicrobial compounds, and
moleculartarget interventions. Abbreviations: LLLT: low laser level therapy; PBM: photobiomodulation; aPDT: antimicrobial photodynamic therapy; TPD:
Teriparatide; HA: hydroxyapatite; BTCP: beta phosphate tricalcium; BCP: calcium phosphate; PRP: platelet rich plasma; [-PRF: leukocyte- and platelet-rich
fibrin; A-PRF: advanced platelet-rich fibrin; MSCs: mesenchymal stem cells; HBO: hyperbaric oxygen. Created with BioRender.com (License Number:

SJ292C81J2).

Basically, laser light in the red to near-infrared range,
specifically 600-1200 nm, is absorbed by photoreceptors like
cytochrome ¢ oxidase within the mitochondria.8*=3¢ This
absorption triggers a cascade of cellular events, including
increased ATP production, modulation of ROS, changes
in intracellular calcium levels, and activation of signaling
pathways, ultimately promoting cellular healing, repair, and
anti-inflammatory effects. The fundamental cellular changes
stimulate the increased cell proliferation and migration,
enhanced tissue oxygenation, reduced inflammation and
accelerated wound healing.>*

Low-level laser therapy and photobiomodulation

Several studies investigated the role of LLLT and PBM in
promoting tissue repair and preventing MRON] development.

Ozalp et al.’> compared LLLT and ozone therapy, demonstrat-

ing that both modalities significantly improved bone healing
in rats treated with ZOL, although the sham (saline) group
exhibited the best outcomes. Similarly, Zheng et al.>3 revealed
that 980 nm LLLT promoted gingival healing, suppressed
proinflammatory cytokines (IL-18, Tumor necrosis factor-a),
and upregulated IL-1RA. Rescue experiments using IL-1RA-
neutralizing antibodies nullified the benefits of LLLT, indicat-
ing a mechanistic link between laser therapy and modulation
of inflammatory signaling.

Ayhan et al.>* compared 4 laser wavelengths and found
that 660 and 808 nm lasers significantly enhanced vitamin D
levels, bone density, and epithelial regeneration while reducing
necrosis and inflammation. Conversely, the 445 nm laser exac-
erbated tissue damage. These findings support a wavelength-
specific therapeutic window for MRON] prevention, with
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expression of OCN. Thus,
laser irradiation could be
considered a way to improve
socket healing in conditions

at risk for MRON]J

osteoblast differentiation, as
development

Laser irradiation after tooth
of OCN compared to rats of demonstrated by the higher

extraction can promote

Conclusions

013 and p=.002,
respectively)

groups NC and TG (+348%

Main results

TG + laser showed a
significant higher expression
and +400%, respectively;

p
DBG: doxycycline gel; DG: doxycycline group; DEX: dexamethasone;

evel laser therapy; MBO: methylene blue; MRON]J: medication-related
ssue; OCN: osteocalcin; ONE: sexperimental osteonecrosis; OZ: ozone;

Post-extraction laser therapy in  Rats of groups laser and

the socket area at days 0, 2, 4,
Using the following irradiation
parameters: (Nd:YAG,

1064 nm, 1.25 W, 15 Hz,

5 min, 14.37 J/cm?)

Treatment approach
and 6 after surgery

(0.1 mg/kg) and DEX (1 mg/kg)
every 2 d for 10 wk. After 9 wk,

the tooth extraction, the rats
were divided into groups: NC,

TG, TG + laser and laser
Futhanasia 8 d after dental

Experimental design
Rats of group TG and
TG + laser received ZOL
extractions

Animal model
Sprague-Dawley
rats (5 wk old)

30 male

Laser therapy’s effect on

extraction socket

healing in rats in
conditions at risk for

MRON], on bone
protein expression

Objectives

PBM: photobiomodulation; PS: photosensitizer; TG: treatment group; TRAP: tatrate-resistant acid phosphatase; ZOL: zoledronate; ESWT: Extracorporeal Shock-Wave Therapy; AS: subcutaneously; AlGaAs:

Abbreviations: AlGalnP: aluminum gallium indium phosphide diode laser; aPDT: antimicrobial photodynamic therapy; AS: administered s.c.; AsGaAL: aluminum gallium arsenide diode laser; BG: biomaterial
aluminum-gallium-arsenide.

group; BTCP: B-tricalcium phosphate; B-TCP: B-tricalcium phosphate; BuTB: butyl toluidine blue; BV/TV: percentage of bone volume
osteonecrosis of the jaws; Nab: neutralizing antibody; NC: negative control; NFBT: newly formed bone tissue; NVBT: non-vital bone t

ECM: extracellular matrix; IL-1RA: IL-1 receptor antagonist; InGaN: indium gallium nitride diode laser; IV: injected i.v.; LLLT: low-

Table 1. Continued.

Mergoni et al.

Author (year)
(2016)°2

JBMR Plus, 2026, Volume 10 Issue 1

the 660 nm and 808 nm wavelengths offering the most
favorable effects on bone and soft tissue. Statkiewicz et al.?”
also reported that PBM significantly improved new bone for-
mation and reduced inflammatory cytokine expression (TNF-
a, IL-1B) in senile rats receiving ZOL and undergoing tooth
extraction. Photobiomodulation-treated animals exhibited no
clinical bone exposure, compared to 100% exposure in the
untreated ZOL group. Weber et al.®® extended these findings
by demonstrating that LLLT at 685 and 830 nm accelerated
bone and soft-tissue repair in rats treated with ZOL and
DEX, suggesting a robust regenerative effect even in highly
compromised metabolic environments.

Antimicrobial photodynamic therapy

Multiple studies underscored the efficacy of aPDT in mod-
ulating inflammation, promoting osteogenesis, and prevent-
ing MRON]J-like lesions. Pontes et al.>’ found that aPDT
reduced NF-«B activation and enhanced extracellular matrix
(ECM) deposition compared to control and PBM-only groups.
Ervolino et al.’! employed a novel photosensitizer, butyl tolu-
idine blue (BuTB), combined with 660 nm laser irradiation
and demonstrated significant improvements in both soft and
hard tissue healing. Animals treated with ZOL and aPDT
exhibited complete mucosal repair, reduced non-vital bone,
and increased new bone formation, accompanied by decreased
inflammatory infiltrate and fewer TRAP-positive osteoclasts.

Silva et al.%? compared PDT and PBM with methylene
blue as a photosensitizer and reported that both approaches
attenuated bone necrosis and reduced markers of inflamma-
tion (CD68+, CD3+, INF-y, IL-8, MCP-1). Photodynamic
therapy was especially effective in decreasing apoptotic osteo-
cytes and improving MRONY]J scores. Consistently, Sarkarat
et al.”% observed reduced bone exposure (from 87.5% in
controls to 12.5% in treated animals), diminished necrotic
bone and empty lacunae, and increased osteoclast activity
following PDT using indocyanine green and an 808 nm laser.
Earlier work by Ervolino et al.”! also confirmed the benefits
of methylene blue-mediated aPDT, demonstrating improved
tissue repair, reduced inflammatory burden, and prevention
of osteonecrosis in rats co-treated with ZOL and DEX.

Combination therapies

Hadad et al.’% evaluated various preventive strategies in a
large cohort of rats (n=72), including monotherapies and
combination regimens. Notably, the combination of aPDT
with B-tricalcium phosphate (8-TCP) and doxycycline gel
(DBG) yielded the most favorable results, including the high-
est bone volume fraction (BV/TV =69.85%), maximal neo-
formed bone area (82.44%), and mineral apposition rate
(2.64 um/d). Necrotic bone was present only in the positive
control group, underscoring the synergistic effects of combin-
ing laser-based therapy with bone graft substitutes and local
antimicrobials.

Biomolecular and histopathological correlates

Across studies, laser-based therapies consistently attenuated
histological hallmarks of MRONY], including necrotic bone,
empty lacunae, and inflammatory infiltrates. Reductions in
cytokines such as TNF-a, IL-18, INF-y, IL-8, and MCP-1
were frequently reported. Several studies also demonstrated
increased osteoclast activity and improved bone remodeling,
indicating active recovery of bone turnover. Importantly, laser
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irradiation was associated with enhanced expression of regen-
erative proteins such as osteocalcin (OCN), as observed by
Mergoni et al.”? further supporting its role in bone anabolism.

Hormone-based therapies for MRONJ
prevention and treatment

A total of 14 preclinical studies investigating hormone-based
strategies, predominantly centered on PTH and its synthetic
analog teriparatide (TPD), demonstrated varying degrees of
success in preventing or ameliorating MRON] in rat and rice
rat models (Table 2). This section to represent the spectrum of
PTH and TPD applications in MRON] models, encompassing
preventive and therapeutic designs, systemic vs local delivery,
and dose- and time-dependent protocols, thereby capturing
the diversity of experimental approaches reported in the liter-
ature.

These studies evaluated different administration routes (sys-
temic, local, and sustained-release), dosing regimens (single vs
intermittent), treatment timing (pre-, peri-, or post-operative),
and animal models (including ovariectomized and senile rats).
Across the board, TPD-based interventions were consistently
associated with improved bone healing, increased osteocyte
viability, enhanced angiogenesis, and reduced osteonecrotic
lesions.

PTH stimulates new bone growth by increasing osteoblast
survival and number through several key pathways: it upreg-
ulates pro-osteoblastogenic growth factors like IGF1 and
FGF2, it inhibits the bone-resorbing Wnt-antagonist sclerostin
to activate the Wnt/B-catenin pathway, and it increases the
expression and activity of the Runx2 transcription factor,
all of which promote osteoblast activity.”> Teriparatide is a
recombinant fragment of human PTH and a potent osteoan-
abolic agent. The drug has undergone multiple clinical trials
that proved its safety and efficacy for the treatment of osteo-
porosis. The described TPD mechanism involves activating
Wnt signaling in osteoblasts, a pathway that promotes bone-
building cell differentiation and activity, leading to increased
BMD and strength to heal necrotic bone in MRON]. This
anabolic effect creates a positive bone balance, improving
bone microarchitecture and accelerating the resolution of
MRON] lesions compared to treatments like placebo.”*

PTH and teriparatide as preventive interventions

A number of studies explored the preventive potential of
TPD when administered prior to or around the time of tooth
extraction in bisphosphonate-treated animals. Zandi et al.>’
demonstrated that short-term perioperative administration of
teriparatide (20 ug/kg/d for 4 wk) significantly reduced the
incidence of bone exposure and necrotic lesions, regardless
of whether treatment was initiated pre- or post-extraction.
In both protocols, TPD-treated groups exhibited significantly
fewer empty lacunae and greater osteocyte density compared
to controls, confirming the capacity of TPD to preserve bone
vitality.

Similarly, Park et al.®” demonstrated that daily administra-
tion of TPD (20 ug/kg) for 4 wk in ovariectomized, ZOL-
treated rats improved trabecular bone parameters and reduced
MRON]-like lesions, associated with decreased inflamma-
tion and enhanced bone formation, supporting the efficacy
of TPD under osteoporotic conditions analogous to those
in postmenopausal women. Jung et al.®? investigated the
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temporal effects of TPD, comparing pre- and post-operative
administration. Although neither timing produced significant
clinical improvements, histological analysis revealed that pre-
operative TPD significantly reduced the number of empty
osteocytic lacunae and increased vascularization compared to
post-operative treatment or controls, suggesting that timing
may influence microscopic bone healing even when gross
clinical outcomes are unchanged. It is crucial to highlight that
TPD is approved exclusively for patients with osteoporosis,
including postmenopausal women at high risk of fracture,
men with primary or hypogonadal osteoporosis, and individ-
uals with glucocorticoid-induced osteoporosis. Importantly,
TPD is contraindicated in patients with bone metastases or a
history of skeletal malignancies, metabolic bone diseases other
than osteoporosis, Paget’s disease, or prior radiation therapy
to the skeleton, due to concerns about safety and lack of evi-
dence in these populations. The AAOMS Position Paper’does
not provide specific recommendations regarding the use of
teriparatide in MRON]J management and interpretation, and
its application should therefore be interpreted with caution.

Hormonal interventions for established MRONJ
lesions

Multiple studies focused on the therapeutic role of TPD and
related compounds after the onset of MRON]J-like lesions.
Castillo et al.’® used a rice rat model with pre-established
lesions and found that intermittent PTH treatment (40 ug/kg,
3x/wk) reduced MRON] prevalence from 93% to 27%,
increased bone turnover, and promoted mucosal repair.

Liu et al.’® directly compared the effects of teriparatide
and icariin in ovariectomized rats with MRON]J. Both agents
improved healing parameters, icariin reduced soft tissue
wound area while teriparatide significantly decreased necrotic
bone and increased RANKL expression, a marker of bone
remodeling. Importantly, both treatments elevated BMP-2
expression, indicating shared osteogenic pathways. Zandi
et al.%% conducted a dose- and time-dependent analysis
of teriparatide treatment. They found that doses of 10-
20 ug/kg/d significantly enhanced clinical and histological
recovery in a stage-dependent manner, with negligible
benefits observed at 2 ug/kg/d. Notably, extending treatment
duration from 4 to 8 wk conferred no additional therapeutic
benefit, indicating a possible plateau effect in efficacy.
Ersan et al.’0 provided further support for teriparatide’s
therapeutic potential. In their study, daily administration of
TPD (30 ug/kg) for 28 d post-extraction resulted in increased
BMD, reduced osteonecrosis, and normalization of osteoclast
activity compared to bisphosphonate-treated controls.

Local and sustained-release hormonal delivery
systems

Innovative approaches to hormone delivery were also eval-
uated. Etemadi et al.®* compared local injection and gelatin
sponge (gelatamp) delivery of teriparatide. Both methods
enhanced bone remodeling and reduced necrosis, though local
injection yielded superior outcomes, emphasizing the impor-
tance of bioavailability and retention time at the surgical site.
Erten Taysi et al.%! tested a chitosan microsphere/poloxamer
gel system for localized delivery of human PTH (hPTH). Both
single and repeated injections effectively reduced necrotic
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areas and stimulated new bone formation. Notably, single-
dose microspheres performed comparably to repeated injec-
tions, suggesting a viable strategy for enhancing patient com-
pliance.

Histological evaluations across studies consistently demon-
strated beneficial effects of PTH/TPD on bone cell populations
and vascularization. For example, Dayisoylu et al.’? reported
that adjunctive PTH treatment significantly increased
osteoblast and osteoclast numbers while reducing inflam-
mation and epithelial discontinuities. Bisphosphonate-
related osteonecrosis of the jaws incidence decreased from
66% to 22% with PTH intervention. Osteoblast counts
were markedly higher in treated animals (279.23 £+ 74.29)
compared to ZOL-only groups (84.14+66.37; p <.01),
and mucosal healing was complete in 77% of the PTH-
treated group. Similarly, Jung et al.3 observed a significant
increase in blood vessel density in the pre-operative TPD
group (p=.002), aligning with enhanced angiogenesis, a
critical element in MRON]J resolution. These microscopic
improvements often preceded or occurred independently of
clinical changes, underlining the importance of tissue-level
assessments in preclinical models.

Ceramic-based biomaterials in the prevention
and management of MRONJ

Ten preclinical studies explored the potential of bioactive
ceramic materials, including B-TCP, hydroxyapatite (HA),
biphasic calcium phosphate (BCP), BMP-2-loaded ceramics,
and borate-based bioactive glasses, as preventive or ther-
apeutic interventions for MRON] (Table 3). These studies
used various rodent models of MRON], induced by bispho-
sphonates (mostly ZOL), sometimes in combination with
immunosuppressive agents such as cyclophosphamide. Across
all studies, ceramic materials improved alveolar socket heal-
ing, reduced inflammation and necrosis, and in some cases
adsorbed zoledronate locally, contributing to lower tissue
drug concentrations and reduced toxicity.

Ceramic-based biomaterials have been used in MRON]J
prevention/treatment by providing a 3D scaffold that supports
bone regeneration, promoting the attachment, growth, and
differentiation of BM stromal cells (BMSCs). These bioactive
scaffolds, often made from materials like HA and B-TCP,
mimic the body’s natural bone composition and create an
osteoconductive environment that encourages new bone for-
mation.”?»%6

B-TCP and Zoledronate adsorption

Funayama et al.”” demonstrated that 8-TCP, when placed
in extraction sockets of rats treated with high-dose ZOL,
significantly reduced local drug deposition. Zoledronate levels
in soft connective tissues were lower in the B-TCP group
(2.2 ng) compared to untreated controls (4.9 ng). Histologi-
cally, B-TCP enhanced mucosal re-epithelialization, decreased
necrotic bone, and promoted bone formation. These benefits
were mechanistically associated with increased expression of
autophagy-related proteins such as Atg9a and LC-3, suggest-
ing a novel protective mechanism through cellular clearance
pathways.

In a similar study, Paulo et al.”” used BCP, composed of
75% HA and 25% B-TCP, to fill extraction sockets. BCP
limited ZOL accumulation at the surgical site, as confirmed
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by nuclear medicine imaging. Treated animals showed better
bone density, reduced bone exposure, and improved socket
healing. These findings support the use of calcium phosphate-
based ceramics as bisphosphonate scavengers at extraction
sites to minimize drug-induced cytotoxicity.

Functionalized ceramics for anti-inflammatory and

osteogenic support

Sacco et al.”® evaluated a functionalized biomaterial, HA

doped with doxycycline (HADOX), as a dual-acting scaf-
fold providing both structural support and anti-inflammatory
effects. In rats treated with ZOL, HADOX increased newly
formed bone (NFB), and reduced local inflammation com-
pared to HA alone. The biomaterial demonstrated strong
tissue integration and prolonged retention in vivo, likely con-
tributing to its sustained therapeutic effect. This study high-
lights the benefit of loading ceramics with anti-inflammatory
agents for added functional gain in MRON] prevention.

BMP-2-enhanced ceramics for bone regeneration

Two studies, by Mikai et al.” and Tanaka et al.3" focused
on the combination of BMP-2 and B-TCP to restore bone
structure in MRON]J-like lesions. Mikai et al.”’ evaluated
both preventive and therapeutic protocols in mice treated
with ZOL and cyclophosphamide. In the prevention model,
BMP-2/B8-TCP applied at the time of tooth extraction led
to partial bone regeneration and reduced necrosis. In the
treatment model (BMP-2/8-TCP applied 2 wk post-extraction
following surgical debridement), animals exhibited complete
socket healing, reduced empty lacunae, and enhanced osteo-
pontin expression, demonstrating superior bone remodeling.
Although angiogenesis was not significantly altered, the regen-
erative capacity of BMP-2/8-TCP was pronounced. Tanaka
et al.’ confirmed these findings in a similar MRON]J-like
model. The BMP-2/8-TCP composite improved BMD and
bone quality in both prevention and treatment protocols,
underscoring its versatile applicability. These studies position
BMP-2-functionalized ceramics as strong candidates for both
prophylactic and regenerative interventions in MRON].

Borate-based bioactive glasses

Su et al.”® introduced borate bioactive glass (BBG) as a regen-
erative scaffold with pro-angiogenic and osteogenic proper-
ties. In a mouse model of MRON]J induced by ZOL, BBG
enhanced soft and hard tissue healing by stimulating angio-
genesis and osteogenesis. In vitro experiments corroborated
the in vivo results, showing increased endothelial cell prolif-
eration and osteoblast differentiation. These dual effects are
particularly relevant in MRONY], where both vascular com-
promise and bone necrosis are key pathophysiologic features.

Bioactive materials and scaffold-based therapies

Guo et al.”? developed a magnesium-based nanocomposite
hydrogel (PBM) that, when injected into mandibular defects,
significantly enhanced angiogenesis, type H vessel formation,
immune modulation, and stem cell recruitment in both rats
and minipigs. This hydrogel promoted bone regeneration
while reducing inflammation and bacterial colonization. Sim-
ilarly, Zhu et al.!% reported that biodegradable magnesium
implants reduced the incidence of MRON]J-like lesions in
rats and enhanced bone formation through the activation of
VEGF- and CGRP-mediated pathways. The protective effect
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was reversed when specific inhibitors of VEGF or CGRP sig-
naling were co-administered. In another approach, de Almeida
et al.'% showed that HA scaffolds improved bone healing and
reduced necrotic areas in rats treated with bisphosphonates,
with minimal systemic toxicity. Pellicano et al.'%? further
demonstrated that combining pericardial membranes with
bioactive glass prevented osteonecrosis and bone abscess for-
mation in a zoledronate-treated rat model.

Biologics

Preclinical research has extensively explored the potential
of biological agents, including platelet concentrates, growth
factors, MSCs, exosomes, and bioengineered hydrogels, to
prevent MRON]. These studies collectively demonstrate sig-
nificant improvements in mucosal healing, bone regenera-
tion, angiogenesis, and inflammation modulation in animal
models, offering promising therapeutic strategies for clinical
translation (Table 4).

Platelet concentrates and growth factor-based
strategies

Platelet-derived therapies, such as PRP, leukocyte- and
platelet-rich fibrin (L-PRF), and advanced PRF (A-PRF),
have consistently reduced osteonecrosis, bone exposure, and
inflammatory infiltration in MRON] models. Indeed, PRP can
help prevent MRON] by accelerating bone cell proliferation,
due to the concentrated growth factors released by activated
platelets. These growth factors stimulate the migration and
proliferation of MSCs, which then differentiate into new bone
tissue, accelerating the bone healing and repair process at the
extraction site. For instance, Shi et al.>3 demonstrated that a
PRP/Bio-Oss composite completely prevented bone exposure
in rats treated with ZOL, achieving superior BMD and bone
volume fraction (BV/TV) compared to Bio-Oss alone or
untreated controls. Similarly, Razmara et al.!?3 reported that
PRP-enriched collagen scaffolds enhanced bone formation
and reduced osteonecrosis by increasing osteoblast activity
and vascularization.

Growth factor-based strategies have also shown remarkable
efficacy. Gao et al.!%* found that PDGF-BB delivered via fibrin
sealant restored angiogenesis and osteogenesis, achieving an
80% success rate in preventing MRON]J compared to 30% in
controls. Imada et al.!%% and Kurokawa et al.'’® demonstrated
that bFGF-loaded hydrogels reduced osteonecrosis incidence
to 0% and 8.3%, respectively, by enhancing mucosal healing
and bone regeneration. Additionally, Cao et al.'"” showed
that IGF-1-loaded hydrogels promoted lymphangiogenesis
and angiogenesis via PI3K/AKT pathway activation, offering
a novel mechanism for MRON] prevention.

Mesenchymal stem cells and conditioned media

Mesenchymal stem cells-based therapies, including BM-
derived (BM-MSCs), adipose-derived (ADSCs), and umbilical
cord-derived (hUC-MSCs) stem cells, offer therapeutic
potential for preventing MRON] by secreting paracrine
factors and extracellular vesicles (EVs) including exosomes.
These factors promote gingival wound healing, enhance
angiogenesis, reduce inflammation, and regulate bone remod-
eling. Mesenchymal stem cells-derived exosomes, in particular,
are a promising cell-free therapy that accelerates tooth
socket healing and regenerates bone by affecting macrophage
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polarization, inhibiting cell senescence, and influencing
osteoclast activity. Kaibuchi et al.”3-1%8% reported that locally
transplanted MSC sheets significantly improved wound
healing and angiogenesis, reducing osteonecrosis incidence
to 12.5% compared to 80%-100% in controls. Similarly,
Yang et al.”®> found that i.v. hUC-MSCs normalized the
RANKL/OPG ratio, enhanced osteogenic markers (RUNX2,
BMP-2), and reduced inflammation in BRON]J rats.
Mesenchymal stem cells-conditioned media (MSC-CM)
and secretome-mimicking cytokine cocktails have emerged
as cell-free alternatives. Ogata et al.!?%>119 demonstrated that
MSC-CM and a cytokine mixture (MCP-1, IGF-1, VEGF)
improved bone healing and soft tissue coverage approximately
65%, suggesting paracrine-mediated regeneration. Watanabe
et al.”* further showed that MSC-derived EVs (MSC-EVs)
suppressed cellular senescence markers (p21, pRB) and
inflammatory cytokines (IL-6, IL-8), promoting wound
healing without interfering with ZA’s anti-resorptive effects.

Exosome-based therapies

Exosomes derived from MSCs have shown potent immunomod-
ulatory and regenerative properties. The therapeutic approach
reduces harmful inflammation by shifting macrophage polar-
ization from pro-inflammatory M1 to anti-inflammatory
M2 phenotypes, while also inhibiting cell death (pyroptosis),
potentially by blocking the NF-«B/NLRP3/IL-18 pathway.
This strategy aims to control the balance of macrophages, a
critical factor in many inflammatory diseases, by suppressing
M1-driven inflammation and promoting tissue repair medi-
ated by M2 macrophages. Zheng et al.'!!>112 demonstrated
that ADSC-derived exosomes reduced M1 macrophage
polarization and pyroptosis via NF-«B/NLRP3/IL-18 axis
suppression, while IL-1RA-enriched exosomes enhanced gin-
gival healing and bone regeneration. Similarly, Dong et al.!!3
reported that ADSC exosomes restored autophagic flux
(reduced LC3/SQSTM1) and decreased apoptosis in gingival
epithelium, highlighting their role in tissue homeostasis.

Stem cell-derived conditioned media and cytokine
cocktails

Dental pulp stem cell-conditioned medium (DPSC-CM) and
MSC secretome mimics have shown promise in MRON]
prevention. Similarly, to platelet concentrates and growth
factor-based strategies, DPSC-CM and MSC secretomes
therapies reduce inflammation, stimulate the regeneration
of blood vessels (angiogenesis) and bone tissue, and promote
the expression of growth factors and bone-healing molecules,
making them a promising cell-free alternative to stem cell
transplantation for preventing MRON]J. Kushiro et al.!>*
found that DPSC-CM delivered via atelocollagen sponges
reduced bone exposure and increased VEGF-positive cells,
promoting mucosal healing. Ogata et al.''? further validated
that cytokine cocktails mimicking MSC secretomes (MIV)
enhanced osteoclast function and soft tissue regeneration,
offering a standardized, scalable therapeutic approach.

Autologous cell and biomaterial combinations

Combining autologous cells with biomaterials has yielded
synergistic effects. Barba-Recreo et al.? reported that ASCs
+ PRP + BMP-2 reduced BRON]J incidence to 8%, outper-
forming PRP or flap coverage alone. Shi et al.33 and Brierly
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et al.”® demonstrated that PRP/Bio-Oss and rhBMP-2 hydro-
gels, respectively, enhanced osteocyte density and bone forma-
tion while reducing necrosis. Tao et al.>* further showed that
Hep/GelMA-PRF hydrogels upregulated osteogenic markers
(OCN, Col I, BMP-2) and reduced inflammation, underscor-
ing the benefits of growth factor-controlled release systems.

Endothelial progenitor cells and PBMCs

Endothelial progenitor cells (EPCs) and quality-controlled
PBMCs (QQ-PBMNC:s) have demonstrated strong angiogenic
potential. Tamari et al.''* found that EPCs healed 13/14
MRON] lesions by increasing VEGF levels and reducing
necrotic bone area, primarily via paracrine mechanisms.
Kuroshima et al.'"> reported that QQ-PBMNCs improved
soft tissue healing and angiogenesis without adverse effects
on BM, suggesting clinical translatability.

Stem cell-derived and secretome-based therapies

Conditioned media from dental pulp stem cells (DPSC-CM),
as shown by Kaminogo et al.''® enhanced osteogenesis, modu-
lated Wnt signaling, and decreased inflammation in a DRON]J
(denosumab-related osteonecrosis of the jaws) mouse model.
Huang et al.''” reported that adipose-derived extracellular
vesicles (sEV-AT) administered systemically promoted angio-
genesis, improved soft tissue healing, and significantly reduced
the extent of BRON] lesions. Alonso-Rodriguez et al.''®
observed that local application of ASCs improved bone for-
mation in bisphosphonate-treated rats, though osteonecrosis
incidence remained unchanged.

Ozone and oxygen-based therapies for
MRONJ prevention and treatment

A small but growing body of preclinical research has
investigated the role of ozone-based and hyperbaric oxygen
(HBO) therapies in the prevention and management of
MRON]. These therapies work by promoting tissue oxy-
genation, enhancing circulation, modulating inflammation,
and stimulating bone and soft tissue repair, with some studies
reporting significant improvements in wound healing and
bone regeneration in various animal models (Table 5).
Delanora et al.''® assessed the effects of systemic ozone
therapy on MRON] healing in senescent rats. In this study,
18-mo-old female Wistar rats were treated with ZOL or saline
for 7 wk prior to molar extraction. Rats receiving systemic
ozone therapy (0.7 mg/kg i.p. every 48 h for 4 wk post-
extraction) showed significant improvements in bone and
soft tissue healing compared to ZOL-only controls. Specifi-
cally, ozone therapy led to reduced non-vital bone, increased
expression of VEGF and OCN, and decreased levels of pro-
inflammatory cytokines TNF-a and IL-18. These results sug-
gest that ozone may mitigate MRON]J by modulating the
inflammatory response and promoting angiogenesis.
Pereira-Silva et al.3! compared the timing of systemic ozone
administration, before, after, or both before and after tooth
extraction, in a ZOL-treated rat model. The study revealed
that ozone therapy administered after extraction resulted in
the most favorable bone healing outcomes. Both postextrac-
tion treatment-only (TOG) and prevention-only (POG) ozone
groups showed improved repair relative to untreated controls,
but TOG exhibited the most pronounced histological and
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microstructural bone regeneration, underscoring the impor-
tance of timing in therapeutic efficacy.

Silva et al.'*%evaluated the ideal concentration of ozonized
oil in the alveolar socket healing following tooth extrac-
tion. Clinical evaluation 28 d after tooth extraction revealed
that the saline group (SAL) exhibited normal socket healing,
while the ZOL presented with bone exposure and incomplete
mucosal coverage, indicative of MRON]J. In contrast, the
groups treated with ozonized oil (0Z500, OZ600, OZ700)
displayed delayed but complete mucosal healing, with no
evidence of bone exposure or infection. All ozonized oil-
treated groups demonstrated significant increases in bone
formation (NFBT) compared to the ZOL group. Collectively,
these results suggest that local application of ozonized sun-
flower oil, particularly at a concentration of 600 mEq/kg,
effectively prevents MRON] development and promotes bone
regeneration in senescent rats undergoing ZOL therapy.

Monteiro et al.!?! investigated the local application of
ozonated oil directly into extraction sockets of ZOL-treated
rats. Their findings demonstrated a significant reduction in
necrotic bone area in the treated group compared to controls,
suggesting that topically applied ozonated oil may serve as a
protective strategy against MRON] development. Finally, Liu
et al.122 evaluated the preventive potential of immediate HBO
therapy following tooth extraction in a rat model receiving
varying doses of ZOL and DEX. HBO was administered
daily (2.5 ATA, 100% O3 for 90 min) for 5 consecutive days
immediately post-extraction. The most significant reductions
in lesion size and number were observed in rats that received
4 bisphosphonate injections. Histological analysis revealed
improved epithelial coverage and decreased inflammatory
infiltrates in HBO-treated animals, supporting its use as a non-
invasive prophylactic intervention.

Together, these studies suggest that ozone-based therapies,
whether administered systemically or locally, may have sig-
nificant potential in reducing MRON] severity or prevent-
ing lesion development. The observed benefits appear to be
mediated through enhanced angiogenesis, reduced inflam-
mation, and improved bone regeneration. Although HBO
has shown efficacy in osteoradionecrosis, clinical studies in
MRON] patients have not consistently supported its use.
Further research is needed to refine the optimal dose, timing,
and delivery mode to maximize clinical efficacy.

Other strategies to prevent MRONJ

A broad spectrum of strategies has been evaluated in pre-
clinical models to prevent or mitigate MRONY]. These studies
target multiple aspects of MRON]J pathogenesis, including
impaired bone remodeling, chronic inflammation, defective
angiogenesis, microbial infection, and immune dysregulation.
The interventions can be grouped into categories based on
their mechanisms of action: natural compounds, pharmaco-
logical modulators, stem cell-derived therapies, immunoregu-
latory agents, antioxidant/angiogenic factors, local antimicro-
bials, statins, physical therapies, and antiresorptive discontin-
uation protocols. The summary of several studies across this
category is shown in Table 6.

Natural compounds and nutritional interventions

Several naturally derived compounds have shown therapeutic
promise. Topan et al.!?3 demonstrated that royal jelly (R]),
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administered orally either before or after dental extractions,
improved bone and soft tissue healing, enhanced microar-
chitectural integrity, and reduced the expression of inflam-
matory cytokines. Likewise, de Almeida et al.'”* found that
omega-3 supplementation, rich in EPA and DHA, significantly
reduced necrotic bone and inflammation in a ZOL-treated,
ovariectomized rat model. Resveratrol was tested by Vitale
et al.'25 and Movahedian Attar et al.'2; both studies found it
significantly lowered the incidence of osteonecrosis, although
its effect on bone regeneration was inconsistent. Melatonin,
evaluated by Yadegari et al.'?” reduced necrosis but showed
limited effects on osteoclast and fibroblast activity. Icariin,
investigated by Liu et al.!?® enhanced soft tissue healing and
VEGF expression but failed to reduce MRON] incidence,
suggesting dose-dependent limitations.

Pharmacological modulators of Osteogenesis and

inflammation

Betaine'?’ reversed bisphosphonate-induced impairment

of BM stromal cells by restoring m6A methylation and
SAM levels, enhancing osteogenic differentiation, and
reducing necrosis in vivo. Propranolol,'3 a B-adrenergic
antagonist, promoted osteogenesis and reduced apoptosis
in bisphosphonate-exposed mice, improving bone healing
through upregulation of BMP2, ALP, and RUNX2. Rosigli-
tazone,*’ a PPAR-y agonist, shifted macrophage polarization
from pro-inflammatory M1 to reparative M2 phenotype,
decreasing osteonecrosis and bone exposure. Lemos et al.!3!
demonstrated that digoxin attenuated MRON]J by downreg-
ulating the IL-17/RORyt axis, reducing inflammation and
osteonecrosis, although higher doses were associated with
systemic toxicity.

Immunoregulatory, molecular targeted
interventions, and antiresorptive discontinuation
and drug holidays

Zhao et al.'’? demonstrated that tetrahedral framework
nucleic acids (tFNAs) enhanced angiogenesis and induced M2
macrophage polarization, promoting tissue regeneration and
bone healing. The study by Gkouveris et al.”> demonstrated
inhibition of the HMGB1-RAGE signaling axis, resulting in
decreased osteonecrosis and reduced bone exposure in ZOL-
treated mice. Soundia et al.”! showed that local delivery of
RANKL restored osteoclast function and improved socket
healing, even under ongoing bisphosphonate administration.
Tamaki et al.'33 found that discontinuation of anti-RANKL
Ab therapy promoted a macrophage shift from M1 to M2,
leading to improved soft tissue healing and reduced lesion
burden. Zhu et al.'3* investigated an 8-wk bisphosphonate
drug holiday before tooth extraction, which partially
restored bone turnover markers but failed to significantly
reduce MRON] incidence. Hadaya et al.'3’ found that
discontinuation of the anti-RANKL agent OPG-Fc¢ before
extraction reduced MRON]J burden, whereas zoledronate
discontinuation or drug withdrawal after lesion onset did
not improve healing. de Molon et al.’® demonstrated that
OPG-Fc, a RANK-L inhibitor, but not ZOL drug withdrawn
reverses features of osteonecrosis in a mouse model.

Antioxidant and Angiogenic therapies

Yalcin-Ulker et al.'3¢ found that local application of
deferoxamine (DFO), a hypoxia-inducible factor-1a (HIF-1a)
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stabilizer, increased angiogenic signaling and reduced bone
necrosis. Duygu et al.'3” showed that systemic erythropoietin
(EPO) administration before and after extraction enhanced
vascularization and reduced lesion severity. Sildenafil, as
reported by Mroczek et al.'*® improved angiogenesis and
reduced necrosis through NO-mediated pathways. Local
application of fluvastatin, studied by Adachi et al.!3° and
Sanda et al.'"*? improved epithelialization and bone formation
in a dose-dependent manner.

Local antimicrobial and anti-inflammatory
strategies

Hadad et al.”’ demonstrated that local application of 10%
DBG improved bone healing and reduced osteonecrosis in
a ZOL-induced MRONJ model. Costa de Sousa et al.!*!
showed that a gel containing polysaccharides from Agaricus
blazei reduced bone necrosis, enhanced osteocyte viability,
and activated Wnt signaling. In a model incorporating
bacterial inoculation, Cantoran-Castillo et al.'*? reported that
polyguanidine (GuaDex) application fully prevented MRON]
development and stimulated osteoblast proliferation and
angiogenesis, outperforming systemic clindamycin. Elsayed
et al.'*3 demonstrated that topical EDTA chelation removed
matrix-bound bisphosphonates, restored osteoclast function,
and improved mucosal healing. Hokugo et al.'** showed that
local application of low-potency bisphosphonates displaced
previously adsorbed zoledronate in jawbone and significantly
improved healing outcomes.

Systemic and local statin therapies

de Sousa et al.?? showed that atorvastatin, when administered
systemically either before or after dental extraction, modu-
lated inflammatory markers (TNF-a, IL-18), activated the
Wnt pathway, and improved mucosal and bone healing in
MRON] rats. Fluvastatin, evaluated by Sanda et al.'*? exerted
similar effects when locally administered, reducing necrotic
bone and promoting angiogenesis.

Physical modalities and supportive care

Hidaka et al.'*’ demonstrated that low-intensity pulsed
ultrasound (LIPUS) prevented MRON]J-like lesions in rats
exposed to alendronate and Porphyromonas gingivalis. Low-
intensity pulsed ultrasound promoted vascular regeneration,
enhanced gene expression of RANKL and VEGE and
restored bone remodeling. Castillo et al.'#® reported that
periodontal maintenance therapy and a high-soluble fiber
diet significantly reduced MRON]J incidence in rice rats
treated with bisphosphonates, highlighting the importance
of controlling local risk factors.

Concluding remarks and future directions

Over the last 2 decades, animal research has significantly
advanced our understanding of MRON] and provided a
valuable foundation for exploring preventive and therapeutic
strategies.”>”>!! Numerous interventions, including laser and
PBM therapies, aPDT, pharmacological modulators, biologics,
biomaterials, and natural compounds, have shown promising
outcomes. Collectively, these approaches have demonstrated
the capacity to reduce necrotic bone, improve soft tissue
healing, enhance angiogenesis, and modulate inflammatory
responses. However, despite the optimism raised by these
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findings, the translation of such preclinical successes into
meaningful clinical applications remains elusive.”>!!

One of the most pressing limitations lies in the disparity
between the clinical context in which MRON] most fre-
quently arises and the experimental conditions typically used
in animal studies. From a systemic disease perspective, most
rodent studies are performed on healthy animals. In the
clinical reality however, MRON] patients are often patients
with primary or metastatic bone malignancy and are treated
with antiresorptives often in combination with chemotherapy,
antiangiogenics, corticosteroids, and other systemic therapies
that profoundly affect bone and immune homeostasis. Sim-
ilarly, for osteoporotic patients, the systemic disease affects
bone homeostasis and alters tissue healing. In addition, sys-
temic comorbidities, such as diabetes or autoimmune disease
further complicate the clinical reality. From a local disease
perspective, the majority of rodent studies utilize extrac-
tion of healthy teeth to induce local trauma, while in the
clinical setting extractions are performed when teeth are so
severely affected by dental disease (caries, periodontal disease
or periapical disease) that cannot be rescued by conservative
treatment. Finally, antiresorptives in rodent models are admin-
istered more frequently and at suprapharmacologic doses to
generate high frequency and severity of MRONY] for sufficient
statistical power. However, these treatment regimens do not
parallel the clinical reality.

The suitability of mouse and rat oral tissues paralleling that
of their human counterparts poses an additional complexity.
Rodent models, while invaluable for mechanistic exploration,
cannot fully recapitulate the structural and biological com-
plexity of the human oral cavity.>*2%:3% The jawbone is
uniquely characterized by its thin mucosa, rich vasculariza-
tion, and constant exposure to microbial challenge, features
that are only partially represented in rodents. Rodent bone is
lamellar and lacks osteons, the fundamental structural unit of
human cortical bone. Moreover, the cortical bone in humans
is considerably wider than in rodents, which may increase
vulnerability to MRON]J onset and hinder treatment success.
Utilizing animal models that more closely mimic human tissue
architecture, including mucosal, vascular, and bone structures,
would provide a more faithful platform for testing interven-
tions. The use of larger animals such as minipigs, sheep, or
dogs, which more closely replicate human oral anatomy, bone
remodeling dynamics, and microbiota, should bridge the gap
between rodent studies and clinical reality. Although such
models pose ethical and financial challenges, they may be
indispensable for addressing translational uncertainties that
cannot be resolved in rodents [1-3, 9-11].

The greatest obstacle of MRON]J rodent models is the
complete lack of standardization in experimental approaches.
There is great variability in the published literature involving
the age and sex of the animals, the location (maxilla vs
mandible, dentate vs non-dentate areas, first vs second molar,
etc.), the local instigating factor (extraction vs dental disease
vs surgical trauma), the antiresorptive dosing and administra-
tion route, the experimental time courses for disease estab-
lishment and healing, and the establishment of objective clinic,
radiographic and histologic measures that reflect disease pres-
ence and burden. Without commonly accepted experimental
approaches and assessments, results from various studies are
virtually impossible to compare and contrast [1-3, 9-11].

A multipronged approach needs to be followed to transition
translational findings in the clinical setting (Figure 4).
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a) Of utmost importance is the establishment of objective
experimental measures for assessment of disease burden.

b) Continued discovery of fundamental biological processes
that underlie MRON] pathogenesis and of pharmacolog-
ical or interventional therapies that can ameliorate dis-
ease burden will offer alternative approaches to manage
the disease.

¢) In rodent models, direct head-to-head comparisons of
diverse preventive and therapeutic strategies in the same
experimental setting will allow identification of the most
effective strategies. Given the multifactorial nature of the
disease, it is unlikely that a single universal treatment will
suffice. Combination of treatments that address multiple
aspects of disease mechanisms (Figure 2) will likely be
more effective.

d) Mono- or multi-therapies with consistently favorable
outcomes should transition to larger animal models
(sheep or mini-pigs) with more relevant functional,
physiologic and structural biology to humans. Here,
therapies that are already used for management of
other disease could find immediate application. Yet,
novel therapies could provide significant breakthroughs
despite their longer implementation process.

e) Ultimately, Phases I, II, and III clinical trials will evaluate
safety and dosage, assess effectiveness, compare with
existing treatments, establish side effects and provide
evidence for regulatory approval and implementation.

Looking forward, artificial intelligence (AI) holds sig-
nificant potential to address some of the translational
and methodological challenges highlighted in this review.
Machine learning and other Al-driven approaches can aid
in integrating heterogeneous datasets from preclinical and
clinical studies, enabling more accurate identification of
predictive biomarkers and therapeutic targets. Artificial
intelligence algorithms may also enhance experimental design
by simulating disease progression, optimizing treatment
protocols, and predicting treatment outcomes, thus reducing
variability and increasing reproducibility. Furthermore, Al
can support the standardization of outcome measures across
laboratories and clinical settings, helping to harmonize data
reporting and improve comparability. Ultimately, leveraging
Al could accelerate the translation of promising adjunctive
therapies from bench to bedside, streamline decision-
making, and improve personalized patient care in MRON]
management.

Conclusion

In conclusion, while the preclinical literature on MRON]J
prevention and treatment has expanded rapidly and yielded
valuable insights, significant gaps remain before these findings
can be applied in clinical practice. The complexity of
MRON] pathogenesis, the limitations of current animal
models, the heterogeneity of preclinical study designs, and
the lack of standardization in experimental methodology
and disease assessment represent formidable obstacles.
However, by embracing methodological rigor, mechanistic
exploration, and patient-centered translation, the field is well
positioned to move from promising experimental outcomes
toward evidence-based clinical strategies. Reducing the
incidence and morbidity of MRON] will likely require not
only innovation in preventive and therapeutic approaches
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Translational Roadmap: From Discovery to Clinical
Implementation in MRONJ

2 .
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Figure 4. This figure illustrates the sequential phases required to translate research findings into clinical practice for medication-related osteonecrosis
of the jaw (MRONJ). The roadmap is divided into 3 main segments: discovery, gaps, and development, highlighting the continuum from basic research
to clinical application. Discovery & Basic Research (green): this initial stage focuses on understanding the mechanisms underlying MRONJ, identifying
biological targets, and exploring adjunctive and preventive strategies. Studies at this phase aim to elucidate MRONJ pathophysiology to inform therapeutic
development; pre-clinical (purple): pre-clinical research involves the use of rodent models, mechanistic studies, and early proof-of-concept evaluations
to assess therapy efficacy and safety under controlled experimental conditions. It also includes the evaluation of adjunctive strategies using animal
models. A major challenge identified here is the lack of standardization and reproducibility across experimental protocols; bridging phase (blue): this phase
addresses the translation of pre-clinical findings into protocols suitable for human trials. It emphasizes the need for standardized experimental protocols,
rigorous safety and efficacy testing, and strategies to ensure reproducibility. The ultimate goal is to bridge the gap between laboratory discoveries and
clinical interventions; future directions (orange): this section outlines emerging priorities, including the development of objective and reproducible MRONJ
phenotyping systems, optimization of preclinical models to mimic human pathology, and strategies to improve translational validity. Focus areas include
identifying optimal dosing regimens, refining interventions for MRONJ prevention, and developing biomarkers to monitor treatment response; clinical
development (yellow): the clinical development pathway includes phase | (safety and dosage), phase Il (efficacy), and phase Ill (comparative effectiveness)
trials, culminating in submission for regulatory approval and clinical implementation. These steps ensure that interventions meet rigorous safety, efficacy,
and effectiveness standards before being adopted into clinical practice. The roadmap highlights critical gaps, such as standardization and reproducibility,
that need to be addressed to accelerate progress from discovery to implementation. Created with BioRender.com (License Number: FL292C873C).

but also a fundamental reorientation toward integrated,
individualized care. Bridging the gap from bench to bedside
will demand close collaboration among basic scientists,
clinicians, and regulatory authorities, as well as a commitment
to standardization and transparency in preclinical research.
Only through such concerted efforts will the promise of
preclinical discoveries be realized in improved outcomes for
patients living with or at risk of MRONJ.
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