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Understanding the mechanisms underlying bone fragility and impaired repair is
critical for improving clinical outcomes in patients with genetic disorders affecting
connective tissues. Among these conditions, osteogenesis imperfecta (Ol) stands
out not only for its impact on the long bones, but also for the unique challenges it
poses to the craniofacial skeleton and dental tissues. By investigating the genetic
and clinical features of Ol, and examining how this disorder affects craniofacial
development, this thesis aims to identify new opportunities for enhancing bone
regeneration. In particular, recent advances in targeting the Wnt signaling
pathway, such as sclerostin inhibition, offer promising strategies that may improve
craniofacial bone strength and repair in Ol.

Osteogenesis Imperfecta

0Ol, also known as brittle bone disease, is a rare genetic connective tissue disorder.
It is most commonly caused by mutations in the COL1A1 and COLTA2 genes, which
lead to defective synthesis or processing of type | collagen, the major protein in
bone, skin, and tendon matrices'. The clinical spectrum is broad, ranging from
mild forms of Ol with increased fracture susceptibility and reduced bone density
to severe, life-threatening manifestations of Ol in infancy, including crumpled ribs
and skull fragility>”. Notable associated features include blue sclerae, short stature,
dentinogenesis imperfecta (DI), hearing loss, valvular insufficiency, and aortic root
dilation, alongside milder symptoms such as ligamentous laxity and easy bruising*2.

Ol is classified based on both clinical features (phenotype) and genetic characteristics
(genotype). The traditional classification includes five main types (I-V), which are
distinguished by their physical manifestations and underlying genetic mutations.
More recently, additional types (VI-XI) have been identified, resulting from new
genetic variants that affect collagen biosynthesis or post-translational modifications.
Most cases of Ol follow an autosomal dominant pattern of inheritance, though
autosomal recessive and X-linked forms are also recognized®'? The pathophysiology
of osteogenesis imperfecta centers on both quantitative and qualitative abnormalities
of type | collagen, with glycine substitutions in the triple helix regions frequently
correlating with disease severity 6. As a genetic disorder, Ol is highly heritable, with
most forms resulting from inherited mutations in collagen genes or from new (de
novo) mutations. Epidemiologically, Ol occurs in approximately 1 in 15,000-20,000
births, most frequently affecting type | variants® .

Diagnostic and prognostic systems, such as the Sillence and Shapiro classifications,
are used to categorize people with Ol based on their symptoms and expected
health outcomes. These frameworks help account for the wide variety of physical
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differences seen in Ol and can provide some guidance regarding survival.
However, even within the same subtype, predicting how frequently fractures will
occur or how serious they might become remains challenging® ® '® ', Diagnosis
of Ol involves clinical assessment, radiographic evaluation, and confirmation via
molecular genetic testing’. Management typically requires multidisciplinary care,
ranging from medications to orthopedic surgery, physical rehabilitation, hearing
evaluations, cardiac monitoring, and detailed dental management; prognosis and
severity remain highly variable' .

Although much research has focused on how Ol affects long bones, leading to well-
established approaches for managing fractures and skeletal fragility, comparatively
little is known about Ol's impact on craniofacial bones and dental tissues. The
developmental origins, biological properties, and functional demands of craniofacial
bones are distinct from those of long bones. These differences raise important
questions, not only about how Ol affects the facial skeleton, but also whether
therapeutic strategies that work well for long bones will produce similar results in
craniofacial sites. Because craniofacial abnormalities can impair essential functions
such as eating, speaking, and breathing, and significantly influence appearance
and quality of life, this thesis focuses on the unique challenges posed by Ol in these
structures, aiming to better understand and improve treatment outcomes.

Craniofacial Structures

The craniofacial complications of Ol are rooted in the same types of collagen defects
described above. Defective COL1 influences skull and jawbone development,
leading to conditions such as DI, malocclusion, and mandibular prognathism, which
contribute to asymmetrical growth and altered facial proportions. In teeth, type |
collagen plays a crucial role in the dentin and periodontal ligament. The dentin is
composed of about 20% organic material, mostly collagen type I, crucial for the
tooth's mechanical strength?.The periodontal ligament, a specialized connective
tissue surrounding tooth roots, anchors them to the alveolar bone and is rich in
type | collagen, connecting the tooth cementum to the alveolar bone socket
and offering crucial support against chewing forces. Even when DI is not visibly
evident, patients may still experience underlying dental abnormalities due to these
collagen defects?2. This can result in missing teeth, abnormal tooth eruption, and an
increased likelihood of dental attrition and enamel fractures®.

The impact of type | collagen defects in Ol is not limited to individual dental or
skeletal issues; instead, these abnormalities interact to create complex clinical
challenges. Because the same underlying defect compromises both craniofacial

1
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bone and dental tissues, a patient’s dental anomalies can further influence the
health and function of the jawbones and surrounding structures. For example,
abnormal tooth development or loss may place additional stress on weakened bone,
increasing the risk of bone resorption or fracture. Conversely, fragile craniofacial
bones may impair proper tooth eruption and retention. This bidirectional
relationship complicates oral rehabilitation and necessitates treatment strategies
that address both the unique biology of craniofacial bones and the interconnected
nature of bone and tooth health in Ol patients.

Craniofacial bones are distinct from axial and long bones in their embryological
origins and modes of ossification. The craniofacial skeleton is composed of
eight cranial bones and fourteen facial bones, which predominantly arise from
mesenchymal cells derived from the cranial neural crest during embryogenesis?.
These versatile cells differentiate into osteoblasts and chondrocytes, facilitating
the formation of the cranial vault, facial skeleton, and skull base through both
endochondral and intramembranous ossification? 26, Unlike long bones, which
typically develop through endochondral ossification, most craniofacial bones
form via intramembranous ossification, a process that produces bone directly
from mesenchymal cells, bypassing a cartilage stage. This results in unique
biomechanical properties and presents clinical challenges in addressing congenital
defects, trauma, and disease-related bone loss?*. The specialized anatomy of the
craniofacial complex is not only essential for protecting the brain and sensory
organs, but also provides crucial attachment sites for muscles involved in chewing,
facial expression, and speech?.

While the craniofacial skeleton undergoes continuous remodeling throughout life
in all individuals, these processes are notably disrupted in osteogenesis imperfecta.
In the general population, age-related changes in osteoclast and osteoblast activity
typically result in decreased bone mineral density and altered microarchitecture,
compromising structural integrity and causing gradual changes in facial
morphology®. In Ol patients, however, defects in collagen exacerbate these
remodeling imbalances, leading to an even greater risk of bone fragility, deformity,
and changes in the craniofacial appearance—often manifesting earlier and
more severely than in unaffected individuals. The functional demands placed on
craniofacial bones, such as chewing and breathing, further increase the complexity
of these remodeling challenges. As a result, regenerative strategies for Ol must
be tailored to the unique biology and heightened vulnerabilities of craniofacial
bones, rather than relying on approaches developed for long bone defects in the
general population.
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Current reconstructive treatments are based on free flaps for major craniofacial
defects as consequence of cancer or trauma. However, harvesting the graft
is invasive and limited by available donor bone, increased morbidity, and
postoperative pain. For more localized oral rehabilitation, various types of bone
grafts and biological treatments, such as bone morphogenetic proteins (BMPs),
are employed?73'. While these options offer clinical benefits, they can also result in
significant swelling and the possibility of excessive or heterotopic bone formation32.
There is a need for better therapeutic solutions that can autoregulate without
causing resorption or overgrowth. Researchers continue to seek improved methods
that provide balanced regeneration and stability for craniofacial bone regeneration
and reconstruction.

Wnt signaling: Sclerostin inhibition

Recent advances in understanding Ol have highlighted the importance of
molecular pathways involved in bone formation and repair, particularly in the
craniofacial region. One pathway of significant interest is Wnt signaling, which
plays a central role in regulating bone growth and osteoblast differentiation.
Given that Ol is characterized by impaired bone quality and inadequate repair
due to defective collagen, targeting molecular mechanisms that enhance bone
formation has become an attractive therapeutic strategy. In this context, the Wnt
signaling pathway, and interventions such as sclerostin inhibition, have emerged as
promising approaches for improving bone strength and regeneration, especially in
craniofacial bones.

The Wnt signaling pathway is pivotal in bone biology and plays a particularly
important role in craniofacial development. This pathway governs the proliferation
and differentiation of osteoprogenitor cells into osteoblasts, which are essential
for bone growth and repair®. Wnt signaling operates through two main branches:
the canonical (B-catenin-dependent) pathway and the non-canonical (B-catenin-
independent) pathways. The canonical pathway results in stabilization and nuclear
translocation of B-catenin, which then activates genes critical for osteoblast
formation and bone regeneration. In contrast, the non-canonical pathways
modulate cellular movement, polarity, and other responses independent of
B-catenin signaling, and are also implicated in developmental processes and bone
cell function33%,

Precise regulation of Wnt signaling is crucial for maintaining cranial suture patency
and proper bone formation. When this regulation is disrupted, it can lead to
craniofacial malformations or diseases such as craniosynostosis®* .

13
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One key regulator within this pathway is sclerostin, a glycoprotein primarily
produced by osteocytes. Sclerostin acts by inhibiting the Wnt/B-catenin pathway,
thereby suppressing osteoblast activity and promoting bone resorption®. In
certain genetic disorders, including Ol, sclerostin levels are found to be elevated,
further impairing bone formation. Conversely, mutations in the SOST gene, which
encodes sclerostin, lead to conditions characterized by excessive bone growth,
such as sclerosteosis and van Buchem disease3® *,

Wnt signaling naturally balances bone formation and remodeling by promoting
osteoblast activity and inhibiting osteoclast differentiation, offering a more holistic
approach compared to treatments that solely focus on bone formation or resorption?.

Preclinical studies have shown promise in targeting sclerostin for therapy.
Sclerostin antibody (SclAb) treatment has been demonstrated to enhance bone
formation and mechanical strength by reactivating Wnt signaling in animal models
of Ol, notably the Brtl/+ mouse. This mouse model carries a mutation in the col1a1
gene, mimicking moderate Ol and presenting with reduced bone mineral density
and bone fragility. In these studies, SclAb administration improved cortical bone
formation and increased mechanical properties, without increasing brittleness**>.,

Although SclAb therapy shows benefits for long bones, its effects on craniofacial
structures remain less well understood—especially in the Ol context. Given that
sclerostin mutations can significantly increase bone density in facial bones,
understanding the response of craniofacial bone to sclerostin inhibition is essential.
Notably, craniofacial bones differ from long bones in their embryological origins
and mechanisms of formation, which may lead to unique therapeutic outcomes.

Therefore, this thesis aims to characterize the role of sclersotin and Wnt signaling
in craniofacial bone regeneration comprehensively address the multifaceted
challenges of craniofacial bone health, fracture risk, and therapeutic strategies in
osteogenesis imperfecta (Ol), this thesis is structured as follows:

Chapter 2. Preserving alveolar bone: The intersection of aging, remodeling,
and Wnt signaling pathways

This chapter characterizes the unique biology of alveolar bone—highlighting
its rapid adaptation to chewing forces, oral microbiome exposure, and complex
mechanical demands. Central to maintenance and regeneration is the Wnt/p-
catenin pathway, a master regulator whose age-related alterations and suppression
can drive net bone loss in the oral cavity. The chapter reviews compartment-
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specific regulation of this pathway and compares alveolar bone turnover and
signaling paradigms to those in long bones. It further considers current evidence
for molecular interventions, including sclerostin inhibition, that may support bone
health and regeneration in aging and disease.

Given Wnt signaling's central role in craniofacial bone remodeling, it is crucial to
determine whether craniofacial bone is a clinically significant site of involvement in
Ol, motivating a population-based analysis in the next chapter.

Chapter 3. Craniofacial and whole-skeleton fracture patterns in osteogenesis
imperfecta: Findings from a nationwide U.S. insurance claims database

In this chapter, a national insurance claims dataset is used to quantify the period
prevalence, anatomical distribution, and predictors of fractures in OI, with particular
emphasis on craniofacial sites—jaw, skull, and facial bones—that are understudied
in prior literature. By stratifying fracture risk by age, sex, proxy-measured disease
severity, and insurance type, the research reveals the distinctive burden and
demographic patterns of craniofacial fractures in Ol. These findings highlight the
necessity for ongoing, site-specific monitoring and multidisciplinary management;
they also underscore the importance of developing therapies and preventative
strategies that address the elevated risk in craniofacial bones.

Recognizing the high real-world burden of craniofacial bone fragility in Ol, the
thesis next examines whether mouse models replicate patient-specific craniofacial
features, essential for testing new therapies.

Chapter 4. Collagen mutation and age contribute to differential craniofacial
phenotypes in mouse models of osteogenesis imperfecta

This chapter uses genetically modified mouse strains with distinct type | collagen
mutations, including Brtl/+ and G610c/+, to rigorously assess how mutation type,
location, and aging affect craniofacial and dentoalveolar bone structure and
remodeling. The Brtl/+ model harbors a heterozygous Col1al mutation causing a
glycine-to-cysteine substitution at position 349 in the a1(l) collagen chain, whereas
the G610c/+ model carries a heterozygous Col1a2 mutation producing a glycine-to-
cysteine substitution at position 610 in the a2(l) collagen chain. These substitutions
occur within the collagen triple-helical domain, where glycine residues are essential
for normal helix folding; therefore, both mutations impair type | collagen structure
and function through a dominant-negative mechanism.

15
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Detailed morphometric analyses and bone turnover studies are conducted to
compare mouse model phenotypes to human Ol presentations, facilitating accurate
model selection for preclinical studies. The evaluation also supports targeted
therapy development by delineating the impact of genotype and age on specific
craniofacial bone deficits.

With these validated models reflecting relevant craniofacial abnormalities, the
thesis advances to testing molecular therapies targeting pathways implicated in
bone defect restoration.

Chapter 5. Sex-Based Differences in Sclerostin Antibody for Craniofacial Bone
Disorders with Collagen Defects

This chapter investigates the efficacy of sclerostin antibody (SclAb) therapy
in Ol mouse models, addressing both craniofacial bone mass restoration and
architectural improvement. Comprehensive analysis of SclAb’s effects explores
sex-specific differences, acknowledging the role of estrogen and testosterone
in bone formation, resorption, and density. The results support consideration of
individualized approaches for craniofacial bone regeneration in Ol, revealing the
potential for SclAb therapy beyond traditional bone turnover enhancement.

While increased bone quantity and density are necessary, functional rehabilitation
demands successful prosthetic integration. The thesis thus progresses to the
challenge of achieving solid osseointegration in compromised bone due to Ol.

Chapter 6. Sclerostin Antibody Enhances Implant Osseointegration in Bone
with Col1a1 Mutation

Given the challenges of dental and orthopedic implant success in low-density bone,
this chapter evaluates whether SclAb-induced improvements in alveolar bone
translate to enhanced bone-to-implant contact and fixation in the Brtl/+ mouse
model. Using advanced imaging and mechanical testing, the research assesses
implant integration, durability, and functional performance. Study outcomes
provide the basis for clinical application of SclAb therapy in oral rehabilitation,
especially for patients with compromised skeletal health.

Synthesizing these mechanistic, population-level, and therapeutic insights, the
final chapter looks forward to future strategies and clinical implementation.
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Chapter 7. Conclusion and Future Directions

This chapter integrates the key findings on Wnt signaling, population-based
craniofacial fracture risk, model validation, molecular intervention, and implant
outcomes in Ol. It recommends future research directions such as optimizing
localized SclAb delivery and refining patient selection strategies, ultimately aiming
to advance craniofacial bone regeneration and rehabilitation for individuals with
osteogenesis imperfecta.
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Abstract

The periodontium is a uniquely dynamic tissue system requiring precise signaling
for lifelong adaptation. The canonical Wnt/3-catenin pathway is a master regulator
of bone homeostasis; however, its role in the specialized environment of the alveolar
bone-marked by rapid turnover, complex mechanical forces, and exposure to the
oral microbiome-remains incompletely understood, particularly in the context of
aging. This review critically synthesizes evidence on Wnt signaling in alveolar bone
remodeling, with a focus on age-related dysregulation, contrasting established
paradigms from long bone biology with emerging oral-tissue-specific data.
Wnt/B-catenin signaling is essential for periodontal homeostasis, orchestrating
osteoblastogenesis and mechanotransduction. Its activity is compartment-specific
within the periodontium and is potently suppressed in pathology. Key mechanisms
of age-related decline include the upregulation of Wnt antagonists (e.g., sclerostin,
DKK1), cellular senescence, altered FoxO-Wnt crosstalk under oxidative stress,
and impaired mechanosensing. These changes converge to disrupt regenerative
capacity, tipping the balance toward net alveolar bone loss. Therapeutically,
sclerostin inhibition demonstrates robust preclinical efficacy in rescuing bone
loss in models of periodontitis and estrogen deficiency. However, the potential
cardiovascular risks of systemic Wnt activation suggest that redirecting efforts
toward localized delivery strategies could be a promising alternative. Aging induces
a multifaceted suppression of regenerative Wnt signaling in the periodontium.
Modulating the Wnt pathway shows great potential for oral bone regeneration.
However, significant challenges exist, especially in designing local delivery systems
that are both safe and effective. Overcoming these hurdles is crucial for successful
clinical applications. Future research must bridge the gap between skeletal biology
and direct oral-specific investigations to enable targeted therapies that preserve
periodontal health in an aging population.

Key Points

The integrity of the periodontium, a uniquely dynamic and mechanically
stressed tissue system, is fundamentally governed by Wnt/B-catenin signaling,
which orchestrates alveolar bone homeostasis and adaptation. Aging induces a
multifaceted decline in this regenerative pathway, driven by the upregulation of
antagonists like sclerostin, the accumulation of senescent cells, and the blunting of
essential mechanosensory functions. This age-related suppression of Wnt signaling
converges with local inflammatory pathology, such as periodontitis, to shift the
periodontal balance toward irreversible bone loss. While targeted inhibition of Wnt
antagonists demonstrates robust preclinical potential for regenerating alveolar
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bone, the translation of this promise into safe clinical reality is challenged by the
cardiovascular risks of systemic therapy, underscoring an urgent need for localized
delivery strategies and dedicated research to bridge foundational skeletal biology

with the unique demands of the oral environment.

Keywords: Wnt signaling; aging; alveolar bone; periodontium.
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Introduction

The periodontium constitutes a dynamic, integrated tissue complex essential for
oral function, comprising alveolar bone, periodontal ligament (PDL), cementum,
and gingiva. Through lifelong, coordinated remodeling, this system maintains tooth
anchorage and adapts to mechanical forces, environmental exposures, and injury'3.

The Wnt signaling pathway is a master regulator of bone formation and resorption
in both systemic and oral environments*®. However, our foundational under-
standing of Wnt biology, and of bone adaptation more broadly, has been driven
predominantly by research in long bones, where it orchestrates osteoblast activity,
mechanotransduction, and fracture repair®®. The periodontium presents a funda-
mentally distinct ecological niche: characterized by rapid turnover rates® '°,
complex multidirectional mechanical stimuli'™ '?, and tissues that are continuously
exposed to the oral microbiome and inflammatory challenges™ . Consequently,
the direct extrapolation of molecular mechanisms and therapeutic strategies from
the appendicular skeleton to the oral cavity is fraught with challenge and requires
rigorous, tissue-specific validation.

Aging critically disrupts the homeostatic equilibrium of this specialized system.
Systemic hallmarks of aging, including declines in stem cell function, Wnt signaling
efficacy, and bone quality, combine with local risk factors, such as malocclusion and
periodontitis, to disrupt normal regenerative responses and tip the balance toward
net bone loss®7 %1, Clinically, these changes manifest as increased tooth mobility,
diminished masticatory function, and heightened vulnerability to oral disease in
older adults'. The periodontium thus represents a critical, and vulnerable, interface
where systemic aging and local pathology intersect.

Emerging research in periodontal biology now highlights the need for targeted
investigation into canonical and non-canonical Wnt pathways, local antagonists like
sclerostin and Dickkopf-related protein 1 (DKK1), and regenerative strategies tailored
to the periodontium itself'”2'". While therapeutic advances inspired by osteoporosis
management offer promising approaches for dental and periodontal conditions,
significant translational hurdles remain. These include fragmented direct evidence
from oral tissues, safety concerns with systemic therapy, technical barriers to local
delivery, and a limited number of clinical trials specific to the oral environment.

This review critically synthesizes current evidence on the role of Wnt signaling within
the periodontium, with a focused emphasis on alveolar bone remodeling and its
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dysregulation with age. By deliberately contrasting established paradigms from long

bone biology with emerging, direct data from oral tissues, we aim to 1) clarify tissue-

specific requlatory mechanisms, 2) illuminate critical translational gaps, and 3) propose

a refined roadmap for future Wnt-targeted therapeutic innovation. Advancing this
field is essential not only for preserving oral health, but also for improving systemic

health and quality of life in aging populations (Table 1 and 2).

Table 1. Age-Related Alveolar Bone Loss: Pathophysiological Cascade and Wnt Signaling Dysregulation

Factor

Effect of Aging

Wnt Pathway Role & Mechanism

Bone Quantity & Quality

Osteoblast Function

Osteoclast Activity

PDL & Extracellular
Matrix (ECM)

Local Inflammatory
Milieu ("Inflammaging")

Key Molecular Shift

Tissue Repair &
Regeneration Capacity

Therapeutic Implication

Bone mineral density, height,
and width decrease; trabecular
structure weakens.

Number and activity decline;
differentiation and regenerative
capacity diminish.

Resorptive activity often
increases, shifting remodeling
balance toward net loss.

PDL space narrows; collagen
integrity declines; tissue loses
elasticity.

Chronic, low-grade
inflammation increases pro-
resorptive cytokines (e.g.,
TNF-q, IL-13, IL-6).

+ Expression of DKK1, sclerostin,
SHN3; v Expression of Klotho.

Healing after extraction,
periodontal defect, or implant
placement is slower and less
predictable.

Age-related bone loss requires
targeted intervention to restore
anabolic signaling.

Aging reduces canonical Wnt signaling
> decreased osteoblast-driven

bone formation and compromised
maintenance.

Wnt/B-catenin is a key promoter of
osteoblast differentiation and activity;
this pro-formation signal is dampened
with age.

Reduced Wnt signaling lowers OPG and
increases RANKL expression » favors
increased osteoclastogenesis and bone
resorption.

Impaired Wnt signaling and reduced
DEL-1 expression compromise PDL
fibroblast function and ECM repair/
regeneration.

Inflammatory cytokines upregulate
secreted Wnt inhibitors (DKK1,
sclerostin) » further suppress bone
formation.

DKK1 & sclerostin directly inhibit Wnt/
[-catenin signaling; SHN3 promotes
sclerostin; Klotho decline removes a
protective Wnt-enhancing effect.

Exogenous Wnt activation (e.g.,
L-WNT3A) or neutralization of inhibitors
(e.g., sclerostin antibody) can rescue
bone healing in aged models.

Strategy: Antagonize endogenous
inhibitors (anti-sclerostin/DKK1) or
provide Wnt agonists to re-establish a
pro-formative microenvironment.

Abbreviations: DKK1: Dickkopf-1; IL: interleukin; OPG: osteoprotegerin; PDL: periodontal ligament;
RANKL: receptor activator of nuclear factor kB ligand; TNF-a: tumor necrosis factor-alpha.
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Table 2. Sources of mechanistic evidence of Wnt signaling in the periodontium.

Mechanism/Pathway Evidence Source Direct/
Extrapolated

Canonical Wnt signaling in Long bone (mouse, human) Extrapolated
osteoblasts'?

Canonical Wnt/B-catenin in Periodontium (rodent, human) Direct
alveolar bone

Sclerostin antagonism Long bone; periodontium (rodent) Both
Mechanotransduction (Piezo1, Periodontium (rodent, cell lines) Direct / Partial

integrins, cilia)

Non-canonical Wnt signaling Long bone; periodontium (rodent) Both

FoxO-Wnt crosstalk Long bone; emerging in periodontium Extrapolated /
Emerging

Senescence/SASP impact on Wnt Long bone; periodontium (human, rodent) Both

Note: This table summarizes the origins and types of mechanistic evidence underpinning current
understanding of Wnt signaling pathways in the periodontium. Mechanisms are categorized by their
biological context, indicating whether supporting data comes from long bone models, direct studies
in periodontal tissues, or extrapolation.

Wnt Signaling and Periodontium

Periodontium: Alveolar Bone structure and remodeling

Alveolarboneis a core component of the periodontium, forming the tooth-supporting
sockets within the jaws?> 2. Its intimate functional integration with the PDL results in
one of the most dynamic osseous environments in the body, characterized by rapid
turnover rates?*?. This high plasticity is enabled by a specialized, compartmentalized
architecture designed for both force transmission and metabolic support.

Closest to the tooth root lies the bundle bone, a thin, specialized layer distinguished
by the insertion of Sharpey’s fibers from the PDL" %28, This interface plays a crucial
role in mechanotransduction, allowing the bone to rapidly adapt to varying
occlusal forces™ 11 12:27.29,

Beneath the bundle bone are the cortical and trabecular compartments, which
provide essential structural reinforcement while serving as a metabolic reservoir to
support continuous remodeling?* 230,

Through this integrated structure, the alveolar bone is equipped to translate
mechanical signals into anabolic or catabolic responses, a defining feature that sets
it apart from the long bones elsewhere in the skeleton 232631 (Figure 1).
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Figure 1. Alveolar bone structure: Alveolar bone is a specialized osseous tissue that forms the tooth
sockets (alveoli) within the maxilla and mandible, providing structural support and anchorage for
teeth. As part of the periodontium, it interacts dynamically with the gingiva, periodontal ligament
(PDL), and cementum to maintain tooth position and masticatory function. Structurally, it comprises
two key compartments: (A) the underlying cortical and trabecular bone, which provides structural
reinforcement and metabolic support and (B) the bundle bone, which interfaces with the PDL via
Sharpey’s fibers and facilitates force transmission.

Core Canonical Wnt/B-catenin Signaling in the Periodontium

Bone homeostasis within the periodontium is governed by the canonical
Wnt/B-catenin pathway, a mechanism conserved yet distinctly regulated in this
environment. Activation begins when Wnt ligands (e.g.,, Wnt3a, Wnt10b) bind to
Frizzled and LRP5/6 co-receptors, triggering phosphorylation of LRP5/6. This event
inhibits a cytoplasmic destruction complex, comprising Axin, Adenomatous Polyposis
Coli (APC), and Glycogen Synthase Kinase-33 (GSK-3), that normally targets 3-catenin
for proteasomal degradation. Consequently, B-catenin accumulates, translocates to
the nucleus, and partners with TCF/LEF transcription factors to drive the expression
of osteogenic genes (Runx2, COL1A1) and production of Osteoprotegerin (OPG),
which inhibits RANKL-mediated osteoclastogenesis®* 23233,

While this core pathway is evolutionarily conserved, its regulation within the
periodontium exhibits critical tissue-specific nuances. It is essential to note that
foundational knowledge of the Wnt/B-catenin destruction complex, receptor
activation, and downstream transcription is derived overwhelmingly from studies
in long bones and cancer models. Direct validation of these precise molecular
interactions within the unique cellular milieu of the periodontium—particularly in
human tissues—remains an important, ongoing effort'®3',

Direct periodontal evidence confirms this pathway’s central role. Mechanical
stimulation from mastication rapidly activates canonical Wnt signaling in alveolar
bone? 343, Furthermore, genetic ablation of the Wnt antagonist sclerostin leads to
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excessive alveolar bone accumulation?®, while human biopsies from periodontitis
patients show elevated levels of sclerostin and DKK1 in alveolar bone and PDL,
correlating with bone loss severity®”-38 (Figure 2).
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Figure 2. Wnt/B-catenin signaling regulates alveolar bone remodeling in response to mechanical
stimuli. (A) Alveolar bone undergoes rapid and dynamic remodeling due to its specialized
microstructure and sensitivity to mechanical forces. Mechanical stimulation activates Wnt signaling,
with Wnt ligands (such as Wnt3a and Wnt10b) binding to Frizzled receptors and LRP5/6 co-receptors,
thereby preventing degradation of B-catenin. (B) Stabilized 3-catenin accumulates and translocate into
the nucleus, where it promotes transcription of osteogenic genes, enhances osteoblast differentiation,
and suppresses osteoclast activity. Conversely, Wnt signaling inhibitors such as sclerostin and Dkk1
bind to Frizzled and LRP5/6, leading to B-catenin phosphorylation and degradation. Overall, the
Wnt/B-catenin pathway is central to maintaining alveolar bone homeostasis. It enables adaptive
remodeling in response to mechanical (occlusal) forces, balancing bone formation and resorption and
helping preserve periodontal integrity.
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Wnt Activity Across Periodontal Compartments and Cell Types

The behavior of the Wnt signaling pathway within the periodontium is highly
compartmentalized and cell-type specific. In the PDL, mechanical tension such as
that exerted by orthodontic forces activates canonical Wnt signaling in fibroblasts
and progenitor cells, thereby driving both osteogenic and cementogenic
differentiation®***'. By contrast, exposure of the PDL to compressive loads or
inflammatory stress markedly upregulates several Wnt antagonists, including
sclerostin, DKK1, and sFRPs, which serves to suppress new tissue formation and
instead promotes resorptive processes**,

A similarly nuanced regulatory role for Wnt signaling exists within cementum.
Acute Wnt pathway stimulation in cementoblasts enhances cementogenic
gene expression, including genes such as CEMP1 and CAP, and promotes matrix
deposition*8, However, persistent Wnt activation, as seen in sclerostin (SOST)
knockout mice, does not result in increased cementum thickness and may actually
impair cementocyte function®®. This highlights the necessity for a tightly controlled
Wnt signaling environment within the cementum, a process likely governed by
additional epigenetic regulators**>T.

Wnt signaling and Mechanotransduction

Physiological mechanical forces are sensed by osteocytes and PDL fibroblasts via
a specialized apparatus including integrins¥, Piezo1 ion channels®, and primary
cilia®*33. In the periodontium, this sensing triggers a conserved anabolic cascade:
loading downregulates Wnt antagonists (e.g., sclerostin)?* * and stabilizes
B-catenin. This leads to the proliferation and osteogenic differentiation of Wnt-
responsive progenitors (e.g., Axin2+ cells), directly coupling force sensing to new
bone formation at sites of tension?®>* This process is synergized by the release of
other osteogenic factors such as IGF-1 and BMPs?# 5> %5,

This model provides a compelling, integrated view of periodontal mechanobiology.
However, a significant portion of this cascade is inferred from analogous pathways
in long bone osteocytes. Direct, real-time visualization of force-induced B-catenin
stabilization and progenitor cell fate specification within the living periodontium
is lacking. Furthermore, the relative contributions of integrin, Piezo1, and ciliary
signaling in initiating this cascade in different periodontal cell types (osteocytes
vs. PDL fibroblasts) are not yet resolved, representing a key knowledge gap for
targeted therapeutic modulation (Figure 3).
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Figure 3. Mechanotransduction pathways in alveolar bone remodeling in an orthodontic tooth movement
(OTM) model. Mechanical loading from occlusion or orthodontics creates strain and fluid shear stress
that osteocytes detect through integrin signaling and primary cilia deflection, activating calcium and
Wnt pathways. (A) In tension zones, PDL stretching triggers Piezo1/2 channel activation, improving
blood flow and oxygen levels. This mechanical stimulation boosts Wnt/B-catenin signaling through
Wnt3a/10b, stimulating bone formation while inhibiting bone resorption through RANKL suppression.
(B) In compression zones, blood vessel squeezing causes hypoxia that stabilizes HIF-1q, increasing TNF-a and
IL-6, RANKL and decreasing OPG production. Osteocytes release Wnt blockers (DKK1, sclerostin), allowing
osteoclast development. This spatial control of Wnt signaling - activated in tension areas and blocked in
compression areas - coordinates tooth movement while protecting the surrounding bone structure.

Pathological Disruption of Regenerative Wnt Signaling

Mechanical Overload

When mechanical stress becomes excessive or chronic (e.g., occlusal trauma, poorly
controlled orthodontic forces), the adaptive Wnt response is subverted. Overload
induces hypoxia (HIF-1a stabilization)*” *® and upregulates Wnt antagonists like
sclerostin and DKK14*4>3° actively suppressing canonical signaling. This shifts the
RANKL/OPG balance toward resorption, uncoupling bone turnover and leading to
clinical outcomes such as widened PDL spaces and progressive alveolar bone loss™.
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Inflammatory Suppression (e.g., Periodontitis)

Chronic inflammation represents a potent and clinically significant disruptor.
Inflammatory cytokines (TNF-q, IL-6) drive a marked upregulation of Wnt antagonists,
including sclerostin, DKK1, and sFRP1, within both the PDL and alveolar bone®®. The
severity of this upregulation in human periodontitis correlates directly with clinical
attachment loss and radiographic bone loss®. Critically, this pathway is therapeutically
targetable: genetic deletion or antibody-mediated neutralization of Sost rescues
alveolar bone loss in experimental periodontitis, including in challenging conditions
like type 2 diabetes?'-33, establishing a definitive proof-of-principle.

Pathway Crosstalk and Complexity

Pathological breakdown is exacerbated by signaling crosstalk. For instance, NF-kB
activation in inflammatory contexts (e.g., apical periodontitis) actively suppresses
the Wnt/B-catenin cascade®®. Regenerative feedback mechanisms exist, such as
exosomes from gingival mesenchymal stem cells that can deliver signals inhibiting
NF-kB while concurrently activating Wnt signaling®'. Non-canonical pathways also
modulate the disease process, with elevated Wnt-5a in gingival crevicular fluid
correlating with inflammatory and osteoclastogenic activity in periodontitis®2.

Implications for Peri-Implantitis

The pathological principles of inflammatory Wnt suppression extend to the bone
surrounding dental implants, where the dysregulated host-microbiome interface
is a key driver of disease®. Peri-implantitis, a biofilm-associated inflammatory
disease leading to implant-supporting bone loss, shares etiological features with
periodontitis but is characterized by a more aggressive inflammatory response and
rapid bone destruction.

Emerging molecular profiling reveals that the peri-implant tissue microenvironment
is fundamentally altered. RNA-seq analyses demonstrate significant age-related
dysregulation in key pathways, including depressed Wnt signaling alongside
heightened immune and inflammatory activity in aged mice compared to young
controls®. In human disease, this manifests as significant immune dysregulation,
including distinct macrophage polarization profiles that contribute to a pro-
inflammatory, pro-osteoclastogenic state in peri-implantitis lesions®’.

Within this pathological milieu, it is highly plausible that the potent upregulation
of Wnt antagonists (e.g., sclerostin, DKK1) observed in periodontitis also occurs,
actively suppressing the osteogenic repair necessary to maintain the bone-
implant interface. This represents a critical translational frontier. While direct
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evidence linking specific Wnt antagonist levels to peri-implantitis progression is
still accruing, proof-of-concept exists: sclerostin antibody treatment can enhance
osseointegration in compromised bone*. The central, clinically significant
question remains whether therapeutic local Wnt pathway activation can subvert
the inflammatory suppression of bone formation and stabilize bone around ailing
implants—a hypothesis now supported by mechanistic extrapolation and early
molecular profiling®-%, but awaiting targeted interventional validation.

Alveolar Bone Regeneration After Tooth Extraction

The specific role of Wnt signaling in extraction socket healing, a process of intra-
membranous ossification distinct from long bone fracture repair, remains an active
area of investigation with limited direct evidence®®. Preliminary findings suggest
involvement: periodontal ligament stem cells (PDLSCs) contribute to socket healing®s,
and local Wnt pathway modulation (e.g., sclerostin inhibition) can enhance bone
formation in animal models, particularly in aged or estrogen-deficient states™ ™.
However, stem cell behavior is complex and context-dependent. While key
progenitor populations (Gli1+, Lepr+) are present®’°, they can adopt pathogenic
states; for example, Lepr+ stromal cells in periodontitis can attenuate repair via
CCRL2-mediated Wnt inhibition”°. Dedicated research is needed to clarify the precise
regulation of Wnt-responsive stem cells during alveolar socket regeneration (Table 3).

Table 3. Key Wnt antagonists and agonists in oral biology.

Molecule  Cell Source Rolein Effect of Aging Therapeutic
Periodontium Modulation
Sclerostin  Osteocytes, some  Inhibits Wnt/(3- Upregulated Antibody (Scl-Ab)
PDL cells catenin; suppresses neutralization
bone formation rescues bone loss
DKK1 Osteocytes, Inhibits Wnt signaling  Upregulated Dual antibody under
fibroblasts development
Wnt3a, Osteoblast- Activates canonical Diminished Recombinant protein
Wnt10b lineage cells pathway expression (experimental)
Wnt5a, Multiple Modulates non- Increased in Potential small-
Wnt11 (inflammatory canonical signaling, disease molecule modulators

cells, fibroblasts) ~ inflammation,
cementum repair

sFRP1 Fibroblasts, bone  Downregulates Upregulated Not clinically
cells canonical pathway targeted

Note: Overview of major Wnt signaling molecules implicated in periodontal bone biology, including
their cellular sources, roles within the periodontium, changes associated with aging, and current or
potential avenues for therapeutic modulation.
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Wnt signaling and Aging

Aging is a dynamic driver of tissue dysfunction, actively altering the responsiveness
of cells within the components of the periodontium. The adaptability of these tissues
depends on the coordinated activity of Wnt signaling networks, which respond to
mechanical forces and inflammatory challenges* 3>. However, with advancing age,
this regulatory machinery is progressively compromised. This manifests as impaired
mechanotransduction®, increased expression of Wnt antagonists like sclerostin?7,
and an exacerbated inflammatory response that further suppresses regenerative
signaling™ 38, Below, we clarify mechanisms established through direct studies of
the periodontium and those extrapolated from research in other bones (primarily
long bone models), highlighting the similarities and unique features pertinent to
oral health (Figure 4).
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Figure 4. Age-related dysregulation of alveolar bone homeostasis. The left panel depicts a healthy, young
alveolar bone unit characterized by robust, homeostatic remodeling. Active osteoblasts, supported by
functional osteocytes and efficient autophagy, respond to anabolic signals including potent canonical
Wnt/B-catenin activity. The right panel illustrates the aged alveolar bone microenvironment, where
regenerative capacity is suppressed by a convergence of mechanisms. These include osteoblast
dysfunction, cellular senescence with a pro-inflammatory secretory phenotype (elevating TNF-q, IL-6,
IL-1B), and the potent inhibition of Wnt signaling via upregulated antagonists (sclerostin, DKK1),
oxidative stress-induced diversion of 3-catenin to FoxO transcription factors. Concomitant declines in
autophagic clearance further exacerbate cellular stress. Collectively, these changes shift the RANKL/OPG
balance, promoting osteoclast activity and leading to net alveolar bone loss.
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Canonical Wnt/B-catenin Signaling in Tissue Homeostasis and Aging

The principles of Wnt-mediated regeneration, while promising, must be considered
within the context of the systemic biological decline that accompanies aging®.
In young, healthy tissues, the canonical Wnt/B-catenin pathway orchestrates
effective regeneration and repair. However, with advancing age, this same signaling
pathway becomes fundamentally dysregulated.

Much of our understanding of age-related impairment in Wnt signaling comes
from research on long bones such as the femur and tibia. In these tissues, aging
is known to disrupt skeletal homeostasis largely through changes in the canonical
Wnt/B-catenin signaling pathway. For instance, mechanical loading robustly
activates Wnt signaling and promotes bone formation in younger individuals. As
bones age, however, their mechanotransduction capacity diminishes®®. This reduced
responsiveness is attributed primarily to increased secretion of Wnt antagonists,
namely sclerostin and DKK1, by osteocytes, which actively suppress the osteogenic
Wnt signal”“ 7', In addition to altered signaling, aged bone marrow stromal cells
shift toward adipogenesis rather than osteogenesis, a transition driven by declining
[-catenin activity” '° Collectively, these changes create a systemic environment
characterized by reduced anabolic capacity and increased skeletal fragility.

Recent studies demonstrate that many of these mechanisms are mirrored in oral
tissues, providing direct evidence that the long bone findings are applicable within
a periodontal context. For example, similar to what is observed in long bones,
aged alveolar bone within the periodontium exhibits impaired activation of Wnt
signaling in response to mechanical loading®. This deficit correlates with a failure
to properly downregulate sclerostin, resulting in insufficient bone regeneration.
Moreover, the expression of sclerostin in aged periodontal tissues is significantly
elevated, paralleling the pattern seen in aging long bones?*”'. Systemic increases
in sclerostin further contribute to bone loss in both skeletal sites, highlighting a
shared endocrine-like mechanism of age-related bone degeneration”".

Adding to this complexity, aging exacerbates inflammatory and resorptive
responses in the periodontium™., fostering a local environment that further
antagonizes regenerative Wnt signaling—an effect similar to that observed in
chronic inflammatory conditions affecting bone3®. Additionally, recent discoveries
have identified dysfunctional stem cell populations, such as pathogenic Lepr+
stromal cells, within aged periodontal tissues. These cells disrupt Wnt signaling and
impede tissue repair, providing a cellular basis for the impaired regeneration seen
in the aging periodontium?.
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Non-Canonical Wnt Signaling (PCP and Ca* Pathways) in Aging Tissues
Non-canonical Wnt ligands (e.g., Wnt5a, Wnt11) are crucial regulators of cell
migration, tissue polarity, and inflammatory responses. Their activity becomes
particularly significant in the dysfunctional cellular environment of aged bone, which
is characterized by altered osteoblast/osteoclast activity and increased porosity’> 7.
In this context, inflammatory cytokines like TNF-a can elevate non-canonical
signaling. Wnt5a plays a dual role: it is essential for coordinating osteoclast-osteoblast
coupling and maintaining bone formation’, yet its dysregulation is also implicated in
age-related stem cell dysfunction”. This establishes a core principle from systemic
biology: precise regulation of non-canonical Wnt pathways is critical for skeletal
homeostasis, and its disruption is a hallmark of aging.

Translating these mechanisms to oral tissues, emerging evidence confirms that non-
canonical Wnt signaling is relevant in periodontal aging and pathology. Chronic
inflammation from periodontitis elevates WNT-5a levels in gingival crevicular fluid,
paralleling increased local inflammation and osteoclast activity®2. Inflammatory
upregulation of Wnt5a can block cementogenic differentiation of periodontal cells,
further hindering repair. Interestingly, certain non-canonical Wnt pathways might
also offer protection; for example, Wnt4 can inhibit NF-kB-mediated inflammation
in bone, raising the possibility of similar benefits in oral tissues.

Yet, many questions remain unanswered. What roles do ligands like Wnt11 and
Wnt16 play in the aging of alveolar bone, PDL, and cementum? How do mechanical
forces, which are a defining feature of the oral environment, modulate PCP and
Ca?* pathways in aged tissues? And is the protective effect of Wnt4 observed in
long bones also present in oral tissues? Addressing these gaps will be essential
for developing therapies that harness non-canonical Wnt signaling to preserve
periodontal health in an aging population.

Crosstalk with Forkhead box O (FoxO) Transcription Factors:

Integrating Metabolism and Oxidative Stress Response in aging

FoxO transcription factors play a central role in balancing cellular stress resistance
and regenerative ability, an equilibrium that becomes increasingly disrupted with
age. In long bones, rising oxidative stress is a major cause of bone loss’. Under
these conditions, B-catenin shifts from its canonical role with TCF/LEF to partnering
with FoxO proteins, prioritizing antioxidant defenses at the expense of bone-
forming gene programs’®. Though this adaptation initially protects cells, chronic
FoxO activation ultimately suppresses Wnt signaling and slows bone formation”.
This effect occurs via mechanisms like B-catenin sequestration’® and CBP-mediated
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acetylation of FOXO47°. Over time, FoxO overactivity contributes to age-related bone
decline—a process independent of, but worsened by, sex steroid deficiency®. Thus,
in long bones, the drive for stress survival directly undermines tissue regeneration.

In oral tissues, evidence for FoxO-Wnt crosstalk is just beginning to surface. The
periodontium’s unique microenvironment, marked by constant inflammatory and
metabolic stress from the oral microbiome', suggests this signaling axis could be
highly relevant locally. Systemic factors may also influence outcomes; for example,
parathyroid hormone (PTH) can lower oxidative stress and promote bone formation
in aging long bones?®', hinting at ways to restore FoxO-Wnt balance. Early studies
show that the FoxO-Wnt interaction shapes the trade-off between resilience
and regeneration in oral tissues, with FoxO1 playing varying roles in young and
aged models®2,

However, important questions remain. What specific functions do FoxO isoforms
(FoxO1, 3a, 4) have in periodontal cells such as osteocytes, ligament stem cells, and
cementoblasts? Can anabolic therapies like PTH or Sclerostin antibody also modulate
the FoxO-Wnt axis in the periodontium? How do broader aging pathways—such as
declines in sirtuin 1 (Sirt1) activity’® affect FoxO-Wnt signaling in oral tissues?

Clarifying these mechanisms is crucial for future therapies. Strategies such as
modulating FoxO acetylation or combining FoxO-targeted approaches with other
bone anabolic agents may help rebalance this signaling axis, ultimately enhancing
resilience and regeneration of alveolar bone and periodontal tissues as we age.

Wnt Signaling, Cellular Senescence, and Senescence-Associated Inflammation
Research on long bones has established that the accumulation of senescent cells is
a hallmark of skeletal aging and a major contributor to osteoporosis®® 84, Senescent
osteocytes and bone marrow stromal cells develop a robust senescence-associated
secretory phenotype (SASP), which fosters a pro-inflammatory and tissue-
destructive microenvironment, ultimately weakening bone structure and increasing
fragility®. Central to this process is the interplay with Wnt signaling: a decline in
pro-regenerative Wnt ligands such as Wnt3a is required for mesenchymal stem cells
to enter senescence®, while an increase in certain Wnts, notably Wnt16, can drive
osteoblasts toward senescence?. Thus, there is a bidirectional relationship, Wnt
pathway activity governs cellular senescence, and senescent cells, through their
SASP, secrete factors that further suppress Wnt signaling. Interventions targeting
this axis, whether by clearing senescent cells (senolytics)®®, or modulating oxidative
stress with agents like Astaxanthin or Pyrroloquinoline Quinone®* %, have shown
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efficacy in mitigating bone loss in aging models, validating this pathway as a
therapeutic target in systemic skeletal aging.

Emerging research indicates that this senescence-inflammation-Wnt suppression
cycle is also present in oral tissues, but with unique features tied to the periodontal
environment. Periodontitis-induced chronic inflammation exposes cells to
continuously high levels of cytokines such as TNF-q, IL-1(3, and IL-6, which intensify
inflammatory responses and promote alveolar bone resorption'. This persistent
inflammatory milieu favors cellular senescence in the periodontium. Experimental
studies parallel findings from long bones: inflamed human periodontal tissues exhibit
elevated levels of the Wnt antagonists DKK1 and sclerostin, and these correlate with the
severity of clinical bone loss®. Importantly, inhibition of sclerostin either genetically
or using antibodies, can rescue alveolar bone in animal models of periodontitis®* 3¢,
confirming the pathogenic role of Wnt suppression. Additionally, non-canonical Wnt
signaling contributes to oral tissue inflammation; for example, Wnt4 can dampen bone
inflammation by inhibiting NF-k°', while its disruption is linked to occlusal trauma®.
Elevated Wnt5a is also associated specifically with inflammatory periodontitis.

While the “Senescence » SASP » Wnt Suppression » Impaired Regeneration” cycle is
well-defined in long bone biology, the oral cavity is exposed to constant microbial
and mechanical stresses, likely accelerating both senescence and Wnt pathway
inhibition. The unique oral microenvironment, shaped by polymicrobial biofilm and
dynamic mechanical loading, may hasten the progression of this pathogenic cycle,
making it particularly challenging for periodontal tissues to maintain regenerative
capacity. Thus, therapeutically targeting this multiple-hit pathway, whether through
senolytics®, inhibition of Wnt antagonists such as sclerostin?' %3, or activation of
protective Wnt signaling (e.g., Wnt4)?, holds strong promise for rejuvenating the
aged and inflamed periodontium.

Despite these advances, critical questions remain unanswered. How do different
subtypes of senolytics interact with Wnt signaling within distinct periodontal niches?
What roles do non-canonical Wnt ligands play in modulating or mitigating senescence-
induced inflammation in the periodontium? Can senolytic or Wnt-based therapies
developed for long bone disease be adapted to the unique microenvironmental
challenges of the oral cavity, and if so, how do we optimize their efficacy?

Autophagy, Mitochondrial Dysfunction, and Wnt Signaling in Aging
Long bone studies offer crucial insights into the cellular mechanisms underlying
bone maintenance and aging. Robust autophagy and mitochondrial function
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within osteoblast lineage cells are essential for preserving bone mass and strength.
Elevating autophagy, such as through genetic upregulation of TFEB—results in
increased bone mass® %, whereas suppressing autophagy in osteocytes causes
a skeletal phenotype that mimics aging® *. Mitochondrial health is equally
important; oxidative stress or reduced autophagy in osteoblasts impairs the bone’s
ability to respond to mechanical forces, recapitulating age-related decline®.
Furthermore, in disease contexts, autophagy can negatively regulate Wnt signaling
and its suppression can drive inflammatory bone resorption®. Mitochondrial
dysfunction is also a key mediator in systemic diseases such as Leigh syndrome,
contributing to osteoporosis and fragile bone® ', These findings establish
autophagy and mitochondrial health as key, cell-intrinsic requirements for bone
formation, adaptation, and resistance to inflammatory and metabolic stress.

Recent research indicates that similar cellular pathways are relevant in oral tissues
but manifest in distinct, site-specific ways. In the periodontium, diabetes is known
to worsen periodontitis by promoting mitochondrial dysfunction'’, and infection
with P. gingivalis directly triggers mitochondrial fragmentation and dysfunction
in host cells'?. Unlike long bones, the oral environment’s unique exposure to
microbial biofilms and frequent inflammation means impaired autophagy and
mitochondrial failure are likely common and may converge to suppress regenerative
Wnt signaling, compromising alveolar bone and PDL maintenance. Studies also
show that mitochondrial quality governs the differentiation of dental stem cells,
and its failure potentially impairs oral tissue repair®. Non-canonical crosstalk has
been observed where autophagy and mitochondrial dysfunction interact with
inflammatory and Wnt pathways, further aggravating periodontal breakdown? 10,

Given the parallels seen in cellular stress responses, the foundational knowledge
from long bone biology strongly informs hypotheses for oral tissues. However,
direct studies in the periodontium remain limited, and major questions persist:
How does autophagic flux specifically affect Wnt signaling in human periodontal
ligament stem cells or cementoblasts? Can interventions that activate TFEB
or protect mitochondria rescue periodontal cell function under inflammatory
conditions? Would regimens that combine a Wnt activator (like sclerostin antibody)
with an autophagy inducer offer synergistic benefits for periodontal regeneration?

Mechanosensing Dysfunction: Impaired Wnt Response in the Aged
Periodontal Complex

Mechanotransduction, the conversion of mechanical forces into cellular signals, is
essential for maintaining bone integrity throughout life. Pivotal research in long
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bones has demonstrated that aging impairs mechanotransduction by diminishing
the activation of Wnt signaling in response to mechanical loading® and reducing the
transcriptional responsiveness of bone cells to force®. As a result, these deficits are
recognized as key contributors to age-related systemic bone loss’’, setting a precedent
for the study of mechanotransduction in other tissues, such as the periodontium.

Building lessons from skeletal biology, direct research in oral tissues has identified
PIEZO1 as a principal mechanosensor in periodontal health and disease. PIEZO1
is necessary for force-driven alveolar bone remodeling via Wnt signaling in PDL
cells*?, supports tension-induced osteogenic differentiation in PDL stem cells'®,
and controls the balance between proliferation and mineralization in human
cementoblasts’. Experimental findings also show that activating PIEZO1 can
safeguard against periodontitis exacerbated by traumatic occlusion'. Remarkably,
PIEZO1’s impact varies by cell type and context: in osteoclasts, it protects against
inflammatory bone loss through a mechanism independent of Ca?* signaling'®.
Collectively, these observations establish PIEZO1 as a pivotal regulator of
adaptation, remodeling, and inflammation in periodontal tissues.

While the principle that mechanosensing capacity declines with age is established
in long bones, it remains unclear how aging affects PIEZO1-mediated mechano-
transduction in the periodontium. Does PIEZO1's expression, sensitivity, or cell-
type specific protective functions decrease with age, potentially contributing to
periodontal fragility? Is the anti-inflammatory, bone-protective role of osteoclastic
PIEZO1 compromised in older individuals, accelerating bone loss in periodontitis?
Does anabolic signaling through PIEZO1 in PDL stem cells become uncoupled as
tissues age? The constant mechanical and inflammatory stresses unique to the oral
cavity may place exceptional demands on this network, making its age-related
degradation a probable factor in periodontal breakdown.

Systemic Influences: Sex Hormones and Their Interaction with Wnt in Aging
Sex hormones, such as estrogen is essential for maintaining bone health, largely
by regulating the Wnt signaling pathway. In long bones, these hormones promote
bone formation and strength through several coordinated mechanisms. Estrogen
increases Wnt activity in osteoblasts and suppresses Wnt inhibitors like sclerostin,
supporting bone-building processes'”. Crucially, estrogen receptors and Wnt/
B-catenin signaling work together to encourage osteogenic differentiation of
mesenchymal progenitor cells'”. Androgens also boost Wnt activity, further
enhancing the environment for bone growth. This synergy between sex hormones
and Wnt signaling is a cornerstone of skeletal endocrinology.
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As individuals age, hormone levels, especially estrogen, decline, most notably
after menopause. This hormonal shift disrupts the balance with Wnt signaling,
leading to weaker bone formation and increased bone resorption’" %, As a result,
bone metabolism tips toward loss, making osteoporosis more likely. Long bone
research has defined the molecular details: reduced estrogen not only diminishes
Wnt signaling but also increases expression of Wnt antagonists such as sclerostin
and DKK1, which suppress the activity of osteoblasts and contribute to bone
mass erosion’’. Notably, some Wnt-mediated protective effects, particularly
those involving Wnt16, remain active even without estrogen’, highlighting the
complexity of the regulatory system. Furthermore, reduced estrogen impairs
the bone’s ability to activate Wnt signaling in response to mechanical loading'®.
Therapeutically, targeting these molecular interactions has shown promise. For
example, using antibodies to block sclerostin can restore Wnt pathway activity and
reverse hormone-related bone loss in animal models and clinical trials, confirming
that Wnt activation can effectively compensate for declining sex hormones' %2,

Recent research provides direct evidence for these hormonal and molecular
mechanisms in the oral cavity. In rodent models simulating menopause through
ovariectomy, estrogen deficiency sharply accelerates alveolar bone loss by
suppressing Wnt pathway activity and promoting bone resorption'® ' This
effect is compounded by increased production of local Wnt antagonists and pro-
resorptive cytokines', mirroring the mechanisms seen in long bones. Importantly,
targeted therapies that modulate Wnt signaling have been shown to be effective
in the oral context: for example, antibody-mediated inhibition of sclerostin
corrects alveolar bone loss in models of ovariectomized rats or type 2 diabetic
periodontitis? "> and enhances socket repair after estrogen withdrawal in rats™.
These findings directly affirm that reversing Wnt suppression can support oral bone
regeneration in hormonally compromised situations. Additionally, systemic rises
in sclerostin remain associated with age-related and estrogen withdrawal-related
bone loss in the periodontium’.

Despite strong mechanistic parallels, emerging evidence confirms that the
molecular landscape in the craniofacial bone is distinct from that of long bones.
Site-specific differences in osteoblast phenotype, mechanical loading response,
and estrogen receptor-related gene expression have been documented''®. These
insights show the need for continued oral-specific research, rather than simple
extrapolation from skeletal models, to define the precise regulation of Wnt and
related pathways in the aging craniofacial bone.
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Wnt-Targeted Therapeutic Strategies for Alveolar Bone Regeneration
The Wnt/B-catenin signaling pathway is essential for skeletal homeostasis and
tissue regeneration. Its dysregulation drives age-related bone loss, making it a
prime target for intervention in both systemic osteoporosis and oral bone health.
Therapeutic strategies now range from FDA-approved systemic approaches to
innovative experimental treatments focused on localized oral regeneration.

FDA-Approved Systemic Therapy

Sclerostin antibody (SclAb), clinically known as Romosozumab, is a monoclonal
antibody developed to neutralize sclerostin, a potent and secreted inhibitor
of canonical Wnt signaling, a central regulator of bone formation*. Sclerostin,
produced by osteocytes, binds LRP5/6 co-receptors on osteoblasts and blocks Wnt
ligands from activating the signaling cascade required for B-catenin stabilization
and osteogenic gene expression* %, This action provides a physiological brake
on bone mass formation. However, in aging and chronic inflammation, sclerostin
levels rise, systemically’” and locally in inflamed periodontal tissues?®, contributing
to suppressed bone regeneration. SclAb restores Wnt activation, re-engaging
osteoblast function, stimulating bone formation, and suppress resorption.

Clinically, Romosozumab is administered monthly via subcutaneous injection and is
FDA-approved for up to 12 months in postmenopausal women at high fracture risk.
It rapidly increases bone formation, reduces resorption, and achieves significant
gains in bone mineral density, with up to 73% reduction in vertebral fracture risk
compared to placebo™?

The therapeutic potential of sclerostin inhibition extends to diverse models of bone
disease and oral pathology. In rodent models of estrogen deficiency, SclAb restores
alveolar bone mass and improves healing post-extraction'. In periodontitis
models, both genetic deletion and antibody blockade of sclerostin rescue alveolar
bone loss' 3%, In type 2 diabetic periodontitis, SclAb reverses severe bone loss?'.
SclAb also enhances alveolar bone quality and dental implant osseointegration
in conditions such as osteoporosis, osteogenesis imperfecta, and X-linked
hypophosphatemia 20115117118 ' demonstrating its capacity to overcome multiple
barriers to oral bone regeneration.

Studies using systemic administration of SclAb have reported increased bone
mass even in wild-type mice, indicating that SclAb therapy has potential for bone
augmentation in healthy individuals®® 2" ', Preclinical models show that local
administration of SclAb in alveolar bone defects leads to significant enhancement
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of bone formation when delivered at sufficiently high concentrations, resulting in
marked increases in bone volume and trabecular thickness. This targeted delivery
method enables focused bone regeneration at specific defect sites and may help limit
systemic side effects. However, the benefits are dose-dependent, as lower-dose local
formulations have not provided meaningful improvements compared to controls'” "%,

Despite its anabolic benefits, systemic romosozumab carries a black-box warning
for increased major adverse cardiovascular events (MACE), as shown in the ARCH
trial’?®, Sclerostin serves a protective role in vascular health, and its inhibition may
promote arterial calcification and proliferation, raising cardiovascular risk'" 22,
Consequently, systemic therapy is restricted to one year and only prescribed for
patients without cardiovascular risk factors.

The evidence for local efficacy, coupled with systemic safety limitations, strongly
supports the need for advanced localized SclAb delivery systems in oral medicine.
However, it is important to note that local delivery has been assessed exclusively in
preclinical animal studies; no clinical trials in humans have yet tested this approach.
A significant challenge remains: the pharmacokinetics of locally administered SclAb,
including its absorption, retention, and release profile within the oral environment,
have not been fully characterized even in these animal studies. Technical obstacles
such as rapid salivary clearance, masticatory forces, and microbial degradation
further complicate sustained and controlled drug availability. Future progress
will rely on engineered biomaterials that preserve biological integrity and ensure
precise, site-specific activation. Combination protocols with anti-inflammatories or
senolytics may further improve outcomes, especially in complex or aged tissues.
Ultimately, the goal is to deliver potent local bone regeneration, as established
in preclinical models, while thoroughly understanding and optimizing local
pharmacokinetics to maximize efficacy and minimize risk—before considering
human clinical application (Table 4).
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Experimental Wnt Therapies: Dual Inhibitor Antibodies and Wnt Agonists
Building on the therapeutic principle of Wnt pathway activation, research is moving
beyond single-target inhibition such as sclerostin or DKK1 alone, to multi-target
strategies for greater efficacy. Notably, concurrent inhibition of both sclerostin and
DKK1 in a rat model of alveolar bone loss more effectively preserves and augments
bone volume compared to single-target approaches'?. This establishes direct proof
that dual antagonism of Wnt inhibitors may be superior for oral bone regeneration.
Along these lines, newly developed bispecific antibodies that neutralize both
sclerostin and DKK1 have shown synergistic osteogenic effects in systemic skeletal
models, improving bone mass and fracture repair'*. Mechanistically, this approach
releases the full osteoanabolic potential of DKK1 inhibition that would otherwise be
reduced by compensatory upregulation of sclerostin'?. DKK1 blockade also shows
efficacy in genetic bone fragility, such as osteogenesis imperfecta'®, broadening its
therapeutic promise. Together, these findings support continued development of
bispecific agents for complex oral bone defects.

Direct Wnt pathway agonism through recombinant Wnt proteins is a complementary
frontier. Here, lipid-mediated stabilization technologies enable the delivery and
efficacy of proteins such as Wnt3A for therapeutic use'”. Liposomal Wnt3A (L-Wnt3A)
formulations enhance in vivo stability and allow for precise local application. Studies
show that these protein therapies can rejuvenate bone-forming capacity, even in
autografts from aged animals', and accelerate healing in rodent injury models by
activating Wnt-responsive osteoprogenitors. Regenerative potential is further increased
when combined with biomaterial scaffolds. However, these protein-based strategies
remain experimental; open questions remain regarding their durability in the oral
environment, optimal biomaterial integration, and long-term safety before clinical use.

Mesenchymal Stem Cell (MSC) Therapies, including exosome-, scaffold-, or cell-
based approaches, remain experimental for oral bone regeneration. Preclinical
studies are promising, showing enhanced healing. Relevant to this review,
exosomes derived from gingival MSCs have been shown to cross-regulate Wnt and
NF-kB signaling in the periodontal inflammatory microenvironment®', and direct
application of a WNT protein therapeutic can improve bone formation in grafts
from aged animals™, providing proof-of-principle for Wnt-mediated regeneration.

Comparisons to Current Clinical Modalities

Whnt-targeted therapies must be considered alongside well-established clinical
modalities, particularly bone morphogenetic protein-2 (BMP-2) and enamel matrix
derivative (EMD).
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BMP-2 is FDA-approved for certain craniofacial indications including sinus
augmentation and ridge preservation. Its osteoinductive activity is intimately
linked to the Wnt pathway, as BMP-2 facilitates osteoblast differentiation and
mineralization through an autocrine Wnt loop'?. Preclinically, BMP-2 incorporated
into biomimetic grafts promotes periodontal and alveolar regeneration in large
animal models' %%, and randomized clinical trials confirm rhBMP-2’s efficacy in
augmenting alveolar ridge volume in humans™’.

EMD is an FDA-cleared biologic derived from porcine tooth buds and widely used
for periodontal regeneration. EMD supports soft tissue healing and modulates
inflammation'?, in part by inducing growth factor and Wnt target gene expression.
Clinically, combining EMD with bone grafts treats severe intrabony defects
effectively'®, and EMD combined with guided tissue regeneration yields predictable
outcomes™*. Long-term studies indicate stable periodontal regeneration with EMD
use over a decade’.

Both BMP-2 and EMD are valued for their safety, accessibility, and ability to engage
the patient’s endogenous Wnt pathway. However, their efficacy can be diminished
in patients with severely suppressed Wnt signaling—a hallmark of advanced age,
diabetes, or metabolic disease, where Wnt antagonists like sclerostin are elevated.
In these contexts, direct Wnt pathway activation via sclerostin-neutralizing
antibodies has demonstrated robust preclinical efficacy in models of diabetic and
osteoporotic periodontitis' 2'. Therefore, while BMP-2 and EMD remain clinical
mainstays, next-generation Wnt-targeted strategies are poised to overcome age-
related regenerative deficits, potentially enabling future combination or sequential
therapeutic paradigms.

Future Perspectives and Research Directions in Wnt signaling /aging

Despite dramatic advances in our understanding of Wnt signaling and its role in
skeletal aging, there remain substantial limitations and knowledge gaps when it comes
to the craniofacial complex and oral tissues. Much of today's mechanistic insight into
Wnt comes from long bone studies, but the periodontium—composed of the alveolar
bone, PDL, and cementum—offers a more dynamic microenvironment, exposed to
unique mechanical, inflammatory, and microbial stresses. Direct research focusing on
Wnt signaling in these oral tissues is still in its infancy, making extrapolation from
systemic skeletal models an interim solution with inherent shortcomings.

One key limitation is the incomplete mapping of Wnt-responsive cell populations
within the periodontium. While recent work has identified populations such as
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Gli1-positive and Lepr-positive cells, the full diversity of stem/progenitor groups,
their fate decisions, and their responses to aging remain unresolved. Additionally,
mechanosensing pathways—Ilike those involving PIEZO1 channels and integrins—
are increasingly recognized as pivotal in translating chewing forces into cellular
regenerative signals via Wnt, yet how aging alters these sensors and their
downstream effects is poorly understood in oral tissues compared to the femur or
tibia. Does the aged periodontium lose its ability to “sense” and respond to force,
and if so, by what cellular and molecular mechanisms?

Crosstalk with inflammatory pathways further complicates the landscape. Chronic
oral inflammation, often driven by lifelong exposure to microbial biofilms,
intensifies Wnt suppression via antagonists like sclerostin and DKK1. The precise
molecular mechanisms by which inflammatory and senescent processes inhibit
Wnt-mediated regeneration in aged oral tissues are not fully delineated. Non-
canonical Wnt ligands (such as Wnt5a, Wnt11, and Wnt16) also play underexplored
roles in modulating immune responses and cell polarity in the periodontium,
presenting intriguing but poorly defined therapeutic targets.

Therapeutic translation encounters its own set of challenges. While systemic
sclerostin antibody (romosozumab) is effective for osteoporosis, its cardiovascular
risks limit long-term use. Local delivery of Wnt-targeted drugs in the oral cavity is
promising but unproven: How do these agents behave in a saliva-rich, mechanically
active environment, and can they maintain stability and efficacy within aged tissue?
Preclinical models suggest potent results, but clinical studies, especially in older
human populations, are almost nonexistent.

Senescence—the progressive decline in cell renewal capacity—is another
frontier where oral research lags behind skeletal biology. The “vicious cycle” of
senescence-associated inflammation promoting Wnt suppression (and vice versa)
is established in long bones but remains largely hypothetical in the periodontium.
Moreover, whether emerging interventions like senolytics or autophagy enhancers
can rejuvenate aged periodontal tissue through Wnt pathway modulation is a
tantalizing but unanswered question.

Finally, hormonal factors, particularly the decline of estrogen with age, are known
to interact with Wnt signaling and accelerate bone loss. Rodent studies have
shown parallels in oral bone, yet the nuances of hormone-Wnt interactions—and
optimal therapies to counteract their decline—require much deeper exploration in
clinical settings.
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Looking ahead, the field faces an exciting challenge. There is a clear need for direct

oral-specific research, employing advanced lineage tracing, single-cell profiling, and

in vivo mechanotransduction studies in aged models. Novel drug delivery systems—

perhaps using bioengineered scaffolds or hydrogels customized for periodontal
tissues—must be developed and rigorously tested for efficacy and safety. Exploring

combination therapies that integrate Wnt agonism, senolytic agents, autophagy

enhancers, and hormone replacement could offer synergistic regenerative effects.

Importantly, understanding how mechanical forces, chronic inflammation, and

the oral microbiome interact with aging and Wnt signaling would allow for multi-

pronged interventions targeting the root causes of periodontal decline.

Moreover, unraveling the roles of non-canonical Wnt ligands and mapping

their specific effects across different cell types of the periodontium may reveal

overlooked protective mechanisms or novel targets for therapy. Lastly, translating

preclinical successes to human trials, especially those focused on older, medically

complex patients, will be critical to achieve tangible improvements in oral

regenerative medicine (table 5).

Table 5. Knowledge gaps and future research directions in periodontal Wnt signaling.

Knowledge Gap

Clinical Relevance

Suggested Research
Direction

Potential Impact

Aging effect on PIEZO1
and mechanosensors

Fate & function of Wnt-
responsive stem cells
(Gli1+, Lepr+)

Local vs. systemic
pharmacokinetics of
Wnt modulators

Non-canonical Wnt
roles in inflammation,
cementum repair

Effect of metabolic
disease (diabetes) on
Wnt therapy response

Combination therapy
(Wnt agonism +
senolytics/autophagy)

Explains failed
adaptation in elders

Targeting
regeneration after
injury/extraction

Safety, efficacy,
side-effects

Precision therapies
for periodontitis/peri-
implantitis

Higher risk

population, poor
outcomes

Addressing multi-
pathway aging

In vivo imaging, single-
cell analysis in aging
models

Lineage tracing,
molecular profiling in
aged/human tissues

PK/PD studies,
biomaterial release
optimization

Direct tissue-level
mechanistic studies,
new modulators

Integrated metabolic/
Wnt modulation
research

Preclinical studies in
aged, complex models

More effective
mechano-based
therapies

Development of
targeted regeneration
strategies

Safer, targeted local
therapies

Better outcomes in oral
inflammatory diseases

Broader therapy
applicability

Synergistic, robust
regeneration

Note: Critical areas where knowledge remains limited regarding Wnt biology and therapeutic
modulation in the periodontium, paired with the direct clinical relevance of each gap. Suggested
future research directions propose methodologies to address these uncertainties and outline the
potential impact on clinical practice and patient outcomes.
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Conclusion

Aging in the periodontium leads to profound shifts in tissue dynamics, with Wnt
signaling at the heart of maintaining bone and ligament integrity. As age-related
disruption of Wnt pathways drives periodontal degeneration, the consequences
extend far beyond oral health, compromised periodontium exacerbates systemic
diseases and worsens quality of life through pain, impaired function, and increased
risk of tooth loss. Together, these insights reveal a strong clinical rationale for
creating interventions that reactivate Wnt pathways and support periodontal
regeneration in aging individuals. Innovative approaches targeting Wnt signaling
offer promising solutions, providing not only the potential to preserve or restore
dental support but also to improve overall health outcomes. Continued research
focused on translating these findings into safe, effective clinical strategies is
essential for enhancing well-being and longevity in the aging population.
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Abstract

Background: Osteogenesis imperfecta (Ol) is an inherited connective tissue disease
characterized by lifelong skeletal fragility and recurrent fractures. While most
prior research has focused on long bone fractures in selected clinical cohorts,
population-based estimates of craniofacial and site-specific fracture risk in Ol
remain largely limited. This study used insurance claims data to quantify the period
prevalence, anatomical distribution, and predictors of fractures in individuals with
versus without Ol.

Methods: A retrospective cohort study was conducted using the IBM® MarketScan®
Multi-State Medicaid (2016-2022, all ages) and Commercial Databases (2016-2022,
< 65 years old). Diagnosis of Ol and all fractures were identified using ICD and CPT
codes recorded during healthcare encounters. The first full year of enrollment was
used to determine 1-year period prevalence and counts of fractures overall and
by site, stratified by age (<5, 6-9, 10-13, 14-18, 19-25, ten-year intervals to >55).
Differences between cohorts were estimated using relative risk (RR). Associations
with demographic and clinical factors were assessed via logistic regression.
Proxy measures of Ol severity and medical device use were applied, as clinical
classification and exposure to treatments could not be directly adjudicated.

Results: Among 4294 individuals with Ol and approximately 54.8 million controls,
the overall fracture prevalence was 33.9 % in the Ol cohort versus 2.5 % in controls
(RR 13.6), with elevated rates observed at all anatomical sites. Jaw (craniofacial)
fractures were nearly seven times more frequent in Ol (0.40 % vs. 0.06 %; RR 6.7),
while femur fractures showed the greatest disparity (RR 119.4). Age-specific
analysis revealed the highest fracture risk for individuals with Ol in early childhood,
particularly at craniofacial and axial sites, with risk increasing further in those with
greater proxy-measured disease severity. Female was associated with lower odds of
fracture compared to males, and Medicaid coverage correlated with increased risk
at select skeletal sites. Limitations include inability to distinguish fracture etiology
(spontaneous, traumatic, or iatrogenic), unmeasured exposure to treatments,
inability to apply clinical Ol classifications, and exclusion of uninsured individuals.

Conclusions: Individuals with Ol face a markedly greater and distinctive burden
of fractures, including craniofacial involvement, than the general population. This
work provides the first large-scale, population-based estimates of craniofacial
fracture burden in OI, highlighting distinct age- and site-specific risk patterns.
These findings reinforce the importance of ongoing, site-specific monitoring and
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integrated multidisciplinary care for individuals with Ol, supporting clinicians in
anticipatory guidance and tailored prevention strategies.

Keywords: Craniofacial; Fractures; Insurance claims; Osteogenesis imperfecta.
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Introduction

Osteogenesis imperfecta (Ol) is now recognized as a genetically and clinically
heterogeneous group of conditions, rather than a single disorder. The term
Ol encompasses a spectrum of inheritable diseases characterized mainly by
bone fragility, and arises from mutations in multiple genes—primarily those
involved in the synthesis or processing of type | collagen' 2. Individuals affected
by this spectrum experience lifelong skeletal fragility, with fractures serving as a
hallmark manifestation and contributing substantially to clinical, functional, and
psychosocial impact®*. While the pattern and frequency of fractures are central to
understanding Ol, most published research is limited to small or selected patient
cohorts or fracture sites®®, hindering comprehensive epidemiologic insight.

Beyond long bone and axial fractures, individuals with Ol commonly exhibit a
distinct craniofacial phenotype. This craniofacial phenotype encompasses both
skeletal and dental abnormalities, which often become more pronounced in severe
forms of the disorder. A primary dental concern is Dentinogenesis Imperfecta (DI),
which affects between 30-70% of Ol patient. DI causes fragile, discolored teeth
prone to accelerated wear and periapical pathology'®' . These dental issues are
frequently accompanied by significant malocclusion, particularly Class Ill (anterior
crossbite), open bite, and vertical maxillary deficiency, is frequently reported™", and
contributes to difficulties in mastication, speech, and aesthetics. Craniofacial skeletal
deformities, such as mandibular prognathism and reduced facial height, are also
prevalent, especially in severe phenotypes'. Not only do these features predispose
individuals to functional impairment, but they may also increase susceptibility to jaw
fractures, either spontaneous or iatrogenic during dental procedures' '8,

Insurance claims databases offer opportunities to characterize fracture epidemiology
on a broader scale. Although Ol is identified in these datasets using International
Classification of Diseases (ICD) and Current Procedural Terminology (CPT) codes that do
not disaggregate the various genetic subtypes, and thus introduce limitations in clinical
specificity, claims-based studies remain valuable for assessing overall trends in fracture
risk, anatomical distribution, and healthcare burden. Prior research utilizing these
databases has largely been restricted to commercially insured populations, thereby
excluding individuals covered by Medicaid or Medicare and limiting the generalizability
of findings™ 2%, which excludes a substantial portion of the Ol community covered by
Medicaid or Medicare. Such limitations restrict both socioeconomic representation and
the generalizability of findings, and may underestimate the full spectrum of fracture
severity, distribution, and healthcare burden among individuals with Ol.
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To date, most epidemiologic studies on Ol fractures have focused on the long and axial
bones, as fractures at these sites are the most common and often the most disabling®®
2022 |n contrast, craniofacial fractures in Ol remain understudied, despite their significant
impact on appearance, communication, mastication, and quality of life. Existing
knowledge about craniofacial fractures is primarily drawn from case reports and small
series?®*?, often related to oral surgeries®®?, leaving the true prevalence and distribution
of these injuries in the broader Ol population unclear. Importantly, craniofacial fractures
in children may be misattributed to non-accidental trauma®®3, potentially resulting in
serious social and legal consequences. Robust, population-level epidemiologic data on
craniofacial and other skeletal fractures in Ol are therefore essential to inform clinical
care, guide anticipatory counseling, and support evidence-based prevention strategies.

To address these gaps, we conducted a large-scale, retrospective cohort study
using nationwide public and commercial claims databases. Our objectives were
to: (1) compare the 1-year period prevalence and fracture count in individuals
with and without Ol. overall and stratified by age group; (2) assess the effects of
sex, Ol severity, and insurance type on age-stratified fracture outcomes; and
(3) determine the distribution of fractures sites, with a particular focus on
craniofacial fractures, to identify sites of increased vulnerability. By providing a
comprehensive epidemiologic analysis, we aim to inform clinical care, anticipatory
counseling, and prevention strategies for individuals across the Ol spectrum.

Methods

Data source

This was a retrospective cohort study using the IBM® Watson Health MarketScan®
Research Databases to analyze patient-level claims data from January 1, 2016 to
December 31, 2022.

The IBM® MarketScan® Commercial Database captures health insurance claims for
insured employees and their non-Medicare-eligible dependents under employer-
sponsored plans, covering individuals from birth through age 65. The Commercial
Database draws from approximately 350 different U.S. insurance payers, providing
robust representation across the private health insurance landscape.

The IBM® MarketScan® Multi-State Medicaid Database includes people of all ages
covered by state Medicaid programs from multiple, geographically diverse states,
encompassing both fee-for-service and managed care plans.
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Health conditions (such as Ol and fractures) and equipment use (such as wheelchairs)
were identified using International Classification of Diseases, Tenth Revision, Clinical
Modification (ICD-10-CM) codes and Healthcare Common Procedure Coding System
(HCPCS) codes. Details are provided in Supplementary Table 1. All data were
de-identified, and the study was deemed exempt by the University of Michigan
Institutional Review Board.

Cohort selection
Individuals of any age and with >1 year of continuous enrollment in a health plan
between 2016 and 2022 were included in this study.

Ol cohort: Individuals were classified as having Ol if they had at least one inpatient
claim with an Ol ICD code, or two outpatient claims with an Ol ICD code on different
days within 12 months.

Non-Ol comparator cohort: Individuals with no Ol claims.

Of 4,925 individuals identified with Ol (Commercial, n=2,416; Medicaid, n=2,509),
4,294 (87.2%) had =1 year of continuous health plan enrollment and were included.
Among 72,706,051 without Ol claims (Commercial, n=53,742,214; Medicaid,
n=18,963,837), 54,750,885 (75.3%) met the same enrollment requirement.

Fracture outcomes

Fractures were identified using a single ICD code from both inpatient and outpatient
claims and classified as: All cause fracture: including fragility, pathological, non-
fragility fractures

By location: jaw; other skull and facial bones (excluding the jaw); vertebral column
(cervical through lumbar region); shoulder (e.g., shoulder girdle); humerus; forearm
(i.e., radius, ulna); wrist and hand; hip (including femoral neck); other femur; leg
(including tibia, fibula) and ankle; foot and toes; and other/unspecified sites.

Fracture outcomes were measured in two ways:

1. One year period prevalence: Number of people with at least one fracture in
a cohort per year, divided by the total cohort size. Although the MarketScan
databases provide up to six years of coverage, we elected to calculate 1-year
period prevalence and fracture counts. This approach maximizes sample
size and the representativeness of the study population by minimizing the
selection bias that occurs when longer continuous enrollment periods are
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required. Longer observation intervals would substantially reduce the number
of eligible participants, disproportionately including individuals with more
stable insurance coverage and potentially skewing estimates. This approach
offers robust, interpretable estimates of fracture burden across all age groups
and insurance types.

2. Fracture count (rate): Total number of distinct fracture events per site, divided
by the cohort sample size multiplied by 100.

Distinct fracture events were defined as claims for the same fracture site separated
by at least 4 months. This approach helps to ensure that follow-up claims or
procedures (such as cast removal) related to the same initial fracture event are not
counted as new events. Prior studies have used gaps of 3- or 6-month intervals to
distinguish new fractures.>*3¢ The 4-month gap in this study was used to balance
the potentially longer fracture recovery and higher fracture-related healthcare
visits among people with Ol compared to those without Ol. Given the 1-year
study period, the 4-month gap also ensured we could reasonably capture multiple
distinct events per year for both groups. As a result, a maximum of four distinct
fractures per site could be recorded during the study period.

Covariates

Date of birth (as the year of birth) and sex were retrieved from the databases. Age
was calculated as the difference between the study entry year and the year of birth.
To examine fracture pattern across the life span, age was grouped into intervals
reflecting key stages of bone development, regardless of sex: <5 years old, 6-9 years
old, 10-13 years old, 14-18 years old, 19-25 years old, and then 10-year intervals
until =56 years old. The number of Ol cohort older than 65 years old (n=78) was
too small for reliable fracture estimates, partly because the Commercial database
includes individuals only up to age 65.

Because the ICD coding system does not specify Ol severity, we used proxy
indicators based on comorbid diagnoses and assistive device use. Medical claims
were searched for diagnoses of dentinogenesis imperfecta, hearing loss, and
scoliosis, while durable medical equipment claims were searched for wheelchairs
(including parts and accessories) and orthotics (see Supplementary Table 1 for
a list of codes). Each of these five indicators contributed one point, resulting in a
severity score ranging from 0 to 5. Since these proxies are not exclusive to Ol, we
collected them for both the Ol and non-OlI cohorts.
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The Commercial database lacked complete race data, while the Medicaid database
intentionally excluded geographic variables as part of the contractual agreements
made between IBM® MarketScan® and their business partners. Therefore, common
descriptive characteristics including race, ethnicity, and geography (e.g., state, U.S.
region, rural/urban) were not included in this study.

Statistical analysis

Baseline descriptive characteristics were summarized as percentages and counts
for the Ol cohort, and as percentages only for the non-Ol cohort to enhance
readability given the large sample size. For both Ol and non-OI groups, the 1-year
period prevalence and count of fractures at any site, as well as by specific fracture
site, were summarized both overall and stratified by age group. The relative risk
(RR) with 95% confidence intervals (Cl) was estimated by comparing the Ol cohort
to the non-Ol cohort.

To assess whether sex, Ol severity, or insurance type modified the association
between Ol cohort and fracture prevalence across age group, logistic regression
models were applied. These models included the main effects of cohort (Ol vs.
non-Ol) and each factor, as well as their two-way interaction terms. For statistical
power and to account for similar age-related patterns, fracture sites were grouped
as follows: (1) all skull/facial sites including the jaw, (2) vertebral column and pelvis,
(3) all upper extremity sites, and (4) all lower extremity sites. Models were stratified
by age group.

If the interaction term for a given factor (e.g. sex) was statistically significant
(p <0.05) in at least 3 consecutive age groups, estimates were reported to illustrate
how the effect differed by Ol status. In the absence of strong evidence for effect
modification, subsequent analyses focused on the Ol cohort alone, consistent
with the primary objective of characterizing fracture epidemiology in Ol. In these
cases, models were simplified by removing interaction terms, and odds ratios
(OR) for each factor were estimated within the Ol group, adjusting for age as a
continuous variable.

For each cohort, the proportion of fractures by site (excluding unspecified sites)
was calculated. As individuals could experience multiple fractures at different sites,
proportions were determined as the number of fractures at each site divided by
the total number of fractures. As part of the Data Use Agreement, estimates with
n<11 cases were suppressed for patient de-identification purposes. SAS version 9.4
was used and P<0.05 (two-tailed) was considered statistically significant.
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Results

Cohort characteristics

A total of 4,294 individuals with Ol and 54.8 million individuals without Ol were
included (Table 1). The median age in the Ol cohort was 8 years younger than
in the non-Ol cohort. Medicaid insurance coverage was present in 54.0% of the
Ol group, compared with 29.0% in the non-OI group. Among individuals with O,
4.9% used 2 or more types of medical or durable medical equipment, compared

with only 0.1%, in the non-Ol cohort used multiple devices.

Table 1. Descriptive characteristics for the cohorts with osteogenesis imperfecta (Ol) and without
Ol (non-0l).

Ol (n=4,294) Non-0l (n=54,750,885)
% (n) %
Age in years, median (IQR) 21(9,39) 29 (13, 47)
<5yearsold 18.0 (772) 125
6-9 years old 8.9 (383) 6.6
10-13 years old 9.6 (414) 6.7
14-18 years old 10.7 (461) 8.1
19-25 years old 10.4 (445) 10.2
26-35 years old 13.1 (564) 14.8
36-45 years old 10.1 (433) 13.6
46-55 years old 10.1 (434) 13.8
>56 years old 9.0 (388) 13.7
Sex
Male 42.7 (1,834) 46.3
Female 57.3 (2,460) 53.7
Insurance type
Commercial 46.0 (1,975) 71.0
Medicaid 54.0 (2,319) 29.0
Year study entry
2016 57.2 (2,456) 51.8
2017 9.3(397) 9.9
2018 9.0 (387) 10.9
2019 11.3 (484) 10.2
2020 7.2 (307) 9.6

2021 6.1(263) 7.7
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Table 1. Continued

Ol (n=4,294) Non-Ol (n=54,750,885)
% (n) %

Proxy items for Ol severity

Dentinogenesis imperfecta 1.6 (70) <0.1

Hearing loss 1.9 (82) 0.5

Scoliosis 9.5 (406) 0.7

Wheelchair use 6.2 (266) 0.1

Orthotics 9.2 (396) 1.2
Proxy Ol severity count

0 items 77.3(3,319) 97.6

1 item 17.8 (764) 2.3

>2 items 49 (211) 0.1

IQR, interquartile range.

Fracture prevalence and count (rate)

Despite the younger age, the prevalence of fractures at any site was much higher
in the Ol cohort (33.9%) compared to the non-Ol cohort (2.5%), corresponding to
an RR of 13.6 (95% CI=13.0, 14.2) (Table 2). The total fracture rate, defined as the
count of fractures per 100 individuals, yielded an RR of 20.2 (95% Cl=19.7, 20.7) for
Ol versus non-Ol. Jaw fracture prevalence was 0.40% for Ol and 0.06% for non-Ol,
with an RR of 6.7 (95% Cl=4.2, 10.7). For leg/ankle fractures, the prevalence was
10.95% in Ol; the most common sites of fracture in the non-Ol group was foot/toes
fractures, with a prevalence of 0.59%. The RR for femur fractures was especially high
at 119.4 (95% Cl=108.8, 131.0).

Table 2. 1-year period prevalence and count of fractures by site, and relative risk (RR) of fracture for the
cohorts with osteogenesis imperfecta (Ol) and without Ol (non-Ol).

Ol (n=4,294) Non-Ol Ol vs. Non-OI
(n=54,750,885) (reference: non-0l)
% (n) % (n) RR (95% Cl)

Prevalence (% of cohort with at least 1 fracture)

Any site 33.86 (1,454) 2.49 (1,364,447) 13.6(13.0, 14.2)
Jaw 0.40(17) 0.06 (31,101) 6.7 (4.2,10.7)
Skull/face, excluding jaw 1.37(59) 0.15 (83,515) 9.1(7.1,11.8)
Vertebral column and pelvis 0.93 (40) 0.06 (32,057) 15.5(11.4,21.1)
Shoulder 2.49 (107) 0.14 (74,630) 17.8(14.8,21.5)
Humerus 5.40 (232) 0.18(100,335) 30.0 (26.5,34.0)

Forearm 7.64 (328) 0.46 (254,444) 16.6 (15.0, 18.4)
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Ol (n=4,294) Non-Ol Ol vs. Non-Ol
(n=54,750,885) (reference: non-0l)
% (n) % (n) RR (95% CI)
Wrist/hand 4.68 (201) 0.58(319,392) 8.1(7.1,9.2)
Hip 4.54 (195) 0.08 (41,242) 56.8 (49.5,65.1)
Femur 9.55 (410) 0.08 (44,311) 119.4(108.8,131.0)
Leg/ankle 10.95 (470) 0.46 (250,180) 23.8(21.9,25.9)
Foot/toes 5.12 (220) 0.59 (321,751) 8.7 (7.6,9.9)

Count (Number of fractures per cohort x 100)

73

Any site 59.59 (2,559) 2.95(1,613,545) 20.2(19.7,20.7)
Jaw 0.44 (19) 0.07 (38,864) 6.3 (4.0,9.8)
Skull/face, excluding jaw 142 (61) 0.16 (85,132) 8.9(6.9,11.4)
Vertebral column and pelvis 0.93 (40) 0.06 (33,191) 15.5(11.4,21.1)
Shoulder 2.56 (110) 0.14 (76,093) 18.3(15.2,22.0)
Humerus 5.96 (256) 0.19 (102,900) 31.4(27.9,35.3)
Forearm 8.06 (346) 0.47 (259,188) 17.1(15.5,19.0)
Wrist/hand 4.84 (208) 0.59(323,516) 8.2(7.2,9.4)
Hip 4.77 (205) 0.08 (43,291) 59.6 (52.2,68.2)
Femur 10.74 (461) 0.09 (46,556) 119.3(109.4,130.1)
Leg/ankle 12.06 (518) 0.47 (258,275) 25.7 (23.7,27.8)
Foot/toes 5.52(237) 0.60 (327,693) 9.2(8.1,10.4)

Age-specific fracture patterns

When stratified by age group, both fracture prevalence (Figure 1A) and count
(Figure 1B) at any site were higher in the OI cohort compared to the non-Ol
across group across the age range, with the difference particularly pronounced
earlier in life. Age-stratified prevalence and count of fractures by site are shown in
Figure 2 (skull/facial sites and vertebral column, including pelvis), Figure 3 (upper
extremity), and Figure 4 (lower extremity). For certain sites with limited events,
age groups were consolidated based on the number of fracture events and clinical
relevance. Fracture estimates for the jaw could not be reported due to insufficient
sample sizes, though jaw fractures were observed across the adult lifespan at
higher rates in the Ol cohort.
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Figure 1. Risk of fracture at any site as (A) the percent of each cohort with at least 1 fracture and (B) the

total number of fractures per cohort by age group, for the cohort with osteogenesis imperfecta (Ol)
(n =4294) and without Ol (n = 54,750,885).
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Figure 2. Risk of fracture by site as (A,B) the percent of each cohort with at least 1 fracture at that
site and (C,D) the total number of fractures at that site per cohort by age groups for the (A,C) skull
and facial bones (excluding the jaw) and (B,D) vertebral column (including pelvis) for the cohort with
osteogenesis imperfecta (Ol) (n = 4294) and without Ol (n = 54,750,885).
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Figure 3. Risk of fracture by site as (A,B,C,D) the percent of each cohort with at least 1 fracture at
that site and (E,F,G,H) the total number of fractures at that site per cohort by age groups for the
upper extremity sites for the cohort with osteogenesis imperfecta (Ol) (n = 4294) and without Ol
(n =54,750,885).
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Figure 4. Risk of fracture by site as (A,B,C,D) the percent of each cohort with at least 1 fracture at
that site and (E,F,G,H) the total number of fractures at that site per cohort by age groups for the
lower extremity sites for the cohort with osteogenesis imperfecta (Ol) (n = 4294) and without Ol
(n =54,750,885).

Effect Modification by Sex, Ol Severity, and Insurance

Effect modification was observed between the Ol severity proxy and risk of lower
extremity fractures in at least 3 consecutive age groups (p for interaction ranged
from <0.001 to 0.007, except for the oldest group [>56 years old], p=0.059). In the
non-Ol cohort, subgroups with 1 or 2+ equipment items showed increasing or
stable fracture trends with age. Among Ol patients with 1 or 2+ items, trends were
more variable but generally decreased with age (Figure 5).
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Figure 5. Risk of fracture at any of the lower extremity sites based on evidence of an interaction
between cohort (Ol vs. non-0Ol) and the proxy variable for Ol severity based on 0, 1, or 2 or more items
used to assess the severity of Ol.

For outcomes without strong evidence of effect modification, the OR for sex and
insurance coverage within the Ol cohort are presented in Table 3. Females with
Ol had a lower OR of fractures at any site and in grouped sites compared to males
with Ol; however, only total and upper extremities reached statistical significance.
Individuals with Ol covered by Medicaid had a similar overall fracture prevalence as
those with Commercial insurance, but higher OR of skull/face and vertebral (including
pelvis) fractures, with only vertebral fractures reaching statistical significance.

Table 3. Age-adjusted odds ratio (OR) of the fracture prevalence outcomes by sex and insurance
coverage for the cohort with osteogenesis imperfecta (Ol) (n = 4294).

Females (ref: males) Medicaid insurance coverage

(ref: Commercial)

77

OR (95% CI)

OR (95% CI)

Fracture site
Any site
Skull/face
Vertebral column and pelvis
Upper extremities

Lower extremities

0.85(0.75,0.97)
0.72(0.45,1.17)
0.62(0.33,1.17)
0.74 (0.63, 0.88)
0.91(0.79, 1.06)

0.96 (0.84, 1.09)
1.42(0.85, 2.36)
2.11(1.07,4.16)
0.98 (0.83, 1.16)
0.99 (0.86, 1.15)

The associations between the Ol severity proxy and fracture prevalence are
presented in Table 4. A severity score of 1 was associated with a significantly higher
OR of fracture at any site and all grouped sites compared to a score of 0. A score of
2+ was associated with a further increased OR for most fractured outcomes.
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Table 4. Age-adjusted odds ratio (OR) of the fracture prevalence outcomes by the proxy variable for
osteogenesis imperfecta (Ol) severity for the cohort with Ol (n = 4294).

Proxy of Ol severity (ref: 0 items)

OR (95% CI)

Fracture site

Any site
1item 1.95 (1.66, 2.30)
2+ items 2.86(2.14,3.81)
Skull/face
1item 2.11(1.24,3.58)
2+ items 1.55 (0.60, 3.96)

Vertebral column and pelvis

1item 2.62(1.28,5.36)

2+ items 6.30(2.61,15.19)
Upper extremities

1item 1.15(0.93,1.43)

2+ items 1.40(1.00, 1.98)

Lower extremities*
1item 2.56 (2.15, 3.06)
2+ items 4.07 (3.05,5.43)

Cl, confidence intervals. All models are adjusted for age (as continuous).
aStrong evidence of effect modification between cohort (Ol vs. non-Ol) and age group; see Fig. 5.

Table 5. Proportion of all fractures by fracture site for the cohorts with osteogenesis imperfecta (Ol)
and without Ol (non-0Ol).

Ol (n=4,294) Non-Ol (n=54,750,885)
Fracture site
Jaw 0.8 24
Skull/face excluding jaw 25 53
Vertebral column and pelvis 1.6 2.1
Shoulder 4.5 4.8
Humerus 104 6.5
Forearm 14.1 16.3
Wrist/hand 8.5 20.3
Hip 83 2.7
Femur 18.7 2.9
Leg/ankle 21.0 16.2
Foot/toes 9.6 20.5

Cl, confidence intervals. All models are adjusted for age (as continuous).
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Fracture Distribution by Skeletal Site

The distribution of fractures by anatomical site for both cohorts is presented in
Table 5. The pattern of fracture sites differed markedly between cohorts. Jaw, skull/
face, wrist/hand, and foot/toes fractures accounted for ~2 to 3x greater proportion
of the total fractures in the non-OlI cohort than in the OI. Conversely, hip and femur
fractures constituted ~3 to 7x greater proportion of all fractures in the Ol cohort. The
proportion of all fractures by site, stratified by age group, is presented in Figure 6.
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Figure 6. The proportion of all fractures (as the total count) by fracture site for the cohort with
osteogenesis imperfecta (Ol) (n = 4294) and without Ol (n = 54,750,885) by age group.

Discussion

This large, nationwide study advances understanding of fracture epidemiology
across the Ol spectrum in the United States, providing population-level estimates
for craniofacial and whole-skeleton fractures throughout the lifespan. Leveraging
extensive and heterogeneous national claims data, our analysis documents fracture
risk, age-specific patterns, and site-specific distribution in this rare disease population.
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A principal insight of this study is the high and dynamic burden of skeletal fragility
in Ol. Fracture risk among individuals with Ol was found to be highest in early
childhood, declining through adolescence and young adulthood, and increasing
again later in life'>2%22, The observed overall fracture prevalence (33.9% in Ol) and
relative risk (13.6-fold higher than non-0l) closely aligns with previous U.S. insurance
claims-based estimates (e.g., a 40% one-year occurrence) and international registry
data indicating that fracture risk is a near-universal clinical hallmark of OI?* 22, Our
findings reinforce the persistent and elevated risk throughout life and echo similar
age-related fracture trajectories reported in other rare disease registries.

Importantly, our results further elucidate the role of insurance and socioeconomic
factors in shaping fracture risk and ascertainment. Notably, Ol individuals with
Medicaid coverage had higher odds of craniofacial and vertebral fractures than
those with commercial insurance, though the overall fracture prevalence was
similar. This may reflect the complex interplay of medical eligibility (children with
more severe Ol more likely to qualify for Medicaid), differences in healthcare access
and utilization, and demographic or socioeconomic disparities. Additionally,
occupation and physical activity levels—often linked to insurance status—may also
contribute, although such specifics are not captured in claims data. These findings
highlight the potential for ascertainment bias in claims-based studies, as insurance
coverage influences both access to care and the likelihood of fractures being
clinically reported.

The current study extends the literature by providing robust population-level
estimates of craniofacial fracture risk in Ol. Previous research has primarily described
craniofacial fractures in Ol through case reports or small series?* ?* 2, often focusing
on iatrogenic jaw injuries from dental procedures®” %, While our study confirms
that craniofacial fractures, especially of the jaw, are more frequent in individuals
with Ol compared to the general population, their absolute prevalence remains low
relative to fractures of long bones and the spine. Due to limitations in claims data,
we were unable to distinguish between traumatic, spontaneous, and procedure-
related (iatrogenic) jaw fractures. This limitation may lead to an overestimation of
spontaneous jaw fracture rates in the Ol population, and future studies using more
granular clinical data are warranted to differentiate these causes.

Our detailed analysis of fracture site distribution further builds on previous registry
and hospital-based studies® 22 The notably high proportion of femur and hip
fractures seen here aligns with earlier hospital and registry reports, where femoral
involvement was reported in up to 50-65% of Ol fracture cases® 2. Similarly, the
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observed pattern of vertebral fractures increasing with age mirrors the osteoporotic
tendency and vertebral vulnerability described in Ol and osteoporosis literature®*#'.
In contrast, the relative scarcity of craniofacial fractures compared to long bone
involvement underlines important biomechanical and anatomical distinctions.

Several clinical and sociodemographic factors were associated with fracture
risk. More severe diseases, measured by the use of multiple assistive devices or
related condition, were linked to higher fracture risk at axial sites, consistent with
prior findings showing the impact of disease severity on Ol morbidity. Medicaid
coverage was associated with higher odds of fractures specifically at craniofacial
and vertebral sites. This pattern may reflect, in part, that children with more severe
or complex Ol, who are at higher risk for such fractures, are more likely to be
enrolled in Medicaid due to medical eligibility criteria, rather than solely economic
need. Additionally, variations in access to specialty care, healthcare utilization, or
surveillance practices among Medicaid recipients may contribute to these findings.
Thus, differences in fracture risk by insurance type likely reflect a combination of
medical complexity, access, and policy differences rather than straightforward
socioeconomic status alone.

Our methodological approach has strengths and limitations inherent to claim-
based research. Large databases such as MarketScan® permit broad, real-world
epidemiologic analyses of diverse cohorts beyond what single-center studies can
offer. Recent studies in other rare diseases such as Duchenne muscular dystrophy
and Ehlers-Danlos syndromes have demonstrated similar strengths and limitations
in MarketScan-based research, highlighting its utility for investigating treatment
patterns and healthcare costs, while recognizing issues of coverage gaps and coding
accuracy***, To further improve precision and population coverage, future research
should integrate complementary data sources, such as Medicare claims, patient
registries, and clinical records to improve precision and extend representation.

Several limitations must be considered when interpreting our findings. First,
the MarketScan® Commercial Database excludes individuals aged 65 and older,
those who are uninsured, and people with other public insurance, which restricts
generalizability—particularly for older adults living with osteogenesis imperfecta
(Ol). While the Multi-State Medicaid database covers all ages, regional variation in
Medicaid programs may affect case capture and introduce further heterogeneity.

A key limitation of administrative claims data is the reliance on ICD and CPT codes
for identifying fractures. These codes capture diagnoses and treatments but do not
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provide information about fracture etiology—such as whether injuries are sports-
related, spontaneous, or iatrogenic—or about lifestyle risk factors and exposure to
fracture-altering treatments. Consequently, the specific context of injury events,
which can be especially relevant in healthy children and adolescents, cannot be
discerned. However, this limitation is less consequential in Ol, where intrinsic
bone fragility results in fractures from minimal or unidentifiable trauma, making
etiological distinctions both clinically challenging and less critical*. Since physical
activity is recommended for individuals with 01, the overall fracture propensity
described here serves as a pragmatic and meaningful measure of skeletal health,
reflecting real-world risk for those encouraged to remain active.

Additionally, our proxies for Ol severity were informed by prior studies but remain
unvalidated, and the inability to apply recognized classification systems like
Sillence precludes differentiation between milder and more severe disease forms'.
While radiographic evidence, such as documentation of vertebral fractures or bone
deformities, might provide further insight into clinical severity, such measures are
not consistently available and remain unvalidated for use in claims data. Future
research should aim to refine and validate these proxies to improve risk assessment.

Furthermore, administrative claims analysis are limited to periods of health plan
enrollment, potentially missing fractures that occurred prior to study entry and
preventing lifelong cumulative incidence estimates. The prevalence of undiagnosed
Ol in the general population is poorly characterized, meaning that claims-based
approaches may underestimate the true burden. Although database constraints
precluded age- and sex-standardized fracture rate calculations, we performed
site-, age-, and sex-stratified analyses that yield actionable insights into subgroup-
specific risks—an important consideration in heterogeneous rare diseases like OI.

It should be noted that, although our databases span up to six years of enroliment,
we opted for a 1-year period prevalence design to maximize sample size and
minimize selection bias associated with requiring longer continuous coverage. We
recognize, however, that longitudinal analyses could offer more comprehensive
insights into fracture incidence, recurrence, and the effects of treatments over time
in individuals with OIl. Future research utilizing longer periods of observation is
warranted to explore these temporal dynamics in greater detail.

Despite these limitations, this study is highly valuable in addressing critical gaps
in our understanding of fracture risk among individuals with Ol. Not all patients
are captured by national registries or advocacy organizations such as the Ol
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Foundation, and clinical cohorts at any single center are typically small due to
the rarity of the disease. By leveraging large, national claims databases, our study
provides a broader, population-based perspective, capturing real-world experiences
of individuals with Ol who might otherwise be overlooked. This national scope
enhances the relevance and generalizability of our findings, offering pragmatic
and clinically meaningful insights into fracture risk and disease burden among a
diverse Ol population that has historically been difficult to study. These results are
therefore an important contribution to the evidence base and can inform improved
care and resource allocation for individuals with Ol nationwide.

In summary, this study offers a comprehensive, population-based assessment of
fracture risk and distribution in Ol, including new insights into craniofacial and
jaw involvement. Our findings provide a foundation for improved anticipatory
guidance, interdisciplinary care, and targeted prevention strategies for individuals
with Ol. As claims-based epidemiology continues to evolve, future research should
triangulate claims data with clinical, genetic, and dental sources to optimize
outcomes for the Ol community.
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Supplementary

Supplementary Table 1. International Classification of Diseases, Tenth Revision, Clinical Modification
(ICD) codes and Healthcare Common Procedure Coding System (HCPCS) codes used to identify
study variables.

Variable ICD codes HCPCS codes
Osteogenesis imperfecta Q78.0
Dentinogenesis imperfecta K00.5
Hearing loss H90.x
Scoliosis M41.x
Wheelchair parts and accessories E0950-E1299
Orthotics LO112-L2136

MS80.x, M84.3x, M8.4x,

M84.6x, M84.7x, S02.x,

Fracture S12.x, S22.x, S32.x, S42 X,

S52.x, S62.x, S72.x, S82 %,
S92.x
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Abstract

Craniofacial and dentoalveolar abnormalities are present in all types of osteogenesis
imperfecta (Ol). Mouse models of the disorder are critical to understand these
abnormalities and underlying Ol pathogenesis. Previous studies on severely affected
Ol mice report a broad spectrum of craniofacial phenotypes, exhibiting some
similarities to the human disorder. The Brtl/+ and G610c/+ are moderately severe and
mild-type IV Ol, respectively. Little is known about the aging effects on the craniofacial
bones of these models and their homology to human Ol. This study aimed to analyze
the Brtl/+ and G610c/+ craniofacial morphometries during aging to establish
suitability for further Ol craniofacial bone intervention studies. We performed
morphological measurements on the micro-CT-scanned heads of 3-wk-old, 3-mo-old,
and 6-mo-old female Brtl/+ and G610c/+ mice. We observed that Brtl/+ skulls are
shorter in length than WT (P < .05), whereas G610c/+ skulls are similar in length to their
WT counterparts. The Brtl/+ mice exhibit alveolar bone with a porotic-like appearance
that is not observed in G610c/+. As they age, Brtl/+ mice show severe bone resorption
in both the maxilla and mandible (P < .05). By contrast, G610c/+ mice experience
mandibular resorption consistently across all ages, but maxillary resorption is only
evident at 6 mo (P < .05). Western blot shows high osteoclastic activities in the Brtl/+
maxilla. Both models exhibit delayed pre-functional eruptions of the third molars
(P < .05), which are similar to those observed in some bisphosphonate-treated Ol
subjects. Our study shows that the Brtl/+ and G610c/+ mice display clear features
found in type IV Ol patients; both show age-related changes in the craniofacial growth
phenotype. Therefore, understanding the craniofacial features of these models and
how they age will allow us to select the most accurate mouse model, mouse age, and
bone structure for the specific craniofacial bone treatment of differing Ol groups.

Keywords: alveolar bone; mandible; maxilla; micro-CT imaging; osteogenesis
imperfecta; teeth.

Lay Summary

Brtl/+ and G610c/+ are distinct Osteogenesis Imperfecta (Ol) mouse models with
unique collagen1 mutations. Brtl/+ mice exhibit shorter skulls, porotic-like alveolar
bone, and age-related bone resorption in both the maxilla and mandible. In
contrast, G610c/+ mice resemble wild-type in alveolar bone appearance but also
display age-related mandibular resorption. Both models show delayed third molar
eruptions, resembling some Ol patients. These model differences provide valuable
insights for studying Ol-related craniofacial bone treatments and the effects of
aging on craniofacial features.
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Introduction

Osteogenesis imperfecta (Ol) is a congenital disease characterized by bone dysplasia
due to an abnormality in the synthesis and/or processing of the main protein of the
bone extracellular matrix (ECM), type | collagen’. Ol is mainly caused by COLTAT
or COLT1A2 gene mutations? and less commonly by mutations in genes encoding
collagen-associated proteins (recessive forms). These mutations contribute to more
than 22 Ol types, with types | to IV being the most common®*. Type | collagen (Col1) is
the most abundant protein found in bone®. Defects in Col1 can result in bone quality,
quantity, and/or morphologic alterations, as seen in OI°. These Col1 alterations induce
a unique facial appearance in Ol, differing significantly from the non-OlI population.

Type IV Ol is highly variable, with symptoms ranging from mild to moderately
severe bone deformity, reduced bone mineral density (BMD), and abnormal
bone microarchitecture®’. Fracture rates in type IV Ol children tend to decrease
with age, typically after puberty®. Type IV Ol subjects also exhibit abnormal
craniofacial morphologies, such as relative macrocephaly, brachycephaly, variable
Dentinogenesis Imperfecta expression, tooth agenesis, increased hypodontia, and
poor dentoalveolar bone development’ *14,

These high clinical heterogeneities are governed by the mutated gene, the
mutation type, the mutation position along the gene, and the patient’s genetic
background'. Mouse models of the disorder are critical in understanding both
the normal physiology, underlying Ol pathogenesis, and response to medication
therapies. Brtl/+ and G610c/+ mice are type IV Ol mouse models extensively studied
in long bones for bone growth deficiencies, impaired fracture healing, defective
mineralization of developing bone, and disrupted osteoblast differentiation’s%.
Both models have a glycine substitution in Col7a1/2 genes, one of the most common
mutation types in Ol patients?'?2 The Brtl/+ mouse has COLTAT missense mutations
that change an obligatory glycine to a cysteine at the 349™ amino-acid residue
of the triple-helical domain?3. Similarly, the G610c/+ mouse has COLTA2 missense
mutations that change an obligatory glycine to a cysteine at the 610" amino-acid
residue of the triple-helical domain?*. Despite the similar mutation type, different
causative genes, mutation positions, and mouse genetic backgrounds cause
these two mice to exhibit different Ol severities and aging characteristics. In our
previous work examining Brtl/+ calvarial bones treated with the anabolic sclerostin
antibody, we found that the genotype has a modest influence on skull shape®.
Brtl/+ displayed a slightly larger, straighter lambda angle and a smaller, sharper
bregma angle, resulting in a mildly domed skull appearance compared to the WT%,
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However, there is a notable gap in the literature concerning craniofacial growth and
development, especially of the maxilla and mandible, in both Brtl/+ and G610c/+
genotypes, with a particular emphasis on the effects of aging on these bones.

As humans, these mice have two distinct ossification modes, intramembranous
and endochondral, that differentially develop the craniofacial and long bone
microarchitectures, respectively®. Therefore, study results assessing long-bone
morphology and aging characteristics in Brtl/+ and G610c/+ are not necessarily
applicable to the craniofacial bone. Thus, this study aimed to analyze the Brtl/+ and
G610c/+ craniofacial morphometrics and characteristics with aging to establish
whether they are suitable models for studying efficient and safe Ol craniofacial
bone therapeutic interventions.

Material and method

Experimental animals

The University of Michigan’s Committee on the Use and Care of Animals approved
all protocols and procedures. All animals were bred and housed in an AAALAC-
accredited vivarium. Female Brtl/+ mice have a mixed background of SV129/CD1/
C57BL/6 and were derived from heterozygous Brtl/+and WT parental strains. Female
G610c/+ have a background of C57BL/6 and were derived from heterozygous
G610c/+and WT parental strains. Mice were euthanized at 3 weeks (3w),
3 months (3m), or 6 months (6m) of age (Table 1).

Table 1. Sample size

Strain Female Brtl Female G610c
Age/ Brti/+ G610c/+
G WAl (Het) W (Het)
3w 11 10 11 10
3m 12 11 12 10
6m 10 10 10 10
Total 33 31 33 30

Micro-computed tomography (nCT) & analysis

A total of 127 mouse skulls were scanned with high-resolution uCT (Bruker Skyscan
1176; Bruker, Kontich, Belgium) (Table 1). Image acquisition was performed using
our previously reported protocol®. Individual 2D cross-sectional images were
reconstructed into 3D volumes with 9-um isotropic voxel size using NRecon
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software (version 1.6.5.8; Bruker). Dragonfly 2.0 (ORS, Denver, USA) was used
to delineate the region of interest and to perform crania, maxilla, and mandible
measurements, segmentations, and bone volume fraction analysis.

1. Craniofacial linear measurements: Measurements were performed on 3D

reconstructed volumes. Landmarks (Figure S1) were placed manually on the 3D
reconstructed images, and the measurements were processed with an automated
plug-in provided by ORS Dragonfly Team. Most of these parameters have been
defined previously®2®_All measurements were conducted by three users to ensure
precision in landmark placement. The resulting standard errors across evaluators
were below 5%.

2. Maxilla alveolar bone volume fraction: Alveolar bone was evaluated at a region
of interest that includes anteroposteriorly the mesial side of the first molar to the
distal side of the 3rd molar, supero-inferiorly from the alveolar crest to the molar
apex, and transversally from the buccal to palatal plates.

3. Alveolar bone resorption: 3D reconstructions of the maxillary and mandibular

teeth were standardized to the same scale value prior to resorption measurements
using Image J (NIH, Bethesda, Maryland, USA). The bone recession was measured
from the alveolar crest to the cementoenamel junction. Three measurements were
conducted on each tooth (mesial, middle, and distal side of the tooth), totaling 9
measurements per sample.

4. 3rd molar eruption stage. The eruption stage of the third molar was determined
by comparing the percentage emergence of its crown to the full eruption height.
The full eruption height was measured from the alveolar crest (between the 2"
and 3" molar to the occlusal plane of the second molar's distal cusp. The 3rd molar
crown's emergence was measured from the alveolar crest to its own occlusal plane.
Crown emergence measurements for bilateral third molars were performed and
then averaged. All measurements were performed using Image J software (NIH,
Bethesda, Maryland, USA).

5. Interfrontal bone (IFB): We used 3D reconstructed uCT images to determine

whether an ossicle was present within the interfrontal (metopic) suture for each
sample. An ossicle was defined as an IFB if completely separated from the frontal
bone by the metopic suture. For samples with an IFB, we segmented both the
frontal and interfrontal bones, quantified their volumes, and calculated the ratio of
the IFB volume relative to the frontal bone volume.
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Western blot

Harvested maxillae underwent snap freeze in liquid nitrogen and stored at -80°C until
protein extraction. Maxillary alveolar bone protein extracts from 3 week-, 3 month-,
and 6 month-old Brtl+/— (n=3 per age group) and WT littermates (n=3 per age group)
were obtained by grinding with RIPA lysis buffer. The protein concentration was
measured using a BCA kit (Thermo Fisher Scientific). The sample solutions were heated
at 95°C for 5 min with 4X Nupage buffers. For each sample, proteins (20 pg) were
separated on 4-12% polyacrylamide gel and then transferred onto a PVDF membrane
(MilliporeSigma). Before immunodetection, gel sample loading was preliminary
proved to be equivalent by Ponceau Red staining (0.2% w/v Ponceau S in 3% w/v
trichloroacetic acid). 5% non-fat dry milk and 0.05% Tween 20 was used to block the
membrane, followed by overnight incubation with primary antibody: osteocalcin
sc-376835 (Santa Cruz Biotechnology San Jose, CA, USA) as osteoblastic activity marker;
Osteopontin sc-21742 (Santa Cruz Biotechnology San Jose, CA, USA) as late osteogenic
differentiation marker; Nfatc1 sc-7294 Santa Cruz Biotechnology (San Jose, CA, USA)
as osteoclastic differentiation marker; Mmp9 af-909 (R&D Systems Minneapolis, MN,
USA) as osteoclastic activity marker. Western blots were washed with 0.05% TBS-tween
before 30 min room temperature incubation with anti-mouse secondary antibody
sc-516102 (Santa Cruz Biotechnology San Jose, CA, USA). Immunostained bands were
visualized using SuperSignal™ West Pico PLUS Chemiluminescent Substrate detection
reagents (Thermo Scientific, Waltham, MA, USA). Chemiluminescent signals were
captured by ImageQuant LAS 4000 (GE Healthcare) digital imaging system. Band
intensities were determined using an XRS+ Chemidoc system and Image Lab software
(Biorad, Hercules, CA, USA). B-actin immunoblotting ensured equal loading of samples.

Statistical analysis

All height, width, and length data, comprising a total of 204 comparisons, including
genotype, age, and mutant, were analyzed using nonparametric tests to avoid
assumptions about variance or distribution. The Krustal-Wallis test was applied
to determine whether there were any significant differences within multi-groups,
and the post-hoc Dunn test with Benjamin Hochberg correction was applied to
determine the p-values for each comparison. These analyses were performed using
R Statistical Software (v4.1.0, R Core Team 2020). All the other data were analyzed
using two-way ANOVA for the main effects of age and genotype. Differences
between heterozygous and their corresponding WT were assessed using the
student’s two-tailed unpaired t-test, modified with Welch's two-sample t-test when
interaction was present or to evaluate for type-1 error. These analyses and all graphs
were performed using GraphPad Prism (v.9 for Windows, GraphPad Software, San
Diego, USA). In all experiments, a p-value <0.05 was considered significant.
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Results
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Figure 1. Craniofacial length measurements. Craniofacial length graphs, asterisk representing
P-value <.05. Points A =nasale, B=nasion, F=opisthion, G=Prosthion, and J=most caudal point of
palatal bone. B-WT, Brtl WT, G-WT, G610c WT. Arrows illustrate the measurements.

Brtl/+ mouse has a shorter skull and facial length

Both Brtl/+ and WT show skull anteroposterior growth with age. The average Brtl/+
skull lengths were 19.04+0.31Tmm, (3w), 21.48+0.33mm (3m), and 21.96+0.36mm
(6m), which were significantly smaller than age-matched WT (19.80+0.44mm,
22.06+0.46mm, 22.90+0.7Tmm respectively, p<0.05) (Figure 1, S2, S3). The average
Brtl/+ cranial lengths were 14.31£0.26mm (3w), 15.30+£0.4mm (3m), and 15.39£0.24mm
(6m). These values were significantly smaller than age-matched WT (14.90+0.32mm,
15.76£0.26mm, 16.17+0.40mm, respectively, p<0.05) (Figure 1, S2, S3). Both, Brtl+
and WT exhibited significant progressive anteroposterior growth from 3w to 3m (skull
length p=0.006, cranial length p=0.003). The skull and cranial length show a significant
growth pattern between 3w and 3m. However, the growth rate decreases between
3m and 6m (Figure 1). No significant differences were found in anterior and middle
cranial height between Brtl/+ and WT and across different age groups. However, Brtl/+
posterior cranial height is significantly smaller (6.10+0.18mm) than WT (6.38+0.21Tmm,
p=0.013) at 3m. This increase can be attributed to the significant growth in posterior
cranial height observed in both groups at 3 months (Figures 2, 4, and S2). Brtl/+ has
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shorter facial length (8.06+0.15) and height (4.07+0.08) compared with WT (8.60+0.22
and 4.25+0.16, respectively, p<0.05) at 3w. At 6m, the Brtl/+ facial measurements
almost reach the WT measurements, except the facial width (6.24+0.02.4), which is
smaller than those of WT (6.53+0.19, p=0.04) (Figure 1, 2, 3, S3).

G610c/+ mice display mild craniofacial disturbances

The average G610c/+ skull length (3w-18.84+0.62. 3m-21.95+0.46, 6m-22.35+0.64)
is similar to WT (3w-19.10+0.71, 3m-22.05+0.47, 6m-22.68+0.29), and while
slightly smaller, was not statistically significant (Figure 1, S2-3). Similar differences
were observed in the G610c/+ cranial lengths (3w-13.90+0.39. 3m-15.33+0.49,
6m-15.39+0.24), similar to those found in WT (3w-14.17+0.48, 3m-15.45+0.58,
6m-15.69+0.28). No significant differences were found in the cranial heights
between G610c/+ and WT. However, G610c/+ exhibited a significant increase in
anterior cranial height from 3m (6.14+0.22) to 6m (6.34+0.12, p=0.042). On the other
hand, the WT exhibited increases in posterior cranial height from 3w (5.86+0.16) to
3m (5.90+0.12, p=0.013) (Figure 2, S3).
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Figure 2. Craniofacial height measurements. Craniofacial height graphs, asterisk representing
P-value <.05. Points B=nasion, C=Bregma, D=intersection parietal bone with interparietal bone,
E=intersection interparietal bone with squamous portion of the occipital bone, H=intersection
maxilla and premaxilla, K= most ventral point of ISS, L =most ventral point of SOS, and M =most caudal
point of basioccipital bone. B-WT, Brtl WT, G-WT, G610c WT. Arrows illustrate the measurements.
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Brtl/+ and G610c/+ exhibit a few craniofacial morphometric
differences

Both the Brtl/+ and G610c/+ show similar skull and cranial lengths. However, there
is a significant difference in cranial heights. G610c/+ exhibits an increase in cranial
height (dome-shaped skull) across the age compared to Brtl/+. G610c/+ tends
to be more brachycephalic, primarily due to a wider frontal bone (3w-4.91+0.17,
3m-5.23+0.14, 6m-5.25+0.13) compared to Brtl/+ (3w-4.83+0.10, 3m-5.22+0.16,
6m-5.23+0.12, p<0.05). Brtl/+ tends to have narrower craniofacial widths,
especially nasal width at 6m (2.04+009) compared to G610c/+ (2.19+0.18, p=0.04).
Additionally, Brtl/+ tends to have taller anterior mandibular heights than G610c/+,
especially at 6m (1.85+£0.12, 1.66%0.12, p=0.016). (Figure S4, S5).
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Figure 3. Craniofacial width measurements. Craniofacial width graphs, asterisk representing
P-value <.05. Points N = external margin of the nasal bone, O =anterior notch of the zygomatic process,
P =frontal squamosal intersection, and Q=intersection of parietal-interparietal and occipital bones.
B-WT, Brtl WT, G-WT, G610c WT. Arrows illustrate the measurements.
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Brtl-WT (B-WT) tends to be larger than G610c-WT (G-WT) across all
three age groups

There are no significant differences in skull length between B-WT and G-WT.
However, the cranial length of B-WT (3w-14.90+0.32mm, 3m-15.76+0.26mm, and
6m-16.17£0.40mm) are longer than G-WT (3w-14.17+0.48, 3m-15.45+£0.58, and
6m-15.69+0.28), with significant differences observed at 3w (p=0.007) and 6m
(p=0.03). In general, the craniofacial morphometrics, except for cranial height, tend
to be larger in B-WT compared to G-WT (Figure S4, S6).
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Figure 4. Maxilla measurements. (A) Premaxilla and maxilla lengths and alveolar bone vol fraction
graphs, asterisk representing P-value<.05. Points G=Prosthion, H=intersection maxilla and
premaxilla, |=intersection maxilla and palatal bone. B-WT, Brtl WT, and G-WT, G610c WT. (B) Axial view
showing the maxilla’s length and the alveolar bone’s appearance. The red arrow highlights the bone
with a porotic-like appearance. (C) Coronal view showing the alveolar bone at the level of the first
molar. The yellow arrow highlights the enlargement of the tooth sockets resulting from alveolar bone
resorption, while the red arrow indicates the bone with a porotic-like appearance.
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Brtl/+ mice have shorter, narrower, and pneumatized maxillary
alveolar bone

The premaxilla of Brtl/+ (3w-2.48+0.12, 3m-3.30+0.15, and 6m-3.39+0.18) tends to
be shorter than WT (3w-2.70+0.13, 3m-3.39+0.24, and 6m-3.62+0.30) across all ages,
with a significant difference observed at 3w (p=0.013) (Figure 4A-B, S3). The Brtl/+
maxilla (3w-3.46+0.21, 3m-3.83+0.14, and 6m-3.85+0.29) also tend to be shorter
than that of WT (3w-3.72+0.17, 3m-3.99+0.23, and 6m-4.05%0.32), with a significant
difference observed at 3 weeks (p=0.042) (Figure 4A-B, S3). G610c/+ premaxilla
(3w-2.63£0.24, 3m-3.16+0.35, and 6m-3.29+0.23) and maxilla lengths (3w-3.13+0.29,
3m-3.73+0.38,and6m-3.97+0.17)aresimilartothoseof WT (3w-2.66+0.14,3m-3.30+0.20,
and 6m-3.39+0.18, and 3w-3.41+0.37, 3m-3.82+0.27, and 6m-4.02+0.32, respectively)
(Figure 4A-B, S3). The maxilla bone volume fraction (BV/TV) of the bones in the
immediate vicinity of the maxillary teeth is reduced in the Brtl/+ (3w-75.99%,
3m-76.72%, 6m-73.08%) compared with WT (3w-80.45%, 3m-87.29%, 6m-86.32%,
p<0.05) (Figure 4A). The BV/TV of G610c/+ (65.63%) is similar to WT (66.80%) at
3w. With age, G610c/+ BVTV (3m-67.74%, 6m-64.80%) become smaller than WT
(3m-70.87%, 6m-68.79%, p<0.05) (Figure 4A). With age, Brtl/+ alveolar bone becomes
more pneumatized (porotic-like appearance) (Figure 4B-C). G610c/+ mice do not
exhibit alveolar bone with a porotic-like appearance (Figure 4B-C).
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Figure 5. Mandibular measurements. Mandibular lengths, heights, and vol graphs. Asterisk
representing P-value <.05. R=superior rim of lower incisor alveolus (bone-tooth junction), S=most
posterior point of the condyle, T=inferior rim of lower incisor alveolus (bone-tooth junction), U=tip of
the mandibular angle. B-WT, Brtl WT, and G-WT, G610c WT.
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Figure 6. Alveolar bone resorption. (A) Sagittal uCT images of maxillary alveolar bone showing bone
resorption by genotype and age, with cyan line depicting the alveolar bone level and yellow line
depicting the cementoenamel junction; red arrows indicate severe resorption sites. (B) Sagittal uCT
images of mandibular alveolar bone showing bone resorption by genotype and age, with cyan line
depicting the alveolar bone level and yellow line depicting the cementoenamel junction; red arrows
indicate severe resorption sites. (C) Brtl and G610c maxillary and mandibular alveolar bone resorption
graphs, with asterisk representing P-value <.05. (D) Western blot of Brtl alveolar bone. (E) Western blot
graphs asterisk representing P-value <.05.

Brtl/+ and G610c/+ mandibles are slightly smaller compared to their
corresponding WT

Brtl/+ tends to be slightly smaller compared to WT. This is mainly due to the
significant anterior mandibular height reduction (3w-1.48+0.21 vs 1.60+0.18, 3m-
1.64+0.19 vs 1.83+0.16, and 6m-1.66+0.12 vs 1.85+0.12 p=0.017) at 6m (Figure
5, S3). G610c/+ mandible also is overall slightly shorter compared to their WT,
although it was not statistically significant (Figure 5, S3). Brtl/+ mandibular volume
(Bw-13.72mm3, 3m-21.04mm3, 6m-22.31Tmm?3) is smaller compared with WT
(3w-15.72mm?3, 3m-26.88mm?, 6m-29.54mm?, p<0.05). G610c/+ mandibular volume
(3w-11.02mm?3, 3m-22.06mm?3, 6m-22.91mm?3) is also smaller than their age-matched
WT (3w-12.74mm?3, 3m-24.82mm?, 6m-26.45mm?, p<0.05) (Figure 5). Brtl/+ shows a
smaller growth rate (3w-3m: 34.80%) than WT (3w-3m: 41.52%;). G610c/+ exhibits a
similar growth rate (3w-3m: 50.06%; 3m-6m: 3.71%) to WT (3w-3m: 48.69%; 3m-6m:
6.15%) (Figure 5). The G610c mutants are smaller than Brtl mutants at 3w (13.72mm?
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vs 11.02mm?3), but with aging, G610c/+ exhibit higher growth, surpassing the average
size of the Brtl/+ (Figure S5). WT-Brtl are larger than WT-G610c (3w-15.72mm? vs
12.74mm?, 3m-26.88mm?3 vs 24.82mm?3, 6m-29.54mm? vs 26.45mm?3) (Figure S4, S6).
Overall, the biggest mandibular growth happens between 3w to 3m, which slows
down between 3m to 6m. Like the maxilla, the mandibular alveolar bone exhibits a
porotic-like appearance that is not observed in WT or G610c (Figure S7).

Aged Brtl/+ and G610c/+ have severe alveolar bone resorption

Brtl/+ maxilla (3w-0.01mm, p=0.01; 3m-0.07mm, p<0.01; 6m-0.11Tmm, p<0.01) and
mandibular (3w-0.07mm, p<0.01; 3m-0.10mm, p<0.01; 6m-0.15mm, p=0.03) alveolar
bone exhibit signs of resorption that worsen with age. This progressive resorption
compromises more teeth with aging (Figure 6A-C). This resorption is corroborated
with western blots that show decreased osteoblastic and increased osteoclastic
activities in Brtl/+ alveolar bone that become exacerbated with age (Figure 6D-E).
G610c/+ mice show mild alveolar bone resorption with aging compared to Brtl/+.
While this resorption becomes significantly more accentuated at 6 months compared
to earlier ages, resorption remains less severe than Brtl/+ (Figure 6A-C).

Third Molar Eruption Stage

Brtl G610c

Brtl G610c
Genotype

Figure 7. Third molar eruption delay. (A) 3D pCT reconstruction of 3w Brtl and G610c maxilla third
molars (representative mean sample); the red arrow indicates the third molar crown emergence
height. The blue arrow indicates the full eruption height measured from the alveolar crest to the
occlusal plane of the second molar distal cusp. (B) Schematic that illustrates the method used to
calculate the crown emergence (CE). (C) Graph illustrates the percentage of third molar CE of Brtl and
G610c, with asterisk representing P-value <.05.

Brtl/+ display delayed third molar eruption
Both Brtl/+ and G610c/+ mice show a significant pre-functional eruption delay of
their third molars. From the analyzed samples, the average crown emergence for
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Brtl/+ was 68.8%, compared to 90.4% of their littermate WT (p=0.01). The average
crown emergence of G610c/+ was 68.8%, contrasting with 95.2% of their WT
(p=0.03). Among the Brtl/+ third molars that have not reached the occlusal plane,
the crown emergence was 68.8%. For G610c/+, it was 79.1% (Figure 7A-C).

Brtl/+ and G610c/+ mice exhibit interfrontal bones

During morphometric measurements, we observed the presence of a midline ossicle
(Figure 8A). IFB was observed in 84% of the Brtl/+ and 77% of the G610c/+ calvarial
bones (Figure 8B). In contrast, only 39% of B-WT and 61% of G-WT mice exhibit the
presence of these IFBs (Figure 8B). When present, Brtl/+ IFB demonstrated a larger
volume compared with those present in WT. In contrast, both G610c/+ mutant and WT
exhibited a smaller IFB, with IFB on average 2% of corresponding frontal bone volume.
Brtl/+ IFB is 4.9% of their frontal bone volume, while WT is substantially smaller (0.8%).

Frontal bone

B. Interfrontal Bones

Strain Brtl G610c
ol wT Brti/+ WT G610c/+
geno
. 411 9/10 8/11 8/10
(36%) (90%) (73%) (80%)
. 6/12 911 712 7110
(50%) (82%) (58%) (70%)
o 310 8/10 5/10 6/10
(30%) (80%) (50%) (60%)
_ 13133 26/31 20/33 23130
(39%) (84%) (61%) (77%)

Figure 8. Interfrontal bone (IFB). (A) uCT images of 3D reconstructed WT and Brtl/+ skull showing the
presence of IFB in between the frontal bone. (B) Summary table of the IFB in Brtl and G610c at each
age. Geno, genotype.

G610c/+ mice and anterior cranial compartment misalignment

A subset of 3w G610c/+ mice (n=3) presented with anterior compartment
deformation with misalignment of the midline (Figure S8). This unexpected finding
was observed during uCT analysis.
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Discussion

Mutations in Coll commonly induce a unique facial appearance, differing
significantly from the non-Ol population. A detailed cephalometric radiographic
analysis of Ol patients reveals deficiencies in the anterior cranial base and shorter
maxillary, palatine, and mandibular lengths compared to age-matched controls™ ™.
Brtl/+ reflects a moderate-to-severe type IV Ol exhibiting overall reduced cranial,
maxilla, and mandibular morphometric indices compared with WT. Some Brtl/+
craniofacial morphometric reductions are more pronounced at 3w and tend to reach
WT values at 6mo age. This“catch-up” pattern is similar to what we previously observed
in the long bone phenotype’ . This pattern could be explained by possible matrix-
level adaptations that improve whole bone strength without corresponding increases
in structural geometry, especially after mice reach puberty, generally after 42 days of
age® ¥, Notably, these observations resemble findings observed in Ol patients, where
fracture rates tend to decrease after puberty®. Brtl/+ mice show a reduced skull and
cranial anteroposterior (A-P) length similar to those previously reported in Col1a1/+
and OIM/- mice®" 32, Both the Col1a1"/+ and OIM-/-mice have been described with a
craniofacial resemblance to severe type Ol patients®' 32, Similar results were observed
here in Brtl/+, but not G610c/+ mice, which exhibited a milder craniofacial phenotype,
and their overall cranial morphometric indices are very similar to WT. Despite Brtl/+
and G610c/+ having the same type of missense mutation in the Col1, they exhibit
phenotype heterogeneity, likely due, in part, to different mutation positions (Brtl/+
at Collal G349C and G610c/+ at Col1a2 G610C) and differing genetic backgrounds
(Brt/+ from a mixed of SV129/CD1/C57BL/6 and G610c/+ from C57BL/6). This could
also explain the lack of similarity between Brtl/+ and G610c to the Crtap/ mice, which
have a mutation in collagen-associated genes and displays brachycephalic skull shape
characterized by nasofrontal suture and facial bone fusions®. This fusion leads to mid-
face retrusion® not observed in the mice of this study.

The most substantial and significant morphometric changes were observed within
each genotype and strain between 3w to 3m. Surprisingly, no significant differences
were observed between 3m to 6m. This occurrence could be attributed to the fact
that mice reach their maturation stage between 3m to 6m. It is plausible to suggest
that after the craniofacial growth peak, which typically occurs around postnatal
60 days*4, a gradual growth rate deceleration occurs, resulting in fewer discernible
differences during this later period.

Overall, we found that the B-WT craniofacial bones are larger than G-WT, particularly
at 3w and 3m. It may be explained that these mice have different growth peaks.
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Eventually, around 6m G-WT is able to reach close to the B-WT size. It seems G-WT
exhibit a delayed growth peak compared to B-WT, eventually reaching a size that
closely resembles the B-WT as they age. On the other hand, while the heterozygous
mice initially exhibit similar craniofacial sizes at a younger age, these differences
become more pronounced with aging. These observed differences between the
strains highlight that, despite both Col1 mutations, the WT mice are not strain
interchangeable. To ensure an accurate comparison, it is crucial to compare each
mutant to its corresponding WT littermates?®.

We observed a significant impact of aging on both the Brtl/+ maxilla and mandible,

resulting in severe alveolar bone loss. This severe alveolar resorption has been
described as decreased alveolar bone in a previous Brtl/+ mandibular study?¢. We also
observed a similar pattern of bone loss in 6m G610c/+ mice, while younger mice did
not exhibit such changes. Similar reduced alveolar bone has also been reported in
crtap-/- mice, which harbor mutations in collagen-associated genes *. Furthermore,
this alveolar bone loss is associated with an upregulation of osteoclastic activity,
specifically Mmp9, and Nfatcl1. These severe alveolar resorptions observed with
aging may be secondary to the poor bone quantity and quality inherent to OI' %5637,
Previous study shows that the Brtl/+ mice are more prone to microdamage
accumulation compared to age-matched WT. This was evident when the B rtl/+ ulnae
exposed to typical cage activities showed a significantly greater amount of cortical
microdamage than those of the WT, If this observation extends to the maxilla and
mandible bones, it can be assumed that high biomechanical loading from chewing
cycles (occlusion) may exacerbate pre-existing microdamage in Brtl/+. Given this,
it seems plausible to suggest that the increased alveolar resorption in Brtl/+ might
result from this cumulative loading effect on the compromised Brtl/+ bone quality,
which aligns with observations described in Col1a1/+ mice?'.

Interestingly, the maxillary and mandibular alveolar BV/TV exhibit a noteworthy
reduction as both Brtl and G610c mice age, especially when comparing across the
ages. This finding aligns with the reported observations in humans, where a decline
in trabecular BV/TV has been consistently associated with the natural aging process®.

We found a delay in the upper third molar eruptions in both Brtl/+ and
G610c/+ mice. Tooth eruption has two stages--intraosseous and supraosseous.
The intraosseous stage requires osteoclastic activity to create the eruption path
by removing the bone. Once the tooth cusps reach the alveolar crest, the eruption
pathway is complete. Then, the tooth transitions to the supra osseous stage, which
requires bone apposition apical to the developing tooth in order to push the tooth
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to the occlusal plane® #'. Delayed tooth eruption has been found following the
administration of bisphosphonates to newborn rats. Evidence for similar effects in
humans is sparse, since only a few studies show tooth maturity and eruption delay
in bisphosphonate-treated Ol patients compared to non-OlI children** 3, As these
studies compare the tooth eruption of Ol patients with non-OlI children instead of
non-bisphosphonate-treated Ol patients, bisphosphonates may not be the only
factor affecting eruption in this population. Rather, the poor Ol bone quantity and
quality could also be participating in the tooth eruption delay. Poor Ol bone may
not produce proper and sufficient apical bone to induce the propulsion movement
for tooth eruption at the same pace as non-Ol subjects.

Our Ol mice differed from Crtap—/— mice regarding cranial bone fusions. While
cranial fusions disturbances were not observed in our mice, they did exhibit
interfrontal bone ossicles (IFB), which was not observed in the Crtap~ mice®. As a
radiographic finding, we observed a higher IFB in Brtl/+ and G610c/+ than in their
corresponding WT. The IFB are small irregular bones that are present within sutures
or fontanelles. Our IFB seems to be a Wormian bone. Wormian bones have been
described as an idiopathic minor skeletal variant that could be present in numerous
recognized syndromes*. In fact, many Ol subjects have an abnormally large
number of Wormian bones visible on a skull radiograph®. It has been proposed that
abnormal mechanical stresses across cranial sutures are the common denominator
for various conditions associated with the presence of Wormian bones*. A previous
study found the presence of Wormian bones in most Ol types lll and IV, but less in
Ol type | individuals*. Wormian bones appear more frequently in more severely
affected Ol patients and seem to develop mostly in utero*. Our Brtl/+ and G610c
emulate type IV Ol, and their interfrontal or Wormian bones are completely
surrounded by the metopic suture, separating them from the frontal bones.
However, previous studies on various inbred mouse strains observed the presence
of an ossicle residing between the frontal bones*. IFB was described as a quasi-
continuous trait that exhibits, when present, morphological variability. C57BL6 and
CBA mice also consistently exhibit IFB*. The Brtl/+ has a mixed background, unlike
the G610c/+, which is genetically more homogeneous. However, the presence of a
C57BL6 background in both Brtl/+ and G610c/+ may explain the presence of the IFB
due to genetic components in C57BL6 mice. Heterozygous mutants, however, show
a higher incidence of IFB than WT counterparts, which are larger in size when
measured related to their corresponding frontal bone sizes. Therefore, the presence
of IFB could also be influenced by the Col1 mutation. A better understanding of the
genetic and environmental factors that influence IFB development may be relevant
to understanding the presence of Ol Wormian bone formation.
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In summary, our study shows that the Brtl/+ and G610c/+ mice display clear
features found in type IV Ol patients; more importantly, they show similar age-
related changes in craniofacial growth phenotype. Based on our findings, these
mild and moderately severe models can be used to study mechanisms underlying
craniofacial abnormalities of Ol patients. Therefore, understanding the craniofacial
features of these models and how they age will allow us to select the most accurate
mouse model, mouse age and bone structure for treatment of a specific craniofacial
site of differing Ol groups.
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Supplemental Figures
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Supplemental Figure 1. Micro-CT Craniofacial landmarks. The representative 3D craniofacial recon-
struction images illustrate the landmark points utilized for automated craniofacial lengths, heights,
and widths measurements.
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Supplemental Figure 2. 3D Skull pCT reconstruction images overlapped by genotype. The lateral
view of the 3D uCT reconstruction images were obtained from the midsagittal slab, demonstrating
the overlapping of the WT and Heterozygous (Het) samples from each age and mutation strain. The
skulls overlapping were aligned based on the nasospinale and prosthion reference points. It shows
the overlap of the WT and Het of each age and mutation strain. Representative 3D slabs were selected
from samples that had the average length within each group. The silver line illustrates Brtl-WT, the
orange line represents Brtl/+, the blue line illustrates G610c-WT, and the pink line illustrates G610c/+.
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Supplemental Figure 3. Genotype and age measurement results. A. Figure showing the measure-
ments analyzed in this study. B. Summary table showing genotype data (WT vs Het) categorized by
age and mutation.
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Supplemental Figure 4. Mutation and strain measurement results. A. Figure showing the measure-
ments analyzed in this study. B. Summary table showing mutation data (Brt/+ vs G610c/+) and strain
data (Brtl-WT vs G610c-WT) categorized by age.
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Supplemental Figure 5. Brtl/+ vs G610c/+ Craniofacial measurements. A. Representative 3D uCT
images of Brtl/+ and G610c/+. Images are overlapped by age. B. Craniofacial measurement graphs,
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Mandibular Alveolar Bone

Supplemental Figure 7. Mandibular alveolar bone resorption. Axial view of the mandibular
alveolar bone. The red arrow highlights the bone with a porotic-like appearance, and the yellow arrow
highlights the enlargement of the tooth sockets resulting from alveolar bone resorption.

Supplemental Figure 8. G610c/+ skull malformations. Red arrows indicate the midline deviation in
3D uCT reconstruction and axial view of anterior cranial compartment malformations.
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Abstract

Osteogenesis imperfecta (Ol) is a genetic connective tissue disorder marked by
bone fragility and craniofacial abnormalities. While most Ol research has focused
on long bones, the impact on craniofacial bones, formed by both endochondral
(cranial base, condyle) and intramembranous (jaw, alveolar bone) ossification,
is less understood. Importantly, these ossification types may exhibit unique
pathological changes and respond differently to anabolic treatments, with recent
evidence suggesting that sex-specific factors may further influence disease severity
and therapeutic outcomes. This study aimed to characterize sex-specific craniofacial
bone pathology and evaluate the efficacy of sclerostin antibody (SclAb) therapy in
Brtl/+ mice, a moderate-to-severe Ol model.

Micro-computed tomography was used to evaluate bone volume fraction (BV/TV),
trabecular thickness (Tb.Th), bone mineral density (BMD), cortical bone integrity,
alveolar bone resorption, and morphometric parameters in wild-type and Brtl/+
mice, both untreated and following SclAb treatment. Data were stratified by
sex. Statistical comparisons among the genotype, control, and treated groups
performed using ANOVA, with p<0.05 considered significant.

Brtl/+ mice exhibited significant reductions in craniofacial BV/TV, Tb.Th, BMD, and
jaw thickness, as well as increased alveolar bone resorption compared to wild-type
controls, with notable effects across both endochondral and intramembranous
skeletal compartments. SclAb treatment markedly improved bone volume,
thickness, mineralization, and reduced bone resorption, partially or fully restoring
Brtl/+ bone phenotypes to wild-type values. Sex-specific analyses revealed that
females responded more robustly in terms of decreased mandibular alveolar bone
resorption (intramembranous ossification), while males demonstrated greater
improvements in condylar and cranial base thickness (endochondral ossification).
Craniofacial morphometric measurements are not affected by SclAb therapy.

Distinct craniofacial bone compartments and sex significantly influence pathology
and therapeutic response in Ol. These findings highlight the need for personalized,
compartment- and sex-specific treatment strategies to optimize craniofacial bone
repair. Further research should target mechanisms driving these differences to
enhance outcomes for individuals with Ol.

Keywords: Sclerostin antibody, osteogenesis imperfecta, craniofacial bone,
sex differences
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Introduction

Osteogenesis imperfecta (Ol) is a heritable connective tissue disorder'. Most cases
(85%) are attributed to COLTA1 or COL1A2 mutations that disrupt type | collagen
production, resulting in abnormal bone mineralization, skeletal fragility, and
increased fracture risk" 2. Crucially, Ol also leads to craniofacial and dentoalveolar
abnormalities across all types, complicating oral rehabilitation and interventions
because of poor bone quality and excessive bone resorption®.

The craniofacial skeleton protects the brain and supports vital functions including
sensory perception, mastication, speech, and respiration®. Its diverse anatomy
arises from two developmental pathways: intramembranous ossification (10) forms
the calvarial bones, maxilla, and mandibular body, while endochondral ossification

(EO) generates the cranial base and mandibular condyle’”. These processes confer
distinct structural and biomechanical properties and can influence how bones
respond to disease and treatment®.

Sex differences in bone disease are well-documented in long bones of the oim/
oim mouse model for type lll Ol: females often display more severe cortical deficits
and altered mineralization, even when overall bone mineral content is higher'.
However, little is known about the presence or extent of sex-dependent differences
in craniofacial bones, particularly those with different ossification origins.

Recent advances in bone therapeutics have shown the role of sclerostin as a key
inhibitor of bone formation encoded by the SOST gene''. Mutations causing
sclerosteosis and Van Buchem disease lead to excessive craniofacial bone growth,
demonstrating sclerostin's critical regulatory function™™. In Ol mouse models,
treatment with sclerostin antibody (SclAb) effectively increases bone mass and
improves structural properties, including in craniofacial regions such as the
calvarial bones, maxilla, and mandibular body'"". Although sex-dependent effects
of sclerostin inhibition are documented in long bones, where females exhibit rapid
trabecular gains and males show more sustained cortical improvements’?, it is
unclear whether similar variations occur in craniofacial sites.

Further insight into sex-dependent bone response comes from fracture healing
studies. In these models, male rodents tend to form a larger, cartilage-rich callus
(reflecting endochondral ossification dominance), while females progress more
quickly to direct bone formation via intramembranous ossification'. Moreover,
treatment with anabolic agents such as parathyroid hormone (PTH) leads to
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early increases in callus volume and strength in males, versus more refined bone
deposition in females?® 2'. These observations suggest that both biological sex
and ossification mechanism may influence how craniofacial bones respond to
anabolic therapies. Consequently, it is plausible that craniofacial sites with different
developmental origins will demonstrate varying responses to sclerostin inhibition
according to sex, further underscoring the need to investigate these factors in the
context of Ol therapy.

This study aims to determine whether anatomical sites, ossification types, and
biological sex influence the craniofacial bone response to SclAb in Brtl/+ mice.
By clarifying these variables, we seek to advance the development of targeted Ol
therapies optimized for individual patient factors and craniofacial regions.

Material and Methods

Animals

All protocols and procedures involving animals were approved by the University of
Michigan’s Committee on Use and Care of Animals. Wildtype (WT) and Brtl/+ mice
with a mixed background of SV129/CD-1/C57BL/6S were derived from heterozygous
Brtl/+ and WT parental strains. The Brtl/+ mouse is a heterozygous knock-in model
for Ol, featuring a Gly349Cys substitution in a COL1A1 allele, which has also been
found in subjects affected by a moderately severe form of Ol (type IV)?%. 3-month-
old mice were randomly assigned to SclAb (25mg/kg SclAb VI, Amgen, Thousand
Oaks, CA) or vehicle injection (PBS) subcutaneously, two times per week for 5 weeks
following our previously described protocol®® (Table 1).

Table 1. Sample size

Genotype Treatment Femalen Malen Totaln
WT PBS((\(/:V%r;trol) 11 5 17
Brey+ 0O Eg‘;;“ml) 10 6 16
WT S(:/:\,l{g)b 11 8 19
Brtl/+ SclAb 12 11 23

(BS)
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Micro-computed tomography (uCT) & analysis

A total of 75 mouse skulls were scanned with high-resolution uCT (Bruker Skyscan
1176; Bruker, Kontich, Belgium). Image acquisition was performed using our previously
reported protocol’. Individual 2D cross-sectional images were reconstructed into
3D volumes with 9-um isotropic voxel size using NRecon software (version 1.6.5.8;
Bruker). Dragonfly 2.0 (ORS, Denver, USA) was used to delineate the region of interest
and to perform crania, maxilla, and mandible measurements, segmentations, and
cTAn (version 1.6.5.8; Bruker) were used to assess the bone volume fraction analysis.

1. Craniofacial linear measurements: Measurements were performed on 3D recon-
structed volumes. Landmarks were placed manually on the 3D reconstructed images,
and the measurements were processed with an automated plug-in provided by ORS
Dragonfly Team. Most of these parameters have been defined previously?* .

2. Craniofacial thickness measurements: Measurements were performed on 3D recon-
structed volumes. The thickness measurements were processed with an automated
plug-in. Most of these parameters have been defined previously'.

3. Maxilla and mandibular alveolar bone volume fraction: Alveolar bone was evaluated
at a region of interest that includes the inter-radicular bone of the 1st molar, supero-
inferiorly from the alveolar crest to the molar apex, and transversally from the buccal to
palatal plates.

3. Alveolar bone resorption: Measurements were performed on 3D reconstructed

volumes. The thickness measurements were processed with an automated plug-in.
The bone recession was measured from the alveolar crest to the cementoenamel
junction. Three measurements were conducted on each tooth (mesial, middle, and
distal side of the tooth), totaling 9 measurements per sample.

Quantitative PCR (qPCR) for Cytokine Expression

Alveolar bone tissue was isolated from mice and preserved in RNA later. Total RNA
was extracted using miRNasy kit and quantified by nanodrop. Complementary
DNA (cDNA) was synthesized from 1 pg of total RNA using SuperScript Ill Reverse
Transcriptase according to the manufacturer’s instructions. Quantitative PCR was
performed using SYBR Green Master Mix (Applied Biosystems) and specific primers
for 111, 116, TNF, and GAPDH (for normalization). Reactions were run on a Applied
Biosystems 7500 Real-Time PCR System and analyzed with the AACt method. Cytokine
expression was normalized to the housekeeping gene and expressed as relative fold
change compared to wild-type controls. All samples were run in technical triplicates.
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TRAP Staining for Osteoclastic Activity

Osteoclastic activity in the alveolar bone was assessed by tartrate-resistant acid
phosphatase (TRAP) staining. Tissue samples were fixed in 10% neutral-buffered
formalin, decalcified inimunocal (3 days), and embedded in paraffin. Sections (5 um)
were mounted on slides and deparaffinized. TRAP staining was performed
using the Sigma-Aldrich Acid Phosphatase, Leukocyte (TRAP) Kit following the
manufacturer’s protocol. Briefly, sections were incubated with naphthol AS-BI
phosphate and Fast Red Violet LB salt in the presence of tartrate, visualizing TRAP-
positive multinucleated cells as indicators of osteoclastic activity. Sections were
counterstained with light green, imaged under light microscopy.

Statistical analysis

All height, width, length, and thickness data were analyzed using nonparametric
tests to avoid assumptions about variance or distribution. The Krustal-Wallis test
was applied to determine whether there were any significant differences within
multi-groups, and the post-hoc Dunn test with Benjamin Hochberg correction
was applied to determine the p-values for each comparison. These analyses
were performed using R Statistical Software (v4.1.0, R Core Team 2020). All the
other data were analyzed using two-way ANOVA for the main effects of sex and
genotype. Differences between heterozygous and their corresponding WT were
assessed using the student’s two-tailed unpaired t-test, modified with Welch's
two-sample t-test when interaction was present or to evaluate for type-1 error.
These analyses and all graphs were performed using GraphPad Prism (v.9 for
Windows, GraphPad Software, San Diego, USA). In all experiments, a p-value <0.05
was considered significant.

Results

Sclerostin Antibody Improves Trabecular Bone Volume Fraction
(BV/TV) in Both Genotypes

Bone volume fraction (BV/TV) of trabecular bone was measured in interradicular
regions of the first molar in both the maxilla and mandible. In the maxilla, WT
controls exhibited a mean BV/TV of 62.29, increasing to 65.76 in wild-type mice
treated with SclAb (WS; WP vs WS: p = 0.021). Brtl/+ non-treated mice (BP) showed
a marked reduction to 48.24 (WP vs BP: p = 3.73 x 107). In contrast, Brtl/+ treated
with AclAb (BS) demonstrated substantial restoration (60.67), comparable to WT
controls (WP vs BS: p = 0.166; BP vs BS: p = 5.84 x 10°®). In the mandible, a similar
trend was observed: WP was 57.10, WS increased to 62.26 (WP vs WS: p = 0.0014),
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BP was lowest at 49.01 (WP vs BP: p = 3.20 x 10°), and BS recovered to 56.06 (WP vs
BS: p = 0.254; BP vs BS: p = 7.49 x 10°).

In the maxilla of female mice, WT controls demonstrated a BV/TV of 62.17, while
SclAb-treated WT reached 65.49. In contrast, untreated Brtl/+ mice displayed
a significantly reduced BV/TV (49.08, p = 0.000 versus WT), but SclAb therapy in
Brtl/+ restored this value to 61.70, fully rescuing the deficit (p = 0.000 compared
to untreated Brtl/+). The female mandibular region followed a similar trend:
BV/TV decreased from 57.99 in WT to 51.77 in untreated Brtl/+ mice (p = 0.003)
but was significantly improved to 58.57 after SclAb treatment (p = 0.001 versus
untreated Brtl/+).
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Figure 1: Bone volume fraction (BV/TV) in the maxilla and mandible.The graph displays total BV/TV
values for maxillary and mandibular regions, comparing male and female groups across experimental
conditions (wild-type control, wild-type SclAb-treated, Brtl/+ untreated, and Brtl/+ SclAb-treated).
SclAb administration significantly improved BV/TV in Brtl/+ mice, restoring bone volume toward wild-
type levels in both sexes and bone types.

Male mice exhibited comparable effects. In the maxilla, BV/TV fell from 62.51 in WT to
46.84 in Brtl/+ mice (p = 0.0016), with SclAb therapy raising BV/TV to 59.54 (p = 0.0003
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versus untreated Brtl/+). Similarly, mandibular BV/TV dropped from 55.47 in WT to 44.41
in Brtl/+ (p = 0.0004) and rebounded to 53.32 after SclAb administration (p = 0.0001).

These findings collectively indicate that SclAb robustly improved BV/TV across both
sexes and jawbones in Brtl/+ mice, restoring bone volume to levels comparable to
WT controls (Figure 1).

Sclerostin Antibody Restores Trabecular Thickness in Maxilla and
Maintains Stability in Mandible

In the mandible, trabecular thickness (Th.Th) remained relatively stable across all
groups: WP 10.56 um, WS 10.43 um, BP 9.77 um, and BS 10.13 um, with no significant
differences overall. For females, WP was 10.93 um, WS 10.58 um, BP 10.21 pm, and
BS 10.34 um, and males had WP 9.88 um, WS 10.22 pm, BP 9.05 pm, and BS 9.90 um,
with only BP vs BS reaching marginal significance in males (p = 0.025).
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Figure 2. Trabecular thickness (Th.Th) in the mandible and maxilla. The graph illustrates mean
Th.Th values for each experimental group, shown separately for maxillary and mandibular regions and
for male and female mice. In the mandible, Tb.Th remained relatively stable across groups, with only
a marginal improvement observed in SclAb-treated Brtl/+ males. In contrast, significant reductions in
maxillary Tb.Th were seen in Brtl/+ mice compared to WT, which were restored to WT levels following
SclAb treatment in both sexes.
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In the maxilla, the genotype effect was more pronounced. WP mice had a mean
Th.Th of 9.32 um, whereas BP dramatically reduced to 7.14 um (WP vs BP: p = 0.004).
Sclerostin antibody restored thickness to 9.88 um in WS and 9.68 um in BS, with
BS significantly higher than BP (BP vs BS: p = 0.0001). In females, WP was 9.40 pum,
WS 9.85 um, BP 6.84 um, and BS 9.63 um (WP vs BP: p = 0.002; BP vs BS: p = 0.000),
while males had WP 9.18 pm, WS 9.94 um, BP 7.64 um, and BS 9.75 um (BP vs BS:
p = 0.050). Sclerostin antibody thus reversed maxillary thinning due to Brtl/+
mutation, with mandibular thickness less affected (Figure 2).

Sclerostin Antibody Normalizes Aberrant Trabecular Number in
Maxillary Brtl/+ Mice

In the mandible, the number of trabeculae (Th.N) was generally low and showed
minimal differences between wild-type and Brtl/+ genotypes. Both wild-type
phosphate-buffered (WP) and Brtl/+ phosphate-buffered (BP) mice averaged 0.05,
while wild-type SclAb-treated (WS) and Brtl/+ SclAb-treated (BS) groups had slightly
higher values of 0.06. The modest increase observed with SclAb in wild-type mice
was statistically significant (WP vs WS: p = 0.0004), but overall, differences between
genotypes and treatment in the mandible were limited. Similar trends were seen
in males and females, with minor variations and only slight, statistically significant
increases following SclAb in some cases.

In contrast, the maxilla showed pronounced genotype effects. Brtl/+ mice (BP)
exhibited a marked increase in Tb.N (0.08) compared to wild-type controls (0.06;
WP vs BP: p = 0.0004). SclAb treatment normalized this value, bringing Tb.N in
Brtl/+ SclAb-treated (BS) mice back down to 0.06 (BP vs BS: p < 0.0001), similar
to wild-type levels. This corrective effect was present in both sexes. For example,
Brtl/+ females showed increased Th.N (0.08 vs wild-type 0.06; p = 0.000), but SclAb
reduced it to 0.07 (BP vs BS: p = 0.002). In males, BP mice had 0.070, and BS dropped
to 0.060 (BP vs BS: p = 0.006).

Overall, SclAb treatment effectively corrected the increased number of trabeculae
in the maxilla caused by the Brtl/+ mutation, restoring normal bone architecture. In
the mandible, SclAb had only minor effects on trabecular number (Figure 3).
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Figure 3. Trabecular number (Tbh.N) in the maxilla and mandible. The graph illustrates the Tb.N
was markedly increased in the maxilla of Brtl/+ mice compared to WT, with SclAb therapy restoring
values toward normal levels in both sexes. In the mandible, Tb.N differences were minimal between
genotypes and treatment groups.

Sclerostin Antibody Elevates Bone Mineral Density (BMD)

In the maxilla, bone mineral density (BMD) was substantially reduced in Brtl/+ mice,
with an average of 0.85 g/cm® compared to 1.22 g/cm® in WT, a highly significant
difference. SclAb restored BMD in Brtl/+ mice to 1.21 g/cm?, nearly matching wild-
type levels, while WT mice receiving SclAb showed an increase to 1.34 g/cm® These
improvements were statistically significant, with SclAb treatment leading to a
complete rescue in the Brtl/+ group.

Analysis by sex showed a consistent pattern. Female WT mice exhibited a BMD
of 1.23 g/cm?, which increased to 1.32 g/cm?® following SclAb administration.
Brtl/+ females had a markedly lower BMD of 0.87 g/cm?, but SclAb treatment elevated
this to 1.24 g/cms, restoring bone density to near control values. In males, WT BMD
was 1.21 g/cm® and increased to 1.36 g/cm?® with SclAb. Untreated Brtl/+ males had a
BMD of 0.81 g/cm?®, whereas SclAb treatment improved this to 1.17 g/cm’.
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Overall, sclerostin antibody therapy produced clear and substantial improvements
in bone density within the maxilla, effectively normalizing BMD in Brtl/+ mice of
both sexes (Figure 4).
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Figure 4. Bone mineral density (BMD) in the maxilla and mandible. Sclerostin antibody treatment
significantly increased BMD in Brtl/+ mice and restored bone density to WT levels in both maxilla and
mandible, with similar improvements observed in both sexes.

Cortical Bone Structure is Recovered by Sclerostin Antibody Therapy
Cortical bone measurements were performed only in the mandible, as the maxilla
does not possess a defined cortical region suitable for consistent analysis due
to its thin and fenestrated anatomical structure. Cortical BV/TV in the mandible
was sharply reduced in Brtl/+ mice compared to wild-type controls, dropping
from 95.3% to 88.2%. This deficit was effectively reversed by sclerostin antibody
treatment, which restored BV/TV in Brtl/+ mice to 94.5%, nearly matching wild-type
levels. SclAb also boosted BV/TV in wild-type mice, reaching 96.5%. Results were
consistent in both female and male subgroups, with significant improvements after
treatment in Brtl/+ mice of both sexes.
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Other measures of cortical bone quality, including bone area (B.Ar) and bone
perimeter (B.Pm), showed similar patterns. Brtl/+ mice had reduced bone area
and perimeter compared to wild-type controls, but antibody treatment brought
both measures back to or near control values. For example, total bone area was
15,727 um? in wild-type, dropped to 13,867 um? in Brtl/+ mice, and rebounded to
15,789 um? following SclAb therapy. Bone perimeter in Brtl/+ mice was 1442 um,
significantly lower than the wild-type value of 1520 um, but SclAb restored it to
1513 um. These improvements were observed in both males and females, with
treatment consistently reversing the deficits caused by the Brtl/+ mutation.

Overall, sclerostin antibody treatment robustly restored mandibular cortical bone
volume, area, and perimeter in Brtl/+ mice to levels comparable to healthy controls,
with similar benefits seen in both sexes (Figure 5).
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Figure 5. Mandibular cortical bone parameters in Brtl/+ and wild-type mice. The graphs present
cortical bone volume fraction (BV/TV), bone area (B.Ar), and bone perimeter (B.Pm). Sclerostin
antibody treatment effectively restored cortical bone volume, area, and perimeter in Brtl/+ mice to
levels comparable to WT controls, with similar improvements observed in both male and female mice.

Sclerostin Antibody Enhances Condylar Thickness in Both Genotypes
The mandibular condyle, unlike the maxillary bone and the mandibular body
which develop via intramembranous ossification, forms through endochondral
ossification and represents a critical site for craniofacial growth and remodeling.

In the combined cohort, WT mice had a mean condylar thickness of 0.065 mm, while
Brtl/+ animals showed a significant reduction to 0.041 mm (WP vs BP: p = 0.0005).
SclAb treatment significantly increased condylar thickness in WT mice to 0.091 mm
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(WP vs WS: p = 0.017), and partially rescued condylar thickness in Brtl/+ mice
to 0.063 mm (BP vs BS: p = 0.0065). No significant difference remained between
WT controls and Brtl/+ mice after SclAb treatment (WP vs BS: p = 0.45).

Sex-specific analysis revealed the effect was most prominent in male mice. Females
displayed a smaller, statistically non-significant difference in condylar thickness
between WT and Brtl/+ groups (WP: 0.064 mm; BP: 0.046 mm; p = 0.12), with SclAb
having positive but nonsignificant effects. Males showed a significant reduction in
Brtl/+ mice (WP:0.066 mm; BP: 0.031 mm; p = 0.002), and SclAb treatment increased
thickness in both genotypes, with Brtl/+ treated males recovering to 0.062 mm
(BP vs BS: p = 0.057).

The Brtl/+ mutation significantly reduces mandibular condylar thickness—an

endochondral compartment effect—which is partially rescued by SclAb treatment.
The effect is statistically robust when sexes are combined and most evident in
males (figure 6).
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Figure 6. Analysis of Mandibular Condyle Thickness. A. displays the representative mean thickness
of the samples for each group. B. shows the overall comparison of condyle thickness across all samples,
highlighting the general distribution and mean values. C. illustrates the comparison of thickness in
male and female samples, respectively. All graphs include error bars representing standard deviation
and statistical significance p<0.05.
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Sclerostin Antibody Enhances Jaw thickness in Both Genotypes

Jaw thickness was assessed in the border of the jaw at the incisor level across all
experimental groups. WT mice exhibited an average jaw thickness of 0.258 mm,
while Brtl/+ mice demonstrated a significant reduction to 0.194 mm (WP vs
BP: p =6.5 x 107), indicating the deleterious effect of the mutation. SclAb treatment
substantially increased jaw thickness in both genotypes: SclAb-treated WT mice
reached 0.299 mm (WP vs WS: p = 0.0039), and Brtl/+ SclAb-treated mice improved
t0 0.225 mm (BP vs BS: p = 0.0026; WP vs BS: p = 0.0003). Nevertheless, jaw thickness
in treated Brtl/+ mice remained below the values observed in treated WT controls.
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Figure 7. Scl-Ab Partially Rescues Mandibular Border Thickness in Brtl/+ Mice with Sex.
A. Representative micro-CT images of the mandibular thickness (intramembranous origin). B. Brtl/+
jaw thickness is thinner than WT, and both are increased by SclAb, but Brtl/+ is not fully rescued to WT
levels. C. Males show stronger responses than females. * p<0.05.

Sex-stratified analysis revealed consistent findings. In females, WT jaw thickness
measured 0.263 mm, and Brtl/+ had 0.205 mm (WP vs BP: p = 0.0007). Treatment
with SclAb raised thickness in Brtl/+ females to 0.226 mm (BP vs BS: p = 0.032),
while treated WT females reached 0.281 mm. In males, jaw thickness in WT was
0.248 mm and fell to 0.176 mm in Brtl/+ mice (WP vs BP: p = 6.5 x 10®); SclAb
therapy increased jaw thickness to 0.217 mm in treated Brtl/+ males (BP vs BS:
p =0.015; WP vs BS: p =0.0013), and to 0.317 mm in treated wild-type males (WP vs
WS: p =0.0038).
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The Brtl/+ mutation significantly reduces jaw thickness, and SclAb therapy
provides a statistically robust partial rescue in both WT and Brtl/+ mice. Although
this treatment improves jaw dimensions in both sexes, it does not fully restore
jaw thickness in Brtl/+ animals to healthy WT levels. These results highlight the
beneficial effect of sclerostin inhibition on jaw morphology in Ol. (Figure 7).

Sclerostin Antibody Improves Cranial Base thickness in Both Genotypes

The cranial base is a key craniofacial structure formed by endochondral ossification,

similar to the mandibular condyle. WT mice displayed an average thickness of

0.492 mm, while Brtl/+ mice had a significantly thinner thickness at 0.358 mm

(WP vs BP: p = 0.0001), demonstrating the impact of the Ol mutation. SclAb

treatment increased thickness in both genotypes: WT SclAb-treated mice reached

0.517 mm (WP vs WS: p = 0.047), and treated Brtl/+ mice improved to 0.463 mm
(BP vs BS: p =0.0002). Although the treated Brtl/+ group approached the WT values,

the difference did not reach statistical significance (WP vs BS: p=0.111).
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Figure 8. SclAb Rescues Cranial Base Thickness in Brtl/+ Mice with Sex-Dependent Effects.
A) Representative micro-CT images of cranial base thickness in WT and Brtl/+ with and without SclAb
treatment. B) Brtl/+ exhibit significantly thinner cranial base bones compared to WT. SclAb restores
thickness to WT levels in Brtl/+ but also increases WT bone thickness. C) Sex-stratified analysis reveals
that females maintain SclAb-induced thickening in both WT and Brtl/+, while males show minimal
response in WT and incomplete rescue in Brtl/+. * p < 0.05.
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When stratified by sex, similar improvements were observed. In females, WT mice
had a scranial base thickness of 0.451 mm, while Brtl/+ mice were significantly
thinner at 0.349 mm (WP vs BP: p = 0.00062). SclAb treatment increased thickness
to 0.503 mm in treated WT and to 0.429 mm in treated Brtl/+ females, with a
significant improvement seen in the Brtl/+ group (BP vs BS: p = 0.001).

In males, WT thickness was 0.510 mm and Brtl/+ mice showed a reduction to 0.383
mm (WP vs BP: p = 0.003). Treated WT males reached 0.583 mm, and treated Brtl/+
males measured 0.467 mm, which was significantly higher than untreated Brtl/+
(BP vs BS: p = 0.002) and similar to WT controls (WP vs BS: p = 0.003).

Brtl/+ mice have a marked decrease in cranial base thickness, but SclAb treatment
significantly increases thickness in both WT and mutant animals. Although the
therapy brings treated Brtl/+ mice closer to WT values, full recovery is not always
achieved (Figure 8).

Sclerostin Antibody Increases Calvarial Bone Thickness in Both Wild-
Type and Brtl/+ Mice

Calvarial bone thickness was measured at the frontal, parietal, and occipital
bones along the sagittal midline. These regions comprise flat bones formed by
intramembranous ossification.

WT mice displayed an average calvarial thickness of 0.487 mm. Brtl/+ mice showed a
substantial reduction to 0.336 mm (WP vs BP: p = 9.6 x 10™), highlighting the impact
of the mutation. SclAb treatment increased thickness in WT animals to 0.514 mm
(WP vs WS: p = 0.059) and significantly improved thickness in treated Brtl/+ mice to
0.452 mm (BP vs BS: p = 4.8 x 10”%; WP vs BS: p = 0.017), approaching WT levels.

Sex-specific analysis showed the same trend. In females, WT thickness was 0.470 mm
and Brtl/+ thickness dropped to 0.345 mm (WP vs BP: p = 7.8 x 107). SclAb increased
thickness to 0.514 mm in treated WT (WP vs WS: p = 0.0085) and to 0.445 mm in
treated Brtl/+ females (BP vs BS: p = 1.8 x 10, WP vs BS: p = 0.054). In males, WT
controls measured 0.508 mm, Brtl/+ mice had 0.324 mm (WP vs BP: p = 2.1 x 107),
and SclAb raised thickness to 0.515 mm in treated WT and 0.459 mm in treated
Brtl/+ males (BP vs BS: p = 6.2 x 10, WP vs BS: p = 0.054).

Calvarial bone thickness is markedly reduced in Brtl/+ mice, reflecting the effects of Ol
on intramembranously ossified flat bones. SclAb therapy robustly increases thickness
in both WT and Brtl/+ mice, nearly restoring Brtl/+ values to those of WTs (Figure 9).
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Figure 9. SclAb Partially Restores Calvarial Bone Thickness in Brtl/+ Mice. Micro-CT analysis
of calvarial bone. A. Representative 3D reconstructions of the calvarial bones (frontal, parietal, and
occipital bones). B. Quantification of bone thickness across regions. Brtl/+ exhibit significantly thinner
calvarial bones compared to WT. SclAb increases thickness in Brtl/+. C. SclAb increased calvarial
thickness in Brtl/+ mice of both sexes, partially restoring values toward WT levels.

Sclerostin Antibody Selectively Modifies Craniofacial morphometric
measurements

Total skull length was significantly reduced in Brtl/+ non-treated mice (22.07 mm)
compared to WT controls (22.73 mm; WP vs BP: p = 0.015). Treatment with sclerostin
antibody showed a trend toward increased length in WT (WS: 23.01 mm; WP vs
WS: p = 0.31) and Brtl/+ (BS: 22.51T mm) mice, but these changes did not reach
statistical significance.

Cranial length was also significantly shorter in Brtl/+ non-treated mice (15.86 mm)
relative to WT controls (16.34 mm; WP vs BP: p = 0.019), with no significant differences
observed after antibody treatment.

Several additional landmarks demonstrated significant genotype effects. Frontal
crest height was elevated in Brtl/+ mice (4.16 mm) compared to WT (3.90 mm; WP vs
BP: p =0.041), and facial height was reduced in Brtl/+ non-treated mice (10.17 mm)
versus WT controls (10.58 mm; WP vs BP: p = 0.015).
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Mandibular inferior length was significantly shorter in Brtl/+ non-treated mice
(9.69 mm) compared to WT (10.15 mm; WP vs BP: p = 0.085), with SclAb treatment
in Brtl/+ animals resulting in a minor, yet statistically significant, increase
(BS: 10.21 mm; BP vs BS: p = 0.041).

No statistically significant differences were detected for nasal length, parietal,
interparietal, occipital, facial length, premaxilla, maxilla, palate, presphenoid,
basisphenoid, or basioccipital measures, nor in anterior, middle, or posterior cranial
vault dimensions and heights.

able 2. Morphometric measurements

Anatomical Measurements (mm) pvalues

sites WP BP ws BS WP/BP WPAWS WP/BS BP/BS
2273 2207 2301 22,51 0.01 0.31 0.41 013
1634 15.86 16.45 16.14 0.02 0.76 022 0.31
6.90 6.77 6.90 6.85 0.54 095 09z 0,68
7.26 6.97 724 7.04 0.13 0.83 0.34 076
405 419 4.08 4325 0.68 0.2 041 0.87
363 343 377 347 0.30 0.31 0.31 0.92
| occipitat [GGH 5.81 6.15 5.80 017 070 0.21 092
11.85 11.52 12.02 177 0.06 0.60 073 0.26
557 5.45 5.64 548 0.48 0.83 056 073
394 372 397 363 017 1.00 0.92 0.18
242 2.48 248 2.44 057 0.63 1.00 057
2.49 235 2.40 2.37 0.13 0.31 0.31 0.92
392 3.90 3.96 393 092 063 09z 0.83
3.60 3.48 3.69 3.54 0.26 0.34 0.67 0.65
247 a7 10.02 982 013 0.65 0.33 0,68

10.15 0.69 1029 10.21 0.09 0.68 0.85 0.04
11.30 10.83 11.35 11.35 0.08 0.50 0.90 0.06
1472 14.45 14.80 14.60 0.31 073 0.60 0.64
6.36 6.30 6.34 6.26 0.44 092 049 1.00
6.17 6.22 6.12 617 074 0.76 0.95 0.48
5.52 5.65 5.40 548 0.31 039 070 012
3.90 416 3.81 405 0.04 0.41 0.26 0.33
10.58 1017 10.56 10.39 0.01 1.00 022 022
3.16 3.11 3.03 3.09 057 0.06 031 0.92
1.80 171 178 1.70 0.13 0.68 0.06 0.2
1.50 1.33 1.50 1.43 0.02 0.87 0.30 0.31
3.38 3.38 3.35 3.39 0.85 063 04z 0.85
3.08 3.32 318 3.30 0.16 0.46 0.21 0.92
352 3.25 3.38 3.96 0.06 0.31 028 070

Mandibular posterior
height 279 278 2.82 2.94 0.90 0.87 021 0.14

magnum height 425 418 426 417 0.57 082 0.33 0.83

Craniofacial linear dimensions including total skull length, cranial length, frontal
crest height, facial height, and mandibular inferior length are significantly reduced
in Brtl/+ mice, confirming the impact of this mutation on craniofacial growth.
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SclAb treatment leads to partial correction in mandibular length but does not fully
normalize other cranial or facial metrics (Table 2).

Genotype Effect and Sclerostin Antibody Response in Maxilla

and Mandible

In the maxilla, WT controls exhibited a mean resorption value of 0.208, while Brtl/+
non-treated mice showed a significantly higher value of 0.265 (WP vs BP: p =4.00 X 1 07),
indicating greater bone loss in the mutant genotype. SclAb treatment led to
pronounced reductions in resorption: WT-treated mice showed a value of 0.192
(WP vs WS: p = 0.004), and Brtl/+ treated animals had 0.240 (WP vs BS: p = 0.004; BP vs
BS:p=0.017).

Sex-specific analysis confirmed these patterns. In females, WP, BP, WS, and BS values
were 0.217, 0.253, 0.192, and 0.241, respectively; significant differences were found
between WP and BP (p = 0.0012), WP and WS (p = 0.0011), and WP and BS (p = 0.03).
In males, WP, BP, WS, and BS were 0.193, 0.280, 0.192, and 0.237; treatment resulted in
significant reductions (WP vs BP: p = 0.00044; WP vs BS: p = 0.01; BP vs BS: p = 0.01).
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Figure 10. SclAb Partially Rescues Alveolar Bone Loss. A. Representative micro-CT images of
the maxillary/mandibular alveolar bone levels (intramembranous origin). B-C. Maxillary and E-F.
mandibular alveolar bone levels. Brtl/+ shows significant bone loss vs. WT. SclAb improves alveolar
bone in both genotypes, but Brtl/+ doesn't reach WT levels. Graph bone level is taking the WT level as
the reference (point 0) represented with a red dotted line. SclAb treatment reduced bone resorption
in both WT and Brtl/+ mice, restoring values toward wild-type levels, with effects most pronounced in
males for the maxilla and females for the mandible.
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In the mandible, WT displayed a mean resorption of 0.27, while Brtl/+ was markedly
increased to 0.42 (WP vs BP: p = 0.0001). SclAb reduced resorption to 0.25 in WS
(WP vs WS: p =0.037) and 0.40 in BS (WP vs BS: p = 0.0006; BP vs BS: p = 0.037). For
females, WP, BP, WS, and BS were 0.28, 0.42, 0.25, and 0.37, with all comparisons
showing statistical significance (WP vs BP: p = 0.0001; WP vs WS: p = 0.0078; WP vs
BS: p = 0.001; BP vs BS: p = 0.009). In males, WP, BP, WS, and BS resorption values
were 0.25, 0.45, 0.25, and 0.43; WP vs BP (p = 0.0001), WP vs BS (p = 0.0007), but the
difference between BP and BS (p = 0.52) did not reach statistical significance.

Brtl/+ was associated with significantly increased alveolar bone resorption in both
maxilla and mandible across sexes. SclAb treatment reduced bone resorption in
both WT and Brtl/+ mice, restoring values toward wild-type levels, with effects
most pronounced in males for the maxilla and females for the mandible. These
results emphasize the genotype-driven increase in alveolar bone loss and highlight
the therapeutic benefit of sclerostin inhibition in both craniofacial sites (Figure 10).

SclAb decreased inflammatory reaction in Brtl/+ mice

After observing a decrease in alveolar bone resorption following SclAb treatment
in both sexes, we performed quantitative PCR and TRAP staining to evaluate local
inflammatory activity and osteoclastogenesis in the alveolar bone.

Quantitative PCR analysis was performed to assess the expression of inflammatory
cytokines 111, 116, and TNF in the alveolar bone.

For all three cytokines, Brtl/+ untreated mice displayed significantly elevated
expression compared to WTs. Specifically, 111 expression increased from 0.0006 in
WP to 0.0033 in BP (WP vs BP: p = 0.0007), 116 rose from 0.0002 to 0.0009 (WP vs BP:
p = 0.0025), and TNF was upregulated from 0.0004 to 0.0018 (WP vs BP: p = 0.0328),
indicating a heightened pro-inflammatory state in the Brtl/+ genotype.

SclAb treatment effectively reduced cytokine expression in Brtl/+ mice. For II1,
levels fell from 0.0033 (BP) to 0.0005 (BS; BP vs BS: p = 0.0006). lI6 expression
decreased from 0.0009 (BP) to 0.0002 (BS; BP vs BS: p = 0.0019), and TNF values
dropped from 0.0018 (BP) to 0.0006 (BS; BP vs BS: p = 0.0466). Expression levels in
SclAb-treated Brtl/+ mice were not significantly different from WT controls.

No statistically significant differences were found between WT controls and SclAb-
treated wild-types for any cytokine (WP vs WS: all p > 0.05), suggesting that SclAb
does not alter baseline cytokine expression in healthy animals.
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Brtl/+ mice exhibit elevated inflammatory cytokine expression, which is normalized
by SclAb treatment. These results suggest that SclAb effectively reduces the pro-
inflammatory gene expression signature associated with OI (Figure 11).
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Figure 11. Inflammatory expression in Brtl/+ alveolar bone. A. Representative TRAP staining
images demonstrating increased osteoclastic activity in Brtl/+ untreated mice compared to WT and
SclAb-treated groups. B. Relative mRNA expression levels of 11, 116, and TNF determined by qPCR.
Brtl/+ untreated mice show significantly elevated cytokine expression, which is reduced to near WT
levels following SclAb treatment.

Discussion

Osteogenesis imperfecta (Ol) is a heritable connective tissue disorder characterized
predominantly by abnormal collagen synthesis, leading to bone fragility, dental
abnormalities, and craniofacial deformity throughout the lifespan® *. Although
much of the existing literature has focused on the appendicular skeleton and axial
bones, our study broadens the scope by demonstrating that both intramembranous
and endochondral bones of the craniofacial complex are substantially compromised
in Ol. Through analysis of the Brtl/+ mouse model representing moderate-severe
Ol, we uncovered pronounced baseline deficits in bone volume, mineral density,
and architectural parameters across the maxilla, mandible, calvaria, cranial base,
jaw, and condyle. These findings mirror the clinical phenotype of poor oral health,
alveolar bone loss, and craniofacial dysmorphology observed in individuals living
with Ol% 2627,

Detailed analysis of genotype effects showed that intramembranous bones (maxilla,
mandible, calvaria, jaw border) and endochondral structures (mandibular condyle,
cranial base) are both impacted, but endochondral sites exhibited especially
marked thinning and reduced bone quality in Brtl/+ mice, a pattern analogous to
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the vulnerability seen in long bones?* 2% 2 Importantly, SclAb therapy produced
robust improvements in both bone compartments. In intramembranous bones,
SclAb almost fully restored bone volume fraction, mineral density, and thickness—
consistent with previous calvarial bone study'’®. Males, in contrast, responded more
strongly in condylar and cranial base thickness, pointing to possible influences of
sex hormones or developmental timing on endochondral bone repair® 2 2°, These
findings reinforce the importance of considering “sex as a biological variable” in
skeletal disease management, and highlight a need for further research into the
hormonal and molecular mechanisms driving these differences in order to optimize
care for all patients.

Consistent with previous reports’8, our findings revealed sex-dependent variations
in both Ol bone pathology and response to SclAb therapy. Compared to males,
females showed greater benefit from SclAb in measures of mandibular bone
resorption and density, likely reflecting inherent differences in estrogen-mediated
bone turnover and osteoclast activity*>. Conversely, males exhibited a more
pronounced response in condylar and cranial base thickness after SclAb, suggesting
sex hormones or developmental timing modulate the reparative capacity of
endochondral bone?'. These observations reinforce the growing appreciation of
“sex as a biological variable” in skeletal disease management and should guide
clinicians toward individualized dosing and therapy selection according to patient
sex and developmental stage.

The mechanism underpinning the efficacy of SclAb relates to its antagonism of
sclerostin, a Wnt pathway inhibitor expressed by osteocytes that restrain bone
formation32. By blocking sclerostin, SclAb unleashes Wnt signaling, thereby
stimulating osteoblast differentiation, activity, and matrix production®* 34,
Notably, benefits were seen in both Brtl/+ mutants and wild-type controls, with
no evidence of the pathological hyperostosis seen in sclerosteosis or Van Buchem
disease’™ ", suggesting a favorable safety profile for craniofacial applications with
appropriate dosing.

Recent studies indicate that Ol is accompanied by chronic inflammation, evidenced
by elevated cytokines such as IFN and TNFa in patients and mouse models*>. Such
a pro-inflammatory state exacerbates bone loss and metabolism dysfunction, as
observed in rheumatoid arthritis and osteoporosis®**’, and may further contribute
to Ol pathology through changes in the bone marrow niche®. Building on this,
our results show that SclAb therapy not only improves craniofacial bone mass
but also reduces alveolar bone resorption and normalizes inflammatory cytokines
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(117, 116, TNF) in Brtl/+ mice. This dual anabolic and anti-inflammatory activity
may synergistically enhance bone healing, osseointegration, and orthodontic
success. Translationally, this suggests improved dental implant stability, informed
craniofacial surgical planning, and better rehabilitation strategies for Ol and allied
skeletal fragility disorders.

Despite notable increases in bone mass and reduced resorption with SclAb, certain
morphometric features—such as skull length, cranial height, and overall facial
dimensions—were only partially restored. This likely reflects the limited plasticity
of craniofacial shape and size after skeletal maturity. Our findings imply that
interventions targeting craniofacial morphometry may need to be applied during
critical periods of growth, while anabolic agents like SclAb are highly effective
for improving bone quality and volume in post-developmental patients, with
particular value for surgical and dental applications. Integrating pharmacologic
therapy with early orthodontic or surgical approaches may yield optimal outcomes
for individuals with Ol.

While mouse models replicate many aspects of human Ol and craniofacial biology,
not all findings will directly translate; thus, validation in patient cohorts, clinical
trials, and advanced human tissue models is essential. Additionally, although
no adverse hyperostosis was observed, future research should include dose-
escalation studies and long-term monitoring to ensure a safe therapeutic window
in craniofacial bone growth contexts.

In summary, our study provides strong evidence for the use of SclAb as both a
disease-modifying and adjunctive therapy for craniofacial bone augmentation. The
sex-, compartment-, and genotype-specific responses observed here should inform
future clinical trial designs and guide the development of personalized, evidence-
based management algorithms for Ol and craniofacial rehabilitation.

Conclusion

This study demonstrates that sclerostin antibody therapy is an effective intervention
for craniofacial bone deficits in moderate-to-severe Ol, as modeled by the Brtl/+
mouse. Scl-Ab substantially improves bone volume, thickness, mineralization, and
reduces bone resorption in both endochondral and intramembranous bones. These
restorative effects are consistent across sexes, with nuanced differences in response
between male and female mice. Despite these improvements, some morphometric
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deficits related to craniofacial size remain incompletely corrected, suggesting
the potential necessity for earlier intervention or combination therapies. Overall,
the data support SclAb as a promising approach for enhancing craniofacial bone
health and implant success in Ol, emphasizing the need for sex-aware personalized
treatment strategies in translational and clinical practice
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Abstract

We evaluated the potential of sclerostin antibody (SclAb) therapy to enhance
osseointegration of dental and orthopaedic implants in a mouse model (Brtl/+)
mimicking moderate to severe Osteogenesis Imperfecta (Ol). To address the
challenges in achieving stable implant integration in compromised bone
conditions, our aim was to determine the effectiveness of sclerostin antibody
(SclAb) at improving bone-to-implant contact and implant fixation strength.
Utilizing a combination of micro-computed tomography, mechanical push-in
testing, immunohistochemistry, and Western blot analysis, we observed that SclAb
treatment significantly enhances bone volume fraction (BV/TV) and bone-implant
contact (BIC) in Brtl/+ mice, suggesting a normalization of bone structure toward
WT levels. Despite variations in implant survival rates between the maxilla and
tibia, SclAb treatment consistently improved implant stability and resistance to
mechanical forces, highlighting its potential to overcome the inherent challenges
of Ol in dental and orthopaedic implant integration. These results suggest that
SclAb could be a valuable therapeutic approach for enhancing implant success in
compromised bone conditions.

Keywords: Alveolar bone; Maxilla; Osteogenesis imperfecta; Sclerostin; Tibia.
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Introduction

In contemporary healthcare, dental implants play a crucial role in restoring oral
function and aesthetics for individuals suffering from tooth loss'. These implants are
typically made from biocompatible materials such as titanium and require surgical
placement into the bone. A key factor in their success is osseointegration, the
process through which the implant integrates with the surrounding bone tissue?.
Osseointegration is facilitated by the implant’s stability and involves two stages:
primary stability, which is mechanical and occurs immediately after placement, and
secondary stability, a longer-term biological integration that ensures the implant's
lasting stability®*.

Excessively brittle and soft bone can compromise the primary and secondary
stability of dental implants. Specifically, implants in the maxilla that lack primary
stability often exhibit persistent fibrous encapsulation and mobility upon
histological examination> 6. Osteogenesis imperfecta (OI) results in impaired

collagen synthesis due to mutations in collagen (COL1A1 and COL1A2) or collagen-
associated genes, leading to reduced bone quality and quantity” 2 Successfully
achieving osseointegration in patients with Ol is particularly challenging due to
the complex nature of their bone condition. Although, some studies suggest a high
success rate for dental implants in patients with Ol, implying that implants could
be a viable treatment *'°. However, these findings are primarily based on a limited
number of cases, predominantly involving mild forms of OI* . The actual failure
rates are not well documented, representing a significant gap in current research.
These observations highlight the critical importance of achieving initial implant
stability in Ol to prevent long-term complications'" 2.

Recent studies have highlighted the potential of Sclerostin antibody (SclAb)
therapy in enhancing bone mineral density and improving the structural integrity
of Ol bones™". Sclerostin, a protein expressed by osteocytes that regulates bone
metabolism, acts by inhibiting Wnt signaling, thus reducing bone formation ™ .
The inhibition of sclerostin by SclAb has been shown to improve bone quality and
promote bone regeneration and osseointegration in preclinical studies involving
both maxilla and long bones?®%*. However, the efficacy of such treatments in Ol
models, which exhibit unique pathophysiological features affecting bone quality
and biomechanics, remains unknown. Gaining insights from these preclinical
studies could lead to a better understanding of this treatment and its potential
applicability for Ol patients.
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Many SclAb-fixation studies in rat models are conducted in long bones and show
increased osseointegration induced by SclAb?* 22627 However, these findings are
not directly extrapolatable to the clinical conditions of dental implant placement
in humans, which typically occur in the jawbones (maxilla and mandible). The
jawbones differ significantly in characteristics from long bones; for example, the
maxilla presents a moist, microbially rich environment and is more challenging
to access compared to the tibia. In contrast, the tibia, being easily accessible
and shielded by muscle and skin, is a convenient model for studying implant
osseointegration, yet it may not capture the full complexity of osseointegration in
the jawbones® %29,

Our study aims to analyze the effects of SclAb treatment on osseointegration around
maxillary implants, using the Brtl/+ mouse model that closely resembles moderate
to severe Ol in humans3®. We used the tibia as a reference to explore SclAb effects
on osseointegration in long bones, commonly analyzed in fixation osseointegration
studies. We propose that the structural and environmental uniqueness of the
maxilla may respond differently to SclAb compared to tibia, potentially causing
variations in implant osseointegration in an Ol mouse model. This study allows us to
examine the effects of SclAb on osseointegration in these bones, with the ultimate
goal of improving oral rehabilitation for individuals affected by this condition.

Material and Methods

Animals

All protocols and procedures involving animals were approved by the University
of Michigan’s Committee on Use and Care of Animals (UM-IACUC PRO00011108,
approved on 11/29/22). Wildtype (WT) and Brtl/+ mice with a mixed background
of SV129/CD-1/C57BL/6S were derived from heterozygous Brtl/+ and WT parental
strains. The Brtl/+ mouse is a heterozygous knock-in model for Ol, featuring a
Gly349Cys substitution in a COL1AT1 allele, which has also been found in subjects
affected by a moderately severe form of Ol (type IV)*". A total of 48 female mice
(3-month-old) underwent bilateral maxillary and tibial implant placement under
inhaled isoflurane anesthesia. Buprenorphine was administered pre-operatively
and again 12 hours later. Carprofen was administered immediately post-operatively
and again 24 hours later, covering 48 hours post-surgery pain management.
All surgical animals were housed in specific pathogen-free cages with standard
12-hour light/dark cycles and had access to a soft diet following surgery for up
to 72 hours. Mice (n=48) were randomly assigned to SclAb (25mg/kg SclAb VI,
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Amgen, Thousand Oaks, CA) or vehicle injection (PBS) subcutaneously starting on
the day of the implant placement, two times per week for 5 weeks following our
previously described protocol '>. No antibiotics were administered to the animals
after implantation surgery. These mice were euthanized at 5 weeks (35 days) post-
implant placement by CO2 inhalation (Figure 1).

3 month-old

Implant n

placement

Implant placement
D1

Figure 1. Experimental design. A. 3-month-old WT and Brtl/+ mice underwent bilateral maxillary and
tibial implant with concomitant SclAb/PBS injections. B. 400um diameter titanium implants. C and
D. Maxillary implant placement and localization. E and F. Tibial implant placement and localization.
G. Dissected specimens with the implants

Maxilla implant bed: Implants were placed transmucosally without incision or flap.
An implant bed (0.4mm width x Tmm depth) was drilled with a bur at 650 rpm in
the alveolar ridge between the upper central incisor and the first molar (Figure 1).
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Tibia implant bed: 5 mm skin incisions were performed in the anteromedial of the

proximal tibia without reflecting the periosteum. The implant bed (0.4mm width x
Tmm depth) was drilled with a bur at 650 rpm in the union of the proximal
metaphysis with the diaphysis. Incisions were re-approximated with a 6-0 nylon
suture (Ethilon Monofilament 6-0, BV100-3, 5 in., Johnson & Johnson Medical, USA).

Implant selection: To simulate the clinical implant placement, we used 'Retopins’

made with a titanium-6 aluminum-4 vanadium alloy (NTI Kahla GmbH, Thiringen,
Germany). These screws, with a diameter of 0.4 mm are the smallest commercially
available that fit the mouse maxilla, as demonstrated in previous studies using CD1
and C57BI/6 mice®32.

Implant placements: Each titanium implant, T mm in length, was screwed into the
implant bed finger-tight using the integrated handle of the Retopins, which was
then manually cut with a cutter after placement. Each mouse received bilateral
maxillary and tibial implants (Figure 1).

The implant survival rate is determined by the number of implants that are
successfully placed in the implant bed and remain stable for 35 days. Any implant
that is lost during this period is classified as a failure.

Micro Computed Tomography (uCT)

Prior to scanning, maxilla (n=24) and tibia (n=24) samples (Table S1) were embedded
in polymethyl methacrylate (PMMA). Samples were scanned at room temperature
using an Xradia MicroXCT 520 (Zeiss, Jena, Germany) outfitted with a 0.4x objective
lens. The X-ray source was configured to a voltage of 70 kV and a power of 10 W,
with no X-ray prefilter utilized. Calibration phantoms were employed, and reference
points for each sample were established using both air and implant standards. We
developed a segmentation model using the deep learning tool in the Dragonfly
2022 software suite (Object Research Systems, Inc.; QC, Canada). This model was
programmed to automatically segment bone, tooth, implant, and air within the
sample. Subsequently, the model was employed to automate the segmentation
process, enabling quantitative analysis of bone-implant contact and peri-implant
bone volume fraction.

To confirm the systemic effect of SclAb treatment observed in our previous
studies "%, we assessed the femoral trabecular and cortical phenotypes (without
implants) of our samples. This evaluation served as an internal control to ascertain
that the systemic action of SclAb is consistent with earlier findings, independent
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of implant-related effects. We used high-resolution pCT (Bruker, Skyscan 1176,
Kontich, Belgium), following methodologies previously described *° to ensure that
any changes observed in the surgical site could be attributed to the SclAb effect
rather than being merely implant-induced secondary effects.

Push-in testing

For the mechanical testing of the implants, we used the push-in test because it is
reported to be more sensitive than the pull-out test to changes in the mechanical
properties at the bone-implant interfaces® 3. We utilized an MTS 858 Mini-
Bionix servo-hydraulic testing system (MTS Systems Corp., Eden Prairie, MN, USA)
to administer a push-in force on the implants. We designed and fabricated a
customized probe slightly smaller than the implant to facilitate proper testing of
the osseointegration strength at the implant-bone interface. Prior to mechanical
testing, each fresh specimen (n=24) (Table S1) was held and stabilized, but
not infiltrated, in light-cured dental acrylic and maintained in a hydrated state
using Phosphate-buffered Saline (PBS). Implants were subjected to a uniaxial n
compressive load until failure at a consistent displacement rate of 0.1 mm/s. During
these tests, a 10-Ib load cell (Sensotec, Columbus, OH, USA) continuously recorded
the applied force, while an external linear variable differential transducer (LVDT;
Lucas Schavitts, Hampton, VA, USA) monitored vertical displacements. Push-in load,
defined as the force required to dislodge an implant from the murine maxillary or
tibial bone, was precisely measured during these mechanical tests. We employed a
customized LABVIEW program (NI, v21.0, Austin, Tx, USA) to perform comprehensive
calculations of the mechanical properties under examination.

Immunohistochemistry (IHC) and Western blot.

Maxillae were harvested and fixed in 10% neutral buffered formalin. Samples
(n=8) (Table S1) were decalcified in 20% EDTA for eight weeks and after complete
demineralization, the implants were gently removed from the samples. Specimens
were dehydrated through an ascending ethanol series prior to paraffin embedding.
5um thick sagittal maxillary sections were cut and collected on Super Frost-plus
slides for histology staining including Masson’s trichrome. Sample slides were
processed for immunohistochemistry (IHC). Before staining, slides were baked
at 60 °C for at least one hour, then deparaffinized with xylene and rehydrated
through graded ethanol baths and MilliQ water. Antigen retrieval was performed
in water bath at 65 °C for 15 minutes using R-Universal epitope recovery buffer
(EMS 62700-20, PA, USA). Sections were stained using mouse and rabbit specific
HRP/DAB (ABC) detection IHC kit (ab64264, Abcam, Cambridge, UK) and processed
according to the manufacturer’s instructions. Slides were incubated with primary
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antibody against Sost (ab63097, Abcam, Cambridge, UK) overnight at 4 °C and used
secondary anti-rabbit (HAF008, R&D systems, Minneapolis, MN, USA) for 1 hour at
room temperature.

Harvested maxillae (n=24) (Table S1)were processed for western blot as previously
described?®®. We used the same primary and secondary antibody for Sost as those
used in the IHC) and the housekeeping was Gapdh (CS51724, Cell signaling
technology, Boston, MA, USA).

Statistical analyses

Statistical comparisons among the genotype, control, and treated groups
performed using ANOVA, with p<0.05 considered significant. We checked the
normality assumption using the Shapiro-Wilk test and tested the homoscedasticity
assumption using Levene’s Test for Homogeneity of Variance. Post hoc analysis
was conducted with Welch's two-sample t-test to ensure robustness. Pairwise
p-values were adjusted using the Benjamini-Hochberg (BH) procedure to avoid
false positives. We performed linear regression to determine the effect of BIC and
BV/TV on push-out force. Additionally, we used Fisher’s exact test to assess the
relationship between genotype and implant failure. Further analysis also included
a comparison of Brtl/+ SclAb to the WT vehicle group, evaluating SclAb's ability to
provide restorative anabolic gains as previously described* .

Results

The bilateral implant model shows good postoperative recovery

To assess the healing and response of maxillary and tibial bone in the context of
injury, we placed 400um diameter implants in the maxilla and tibia of Brtl/+ and WT
mice (Figure 1). Given the limited height of the maxillary alveolar ridge (400um), all
maxillary implants penetrated into the maxillary sinus, yet without any infections
or need for antibiotics.

Implant survival rates are different in the maxilla compared

with tibia

We assessed how these distinct anatomical locations, each with its unique
characteristics, influence implant survival. The tibia, shielded by muscle,
subcutaneous tissue, and skin, and in direct contact with bone marrow, contrasts
with the maxillary environment, which is continuously exposed to moisture and the
oral cavity's microbial load. Our findings reveal a significant disparity in immediate
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post-op implant survival rates, with the tibia demonstrating a superior rate of 97%
compared to 86% in the maxilla. Notably, in maxilla, failures were predominantly
observed in Brtl/+ mice. The estimated odds ratio between genotype and maxilla
implants is 0.13 (95%Cl: 0.014, 0.68), indicating that there is significant association
between the genotype and failed implants (p=0.006). In tibia, Brtl/+ presented
higher failure, but there is no significant evidence to show that the genotype and
tibial implants have strong association (p=0.35). The estimated odds ratio is 0.296
(95%Cl:0.005,3.843). Table 1.

Table 1. Numbers of implants placed by genotypes.

Location Genotype Total implants Failed Implants  Survived Implants
By genotype Number (%)

by genotype by bone location

Number (%) Number (%) Number (%)
Maxilla WT 50 (100%) 2 (4%) 48 (96%) 83 (86%)
Brtl/+ 46 (100%) 11 (24%)** 35 (76%)
Tibia WT 50 (100%) 1(2%) 49 (98%) 92 (97%) n
Brtl/+ 46 (100%) 3 (7%) 43 (93%)
**p value <0.05

SclAb increases peri-implant bone volume fraction (BV/TV) across
bone types

To assess the peri-implant BV/TV, we delineated a ROl extending 250 micrometers
(um) radially around the implant surface. Our analysis highlighted notable differences
in BV/TV between bone sites (maxilla vs tibia) and genotypes (WT vs Brtl/+). In Brtl/+
mice treated with Phosphate Buffered Saline (PBS-Brtl/+), the BV/TV was significantly
lower in the maxilla (22.4% + 10.6) compared to the tibia (41.8% + 11.0). Similar
patterns were observed in PBS-treated WT mice (PBS-WT), which exhibited higher
BV/TV in the tibia (60.7% + 6.5) compared to the maxilla (46.9% + 8.4). When
comparing PBS-Brtl/+ with PBS-WT, the BV/TV was significantly higher in PBS-WT for
both the maxilla (p<0.05) and tibia (p<0.05). SclAb treatment markedly improved
BV/TV in Brtl/+ mice, increasing to 38.3% * 5.4 in the maxilla (a 71.3% increase) and
55.1% % 6.4 in the tibia (a 31.9% increase), suggesting that SclAb treatment effectively
mitigates the BV/TV insufficiency in Brtl/+ mice. In WT mice, SclAb administration
increased BV/TV to 55.9% =+ 3.3 in the maxilla, which is 19% higher than PBS-WT mice,
but not statistically significant. In the tibia of SclAb-WT, BV/TV increased to 68.5%
+ 7.8, representing a 12.9% increase compared to the PBS-WT though this increase
was not statistically significant. Notably, the maxilla and tibia BV/TV in the SclAb-
Brtl/+ mice were comparable to that of PBS-WT mice, highlighting the potential of
SclAb treatment to normalize bone structure in Brtl/+ mice. (Figure 2).
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Figure 2. Bone volume fraction (BV/TV) of the peri-implant bone (within 250um of the implant).
A. Figure shows the peri-implant bone in the PBS and SclAb treated groups in the maxilla and tibia of
both genotypes. Red represents the region of interest (ROI). B. Graph represents the BV/TV of the red
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To confirm the effectiveness of SclAb in systemic gains, we analyzed the trabecular
and cortical response in femur of our samples without implant placement. SclAb
treatment significantly increased distal femoral trabecular BV/TV and mid-diaphyseal
cortical thickness (Ct. Th.) in Brtl/+ mice (8.6% + 2.8 and 0.21Tmm % 0.01, respectively)
compared to the PBS-Brtl/+ mice (5.1% + 2.0 and 0.19mm =+ 0.008, respectively). In
wild-type mice, SclAb treatment also significantly improved trabecular BV/TV and
Ct.Th (14.0% = 3.7 and 0.23mm = 0.01, respectively), demonstrating SclAb's positive

PBS

Tibia Implant BV/TV
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impact systemically on bone structure and density (figure 3).
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Figure 3. Micro computed tomography of the distal femur metaphysis. A. The cortical ROI defined as
15% of the total femur length situated equidistantly between the distal femur and the third trochanter,
the trabecular ROl was defined as 10% of the total femur, located immediately proximal to the distal
femoral end. Representative median BV/TV images reveal reduction in Brtl/+ bone mass and the

anabolic effect of SclAb therapy. B. Graphs showing the increase in BV/TV and cortical thickness (ct.th)
induced by SclAb for trabecular bone.

SclAb increases bone-implant contact (BIC) in WT and Brtl/+ mice

To assess osseointegration, we evaluated the bone-implant contact (BIC) in both
the maxilla and tibia. In the maxilla, BIC for PBS-Brtl/+ mice were significantly lower
at 3.4% =+ 2.0 compared to PBS-WT mice, which had a BIC of 18.5% * 1.3 (p<0.05),
indicating that BIC in WT mice was 444% higher than in Brtl/+ mice. Following SclAb
treatment, BIC in Brtl/+ mice increased to 15.9% =+ 3.0, a significant enhancement
of 373% (p<0.05), compared to PBS-Brtl/+. SclAb-WT mice exhibited a BIC of 25.3%
+ 6.8, slightly, but not significantly, surpassing PBS-WT mice.

In the tibia, PBS-Brtl/+ mice demonstrated a BIC of 58.9% + 2.9, substantially lower
than PBS-WT mice, which had a BIC of 81.8% £ 5.1 (p<0.05). Similar to the maxillary
findings, SclAb treatment in Brtl/+ mice improved tibial BIC to 77.1% + 8.1 (p<0.05),
corresponding to a 30.9% increase. The highest tibial BIC was observed in SclAb-WT

mice, reaching 84.6% + 5.3, marking a slight but non-significant improvement from
PBS-WT mice (81.8% + 5.1).
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The BIC for both maxillary and tibial bone in SclAb-Brtl/+ mice reached the same
levels as those observed in PBS-WT mice (Figure 4).
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Figure 4. Bone-implant contact (BIC). A. Representative illustration of the BIC in the maxilla and tibia.
B. Graph showing the percentage of bone -implant contact in the maxilla and tibia for both PBS and
SclAb treated WT and Brtl/+ groups. Asterisk represents P<0.05.

SclAb increases the implant resistance to push-in forces in Brtl/+.
In our comparative study of mechanical resistance to push-in forces in implants,
we noted distinct responses among our experimental groups. SclAb-Brtl/+ mice
demonstrated a push-in force in the tibia that was nearly 150% higher (17.5N+7.5)
compared to the PBS-Brtl/+ (7.1N+4.4, p<0.05). In the maxilla as well, these mice showed
a 160% increased resistance (13.4N+3.2) versus the PBS-Brtl/+ (5.1N+3.4, p<0.05).

Both PBS-WT and SclAb-WT mice demonstrated high push-in resistance, with PBS-
WT mice showing values of 14.7N+2.9 in the maxilla and 26.2N+6.1 in the tibia,
and SclAb-WT mice showing a slight but non-significant increase in the resistance
(17.1N£5.1 and 31.7N+3.4, respectively). The increase in push-in resistance induced
by SclAb in WT mice did not reach statistical significance when compared with the
PBS-WT, exhibiting only marginal improvements.
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Further assessment revealed that the implant push-in resistance of the maxilla and
tibia in SclAb-Brtl/+ mice was comparable to the PBS-WT, implying a restoration of
mechanical properties toward normal WT levels. (Figure 5).
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Figure 5. Push-in mechanical testing. A. Customized fixture aligned with the maxillary and tibial
implants with the samples stabilized in light-cured acrylic to allow implant positioning directly beneath
the probe. B. Graph showing maximum load measured in maxilla and tibia. Asterisk represents P<0.05.

BIC contributes significantly to the fixation push-in resistance.

We performed a regression analysis to determine if BIC or BV/TV influences the
osseointegration resistance to push-in testing. For the maxilla, the BIC contributes
more to the push-in resistance compared to BV/TV. The estimated BIC coefficient
is 0.492 (95% Cl: 0.214, 0.770, p<0.002), while the estimated BV/TV coefficient is
0.015 (95% CI: -0.156, 0.186, p<0.864). Also for the tibia, the BIC contributes more
to the push-in resistance compared to BV/TV. The estimated BIC coefficient is

0.510 (95% Cl: 0.115, 0.905, p<0.02), while the estimated BV/TV coefficient is 0.182
(95% Cl:-0.181, 0.545, p<0.33).

SclAb induces compensatory production of sclerostin.

In a previous study examining the effects of SclAb treatment on alveolar bone
regeneration in rats, an increase in sclerostin levels within the alveolar bone was
observed [35]. Motivated by these findings, we aimed to determine if a similar
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response occurred in our implant samples. Enhanced sclerostin immunostaining
was observed in the osteocyte-containing lacunae and throughout the network of
connecting canaliculi in the alveolar bone (Figure S1).

Quantification by Western blot, normalized against a housekeeping protein (GapdH),
revealed that SclAb treatment significantly increased sclerostin levels in both Brtl/+
and WT samples compared to their respective controls. Specifically, the SclAb-WT
group showed a relative sclerostin level increase to 1.72 times that of the control level
(p<0.05), while the SclAb-Brtl/+ exhibited a relative increase to 1.82 times the control
level (p<0.05).

Discussion

Successful osseointegration is critical to long-term health of patients receiving
implants in compromised bone conditions, particularly in osteogenesis imperfecta,
where impaired bone quality necessitates additional strategies for peri-implant
osseointegration. Achieving optimal bone quantity and quality at the implant site is
a crucial clinical goal before implant placement. However, understanding the effect
of the sclerostin antibody during osseointegration is equally important. Our study
investigated whether the sclerostin antibody can rescue osseointegration and
implant stability to wild-type (WT) levels in osteogenesis imperfecta (Ol) maxilla
with poor bone quantity and quality. We found that systemic treatment with SclAb
significantly improved implant fixation strength in Brtl/+ mice, as demonstrated by
enhanced push-in test results and increased BIC after five weeks therapy. Notably,
these improvements were significant in both the maxilla and tibia, indicating
SclAb's effectiveness in enhancing osseointegration across different bone sites. In
WT mice, however, the increase in BIC from SclAb treatment was modest, suggesting
a potential saturation effect in unaffected bone. The increase in SclAb-induced
osseointegration observed in this study not only aligns with previous research on
osteoporotic rat models 2" 3¢ but also highlights SclAb's potential to improve both
the quantity and quality of osseointegration in collagen-compromised bone. Thus,
SclAb could enhance the stability and longevity of dental implants, particularly for
Ol clinical applications.

SclAb therapy effectively mitigated BV/TV deficits in the maxilla and tibia of Brtl/+
mice, demonstrating its efficacy in addressing bone structural alterations associated
with Ol. The increases in maxillary and tibial peri-implant BV/TV in Brtl/+ mice align
with findings from studies on ovariectomized rats 2> %, showcasing SclAb's broad
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utility in enhancing bone quantity, even in the presence of genetically altered
collagen and under injury stimuli like implant placement. Moreover, the SclAb-
induced increase in BV/TV elevated the phenotypic characteristics of Brtl/+ mice to
levels comparable to those in PBS-WT mice across bone types, underscoring SclAb’s
clinical relevance in restoring bone quantity under pathological conditions.

In WT mice, there is a response to SclAb in the tibia and maxilla, yet the effects
are milder compared to the femoral BV/TV. This non-significant enhancement in
peri-implant BV/TV for SclAb-WT mice is likely due to the restricted ROI analyzed
(250 pm) and the nature of new bone, in comparison to the femoral BV/TV, which ROI
represents 10% of the total femur. The enhancements in BV/TV observed in SclAb-
Brtl/+ mice in both the maxilla and tibia are consistent with systemic gains in the
femur (without implant placement). This supports the findings from our previous
research on the SclAb-induced systemic bone gain *'*. Enhancements were noted

across all examined bone sites, indicating SclAb’s widespread efficacy. However,
anatomical and structural differences likely affect the magnitude of SclAb’s response, n

a factor that is also relevant to new bone formation induced by implants.

Our study highlighted the distinct processes of peri-implant osseointegration
in the maxilla and tibia, corroborating previous research that demonstrated
higher osseointegration in the tibia of healthy mouse models & %. Despite the
collagen mutation in our Brtl/+ mice, we observed a pattern of osseointegration
akin to that in healthy bone. The differences we observed can be attributed
to the unique compositions and remodeling mechanisms of these bones. The
maxilla, predominantly composed of trabecular bone, remodels through the
periosteum, leading to less dense bone formation 3, In contrast, the tibia, with
its dense cortical structure, remodels via both the periosteum and bone marrow,
facilitating stronger and more stable bone repair ®2°. This distinction is crucial for
osseointegration, as the tibia’s bone marrow and mechanical loading enhance
osteoprogenitor cell availability and new bone formation “. Additionally, the
differences in osseointegration between the tibia and maxilla could be influenced
by the oral environment. The maxilla, exposed to a moist environment, faces
additional challenges for implant integration, such as a higher risk of inflammation
and infection #" %, compared to the tibia, which is protected by muscle and skin.
All these factors may collectively contribute to the differences in osseointegration
observed in these bones. In our Brtl/+ mice, SclAb treatment was more effective in
enhancing osseointegration in the maxilla than in the tibia. This is likely due to the
maxilla's lower baseline bone density, which provides greater potential for growth
and improvement.
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In this study, we observed an increased presence of sclerostin in the peri-implant
alveolar bone of both WT and Brtl/+ mice following SclAb treatment. Western blot
analysis confirmed a significant increase in sclerostin levels in both SclAb treated
WT and Brtl/+ mice. This elevation was primarily localized within the osteocyte-
containing lacunae and the extensive network of canaliculi in the alveolar bone.
Previous research suggests that this increase of local sclerostin could be the
accumulation of inactive, neutralized sclerostin protein trapped within the bone
matrix 3. Alternatively, the presence of sclerostin could counteract the enhanced
bone formation induced by SclAb treatment, potentially through negative feedback
regulation, where SclAb binding disrupts normal protein degradation or clearance,
leading to sclerostin accumulation. Furthermore, SclAb treatment may alter cellular
signaling, causing increased sclerostin synthesis via activated compensatory
pathways. This explanation is supported by previous studies showing that SclAb
treatment increases both gene expression and circulating levels of sclerostin *,
possibly due to the combined detection of unbound and antibody-bound sclerostin
and the stabilization of the bound form by SclAb.

Our study encountered some limitations, with one notable challenge being the
difficulty in standardizing the implant insertion process and achieving precise
placement. This issue was exacerbated by the limited mouth opening and the
fragility of the surgical site, particularly in Brtl/+ mice, where extreme care is
necessary to prevent bone damage. Although the small diameter of the implant
and its handle aids in insertion, sectioning of the implant handle after the
positioning of the implant may disturb the bone at the implant bed, a concern that
is especially relevant in the Brtl/+ mouse model as it could potentially compromise
the implant's primary stability. We were not able to measure the implant insertion
torque due to the small size of the implants, the restricted sites chosen for
placement, and the design of the Retopin. As a result, we used finger-tight torque
as an alternative measure. Previous study has shown that the finger-tight torque
for female participants averaged 19 Ncm #. Additional studies support that lower
insertion torques (< 20 Ncm) not only achieve comparable success rates for
osseointegration with favorable gains in stability over the osseointegration phase
but also reduce damage to the surrounding tissues * %, Based on these studies, the
torque range achieved with finger-tight insertion is within the acceptable range
for primary stability and osseointegration. All dental implants in our study were
placed extending into the maxillary sinus due to the limited height of the alveolar
bone. While this raises concerns about potential complications #, clinical research
supports the viability of such placements. Studies have shown that dental implants
protruding into the maxillary sinus cavity by 4mm or less have a survival rate of
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99.5%, suggesting that sinus penetration does not negatively impact implant
success®®. Our study corroborated these findings, with no instances of infection or
the need for antibiotics observed.

In the general population, the dental implant survival rate is reported to be around
96% *33, In contrast, for Ol patients, this rate ranges between 80% to 94%, with
those experiencing more severe Ol exhibiting lower survival rates *'°. Interestingly,
in our study, the maxillary implant survival rates closely match these findings
(WT:96%, Brtl/+: 76%). This similarity further supports our conclusions that the
increase in osseointegration observed with the SclAb treatment in our model may
have relevant implications for clinical application in Ol patients.

Conclusion

Our research demonstrates that systemic administration of SclAb significantly n
enhances peri-implant osseointegration, highlighting its potential to improve

implant success in conditions like Ol, both anatomically and functionally. Dental

implants in Ol patients tend to have higher failure rates, particularly in severe forms

of the disease. However, SclAb presents a promising solution for implant-supported

dental rehabilitation, potentially reducing the risk of implant failure. This finding

not only offers a new avenue of hope for Ol patients but also suggests that targeted

therapies can effectively address the challenges of dental implantation in the

presence of compromised bone quality, thereby improving treatment outcomes

and enhancing patients' quality of life.
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Supplementals

Table S1. Summary of sample numbers per experiments

Experiments Bone PBS SclAb Total
types wT Brtl/+ wT Brtl/+

a) Maxilla 6 6 6 6 24
Tibia 6 6 6 6 24
Femur 12 12 12 12 48

Push-in testing Maxilla 6 6 6 6 24
Tibia 6 6 6 6 24

Western blot Maxilla 6 6 6 6 24

Histology Maxilla 2 2 2 2 8
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Figure S1. Sclerostin Level in the Maxilla. A. Histological slides showing Masson's trichrome staining
and sclerostin immunostaining. Red arrows indicate the presence of sclerostin. B. Western blot and
Graph depicting the relative sclerostin level in the peri-implant alveolar bone. An asterisk represents a
statistically significant difference with p<0.05.
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Aims

While Ol has traditionally been defined by recurrent fractures in the long bones,
clinical experience makes clear that the craniofacial consequences, for facial
growth, dental development, and oral function are equally debilitating yet much
less studied. The primary aim was to shift focus from limb fragility to the unique
vulnerabilities of the craniofacial skeleton, and to provide a rigorous platform for
innovation in therapeutic interventions.

Guided by four objectives, this work sought to illuminate the clinical burden and
fracture patterns in the craniofacial skeleton using robust epidemiological data;
unravel the molecular biology of bone fragility, with special emphasis on Wnt
signaling as master regulators; validate preclinical Ol models reflecting human
craniofacial disease in order to study genotype, age, sex, and anatomical site; and
rigorously test regenerative strategies, especially sclerostin inhibition, for their
ability to restore bone mass, stability, and function, while identifying factors needed
for individualized treatment response. Through multidisciplinary approaches
spanning genetics, developmental biology, imaging, biomechanics, and molecular
signaling, the thesis aimed to bridge fundamental discovery and practical solutions
for patients and families living with Ol.

This multidisciplinary approach, integrating genetics, developmental biology, advanced
imaging, biomechanics, and molecular signaling, was designed not only to advance
fundamental knowledge but to deliver actionable solutions for patient-centered care.

Major Findings and Their Scientific Context

The studies carried out in this thesis contribute significantly to the mechanistic
understanding and clinical relevance of craniofacial bone fragility in Ol, moving
the field beyond its traditional focus on long bones. Beginning with an exploration
of alveolar bone biology, Chapter 2 revealed how adaptation to mechanical forces
and oral microbial exposure is tightly regulated by the Wnt/B-catenin pathway.
While this chapter focused primarily on craniofacial bone remodeling during aging
in the general context, the mechanisms identified, such as age-related suppression
of Wnt signaling, have clear implications for oral bone loss and highlight the oral
cavity as a uniquely vulnerable site. Though not centered on Ol, these insights are
directly relevant and extrapolatable to Ol, providing a foundation for subsequent
investigations into disease-specific fragility.

Building from this molecular framework, the epidemiological study in Chapter 3
provided the first nationwide, quantitative evidence for a disproportionately high
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burden of craniofacial fractures in Ol, mapped across jaw, skull, and facial bones.
These fractures emerged with distinct demographic and disease-associated
patterns, emphasizing that craniofacial sites, compared to previously studied
skeletal regions, require targeted surveillance and intervention. This real-world
population data not only confirmed the clinical significance of craniofacial
bone involvement in Ol but also highlighted gaps in existing management and
prevention strategies.To prove the biological basis for these clinical observations,
Chapter 4 employed genetically engineered mouse models to replicate patient-
specific craniofacial defects. Detailed morphometric and bone turnover analyses
demonstrated that both mutation type and aging significantly alter craniofacial
bone structure, with different genotypes presenting unique developmental and
remodeling deficits. By faithfully mirroring the variability seen in human Ol, these
models enabled rigorous preclinical evaluation of new therapies.

The translational significance of these models was realized in Chapter 5, where targeted
molecular intervention using sclerostin antibody was shown to restore bone mass and
architecture in Col1al-mutated mice. Importantly, the findings revealed sex-dependent
differences in therapeutic response, reflecting underlying hormonal regulation and
underscoring the necessity for personalized approaches in craniofacial regeneration.

These results moved beyond traditional concepts of bone turnover, demonstrating
that successful intervention in Ol must address site- and patient-specific biological
complexity. From a clinical standpoint, these findings are especially notable: sclerostin
antibody therapy demonstrated not only an anabolic effect, increasing bone quantity
and improving bone architecture, but also a significant capacity to decrease established
bone resorption and prevent further loss. This dual action brings new promises for the
restoration of critical oral functions, such as eating, speaking, and social interaction,
for patients with Ol and other skeletal disorders who have previously had only limited
rehabilitation options due to compromised bone integrity. Moreover, the potential
application extends to periodontal disease, where balancing bone formation and
resorption is a central therapeutic challenge. If future studies confirm these dual effects
in human clinical settings, sclerostin antibody therapy could revolutionize treatment
strategies for a wider population suffering from bone loss. However, it is essential
to acknowledge that further research is required to fully validate these effects and
establish safe, effective protocols for broader clinical use.

Chapter 6 translated molecular and regenerative advances into a practical
clinical endpoint by investigating dental implant osseointegration. Mechanical
and imaging analyses confirmed that sclerostin antibody not only improved
bone quality but also enabled robust implant integration in Ol mouse models, a
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significant achievement given that implant placement is considered the gold
standard for rehabilitation in modern dentistry. Despite this standard, patients with
Ol and others suffering from bone disease have historically faced persistent barriers
to implant success owing to compromised bone quality and quantity. The results of
this chapter highlight a promising pathway toward overcoming these limitations.
While these findings do not immediately change clinical practice, they open the
possibility for future translational research and clinical trials that could enable
patients who were previously deemed unsuitable for implants, and others with low
bone mass disorders, to benefit from the gold standard of dental restoration. This
represents a meaningful step toward closing a gap in care that persists for some of
the most challenging patient populations in skeletal and dental medicine.

Synthesizing all studies, these findings establish the oral and craniofacial skeleton
as dynamic sites for both disease and therapeutic opportunity. Aging, mutation,
and hormonal context all shape bone health in ways that are far more nuanced
than previously recognized. The thesis validates sclerostin inhibition as a promising,
individualized therapy for overcoming structural and functional deficits. From a
scientific perspective, these results call for a reframing of Ol pathobiology, and from
a clinical viewpoint, they set new standards for interdisciplinary skeletal medicine
and patient-focused treatment.

Future Directions: Scientific and Clinical Opportunities

The intricate nature of craniofacial bone fragility in Ol demands a sophisticated
approach rooted in precision medicine. Moving forward, the field is poised to benefit
from several key developments. Foremost is the need for personalized regenerative
strategies, where real-world patient registries and stratified clinical trials will be
instrumental in tailoring therapies to the individual’'s genotype, sex, age, hormonal
status, and specific anatomical site. This move toward customization will enable
clinicians to optimize treatment efficacy and minimize adverse outcomes.

As molecular therapies evolve, the question of delivery becomes paramount. The
potential of targeted local delivery, using biomaterial scaffolds or drug-eluting
implants, promises to reduce systemic exposure and maximize bone regeneration
precisely at sites of need. The engineering of such advanced delivery systems is set
to become a cornerstone of safe and effective translation from bench to bedside.

Simultaneously, the future of bone regeneration is likely to rest on combination and
adjunctive therapies. Synergistic approaches integrating Wnt pathway modulation
with anabolic agents, anti-inflammatories, or stem cell technologies require active
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exploration in both preclinical and clinical settings to determine the most effective
context-specific treatments for Ol and related conditions.

At the heart of these advances must be patient-centered outcomes. Incorporating
standardized patient-reported outcome measures, functional performance
evaluations, and aesthetic assessments into clinical trials will ensure that the
scientific progress achieved actually translates into meaningful improvements in
patients’ daily lives, well-being, and satisfaction.

Moreover, the principles and therapeutic approaches validated in Ol have
implications far beyond this single disorder. There is considerable opportunity to
systematically extend these findings to conditions such as periodontitis, traumatic
injuries, cancer-related bone resections, and age-related bone degeneration,
further broadening clinical impact.

Finally, deepening mechanistic understanding remains a top priority. The adoption
of advanced molecular techniques, including single-cell sequencing, lineage tracing,
and computational modeling, will refine our grasp of how regenerative therapies
interact with diverse cellular microenvironments, immune responses, and complex

signaling networks. By unraveling these intricacies, researchers will continue to
sharpen interventions and uncover novel targets, ensuring sustained progress and
innovation in craniofacial bone regeneration and repair.

Limitations and Challenges

No study is without limitations. The epidemiological analyses were constrained
by the lack of direct clinical severity assessment and inability to study uninsured
populations. Mouse models, while robust, cannot always recapitulate the variability
of human disease. Long-term safety, optimal timing and dosing, and methods for
localized drug delivery remain to be explored. The translation from animal studies
to human Ol for craniofacial treatment will require careful, staged clinical validation.

Clinical and Scientific Impact

This thesis advances a new paradigm for craniofacial medicine, not just in Ol,
but across skeletal disorders. By demonstrating that context-specific molecular
targeting with sclerostin inhibition can fundamentally restore bone integrity and
implant stability, even in severely compromised tissues, it shifts both scientific and
clinical boundaries. The work argues for integrated multidisciplinary care, informed
by genetics, molecular biology, engineering, and patient input, and prioritizes
patient-centered outcome measures. The findings also suggest that the era of



176 | Chapter 7

"one-size-fits-all" skeletal therapy must be reassessed and ultimately replaced by
precision, site-specific, and combinatorial approaches.

On a personal note, the resilience and optimism of patients and families living with
Ol shaped the values behind this work. It is my hope that these findings spark new
collaborations, guide evidence-based practice, and ultimately restore function and
dignity for those long underserved by conventional therapies. This is more than an
academic exercise; it is a blueprint for future medicine.

Conclusion and Vision

In conclusion, this thesis elevates craniofacial fragility in osteogenesis imperfecta
as both a clinical and scientific priority and lays important groundwork for future
targeted regenerative interventions. While the findings here demonstrate that
sclerostin inhibition and site-specific approaches may offer promising avenues
to improve oral health, function, and quality of life, it is critical to recognize that
current clinical trials for sclerostin inhibitors are focused mainly on long bones.
Craniofacial applications, despite their potential, remain to be rigorously tested
and validated in clinical settings. Thus, these strategies are not yet definitive
solutions but rather represent foundational steps toward eventual clinical
translation. Continued translational research and carefully designed, craniofacial-
focused clinical trials will be essential before these approaches can be adopted
in practice. The journey toward meaningful clinical impact is ongoing, and will
require sustained innovation, collaborative effort, and patient-centered outcome
evaluation. Even so, the principles and vision established here offer a clear direction
for advancing the field and genuine hope for patients who have long been left
behind by conventional therapies.
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Osteogenesis imperfecta (Ol) is een erfelijke bindweefselaandoening die wordt
gekenmerkt door broze botten, herhaalde fracturen en afwijkingen in collageen
type I. Hoewel Ol traditioneel vooral wordt benaderd vanuit de problematiek
van de pijpbeenderen, blijkt uit de klinische praktijk dat de gevolgen voor het
craniofaciale skelet minstens zo ingrijpend zijn. Afwijkingen in kaakbot, schedel
en gebitselementen beinvioeden functies als kauwen, spreken en esthetiek, en
vormen daarmee een essentieel maar onderbelicht aspect van de ziektelast.

In dit proefschrift staat de vraag centraal hoe genetische defecten in collageen
type | leiden tot craniofaciale botkwetsbaarheid, en in hoeverre gerichte modulatie
van de Wnt-signaleringsroute (met name via remming van sclerostin met een
antilichaam) mogelijkheden biedt voor regeneratie en functieherstel.

Hoofdstuk 2: Craniofaciale kwetsbaarheid en moleculaire regulatie
Craniofaciale botten verschillen duidelijk van pijbeenderen in embryonale
oorsprong, vormingsmechanisme en mechanische belasting. Het alveolaire bot,
dat voortdurend reageert op kauwkrachten en de orale microbiéle omgeving,
kent een hoge ombouwsnelheid en is sterk afhankelijk van een goed gereguleerde
Wnt/B-catenine signaalroute. Verstoring van deze route kan leiden tot botverlies en
afgenomen structurele integriteit: processen die in Ol uitgesproken aanwezig zijn.

Hoofdstuk 3: Fracturen in de craniofaciale regio

Een landelijke (VS) epidemiologische analyse laat zien dat mensen met Ol een
duidelijk verhoogd risico hebben op fracturen van kaak, schedel en aangezichts-
beenderen. Deze fracturen volgen hun eigen patroon, afhankelijk van leeftijd,
geslacht en ziekte-ernst. De resultaten tonen aan dat het craniofaciale skelet actief
moet worden meegenomen in diagnostiek, monitoring en preventieve zorg.

Hoofdstuk 4: Muismodellen voor craniofaciale afwijkingen

Om de klinische observaties te vertalen naar het onderliggend biologisch
mechanisme, zijn verschillende genetische muismodellen onderzocht. Deze
modellen tonen aan dat zowel het type collageenmutatie als veroudering leiden tot
specifieke afwijkingen in groei, vorm en remodellering van craniofaciale botten. De
diermodellen blijken representatief voor menselijke fenotypes en vormen daarmee
een robuust fundament voor preklinisch therapieonderzoek.

Hoofdstuk 5: Sclerostin remming als therapeutische benadering
Gerichte remming van sclerostin (SclAb) blijkt in staat om botvorming in
Ol-modellen te stimuleren en de botarchitectuur te verbeteren. De behandeling



Nederlandse samenvatting | 181

laat bovendien duidelijke sekseverschillen zien, wat onderstreept dat regeneratieve
strategieén baat hebben bij een gepersonaliseerde benadering. Deze bevindingen
tonen aan dat modulatie van de Wnt-route een veelbelovend aanknopingspunt
vormt voor versterking van craniofaciale botstructuren.

Hoofdstuk 6: Implantaatintegratie in compromitterend bot

Omdat succesvolle orale rehabilitatie vaak afhankelijk is van implantaat osseo-
integratie, is onderzocht in hoeverre SclAb de bot-implantaat interactie versterkt.
De resultaten laten zien dat de behandeling de stabiliteit en verankering van
implantaten verhoogt, zelfs in bot dat door Ol ernstig is verzwakt. Dit opent
perspectieven voor patiéntengroepen die tot nu toe vaak als niet-geschikt werden
beschouwd voor implantaatbehandeling.

Toekomstperspectief

De bevindingen uit dit proefschrift laten zien dat effectieve behandeling van
craniofaciale afwijkingen bij Ol vraagt om precisiegeneeskunde: afgestemd op
genotype, leeftijd, sekse en anatomische locatie. Belangrijke toekomstige stappen
zijn lokale toediening van regeneratieve middelen, combinatietherapieén met
andere osteoanabole of immunomodulerende strategieén, en de ontwikkeling
van patiéntgerichte uitkomstmaten die functie, esthetiek en kwaliteit van leven
beter weerspiegelen.

Hoewel het remmen van sclerostin in het appendiculaire skelet klinisch wordt
onderzocht, staan toepassingen in de craniofaciale regio nog aan het begin van
translationele ontwikkeling. Dit proefschrift legt een fundament voor dergelijke
studies en biedt handvatten voor verdere klinische validatie.

Conclusie

Dit proefschrift toont aan dat craniofaciale botkwetsbaarheid een wezenlijk en
vaak onderschat onderdeel is van osteogenesis imperfecta. Door epidemiologische
inzichten te combineren met moleculaire en preklinische studies etaleert dit
werk dat het craniofaciale skelet niet alleen kwetsbaar is, maar ook goed kan
reageren op gerichte, moleculair gestuurde regeneratie. Sclerostin remming
vormt een veelbelovende therapeutische route, zowel voor structureel herstel
als voor functionele revalidatie, waaronder implantaatintegratie. Samen schetsen
deze bevindingen een toekomst waarin gepersonaliseerde en locatie-specifieke
behandelingen bijdragen aan betere zorg en verbeterde levenskwaliteit voor
mensen met Ol.
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Research data management

The data used for all chapters are not owned by Radboudumc. The data are
archived by the University of Michigan. Questions about the data can be addressed
to sunghsie@umich.edu

Medical and animal ethical approval

This thesis is based on two types of research. First, experiments involving mice
were conducted in accordance with relevant national and international legislation,
guidelines, codes of conduct, and University of Michigan policy. Animal care and
use were reviewed and approved by the University of Michigan Institutional Animal
Care and Use Committee (IACUC) under protocol number PRO00011108.

Second, secondary data analyses were conducted using fully de-identified data
from human participants to ensure privacy and confidentiality. The University of
Michigan Institutional Review Board determined that the use of these data was
exempt from further review.

Privacy measures (i.e. pseudonymization / anonymization)

The privacy and confidentiality of human participants were protected by the use of
fully de-identified and anonymous insurance claims data. No identifiable personal
information was included in the analyses.

Informed consent
Not applicable. Only de-identified secondary data was used.

Data collection
Data for chapters 4, and 6 were obtained through laboratory experiments involving
from experiments involving animals.

Data for Chapter 3 were obtained through fully de-identified secondary data,
using patient-level insurance claims information from the IBM® Watson Health
MarketScan® Research Databases. Access to these data was granted through a
formal review and application process.

Data storage

Data from chapters 4, and 6 were analysed in The University of Michigan Orthopaedic
Research Laboratory computers and server and stored in the Laboratory systems
and University of Michigan Dropbox.
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Data from chapter 3 were stored and analysed on the department server and are only
accessible by the project member approved by the IBM® Watson Health MarketScan.

Describe which chapters have been published
Chapters 2, 3, 4, 6 are published with open access.

Chapters 5 are not published.

Describe which datasets are available for reuse and published in a
data repository

The dataset from chapters 3, 4, 5, and 6 are accessible under request to the
Senior investigator.

Describe which chapters were based on existing data
Chapter 2 is based on existing data which was obtained from published literature.

Chapter 3 is based on existing data, which was obtained from IBM® Watson Health
MarketScan after the application process.

Describe which chapters are not available for reuse
The data used in the unpublished chapter 5 are archived at the department server.
Upon publication of the chapter the data will be in open access.



186 | Appendix

uo1323]|0D Bulleys e3eg = DS ‘UOIIIS||0D UOIIRIUSWNDOQ Ydieasay = DY ‘U0I11d3]|0D) UolsInbdy eleq = Jvd

WI91SAS a1ndas

Wjion
Kiojesoge]

Wion
Kiojesoqe

- uebIydI Jo AUSIBAIUN Ul BIRp MeY - ydJeasay dipaedoyuo yd4easay dipaedoyno S

wa)sAs 21ndas wion Wion

uebIydI Jo ANSISAIUN Ul Blep meYy /91/11tT0Tauoq Kiojesoqe Kiojeioqe
DN-AG-DD  Kionsodas pnogpey ur uoiedijgnd f/9101°01/61010p//:sdny UYo4easay dipsedoylio Uo1e3s3y dipaedoyo 9

WId)SAS 24nd3s Wijion wion

uebIYdI JO AJISIDAIUN Ul BIRP MEY yoopelz/|diwqgl Kiojesoqe Kiojesoqe
DN-AG-DD  Aioysodas pnogpey ur uoiedijgnd /€601°01/B10"10p//:5d1y UYo1easay dipsedoylio U21easay dipaedoyio 4

WI91SAS a1ndas

ueBIYdIN 4O ANsIAIUN Ul B3RP MeYy C9//11°520C=uU0q wion Wion
JN-A9-DD  Aiousodas pnogpey ul uonedijgnd ‘f/9L01°0L/B1010p//:5dNY juswpedaq sipaedoynQ juswedaq oipaedoyliQ €

w2)sAs 21ndas wion Wion

uebIydI Jo ANSISAIUN Ul Blep MeY Kiojesoge Kiojesoqe
DN-AG-DD  Kiousodas pnogpey ur uoiediigngd $800£3/LLL10L:10d Yoieasay dipaedoyro Yoieasay dipaedoyuo z

(vna) yuawaaiby

asM ejeQ 1o asuadI AdO1ISOd3d Viva IWVN Jsda oad ova sadeyd

sjasejep paAlyd4e pue paysijgnd mainldanQ



Curriculum Vitae | 187

Curriculum Vitae

Hsiao Hsin Sung Hsieh was born on July 19, 1975, in Taiwan and grew up in Chile.
She earned her DDS degree from the Universidad de Chile School of Dentistry in
2001. She then completed her residency training in Oral and Maxillofacial Surgery
at the Universidad de Chile School of Dentistry in 2006. In 2008, she completed
a fellowship in Implant Dentistry at Hospital San José, and in 2012 she earned a
Master of Science degree from the Universidad de Chile School of Medicine. In
2023, she completed an additional fellowship in Implant Dentistry at the University
of Nevada, Las Vegas School of Dental Medicine.

Following her training, Hsiao Hsin served as an Assistant Professor in the
Department of Oral and Maxillofacial Surgery at the Universidad de Chile School of
Dentistry. Since 2013, she has been a faculty member at the University of Michigan
School of Dentistry, first as a Clinical Assistant Professor and currently as a Clinical
Associate Professor in the Department of Oral and Maxillofacial Surgery.

Her clinical and academic work focuses on dentoalveolar surgery and bone
regeneration, with a particular emphasis on the care of medically complex patients.
Through her work, she integrates clinical practice, education, mentorship, and
translational research to advance patient care and improve surgical outcomes.

In 2017, she began her doctoral research in the Orthopaedic Research Laboratory
within the Department of Orthopaedic Surgery at the University of Michigan, in

collaboration with the Department of Experimental Rheumatology at Radboudumc.
Her work focuses on craniofacial bone biology and regeneration, with particular
emphasis on the anabolic effects of sclerostin antibody therapy on craniofacial bone in
mice with osteogenesis imperfecta. This research has been funded by the NIH/NIDCR
K08 and the Osteo Science Foundation. Her doctoral work has been supervised by Prof.
Dr. Peter van der Kraan, Prof. Dr. Kenneth Kozloff, and Dr. Esmeralda Blaney Davidson.

In 2025, she received the André Schroeder Preclinical Research Award from the
International Team for Implantology (ITI) for her work entitled “Sclerostin Antibody
Enhances Implant Osseointegration in Bone with Col1a1 Mutation.” This recognition
reflects her commitment to scientific discovery, clinical innovation, and the
advancement of regenerative approaches in oral and maxillofacial surgery.

In addition to her clinical and scholarly work, Hsiao Hsin remains actively engaged in
educating and mentoring undergraduate students, dental students, and residents.
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We kunnen niet voorkomen dat de boom ouder wordt, maar we kunnen
zijn wortels versterken tegen de storm.

Oud worden is geen kwetsbaarheid, geen mislukking, geen strijd en geen
probleem dat moet worden teruggedraaid, het is een levensfase. De
vraag is niet of botten met de tijd veranderen, maar of we kunnen leren
om ze betere redenen te geven om stand te houden.

Sommige reizen duren langer. Dat is geen tekortkoming.

Het is simpelweg een andere manier van aankomen.
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