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ABSTRACT

Limb-injuries related to traffic accidents and multiple trauma result in complex treatment needs
with substantial socioeconomic impact (/). Long bone fractures are often slow to heal and may
require months until consolidation is complete, if at all (2). Unfortunately for many reasons
fracture healing can fail and results in non-union of bone in 10% of all fractures and in up to 50%
of open fractures of the tibia (3). Thus, there is a need for a novel therapy that stimulates fracture
healing but ideally will reduce the invasiveness of treatment and the risk of complications. Here,
two new bone healing strategies from distinct approaches are reported: localized cold therapy
(physical) and Wnt pathway modulation (chemical).

The first is a non-invasive and novel physical strategy to augment bone healing based on localized
cold therapy. Published epidemiological and experimental studies have reported that frequent cold-
water exposure results in ectopic bone formation among aquatic sports amateurs (4, 5). In vitro
studies revealed that although osteoclastogenesis is enhanced upon cold application (6), the effect
of hypothermia on osteoblasts is conflicting (7, 8). Aside from case reports of Surfers’ Ear there
have been no in vivo studies on the effect of hypothermia on bone healing. Therefore, we
hypothesize that lowering the temperature at the defect site during the healing course may
stimulates bone healing. A murine femoral cortical bone defect model was used and cold was
applied daily locally through immersion of the lower limb in an ice bath for 15 minutes which was
measured as a temperature of 19°C at the bone level.

The second strategy is based on pharmacological treatment to enhance bone healing. A recent
published work has demonstrated that Tideglusib, a selective and irreversible small molecule non-
ATP-competitive glycogen synthase kinase 3-B (GSK-3B) inhibitor currently in trial for

Alzheimer’s patients, can promote tooth growth and repair cavities (9). Despite some differences,



they are some similarities between bone and tooth formation, and we hypothesize that this new
drug could represent a new avenue to stimulate bone healing.

Method — Manuscript #1: The effect of local hypothermia was assessed in vivo in a murine cortical

bone defect model. Starting on postoperative day 1, one lower extremity was immerged daily in
an ice bath for 15 minutes (temperature at bone level=19°C), whereas the other limb was used as
control. Mice were euthanized at postoperative day (POD)-7 (early inflammatory phase) and POD-
28 (remodeling phase).

Method — Manuscript #2: The effect of localized GSK-3[ inhibition was studied using a

biodegradable FDA-approved collagen sponge soaked in GSK-3f inhibitor solution or vehicle
only (DMSO) and was implanted in 1 x 2 mm unicortical defects created in femora of 35 adult
wild-type male mice. Bone defect repair on control and experimental (GSK-3f inhibitor) groups
was assessed after 1 week (n=22), 2 weeks (n=24) and 4 weeks (n=24).

Characterization — Manuscript #1-2: For both adjuvants, bone formation was assessed using

micro CT and histological analysis alkaline phosphatase (ALP, osteoblasts), tartrate resistant acid
phosphatase (TRAP, osteoclasts), CD34, and vascular endothelial growth factor (VEGF,
endothelial vascular cells) or immunohistochemistry to confirm the activation of the Wnt/p-catenin
pathway.

Results — Manuscript #1: Lowering the temperature at the defect site during the healing course

resulted in a significant increase in bone volume, despite a decrease of the osteoblast activity at 4
weeks. Interestingly, immunohistochemical analysis demonstrated higher expression of VEGF
and a greater number of CD34+ stained cells during the inflammatory healing stage (1 week)
accompanied with higher expression of TRAP. Interestingly, at 4 weeks this trend was inverted,

and the expression of VEGF and CD34+ was decreased compared to the non-treated group.



Results — Manuscript #2: Our results showed that Tideglusib significantly enhanced cortical bone

bridging (20.6 £2.3) when compared with the control (12.7 £1.9; p=0.001). Activity of GSK-3f3
was effectively downregulated at day 7 and 14 resulting in a higher accumulation of active -
catenin at day 14 in experimental group (2.5+0.3) compared to the control (1.1+0.2; p=0.03).
Furthermore, the onset of ALP activity appears earlier in the experimental group (day 14,
1.79+0.28; p=0.03), a level of activity never reached at any end-point by the control defects. At 4
weeks, we observed a significant drop in ALP in the experimental group (0.47+0.05) compared to
the control (1.01+0.19; p=0.02) and a decrease in osteoclasts (experimental=1.32+0.36;
control=2.23+0.67; p=0.04).

Conclusion — Manuscript #1: Our results demonstrate that daily local cold therapy for 4 weeks

accelerates/enhances bone healing in a murine model of intramembranous bone repair. Further,
our study suggests that this increase in osteogenesis is mediated by the upregulation of the VEGF
pathway. Further studies exploring the mechanism of action of local cooling on bone healing, as
well as the optimal treatment dose, duration, and frequency are warranted based on the results of
this pilot study. If proven effective, local cold therapy can be introduced as a novel, cost effective,
and non-invasive treatment modality to enhance bone healing in a clinical setting.

Conclusion — Manuscript #2: Local downregulation of GSK-3f by tideglusib during bone defect

repair resulted in significant increase in amount of new bone formation. The early upregulation of
osteoblast activity is one explanation of bone healing augmentation. This is likely the effect of
upregulation of P-catenin following pharmaceutical inhibition of GSK-3f since [-catenin
activation is known to positively regulate osteoblasts, once committed to the osteoblast lineage.
As a GSK-3p inhibitor, Tideglusib demonstrates a different mechanism of action compared with

other GSK-3f antagonists as treatment was started immediately upon injury and did not interfere



with precursor cells recruitment and commitment. This indicates that tideglusib could be used at
the fracture site during the initial intraoperative internal fixation without the need for further
surgery. This safe and FDA-approved drug could be used in prevention of non-union in patients

presenting with high risk for fracture-healing complications.



RESUME

Les Iésions corporelles et polytrauma causés par les accidents routiers nécessitent des traitements
complexes causant un lourd impact socioéconomique (/). Les fractures des os longs guérissent
lentement et plusieurs mois sont nécessaire avant une consolidation compléte (2). Cependant,
environ 10% des fractures ne guériront jamais sans une intervention thérapeutique. On
diagnostique alors une non-union osseuse, et ce chiffre peut s’élever a 50% dépendamment de la
localisation et du type de la fracture; I’exemple le plus grave étant une fracture ouverte du tibia
(3). Les cliniciens ont besoin d’une solution qui permettra de guérir les fractures en état de non-
unions, idéalement le traitement devrait étre minimalement invasif et ayant un faible risque de
complications. Cette thése concerne deux nouvelles stratégies pour accroitre la guérison osseuse.
La premicere stratégie rapportée dans cette thése est une modalité biophysique n’ayant jamais été
employée auparavant pour améliorer la guérison osseuse. Elle se basse sur la thérapie du froid,
délivrée de maniere local au site de la fracture de fagcon non-invasive, telle qu’employée pour
soulager la douleur lors d’une entorse a la cheville par exemple. Des études épidémiologiques ont
rapport¢ une forte association entre l’exposition chronique a 1’eau froide et la formation
d’excroissances osseuses au niveau de I’oreille moyenne chez les amateurs de sports aquatiques,
et un lien de cause a effet fut par la suite établie en laboratoire (4, 5). Des études in vitro ont révélés
que, bien que I’ostéoclastogénese s’intensifie lorsque les cellules croient dans un environnement
hypothermique, I’effet de cette hypothermie sur les ostéoblastes rapporte des résultats
contradictoires (7, §). Hormis les cas d’excroissances osseuses chez les amateurs de sports
aquatiques en milieu nordiques, aucune étude in vivo n’a été réalisée sur 1’effet de I’hypothermie
locale sur la guérison osseuse. Un modele de défaut osseux sur souris a été utilisé pour étudier

I’effet de la thérapie par le froid sur la guérison osseuse. Cette thérapie fut appliquée localement



quotidiennement pour 15 minutes, menant a une température d’environ 19C au niveau des tissus
environnants.

La deuxiéme stratégie pour augmenter la guérison osseuse repose sur un traitement
pharmacologique appliqué localement durant la chirurgie. Une récente publication fait état du
médicament Tideglusib, un inhibiteur sélectif et irréversible se liant de maniere non compétitive
sur les sites de de liaisons de I’ATP du glycogene synthase kinase 3-8 (GSK-3p3) a I’heure actuelle
utilisé chez les patients atteint d’ Alzheimer (9). Ce médicament a démontré une augmentation de
la guérison dentaire et ayant un effet bénéfique pour la réparation des caries. Malgré que le tissu
osseux et le tissu dentaire possedent des caractéristiques bien différentes, il reste que ces deux
tissus partagent bien des similarités. Ainsi, nous croyons que Tideglusib pourrait aussi s’appliquer
au niveau du tissu osseux pour en augmenter la guérison.

Méthode — Manuscrit #1 : L’effet de la thérapie par le froid local a été étudié in vivo utilisant un

modele de défaut osseux non-critique et unicortical (1x2mm) au niveau des deux fémurs chez la
souris. Dés le premier jour post-opératoire, un des deux membres inférieurs a ét¢ immergé
quotidiennement dans un bain glacé pour environ 15 minutes (atteignant une température de 19C
au niveau de 1’0s), tandis que 1’autre membre inférieur a été¢ considéré comme controle. Sept souris
ont ¢ét¢ euthanasiées aprés 7 jours (phase inflammatoire) et douze souris aprés 28 jours de
traitements (phase de remodelage osseux).

Méthode — Manuscrit #2 : L’effet de I’inhibiteur de GSK-3p, Tideglusib, a été étudié utilisant le

méme modele tel que décrit ci-haut sur 35 souris males. Une éponge faite de collageéne et
approuvée par la FDA a été immergée dans une solution de Tideglusib (groupe expérimental) ou

contenant seulement le véhicule (DMSO; groupe contrdle). Cette éponge a été par la suite



implantée dans les fémurs lors de la chirurgie. La réparation des défauts osseux des deux groupes
a été évaluée apres 1 semaine (n = 22), 2 semaines (n = 24) et 4 semaines (n = 24).

Caractérisation — Manuscrit #1-2 : Pour les deux stratégies proposées, la formation osseuse fut

évaluée a I’aide du micro-CT et d’une analyse histologique utilisant I’alcaline phosphatase (ALP,
marqueur pour les ostéoblastes) et I’acide phosphatase résistante au tartrate (TRAP, marqueur pour
les ostéoclastes). Une étude a 1’aide de I’immunohistochimie a été réalisée pour étudier soit le
facteur de croissance de 1’endothélium vasculaire (VEGF, marqueur de la voie de signalement de
I’angiogenese), le CD34 (marqueur de cellules endothéliales), ou des marqueurs de la voie de
signalement Wnt/B-caténine.

Résultats — Manuscrit #1 : 1.’abaissement de la température au niveau du site du défaut osseux par

la thérapie par le froid a entrainé une croissance osseuse significative, malgré la diminution de
I’activité des ostéoblastes observée a 28 jours de traitement. Fait intéressant, selon l'analyse
immunohistochimique les fémurs ayant recu le traitement par le froid ont démontré une expression
plus élevée du VEGF et un plus grand nombre de cellules colorées par CD34 + au stade de la
guérison inflammatoire (1 semaine) accompagnée d'une expression plus ¢levée de TRAP. De plus,
cette tendance fut inversée aprés 4 semaines de traitement lorsqu’on compare le groupe

expérimental et le groupe contrdle.

Résultats — Manuscrit #2 : Nos résultats ont montré que Tideglusib améliorait de maniére
significative la croissance osseuse corticale (20,6 £+ 2,3) par rapport au controle (12,7 + 1,9; p =
0,001). L’activité de la forme active de GSK-3f a ¢été efficacement réduite aux jours 7 et 14, ce
qui a entrainé une accumulation plus ¢levée de la forme active de B-caténine au jour 14 dans le
groupe expérimental (2,5 + 0,3) par rapport au groupe controle (1,1 += 0,2; p = 0,03). Coincidant

avec I’augmentation de la forme active de B-caténine, I’expression de I’ALP a 14 jours s’est montré



significativement plus élevée dans ce méme groupe lorsque comparé au groupe controle. A 4
semaines, nous avons observé une baisse significative de I’ALP dans le groupe expérimental (0,47
+ 0,05) par rapport au controle (1,01 £ 0,19; p = 0,02) accompagné d’une diminution du nombre
d’ostéoclastes (expérimental = 1,32 £+ 0,36; controle = 2,23 + 0,67 ; p = 0,04).

Conclusion — Manuscrit #1 : Nos résultats démontrent qu'un traitement par le froid local et

quotidien pendant 4 semaines accélére et améliore la guérison osseuse tel que démontré aupres
d’un mod¢le de défaut osseux non-critique chez la souris. De plus, notre étude suggere que cette
augmentation de I'ostéogenése serait possiblement médiée par la régulation a la hausse de la voie
de I’angiogenese, démontré par une augmentation précoce de 1’expression de VEGF. Des ¢études
expérimentales supplémentaires seront nécessaires pour explorer et comprendre le mécanisme
d’action sous-jacent en plus de déterminer la dose, la durée et la fréquence optimale du traitement
par le froid. Si I'efficacité du traitement par le froid est prouvée, le traitement local par le froid
pourrait étre facilement introduit en tant que méthode non-invasive, et significativement moins
dispendieuse aupres des patients afin d’augmenter la guérison osseuse.

Conclusion — Manuscrit #2 : La régulation a la baisse de la forme active GSK-3f par le tideglusib

au cours de la réparation d'un défaut osseux a entrainé une augmentation significative de la quantité
de formation de nouvel os apres 28 jours. La régulation a la hausse de 1’activité ostéoblastique, tel
que démontré par ’augmentation de I’ALP, aupres des fémurs expérimentaux est certainement
une des explications probables de cette augmentation osseuse. Cette augmentation ostéoblastique
pourrait étre le résultat de la régulation a la hausse de la forme active B-caténine. L augmentation
de I’expression de B-caténine est quant a elle possiblement le résultat de I’inhibition local de GSK-
3B. En effet, il a ét¢é démontré que B-caténine entraine une augmentation directe du nombre

d’ostéoblastes. En tant qu’inhibiteur de GSK-3f, Tideglusib présente un mécanisme d’action



différent de celui des autres antagonistes de la méme protéine, car le traitement a été instauré
immédiatement aprés la blessure et n’a pas perturbé le recrutement des cellules précurseurs
d’ostéoblastes. Cela indique que tideglusib pourrait étre utilisé sur le site de la fracture lors de la
fixation interne peropératoire initiale sans nécessiter de nouvelle intervention chirurgicale. Ce
médicament slr et approuvé par la FDA pourrait étre une nouvelle modalit¢ d’augmentation

osseuse aupres des patients présentant un risque €élevé de complications et de non-union.
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CHAPTER 1. INTRODUCTION AND RESEARCH OBJECTIVES

Fractures are common traumatic injuries in human. Despite being able to self-heal when treated
appropriately after trauma, an estimated 10-15% of fractures do not heal correctly (10, 11). The
reported incidence and prevalence of non-union vary significantly with the anatomical region and
the type of injury (/2). Furthermore, patient-dependant risk factors include advanced age, specific
medical comorbidities (diabetes, vascular disease, osteoporosis), sex, smoking, alcohol abuse,
non-steroidal anti-inflammatory use, steroids, chemotherapy, specific genetic disorders, metabolic
disease and nutritional deficiency (/3-16). Patient-independent risk factors include fracture
pattern, location, displacement, severity of soft tissue injury, degree of bone loss, quality of
surgical treatment and infection (/0, /7). Multiple definition of non-union and delayed union can
be found in the literature, here non-union is defined as an incomplete radiographic healing at 9-12
months, most often accompanied by pain and functional disability. A delayed union shows a
slower progression or no progression after 3 months to healing than expected, and is at risk of
non-union (/8). Non-union can be further characterized as hypertrophic (good vascularisation but
presence of mechanical instability), oligotrophic (distance gap between the ends of the fracture
segments surpassing the healing capacities, caused by critical bone loss or inadequate reduction),
atrophic (compromised blood supply, possibly accompanied by mechanical instability), and septic
(infection present at the fracture site). When impaired healing occurs, it not only causes chronic
pain and disability for the patient, but it presents a frustrating problem for the surgeon as well as a
substantial socioeconomic burden (including direct treatment costs as well as personal and societal

costs, such as lost wages, decreased productivity and delays returning to work) (/8).
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Some cases of non-union can be initially treated with external bone stimulators (ultrasonic or
pulsed electromagnetic waves), but the vast majority will need a surgical intervention coupled with
or without some form of biological augmentation. For more than 30 years, a variety of biological,
mechanical, and physical therapeutic modalities have been developed to enhance the healing
response and fill bone defects, including pulsed ultrasound therapy, biologic adjuvants such as
bone morphogenetic proteins (BMPs), and stem cell therapy (/9). Although these approaches have
been shown to have some impact on fracture healing, they are not always cost effective or
uniformly successful. Thus, there is a need for a novel therapy that stimulates fracture healing but

ideally will reduce the invasiveness of treatment and the risk of complications.

Fracture Healing

Fracture healing can be divided into two types: 1) Primary (direct; intramembranous) healing by
internal remodeling and 2) secondary (indirect; endochondral) healing by callus formation. Within
the fracture site, intramembranous and endochondral bone healing can occur simultaneously in
different regions of the bone healing microenvironment. Cortical (compact) bone comprises 80%
of the adult skeleton and is mostly present in the diaphysis of long bones. The stress-oriented
collagen fibres are arranged in groups of five to seven concentric rings forming tubular systems
(Haversian systems) looping around a central neurovascular channel. Cancellous (trabecular) bone
1s mainly in the metaphysis and epiphyses of long bones in which Haversian systems are absents
and instead assembled in parallel sheets along the axes of mechanical stress. Trabecular bone is
comparatively less dense and strong, yet will heal faster than cortical bone (20). These subtypes

of bone will heal in different ways, here we focus on cortical long bone healing.
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Intramembranous ossification during bone development is an important concept, here only
intramembranous bone repair will be discussed. Direct (primary or intramembranous) bone healing
occurs only with absolute stability and contact of the fragments. Exclusive intramembranous bone
healing is rare and refers to a direct attempt of the cells in cortical bone to bridge the discontinuity
by Harversian systems without the formation of a cartilage model (27). Within a fracture,
intramembranous repair occurs subperiosteally at the proximal and distal edges of the callus, in
the most mechanically stable regions (22). The intramembranous ossification process starts with
rapidly expanding localized population of mesenchymal stem cells (MSCs), which will eventually
differentiate into osteoblasts. The osteoblasts first produce a non-organized collagenous matrix
that will eventually become organized into compact bone, creating new osteons connecting the
disrupted fracture fragments (23, 24). There are strong similarities between angiogenesis during
endochondral and intramembranous repair, however the latter being less understood. Nevertheless,
angiogenesis is certainly a prerequisite for ossification during intramembranous osteogenesis (235,
26). Osteoclast invasion allows for bone resorption and the creation of further tunnels which

enables the in-growth of blood-vessels (23, 24).

Fractured bones of the appendicular skeleton heal by both intramembranous and endochondral
repair, endochondral bone formation being the primary mechanism responsible for healing.
Indirect (secondary or endochondral) bone healing predominates outside the periosteum in regions
that are mechanically less stable (27). It is distinct from intramembranous ossification as it requires
the formation of a cartilage model. Indirect fracture healing is usually driven by some non-

excessive micro-motion and weight-bearing (28, 29), which promotes cartilaginous callus
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formation (30). Endochondral bone healing can be divided into four stages: inflammation, soft

callus formation, hard callus formation, remodeling.

1. Inflammatory response: Fracture leads to disruption of local vessels inside the bone and in the
surrounding soft tissue, as well as damage to the other cells and tissues around the injured bone
which initiate the acute inflammatory cascade and fracture healing process (37). Local
disruption of local vessels leads to accumulation of blood in between and around the fracture,
where fibrinogen is converted into fibrin generating the fracture hematoma (23). The
surrounding soft tissue takes on usual characteristics of acute inflammation, demonstrating
vasodilatation, hyperemia, and exudation of plasma and leukocytes (24, 32). The acute
inflammatory response occurs immediately following the trauma, peaks at 24h, and subside
after 7 days. At this point, the bone healing microenvironment is characterized by hypoxia and
low pH along with peripheral blood-derived inflammatory cells (33), together with
proinflammatory and anti-inflammatory cytokines (37).

Prolonged inflammatory response is deleterious to bone healing , however a brief and highly
regulated secretion of proinflammatory cytokines (tumour necrosis factor-a [TNF-a]
interleukin[IL]-1, IL-6, IL-11, IL-18) following the acute injury is critical for tissue
regeneration (21, 34). The secretion of receptor activator of nuclear factor kB ligand
(RANKL), macrophage colony-stimulating factor 1 and members of the transforming growth
factor (TGF)-B superfamily (BMPs, TGF-B, growth differentiation factors [GDFs], etc.) are
necessary for activate intracellular signalling pathway ultimately affecting gene expression
(34-36). Hypoxia derived from local abrupt disruption of vascularization promotes the released
of angiogenic factors (angiopoetin-1, vascular endothelial growth factor [VEGF]) (35) and

results in upregulation of the hypoxia-inducible factor (HIF) which further promote VEGF
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expression (37), in the intent to re-establish normoxic conditions and nutrient supply to the
fracture zone which becomes evident at the end of the inflammatory phase.

. Soft callus formation: At this stage, low oxygen and relative instability impairs osteoblast
differentiation, but allows chondrocytes proliferation and differentiation (24). MSCs
differentiate into chondrocytes, which produce a cartilaginous callus template rich in collagen
type II and proteoglycans. The relative instability or micro-movements of the fracture
fragments further stimulates chondrocytes, and soft callus formation decreases as the fracture
becomes mechanically stable (30). Once firm mechanical stability is established, the cartilage
undergoes hypertrophy and mineralization (38). Fourteen days post-fracture, the soft callus
will reach its maximal volume. The periosteal reaction, in zones of relative stability, results in
early intramembranous ossification.

. Hard callus formation: By day 14, the cartilage from the soft callus begins to calcify (39).
Chondrocytes mature and become hypertrophic, release calcium and proteases, and undergo
apoptosis (39-417). Bridging of the fracture fragments with soft callus reduce interfragmentary
movement and tissue strain (42), allowing blood vessel invasion in the calcified cartilage
resulting in hypervascularization of the fracture callus (43-45). The newly formed blood
vessels enable the recruitment of MSCs, which differentiate into osteoblasts, leading to callus
mineralization by deposition of woven bone (in a trabecular structure) in place of the
mineralized cartilage (39). Cortical bridging of the fracture gap indicates successful fracture
healing, which is usually reached after 8-16 weeks in humans (46).

The transition of cartilage to bone via endochondral ossification requires a number of important
pathways including Wingless/Integrated (Wnt) signaling pathway, fibroblast growth factor

(FGF), Hedgehog, VEGF and HIF (30, 47, 48).
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4. Remodeling: Once the fracture gap is filled by new bone, resorption of the periosteal callus
and medullary callus begins with osteoclastic activity at the outer surface.
Hypervascularization now subside to pre-fracture levels (43). An adequate balance between
osteoclastic resorption and osteoblastic formation leads to reshaping of a diaphyseal bone,
regenerating the original cortical and trabecular arrangement with a medullary cavity, a process

which take years in humans (43).

Canonical Wnt signaling pathway

To date, the Wnt signaling pathway have been categorized into two branches: the canonical
(Wnt/B-catenin) pathway and the non-canonical (B-catenin-independent) pathway (49). Wnts are
secreted glycoproteins released in the extra-cellular milieu where they bind to the seven-
transmembrane-span protein Frizzled (Fzd) (50), an interaction mediated by the low-density-
lipoprotein-related protein 5/6 (LRP5/6) (50). The signal is then transduced to the cytoplasmic
phosphoprotein Dishevelled (Dsh) where it binds to the cytoplasmic tail of Fzd (57) and prevents
the formation of the B-catenin destruction complex which includes Axin, adenomastosis polyposis
coli (APC), glycogen synthase kinase-3 (GSK-3f) and casein kinase 1 (CKK1) (52). B-catenin
then becomes stabilized and accumulates in the cytoplasm (52), and eventually translocates into
the nucleus where it interacts with lymphoid enhancing factor-1 (Lefl)/T-cell factor (TCF) DNA-
binding transcription factors to exerts its effect on gene transcription (53, 54).

Extracellular Wnt pathway antagonists such as Dickkopfs (Dkk) proteins (55), Wnt-inhibitor
protein (WIF) (56), soluble frizzled-related proteins (SFRP) (57), Cerebrus (58), Frzb (also known
as sFRP3, for frizzled motif associated with bone development) (59), Sclerostin (Scl) (encoded by

the SOST gene) (60), Norrin (67), and R-Spondin2 (62) will prevent Wnt signaling by binding to
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Lrp5/6 or by sequestering Wnt proteins (63). Fewer Intracellular Wnt antagonists were studied,
such as GSK-3p (64) Chibby (Cby) (65).

The Wnt pathway is intricately involved directly or indirectly in most if not all signal regulation
in the heart (66), lungs (67, 68), liver and kidneys (69, 70), gastrointestinal tract (7/), and bone

(72-74) and is a major influencer during embryogenesis (75), thus it must be targeted safely.

Physical Methods of Bone Healing Augmentation

Mechanical : Mechanical relative stability is a crucial factor for bone healing and is critical
element of the diamond concept (76). As mentioned above, the progressive maturation of the
fracture callus from woven to lamellar bone depends on this stability. According to the Wolftf’s
law, the remodeling of bone is in response to loading and is achieved via mechanotransdution in a
process where forces or other mechanical signals are converted to biochemical signals. After an
injury, placing specific stress in unique directions facilitates bone remodelling (77). Since then,
Wolff’s law has significantly evolved in clinical setting. Now the open reduction and internal
fixation (ORIF) associated to this law is a subtle balance between implant rigidity, relative or
absolute fracture stability, fracture gap size, and interfragmentary strain (78). The principles of
biomechanics are beyond the scope of this work; however, one must keep in mind the importance

of relative mechanical stability in bone healing.

Low-intensity pulsed ultrasonography: Low-intensity-pulsed ultrasonography (LIPUS) has been
developed around the 1950s and today is primarily applied to the treatment of non-united fracture.
In a recent review including 1441 non-unions, LIPUS has shown to have an average healing rate

of more than 80% in tibial fracture non-union (79), and to be highly successful in treatment of
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recalcitrant non-union (80, 81). However, more recently, EXOGEN(®), a LIPUS FDA-approved
medical device, showed a very low healing of 32.5% in patients with non-union (82). Regarding
the use of LIPUS on fresh fractures, systematic reviews and meta-analyses on lower and upper
extremity fractures confirmed the efficacy of LIPUS treatment on radiographic union, but this was
not associated with accelerated functional recovery nor prevention of delayed or non-union (83-
86). Due to the data discrepancy of LIPUS treatment and its moderate to very low effects on bone

healing, LIPUS should be used only on a case-to-case basis.

Pulsed Electromagnetic fields: Pulsed Electromagnetic fields (PEMF) have been studied
extensively and are currently used in clinical setting for the treatment of tibial non-unions and long
bone delayed unions, with 60% and 80% success rate (§7-97). There are still some disparities
between clinical trials on whether PEMFC enhances bone healing in non-unions and osteotomies
despite being approved by the FDA since 2004 (98-101). Up to now, current evidence from
randomized trials on the effect of PEMF on fracture is its infancy and its benefit of bone growth

to reduce the incidence of non-union is inconclusive(86).

Thermotherapy: Heat and cold therapies are among the oldest therapeutic modalities to treat

orthopedic injuries, and have historically been used as relief for pain (/02-106), thereby enhancing

the rehabilitation process (/07-109).

1. Thermotherapy — Heat: The physiological effects of heat therapy include pain relief, increased
blood flow and metabolism which is thought to promote healing by increasing supply of
nutrients and oxygen to the site of injury (//0-112), and increased elasticity of connective

tissue which has demonstrated its efficacy for improving range of motion (/73, 114). The TRP
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cation channel subfamily V, members 1, 3 and 4 all respond to warm temperatures (/175, 116).
While heat has been extensively studied for fracture healing, numerous reports have shown
inconclusive results on the effect of heat on bone formation (//7-119). A rat tibial bone defect
model subjected local hyperthermia (43C-47C) by magnetic field has shown no difference after
4-6 weeks compared with control (/20). Similarly, upon local intermittent heat application on
a rabbit tibial bone defect model, the bone strength at 3-4 weeks remained unchanged (/21).
More recently, Ota et al (/22) implanted a heating material in a rat tibial defect model and
found after one week treatment that osteogenesis was enhanced. However, the clinical
relevance of these non-biodegradable materials needs to be determined as multiple surgeries
will lead to inconvenience and morbidity for the patient. An alternative mode of heat therapy
is deep-heat therapy, which involves conversion of another form of energy to heat (e.g.,
shortwave diathermy, microwave diathermy, ultrasound) (//2). However, their effects on
fracture healing have failed to show any significant new bone formation compared to

ultrasound and control (/23).

Thermotherapy — Cold: Cold therapy is most often used in the management of acute injury,
chronic pain, muscle spasm, muscle soreness, and oedema. (106, 112, 124, 125). Repeated
applications of ice appear to reduce the muscle temperature without compromising the skin,
and skin and superficial temperature can return to normal while deeper muscle temperature
remains low (104, 126, 127). Decreasing the skin and muscle temperature relieves pain, and
reduces inflammation, and blood flow to the muscle and bone by activating the sympathetic
vasoconstrictive reflex (/28-132). This results in a slower delivery of inflammatory mediators
to the affected area, which attenuates the inflammation response to an acute injury (/33-137),

and decreases the metabolic demand of hypoxic tissue (/38-141). Local cold therapy induces
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a local anesthetic effect by decreasing the activation threshold of tissue nociceptors and the
conduction velocity of nerve signals conveying pain (112, 142-144), thereby resulting in a
higher pain threshold. Key receptors responsive to environmental cold include transient
receptor potential (TRP) cation channels subfamily M, member 8 (TRPMS) (/16).

Cold has significant impact on the properties of the skeletal system in vivo. While
thermoregulatory adaptation is the widely accepted explanation for the temperature-extremity
length phenotype (145, 146), environmental modulation of tissue temperature has shown to
permanently alter and shorten limbs length of animals raised at cold temperature (/46-155). In
a swine model, whole-body hypothermia has shown to acutely increase local inflammatory
molecule (IL-6) in the fracture hematoma, but long-term effects on bone healing was not
assessed in this study (/56). Mice kept at 8C showed delayed tail fracture healing compared to
mice kept at 33C (/57). Although these results together propose intriguing relationships
between temperature and bone homeostasis, the effects of intermittent short period cold

therapy on long bone healing are yet to be explored.

Biological Methods of Bone Healing Augmentation

The accepted gold standard treatment for augmentation of bone healing is based on traditional
bone grafts, specifically autografts due to their obvious intrinsic osteogenic properties (contain
living cells capable of differentiation into bone), yet are not always feasible or appropriate (/58).
Autografts have shortcomings: limited availability of bone tissue, increased surgical time, more
blood loss, and donor site morbidity (/59). Due to the significant disadvantages of autograft,
research activity has been directed towards alternatives. Allograft and xenograft, in several forms,

have been considered as suitable alternatives, but present considerable disadvantages (/60-162).

26



Therefore, research has been focussed on synthetic materials with osteoconductive (three-
dimensional scaffolds supporting in-growth of new vessels, perivascular tissues and osteogenic
cell precursors) or osteoinductive (provides biological stimulus to mesenchymal stem cells driving
differentiation into osteoprogenitor cells) capabilities (20). To date, the most promising biological
enhancement strategies are certainly FGF-2 and platelet-derived growth factors (PDGFs), BMPs,
the use of parathyroid hormone (PTH) or Wnt proteins. Locally delivered and/or systemic
biological enhancement strategies have been extensively reviewed (/63), therefore a brief

introduction of the most promising modalities and related to this thesis will be discussed here.

BMP

BMPs are local osteoinductive compounds that have been extensively studied in animal models
(reviewed in (/64)) and have been entered in several clinical trials (reviewed in (/65)), especially
BMP-2 and BMP-7. Most BMPs, including BMP-7, provides signals helping the final transition
of pre-osteoblasts to osteoblasts (/66). Recombinant human Bone Morphogenetic Protein
(rthBMP)-2 and thBMP7 have received FDA clearance for treatment of open tibia shaft fractures
(INFUSE; Medtronic) and recalcitrant long bone nonunions (OP-1; Stryker), respectively. While
the use of localized BMPs has shown promising results in a variety of animal models and different
types of fractures and bone defect size, the off-label use of BMPs in humans have been associated
with deleterious effects such as wound drainage, neuropathy, neoplasia and excessive bone growth
(167-169). Currently, even though clinical studies are somewhat heterogenous and present
multiple bias, BMP-7 has proven to be beneficial in treating tibial shaft nonunions being at least

equivalent to autologous bone graft (170, 171) and BMP-2 is to be used in fresh open tibia fractures
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with enhanced benefits with higher Gustilo-Anderson types (172, 173), although intramedullary
nail was a high confounding factor in the BESST trial (/74).

PTH

PTH is a natural hormone secreted by the parathyroid glands involved in bone homeostasis. In
fracture healing enhancement, two molecules have been studied; the active-site portion of the
molecule (PTH 1-34) known as teriparatide (TDPT) and the full-length molecule (PTH 1-84).
Many different animals models demonstrated that different doses of intermittent teriparatide,
whether administered before or after the fracture improved bone mineralization in healthy and
osteoporotic fractured model (reviewed here (/75) and (/76)). Currently the accepted dosage of
20ug/day of TPDT has shown acceleration of fracture healing in several case controls studies (/77-
179) and improved bone remodeling in distal radius fracture and distal tibia fractures (/80) in 2
prospective studies. Two other randomized controlled trials did not demonstrate improved
radiographic signs of fracture healing nor reduced pain following TPTD treatment in femoral neck
fractures (/81) or proximal humeral fractures in osteoporotic women (/82). TPTD demonstrated
accelerated pubic bone fracture healing and functional recovery in osteoporotic elderly women
(179). The use of PTH for non-union indicates a possible beneficial effect, however clinical
evidence derives from case reports (/83-186). A recent meta-analysis assembling 380 patients has
shown no significant effectiveness regarding time to radiographic union, fracture healing rate or
reduction in pain (/87). However, safety of the molecule was not an issue and merits further
investigation and high-quality randomized controlled trials will be needed in the near future to

confirm the findings.
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GSK-3

Numerous GSK-3f antagonist molecules have been studies to treat long bone fractures and have
shown variable success (Table 1.1). Local application of lithium carbonate (Li,CO3) immediately
after induced tibial defect demonstrated accelerated new bone formation observed at 2 weeks post-
injury despite lower mineral apposition rate (/88). Furthermore, LiCl has shown to restored
normal fracture healing and strength in Cx-43-deficient mice and increase fracture healing in
healthy mice (/89), to rescue the damaging effects of alcohol exposure (7/90), as well as improving
endochondral repair in an osteoporosis model (/97). One of the most important finding was the
link between the time of onset of lithium treatment and the subsequent improvement in fracture
healing. Chen et al. (/92) were the first to describe repressed fracture healing when systemic
lithium chloride (LiCl) treatment was started prior to fracture, where histological results revealed
undifferentiated mesenchymal-like tissue. The time of onset was further proved to be the most
influential parameter in pre-clinical assessments for optimization and verification using a rodent
model of fracture healing (/93, 194). The authors have concluded that the best regimen
corresponds to a dose of 20mg/kg given at day 7 of onset for 2 weeks duration, thereby eliminating
the need for a high dosage. An ongoing phase II clinical trial (LiFT) using these exact parameters
will help confirmed the effects of lithium on fracture healing [ClinicalTrials.gov identifier:
NCT02999022]. AZD2858 was orally delivered to a healthy rat model and has shown increase
rate of healing through enhanced intramembranous repair at the expense of endochondral bone
formation (/95). 6BIO has demonstrated to increase proliferation and differentiation of osteoblast
and human MSCs (/96-198), and block the osteoinhibitory action of Dkk-1 (799), it failed to
augment bone defect healing using either loaded polymeric particles targeting the injured bone or

free 6BIO injections (dose: 198um) in unpublished data (200). 6BIO used at a dosage of 0.75mg/kg

29



injected every 3 days was sufficient to elevate [3-catenin expression (qualitative assessment) and
rescued the bone healing impairment caused by lead exposure 2 weeks post-fracture (but not at 1
or 3 weeks) (201) whereas same or lower dose dosage failed to show enhanced bone healing in
normal rodents (200-202). Using a different controlled-release system (described below),
successful 6BIO micellar delivery has shown increased BV/TV at 3 weeks in a rat femoral fracture
model (202). While surgically placed drugs have clinical indications, non-invasive systemic
delivery can be used as needed for poorly healing bone injuries (203, 204). Recent reports using
two different GSK-33 molecules (AZD2858, 6BI0O) have successfully shown preferential delivery
to the fractured bone and biocompatibility in off-target tissues (205-207) and subsequent

augmentation of fracture healing (202, 206).

RESEARCH OBJECTIVES:
1. Physical method of bone augmentation: To confirm that local cold therapy (ice bath of 4-
6 °C) can positively affect bone formation in a murine femoral cortical bone defect model.
2. Biological method of bone augmentation: To demonstrate the effect of Tideglusib, a GSK-

3B inhibitor, in the treatment of a bone defect rodent model.
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TABLE 1.1. Summary of the GSK-3 inhibitors on bone healing

Species Models Treatment Dose Healing and strength Major findings Ref.
Mice Femur fracture AZD2858 0.168 mg TBV/TV, strength Nanoparticles from controlled release over 9 days showed greater (206)
controlled release® accumulation in fracture bone and accelerated fracture healing (4wks).
AZD2858 injection® -BV/TV At same dose, free AZD2858 failed to accelerate bone healing.
Femur fracture 6BIO 6.9 nmol’kg  TBV/TV Micellar delivery of 6BIO controlled release over 7 days showed (202)
controlled release® accelerated fracture healing compared with free 6BIO and control
(3wks).
6BIO injection® «-BV/TV At same dose, free 6BIO failed to accelerate bone healing.
Femur gap defect  6BIO 198 um «-BV/TV Polymeric nanoparticles showed greater accumulation in fractured (200)
controlled release® bone but failed to improve bone healing (3wks).
6BIO injection® «-BV/TV At same dose, free 6BIO failed to accelerate bone healing.
Tibia fracture 6BIO injections® 0.75 mg/kg  <>callus volume Free 6BIO failed to accelerate bone healing (3wks). 201
Tibial fracture LiCl PO*¢ 200mg/kg TBV/TV Lithium impaired bone healing when started before fracture and (192)
enhanced repair when started 4 days after the injury.
Tibial fracture LiCl injections® 100mg/kg ©strength No effect on bone strength (2wks). (190)
Femur fracture LiCl PO¢ 200mg/kg TBV/TV, strength Accelerated bone healing and bone strength (3wks). (189)
Rats Femur fracture LiCl 20mg/kg TBMD, strength Maximal healing and strength occurred with a low dose (20mg/kg) (194)
dose given for a longer time (2wks) with a 7d of onset (4wks).
Femur fracture LiCl 20mg/kg Tstrength Best regimen corresponds to a low dose of 20mg/kg given at 7d of (193)
onset for 2wks duration (4wks).
Tibial gap defect =~ Li2COs (localized) 10 mM Tstrength Accelerated bone healing (2wks). (188)
Femur fracture AZD2858 PO daily 30 umol’/kg  TBMD, strength Accelerated healing through intramembranous repair without the (195)

formation of cartilage (3wks).

2 One injection
® Three injections over 9 days
¢ Treatment was given daily and started 4 days after fracture
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2.2 Abstract

A new bone healing strategy is reported, which is based on localized cold. A murine bone healing
model was used, in which an unicortical defect was surgically created bilaterally within the femurs.
After daily immersion in an ice bath for 28 days, a large increase in bone regeneration within a
femoral cortical defect compared to the non-treated limb was observed. Bone regeneration
mechanism within the defect upon cold was studied at 1 and 4 weeks using micro CT and
immunohistochemical analysis and compared to the contralateral limb controls. The advanced

stage of healing of the bone structure combined with the increase vascular channel density for the
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cold treated group matched with an increased expression of VEGF, and a greater number of CD34+
stained cells in the early phase of repair in the cold group. This indicates an elevation in tissue
angiogenesis secondary to VEGF expression in the cold group potentially via a temporary
vasoconstriction of the local vasculature leading to a temporary state of relative hypoxia. Local
cold therapy may be an unrecognized tool with which to accelerate bone regeneration. The absence
of observed systemic or local side effects and enhanced bone healing indicates further study is

warranted to develop potential clinical protocols.

Statement of impact

A variety of biological, mechanical, and physical therapeutic modalities of varying complexity,
efficacy, cost and safety profile have been developed to enhance the bone healing. There have been
sporadic reports of spontaneous bone formation following repeated cold exposure. Here we report
for the first time, the anabolic effect of cold exposure on bone healing in vivo resulting in a
doubling of bone volume. While the precise mechanism is not fully understood, cold is well-
known to stimulate osteoclastogenesis and modulate inflammation. The impact of this finding is
considerable for tissue regeneration since cold application is non-invasive, safe and easily

implemented.

2.3 Introduction

Both epidemiological and experimental studies have reported a phenomenon that surfers exposed
to cold water (19°C and lower) for prolonged periods of time develop external auditory canal
exostosis, commonly known as surfer’s ear. (4, 5, 208-213) A similar condition has also been

reported in the paranasal sinuses. (2/4-217) The degree of exostosis showed a significant
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correlation with cold-water exposure time. (2/8-221) The histopathology of the temporal cortical
bone overgrowths from the ear canal consists of loosely organized trabecular surrounded by
circumferential subperiosteal lamellar bone and numerous osteocytes- seemingly demonstrating a
reparative process. (5, 214, 222)

Intermittent local cold therapy is historically used as rehabilitation adjunct after musculoskeletal
injury to relieve pain and reduce inflammation. (103-105, 107-109, 223, 224) Reported effects
include alteration of the tissue metabolism rate, (/38-141) local vasoconstriction(/29-131) with
resulting hemorrhage (108, 225, 226) and oedema control, (/24, [25) attenuation of the
inflammatory response, (/35-137) and reduction of nerve conduction velocity (/26, 127) resulting
in a higher pain threshold. (/42-144) While clearly beneficial for symptomatic relief after injury,
little is known about the effects of local hypothermia on the regenerative process of healing skeletal
tissue and the above phenomena of “surfers ear” implores the exploration of this question.

Bone tissue has been shown to be resistant to harmful effects of cooling in vitro if temperatures
above 0 C. Chondrocytes will remain alive up to 6 weeks at 4 degrees C, however freezing will
invariably kill them. (227) The number of osteoclasts differentiated from mononuclear cell cultures
derived from mouse marrow showed a 1.5 to 2-fold increase with cold treatment at 34 C.(6)
However, the effect of hypothermia on osteoblasts has seen conflicting results in the literature.
Patel et al concluded that hypothermia inhibits rat osteoblast differentiation following their results.
They showed a reduction of trabecular bone structures containing osteoblasts by 75% when
cultured for 14-16 days at 35.5°C and by 95% when dropping to 34°C. (6) However, human
osteoblast cell lines exposed to short-term (e.g., 1h to 24h of hypothermia out of 14 days in culture)
hypothermia exhibited an upregulation of Runx2 and osterix, leading to an increase in osteocalcin

expression and alkaline phosphatase activity. (8) In vivo study on mice exposed at different
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temperatures, demonstrates changes in bony phenotypes with cold temperatures stunting growth.
(228) The authors propose that environmental temperature may alter limb temperature and
perfusion influencing bone growth in the developing skeleton. While these results together propose
intriguing relationships between temperature and bone homeostasis, the effects of intermittent
short period cold therapy on long bone healing have yet to be explored. The aim of this study is to
confirm that an internal bone temperature of 19°C achieved through brief daily locally applied
cold by immersion in an ice bath of 4-6°C can positively affect bone formation in a murine femoral

cortical bone defect model.

2.4 Experimental Section

Cortical Defect Preparation: A murine cortical bone defect model was used to test our hypothesis.
This model has proven to generate a reproducible, mechanically stable defect without the need for
fixation. (229-232) All animal studies were performed after approval by the McGill Facility
Animal Care Committee and were conducted in accordance with the Canada Council on Animal
Care and the NIH Guidelines for the Care and Use of Laboratory Animals. Eighteen skeletally
mature male C3H wild-type mice (Charles River Laboratories, Montreal, QC, Canada) aged to 2-
3 months (22-26g) were used. Following general anesthesia with isoflurane, the surgical site was
disinfected using a 70% ethanol solution. A 5-mm incision was created to access the anterolateral
aspect of the proximal femur using the third trochanter as the proximal landmark. The femur was
carefully exposed using blunt dissection and was stripped of its periosteum on its anterolateral
surface using the third trochanter as a proximal landmark. A 1-mm high-speed burr (Stryker,
Hamilton, ON, Canada) was then used to create a 1 x 2.5mm unicortical rectangular window in

the anterolateral aspect of the femoral diaphysis, and the periosteum carefully removed using the
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third trochanter as the proximal landmark (Figure 2.1A). The defects were then completely flushed
with phosphate-buffered saline (PBS) to remove all bone fragments. The wound was then irrigated
with normal saline and closed with absorbable sutures in layers. Post operatively the mice received
a 5-day course of oral antibiotics (Bactrim, Hoffman-La Roche Inc., Mississauga, ON, Canada),
and were allowed full weight bearing on both lower extremities. Pain control was achieved with
daily carprofen injections (5 mg/kg) for the first three days after surgery. Mice were assessed for
general health status by weight and grooming behaviour, as well as for any signs of fracture or

infection.

Implementation of Local Cold Therapy: Both hind limbs of the study animals had a surgically
created bone defect as above. One hind limb of every mouse was subjected to daily cold treatments
and was designated as the experimental group (n=18). The contralateral hind limb, which did not
receive any local cold therapy, was designated as the control group (n=18). Before cold bath
treatments, surgical wounds were examined to assess for any skin hypersensitivity or dehiscence.
We aimed to decrease the local temperature at the defect to approximately 19°C. The temperature
goal of 19°C was chosen to reproduce the temperature of the cold irrigation protocol that Fowler
used to show an increase in guinea pig ear canal bony overgrowth. (4) To confirm this a
temperature sensor was implanted between the femur and extensor mechanism at the defect on two
pilot study animals, and its wire connector was tunneled proximally and brought out through the
skin on the back of the mouse. The exit site and wires were never placed in the cold bath. The
temperature readings confirmed that the local temperature decreased to 19 °C after immersion of
the whole limb in a 4-6°C cold bath after 2 minutes. The chosen treatment regimen of 15 minutes

once per day, was modeled after the early animal studies of low intensity pulsed ultrasound
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(LTPUS), which used a similar regimen. (233) Starting on postoperative day 1 and for a total of 7
(n=6) and 28 (n=12) consecutive days, one lower extremity of all 18 mice was submerged in a 4-
6°C cold-water bath for a total of 15 minutes after undergoing general anaesthesia
(isoflurane/inhalant) (Figure 2.1B). Care was taken to maintain core temperature throughout the

treatment using a heating pad.

Femur Harvest and Microcomputed Tomography (microCT) Imaging: Mice were euthanized at 7
days or 28 days post-operative (PO) by CO, asphyxiation under isoflurane induced anesthesia,
followed by cervical dislocation. Femurs were dissected free of soft tissue, fixed overnight with
4% paraformaldehyde, washed in sterile PBS and stored at 4°C prior to conducting the assessment
of bone healing. Micro computed tomography (Micro-CT) scans were obtained in a Skyscan 1172
scanner (Bruker, Kontich, Belgium) with an Al 0.5mm filter at a voltage of 50kV and a current of
200pA with a spatial resolution of 5 pum/pixel. 3D reconstructions of specimens were made with
the associate software (NRecon v1.6.10.4) and loaded into the CTAn software v.1.16.4.1 for
quantitative analysis. Two different regions of interest, centered at the middle of the cortical defect,
were selected for bone volume/tissue volume (BV/TV) analysis: ROl A = mineralized tissue
occupying the 1.5 mm x 0.9 mm x 0.25 mm window defect, and ROI B = a fixed Imm diameter
circle centered on the medullary canal spanning the entire area of the cortical bone defect- the
medullary canal adjacent to the window defect and the mineralized tissue within the window
defect. Using Grayscale Index from 55 to 255, the total bone volume (BV) was extrapolated from
the region of interest. Usual bone parameters were measure for quantification of bone mass and
structure such as percentage of bone volume (BV/TV), trabecular number (Tb.N), bone mineral

density (BMD), trabecular pattern factor (Tb.Pf), structural model index (SMI), degree of
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anisotropy (DA), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp) and porosity (Pocl).
Using a quantification of continuous, connected channel volume as a measure for vascularity
developed by Bruker (Bruker micro-CT academy 2016 v5.3), (37, 230) blood vessel morphology
was assessed at 4 weeks PO. The protocol to calculate the volumetric calculation of the blood
vessel network, only includes open pores with a diameter above 50um. Quantitative data for
vascular channels includes blood vessel volume/tissue volume (BVV/TV), blood vessel number

(No./mm3), blood vessel thickness (um), blood vessel spacing (um) and connective density (um).

Immunohistological Analysis: After micro-CT analysis, the limbs were decalcified with 10%
EDTA, embedded into paraffin and Sum sections prepared with a LEICA 2255 microtome (Leica
Microsystems, Concord, ON, Canada). Hematoxylin-Eosin (H&E) staining was used to assess the
morphology of tissue. For histochemical study, samples were stained to identify alkaline
phosphatase (ALP) activity in osteogenic cells, tartrate resistant acid phosphatase (TRAP) to
identify osteoclasts, CD34 for endothelial vascular cells and vascular endothelial growth factor
(VEGF) as a potent angiogenic factor. Immunohistochemistry was performed according to the
manufacturer instructions. The sections were incubated overnight with primary antibodies specific
for VEGF (ABS82, Millipore, 1:1000) and goat anti-rabbit was used as secondary antibody.
Antibody binding was detected using the DAKO antigen retrieval system (DAB kit, K3468, USA).
The sections were counterstained with haematoxylin, dehydrated, cleared and mounted.

Microscopic images of the stained samples were captured using a Zeiss Axioskop 40 microscope
(Carl Zeiss, Toronto, ON, Canada) or captured with Aperio digital pathology slide scanners from
Leica Biosystems. All samples underwent histomorphometric calculation of the percentage of

stained cells within defined regions of interest using the software Imagel v.1.6.0 (NIH, Bethesda,
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MD, USA). SPSS version 20 (IBM) was used to compare the means of the parameters measured

in the control and experimental groups using a Paired Student T-test. Statistical significance was

set at p<0.05.

Figure 2.1. Femoral window defect and application of local cold therapy. Bilateral unicortical
defects (1mm x 2mm) were drilled into the mid-diaphysis of 2-3 months wild-type C3H mice (A).
On postoperative day 1, experimental limbs were immerged in a 4-6°C cold bath under general
anesthesia for 15 minutes (B). Care was taken to completely submerge the hip joint and femur.
Contralateral control limbs did not receive local cold bath treatment and were elevated above water
level during treatments. Femora were harvested for analysis on postoperative day 7 for 6 mice and

on postoperative day 28 for 12 mice.
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2.5 Results
A total of 18 mice underwent the operative procedure on both lower extremities without
complications. Further, there were no perioperative/postoperative fractures, surgical site infections

or signs of deteriorating general health up to the time of euthanasia.

Histomorphometric Analyses

After 1 and 4 weeks, all femora were subject to histomorphometric analysis with micro CT to
calculate the amount of new bone formation (Figure 2.2). Total bone volume (BV/TV) of each
bone was calculated to estimate the bone formation. BV/TV was highest in the cold group at
18.94+9.23 compared to the control limb (7.97+£5.13) (p=0.001). Bone vessel volume over tissue
volume (BVV/TV) was calculated at POD-28 and found to be higher in the cold group compared
with control (7.8% vs. 6.7% p<0.001) (Supplemental Figure 2.S1 and Table 2.S1, in
Supplementary Information) and the trabeculae in the defect of cold-treated mice appeared to
be thicker, with more dense bone at 4 weeks (Supplemental Figure 2.S2 and Supplemental

Table 2.S2).
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Figure 2.2. Macroscopic evaluation of bone repair in the window defect.

Cold-treated and control femora were scanned at a resolution of 5 um on a Skyscan 1172
instrument. Representative 3D models from paired femora were reconstructed from 2D images to
display healing on the defect at 4 weeks postoperative. Significant new bone (white) is seen at the
level of the defect in the cold group (C, D, G, H, K, L, O, P) compared to the control group (A, B,
E, F, I, J, M, N). The difference in percent bone volume (% BV/TV) in the window defect (ROI
A) and in the defect/medullary (ROI B) between the experimental and control group are displayed

in the graphs below (Q, R) p<0.001. Cold significantly different from control at p<0.001.

Histological Observations

Qualitative histological analysis of thin sections of decalcified bone was performed to corroborate
the results of the histomorphometric analysis. The staining results for alkaline phosphatase (ALP),
tartrate-resistant acid phosphatase (TRAP), presence of vascular endothelial cells (CD34) and
vascular endothelial growth factor (VEGF) at both POD-7 and POD-28 are summarized in Table

2.S52. ALP staining (Figure 2.3A-D) revealed the low number of ALP positive cells at the bone
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defect at POD-7 in both non-cold (Figure 2.3A) and cold groups (Figure 2.3B). After 4 weeks,
quantification of ALP stained cells revealed to be significantly decreased (p<0.001) in the
experimental group (Figure 2.3D) compared to the control group (Figure 2.3C). Adjacent sections
of decalcified bone were stained with TRAP to identify osteoclasts (Figure 2.3E-H). A
significantly higher number (p=0.02) of TRAP positive cells were seen at the proximal ends of the
defect at POD-7 in the cold group (Figure 2.3F). This suggests an increase in bone turnover at the
defect site in the cold-treated femora. At POD-28, an extensive number of TRAP positive stained
cells has been detected for the cold group (1.73 £ 0.5) (Figure 2.3H), compared to the non-treated
bones (1.54 = 0.4) (Figure 2.3G), albeit it did not reach statistical difference. Following H&E
staining, fibrous tissue filling the defect area is observed (Figure 2.4A1, A2) at POD-7 in both
groups. A coarse meshwork of trabecular bone can be seen at POD-28 with bridging of the defect
area in the cold-treated limbs (Figure 2.4A3), whereas the defect site in control limbs still

displayed fibrous stroma with reactive bone formation on the defect edges (Figure 2.4A4).
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Figure 2.3. Identification of bone-resorbing osteoclasts and bone-forming osteoblasts in
regenerating bone. Mid-sagittal sections were harvested from decalcified, paraffin-embedded
paired femurs of control and cold therapy at 1 week and 4 weeks postoperative and adjacent
sections stained for quantitative analyses of cell composition. Alkaline phosphatase (ALP) staining
for osteoblasts showed no difference between control (A) and cold treatment (B) at POD-7,
however osteoblasts were more numerous in the control group (C) compared to the cold group (D)
at POD-28. Tartrate resistant acid phosphatase (TRAP)-positive osteoclasts (red) were less
numerous in the control group (E) compared to cold treatment (F) at POD-7, no difference between
the two groups (G, H) was seen at POD-28. Right, a graph (I) compare the percentage of
positively-stained cells between cold and control for ALP and TRAP staining. Images are
representative of N = 6 Control and N = 6 Cold at POD-7and N = 12 Control and N = 12 Cold at
POD-28. Cold significantly different from control at *p<0.001 and **p=0.03. Scale bars = 100 um

(A-H).
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Immunohistochemical Observations

CD34 was used as a sensitive marker for vascular endothelial cells in soft tissue and bone (Figure
2.4C1-C4). The staining showed a significantly higher number of CD34 cells in the cold group
(1.03+£0.42) (Figure 2.4C2) at 7 days compared to the control (0.15+0.09, p = 0.038) (Figure
2.4C1). The positively stained-cells were clearly organized into vascular channels. By 4 weeks
postoperative, only a few CD34 positive cells persist in the cold-treated femora (p=0.030) (Figure
2.4C4), whereas there was a higher expression of CD34 positive stained cells in the control group
(Figure 2.4C3). VEGF staining was performed to assess the activity of the major angiogenesis
pathway (Figure 2.4D1-D4). (234) A detailed examination of VEGF stained cells in the defect
area revealed more pronounced staining at POD-7 in the cold group (15.634+3.51, p = 0.038) than
the control group (2.07+0.36) (Figure 2.4D1). At POD-28, this trend was inverted, with a VEGF
expression significantly higher in the control group (Figure 2.4D3) than in the cold group
(2.07+0.36 vs. 0.38+0.54, p=0.034) (Figure 2.4D4) and followed the same trend as CD34 staining

at POD-28.
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Figure 2.4. CD34 and VEGF immunohistochemistry in regenerating bone. Paired bones were
decalcified embedded in paraffin and Sum sections stained immunochemically for CD34, and
VEGF expression for analysis of the inflammatory phase (7 days postoperative) and the
remodeling phase (28 days postoperative) of bone healing. Low- magnification images of
hematoxylin and eosin-stained sections at 1 and 4 weeks for control (A1, A3) and cold (A2, A4)
groups show the region of tissue (box) where high magnification images were taken (B1-B4). At
4-weks postoperative, control defects (B3) remained filled with soft tissue whereas cold femurs
(B4) showed a clear pattern of bone trabeculae surrounded by marrow (arrowheads). Fewer newly
formed blood vessels lined with CD34-positive vascular endothelial cells were seen in the non-
treated group (C1) at 7d PO whereas robust and more pronounced CD34-stained cells organized

in vascular channels is seen in the experimental group (C2). Representative images of the defect
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show less VEGF activity in the control group (D1) compared to the cold group (D2) at 7 days. CD-
34 expression persists at 28d PO in the control group (C3) while CD-34 expression becomes near
absent in the cold group (C4). Whereas at 28d PO, VEGF activity was more pronounced in the
control group (D3) in comparison with cold group (D4). Right, a graph (E) compare the percentage
of positively-stained cells between cold and control for CD34 and VEGF staining. Images are
representative of N = 6 Control and N = 6 Cold at POD-7 and N = 12 Control and N = 12 Cold at
POD-28. Cold significantly different from control at **p=0.03 and ***p= 0.04. Scale bars = 500

um (A1-A4), 50 um (B1-D4).

2.6 Discussion

This study investigates the effects of a short term localized cold therapy on bone regeneration in
an animal long bone defect. Our primary study question showed that a 15 mins of daily immersion
in ice cold bath resulted in an increase in bone regeneration within a femoral cortical defect after
28 days of healing time. The similarity in early ALP activity, a marker of osteogenic
differentiation, between the cold and control groups supports the hypothesis that the cold induced
bone growth might not be mediated by osteoblast activity differences in the early phase of repair.
Given that the most probable explanation for the surfer’s ear phenomenon may be an increased in
osteoblast activity (2117), here the mechanism of bone healing stimulation following cold therapy
might be fundamentally different. Chiba et al has described the distribution of ALP expression in
a rat healing model, showing peak expression between days 7-14, after which expression declined
as the trabecular bone remodelled. (235) Given that the cold limb group at 28 days postoperative
exhibited a coarse meshwork of trabecular bone at remodelling phase; this could explain the small

amount of ALP expression at that time point. The cold-treated femora might be further along the
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remodelling phase when compared to the control group. The advanced stage of healing of the
bone structure in the cold group compared with the control was correlated with an increase in
estimated vascular channel density at this time point. Both CD34 and VEGF were elevated in the
cold therapy group compared to controls at the 7 days indicating an elevation in tissue angiogenesis
secondary to VEGF expression in the cold group. VEGF is an essential factor for vascular
formation during angiogenesis and vasculogenesis, (236) appropriate callus architecture and
mineralization in response to bone injury. (237) Overexpression of VEGF may induce earlier bone
formation and repair when compared to normal level controls. (238, 239) Intermittent cold
immersion can stimulate the expression of VEGF regulated angiogenic response through hypoxia,
endothelial cell stimulation, and direct effect on either bone or blood products. While several
studies have shown that short term (8, 240-242) and long-term (6, 243) hypothermia can have
completely opposite effect on bone mineralization, hypoxic stimuli for bone growth has recently
been approached by several authors. (37, 244) The critical driver in this study may be the
intermittent hypoxic microenvironment created during the cold application. Indeed, localized
cooling has been shown to cause a decreased blood flow and metabolism in bone(/3/) and
significant vasoconstriction continues beyond the cooling period of 20 minutes, despite skin
temperatures returning toward baseline values(/30, 135). Bearing in mind that maintenance of
bone oxygen pressure is closely related to the blood flow,(245) these results might indicate additive
factors affecting the defect model. Cold applied to the bone defect area may cause intermittent
hypoxia through vasoconstriction along with the usual disruption of the local blood flow following
injury which in turn has been shown to promote osteogenesis, via its upregulation of the
angiogenesis pathway (37, 246)-whether this is the entire mechanism for cold delivery remains to

be seen. In response to a hypoxic environment, Hypoxia-inducible factor (HIF) is activated and
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stimulates the transcription of multiple genes with effects on angiogenesis, osteogenesis, precursor
cell recruitment and differentiation. (37, 246) Finally, osteoclast number was higher in the cold
group during the early phase of repair compared to the controls. A stimulatory effect of cold
temperature on the formation of human and mouse osteoclasts has been observed in vitro where
osteoclast number was increased by about 1.5 to 1.7-fold under continuous hypothermic conditions
(6). However, given the intermittent brief nature of hypothermia in our experiment, the observed
elevation in osteoclasts is unlikely to be only explained by a direct effect of temperature change.
The elevation of VEGF supports an underlying role of intermittent hypoxia as a potential
mechanism for enhancing the bone osteoclastogenesis and the subsequent bone remodelling
process. (247-249) The positive effects of VEGF activation on osteoclast recruitment and
resorptive function have been well documented. (250, 251).

Here, we suggest as potential mechanism that localized cold application enhances the bone healing
process indirectly, via a temporary vasoconstriction of the local vasculature. This could create a
temporary state of relative hypoxia which in turn may lead to upregulation of angiogenic
transcription factors (VEGF), thereby improving revascularization and the bone remodelling
potential. VEGF and CD34 cells persisted at elevated levels in the control group at 4 weeks,
whereas there was a reduction in these markers in the cold-treated group indicating diminishing
hemopoietic progenitor cell recruitment at this later time point in the cold group. This is potentially
explained by the presence of a more advanced cortical bridging of the defect that is further along

the healing sequence in the cold group.

2.7 Acknowledgements

The research was supported by the Orthopedic Trauma Association resident grant.

49



2.8 Supplementary Information

Supplemental Table 2.S1. Quantitative micro CT analysis of blood vessels.

28 days postoperative

Control Cold p value
(n=12) (n=12)
BVV/TV % 6.7+0.9 7.8+0.6 <0.001
Blood Vessel 1.9+0.2 20+£03 0.413
Number (No./mm?)
Blood Vessel 35.1+23 39.5+33 <0.001
Thickness (um)
Blood Vessel 209.4 £22.0 183.8 £16.0 0.010
Spacing (um)
Blood vessel 0.37+0.12 0.35+0.12 0.817

Connective Density
(um)

BVV/TV = blood vessel volume/tissue volume

Supplemental Table 2.S2. Quantitative analysis of bone architecture at 28 days with micro CT.

Defect Defect/Medulla

Control Cold p value Control Cold p value

(n=12) (n=12) (n=12) (n=12)
BV/TV % 7.97+£5.13 18.94+9.23 0.001 26.9+7.1 34.1+£5.0 <0.001
Trabecular 1.4+0.7 2.80+1.3 0.003 34407 40+04 0.012
Number
(No./ um?)
Tb.Th. 54.6+9.8 67.849.2 0.001 77.0+7.8 84.7+6.1 0.001
(um)
Tb.Sp 213.4£12.9 | 190.0£25.6 | 0.009 2745 £54.7 2359+43.8 0.031
(um)
Connective 0.2+0.1 0.5+0.3 0.01 0.53+0.1 0.46 +£0.1 0.257
Density (um)
Porosity (%) 92.0+5.1 81.149.2 0.001 73.04 +7.1 65.8+£5.0 <0.001
Number of 16.1+15.6 31.8424.7 0.05 274.7 £100.0 234.2 +136.8 0.451
Closed Pores
(No./mm?®)

BV/TV = bone volume/tissue volume; TbTh = trabecular thickness; TbSp. = trabecular separation
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Supplemental Table 2.S3. Quantitative staining analysis of cellular activity from paired femora.

7 days postoperative 28 days postoperative

Cold Control | p value Cold Control | p value
ALP (%) 0.031+0.02 | 0.028+0.01 | 0.9 ALP (%) 0.44+0.2 1.2+0.4 <0.001
(n=06) (n=12)
TRAP (%) 1.47+1.08 | 0.39+0.35 | 0.031 TRAP (%) | 1.73£0.5 1.54+0.4 0.4
(n=06) (n=12)
CD34 (%) 1.91+0.71 | 0.31+0.10 | 0.046 CD34 (%) | 0.22+0.08 | 1.58+0.6 0.030
(n=4) (n=3)
VEGF (%) 15.63+3.51 | 9.60+6.45 | 0.031 VEGF (%) | 0.38+0.54 | 2.07+£0.36 | 0.034
(n=0) (n=3)

ALP osteoblasts; TRAP osteoclasts; CD34 vascular endothelial cells; VEGF vascular endothelial growth
factor.
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Supplemental Figure 2.S1. Quantitative micro CT evaluation of bone vasculature. Cold-
treated and control femora were scanned at a resolution of Sum on a Skyscan 1172 instrument.
Red represents connected and uninterrupted channels greater than 50 um in diameter, which are
interpreted as vascular channels. Representative 2D models of paired femora (A, B) display the
distribution of blood vessels (red) at POD-28. Revascularization is increased in the cold group (B).

Below, a graph (C) compare the percentage of bone vessel volume over tissue volume (BVV/TV)

51



in the bone between control and cold. Images are from paired femora and representative of N = 12

Control and N = 12 Cold at POD-28. Cold significantly different from control at *p<0.001.
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Supplemental Figure 2.S2. Mid-sagittal 2D micro CT images of bone repair. A Skyscan 1172
instrument was used to scan all femora at a resolution of 5 pm. Representative 2D images of paired
femora from the control group (A1-A12) and the cold-treated group (B1-B12) are shown after 4
weeks of bone regeneration, and control group (A13-A18) and the cold-treated femora (B13-B18)
after 1 week. The arrowheads delineate the proximal (left) and distal (right) margins of the window
defect. Bone is seen in the medullary canal and the cortical defect gap. The difference in percent
bone volume (% BV/TV) after 4 weeks in the cortical defect gap is statistically higher (p<0.001)

in the in the cold treated group (18.94+9.23) when compared to the control group (7.97+5.13).
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3.2. Abstract

The Wnt/B-catenin signaling pathway is critical for bone differentiation and regeneration.
Tideglusib, a selective FDA approved glycogen synthase kinase-3 (GSK-3p) inhibitor, has been
shown to promote dentine formation, but its effect on bone has not been examined. Our objective
was to study the effect of localized Tideglusib administration on bone repair. Bone healing
between Tideglusib treated and control mice was analysed at 7, 14 and 28 days postoperative (PO)
with microCT, dynamic histomorphometry and immunohistology. There was a local
downregulation of GSK-3p in Tideglusib animals, resulting in a significant increase in the amount
of new bone formation with both enhanced cortical bone bridging and medullary bone deposition.

The bone formation in the Tideglusib group was characterized by early osteoblast differentiation
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with down-regulation of GSK-3p at day 7 and 14, and higher accumulation of active B-catenin at
day 14. Here, for the first time, we show a positive effect of Tideglusib on bone formation through
the inactivation of GSK-3f. Furthermore, the findings suggest that Tideglusib does not interfere
with precursor cell recruitment and commitment, contrary to other GSK-33 antagonists such as
lithium chloride. Taken together, the results indicate that Tideglusib could be used directly at a
fracture site during the initial intraoperative internal fixation without the need for further surgery,
injection or drug delivery system. This FDA-approved drug may be useful in the future for the

prevention of non-union in patients presenting with a high risk for fracture-healing.

3.3 Introduction

Bone regeneration progresses with a well-orchestrated series of biological events of bone induction
and conduction, through a number of intracellular and extracellular molecular-signaling pathways.
Among them, the Wnt/B-catenin signaling pathway is critical for bone regeneration. Activation of
Wnt/B-catenin pathway through the binding of the Wnt protein(252-255), downregulates the
activity of glycogen synthase kinase (GSK)-3p and leads to hypophosphorylation of f-catenin.
The resultant active pathway molecules aggregate and interact with transcription factors that
regulate the expression of target genes such as Axin, which upregulates osteoblast
differentiation (256). Because of involvement in several other physiological and pathological
processes, such as in the development of tissue fibrosis (69, 70), cancer initiation (breast,
hepatocellular carcinoma, gliomas) (257, 258), and metastasis to bone tissues (259), the Wnt/B-
catenin signaling must be carefully controlled. Currently, only a few specific biological agents
related to the Wnt/B-catenin pathway are in clinical trials or have been used in clinical settings.

A recent paper showed that Tideglusib (Fig. 3.1), a selective and irreversible small molecule non-
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ATP-competitive glycogen synthase kinase 3-B (GSK-3B) inhibitor currently in trial for

Alzheimer’s disease, promotes tooth re-growth and dental caries repair. (9)

Figure 3.1. Chemical structure of Tideglusib (4-Benzyl-2[naphthlen-1-yl]-1,2,4-thiadiazolidine-

3,5-dione), an irreversible, non-ATP-competitive GSK-3f inhibitor.

This study showed that after 6-week exposure to the GSK-3 inhibitor at the injury site, the structure
of the dentine was more mature with a similar radiopacity as the surrounding primary/secondary
dentine. The expression of Axin 2 was three-fold higher in the presence of Tideglusib than the
control group. Dentine is a calcified tissue that has some similarities with bone. Hence, we
hypothesized that similarly to the tooth damage, Axin 2 expression and Wnt/B-cat signaling can
be upregulated with Tideglusib after bone damage.

Recent data have shown increase gene expression of B-catenin in all cells located in the fracture
callus, suggesting that the Wnt pathway stimulates both intramembranous and endochondral
ossification (255, 260, 261). The contribution of intramembranous repair to fracture healing has
long been observed. Yet, the use of standard fracture models prevents the accurate assessment of
its contribution to the bone repair and effectively identify the response of bone marrow-derived
cells to endogenous Wnt signalling. In this paper, we report for the first time the effect of

Tideglusib in a murine model of bone defect repair that heals through intramembranous
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ossification, without an intervening cartilage intermediate, and investigate the underlying

mechanism of new bone formation upon GSK-3 antagonist stimulation.

3.4. Material and Methods

Animal model: Animal experiments were performed in strict accordance with the guidelines of the
Canada Council on Animal Care. The protocol was approved by the McGill Facility Animal Care
committee. Skeletally mature male CH1 wild-type mice aged to 2-3 months (22-26g) were
purchased from Charles River Laboratories (Montreal, Quebec, Canada). After 7 days of
acclimatization period, a bilateral femoral cortical window defect was surgically created to assess
the effect of GSK-3p inhibitor treatment on bone healing as previously described (262). Briefly,
femora were paired from the same animal; one limb was designated as the experimental group
(n=33) whereas the other limb (n=33) was used as control. Following anesthesia with isoflurane,
a rectangular window defect measuring 2 mm length x 1 mm depth was fashioned in the
anterolateral aspect of the femoral diaphysis using a Stryker drill (Hamilton, ON, Canada). The
defect was carefully flushed with phosphate-buffered saline (PBS) to remove any residual bone
fragments. Surgifoam sponge (model 12-7, porcine gelatin matrix) supplied by Ethicon Inc.
(Somerville, NJ) was used as drug vehicle. Tideglusib (4-Benzyl-2[naphthlen-1-yl]-1,2,4-
thiadiazolidine-3,5-dione) was purchased from Sigma-Aldrich (St. Louis, MO). Surgifoam was
soaked in DMSO (control) or in DMSO + Tideglusib (50 nM) (9). Gelatin sponges were fitted to
the window defects and secured with overlying sutured tissues. After surgery, the mice received a
5-day course of oral antibiotics (Bactrim, Hoffman-La Roche Inc., Mississauga, ON, Canada) and
were allowed full weight bearing on both lower extremities. Carprofen injections (5 mg/kg) were

administered subcutaneously before the surgery and daily for the next three days. Throughout the
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duration of the experiment, the animals were left free to roam and with access ad libitum to food
and water. Mice were assessed for general health status by weight and grooming behavior, as well
as for any signs of fracture or infection. The animals were euthanized at 7 days post-operative (PO)
(experimental n=9; control n=9), 14 days PO (experimental n= 12, control n= 12) and 28 days
PO (experimental n= 12; control n= 12) by CO, asphyxia under general anesthesia followed by

cervical dislocation.

Dynamic Histomorphometry: To study the dynamics of bone defect healing, mice were injected
intraperitoneally with 10 mg/kg Calcein in a 2% sodium bicarbonate solution (Sigma-Aldrich) 10
days prior to euthanasia, and 30 mg/kg Alizarin Red in PBS (Sigma-Aldrich) 3 days before
euthanasia (263, 264). After euthanizing the animals, the femora were harvested, dissected free of
soft tissue, fixed for 24h with 4% paraformaldehyde, and washed in sterile PBS and stored at 4°C.
Afterwards, the bones were embedded in methylmethacrylate (MMA) following the
manufacturer’s protocol. Specimens were then cut using a LEICA 2255 microtome (Leica
Microsystems, Concord, ON, Canada) to a thickness of Sum. Axial sections were cut at the mid-
point of the defect from three specimens after 4 weeks of bone healing. Images were obtained
using a confocal microscope (Zeiss AxioScan Z.1) with a UV light source using red and green
filters (465495 nm). ImageJ v.1.8.0 software (Bethesda, MA) was used to assess the following
parameters from areas of new bone formation: total perimeter (B.Pm), single label perimeter
(sL.Pm), double label perimeter (dL.Pm), and double label area (dL.Ar). The following values
were then calculated: Mineralizing surface/bone surface (MS/BS) = ([1/2sL.Pm + dL.Pm]/B.Pm x
100) (%), Mineral Apposition Rate (MAR)= dL.Ar/ dL.Pm/7 days (um/day); and Bone Formation

Rate (BRF/BS)= MAR x MS/BS x 3.65 (um*/um?/year) (189, 265, 266).
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Microcomputed Tomography (microCT) Imaging: Scans of fixed femora were obtained using a
Skyscan 1172 instrument (Bruker, Kontich, Belgium) with an Al 0.5 filter at a voltage of 50kV,
current of 200pnA, and a spatial resolution of 5 um/pixel, using NRecon v.1.6.10.4 to generate 3D
models and CTAn v.1.16.4.1 software for quantitative analysis (Bruker) as described previously
(267). Two different regions of interest (ROI) were selected for bone volume/tissue volume
(BV/TV) analysis: ROI-A (0.9-mm diameter x 1.5-mm) = a cylindrical ROI centered on the
medullary canal spanning the entire area of cortical bone defect (Medulla Defect), and ROI-B (1.5
mm x 0.9 mm x 0.25 mm) = mineralized tissue between the proximal and distal ends of the window
defect were used for evaluation of bone repair (Window Defect). Usual bone parameters were
measured for quantification of bone mass and structure including the percentage of bone
volume/tissue volume (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), porosity (Pocl), open pore volume (PoVop), open porosity, closed

porosity, and connective density.

Histology, Histochemistry, and Immunohistochemistry: The harvested limbs were decalcified in a
10 % EDTA solution, embedded in paraffin and cut into 5 microns sections using a LEICA 2255
microtome (Leica Microsystems, Concord, ON, Canada). Serial 5-um thick sections were cut and
stained with hematoxylin and eosin for morphology assessment, and Masson’s trichome was used
to discriminate collagen fibers. Alkaline phosphatase-positive osteoblasts were observed by
staining with Naphthol AS-TR, N,N-dimethyl formamide and NBT/BCIP in 0.25mM tris-maleate
buffer (pH 9.3) for 70 minutes at 37°C. Tartrate resistant acid phosphatase (TRAP)-positive cells,

used to identify osteoclasts, were observed by staining with Naphthol AS-TR phosphatase, sodium
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nitrite, sodium tartrate, and pararosaniline hydrochloride in acetate buffer (pH 5.0) for 40 minutes
at 37°C (232). Microscopic images of the stained samples were captured using a Zeiss Axioskop
40 microscope (Carl Zeiss, Toronto, ON, Canada). Quantification of histochemical staining was
done within defined regions of interest using color deconvolution with Image J software (NIH,
Bethesda, MD, USA), as previously described (268, 269). Staining intensity is expressed as % of
the total area of the ROI and was done in a blinded fashion. Undecalcified specimens embedded
in MMA corresponding to 4 weeks of bone healing were stained with Von Kossa to assess
mineralized tissue.

For immunohistochemical staining, sections were processed by deparaffinization in Citrisolv
(Fisher), dehydration through degraded alcohols. Antigen retrieval for all proteins were done in a
10mM citrate buffer (pH 6.0) solution for 10 minutes at 95°C in a water bath. Endogenous
peroxidase activity was blocked using 3% hydrogen peroxide (H20>), and sections were blocked
with 5% goat serum for 1 hour at room temperature. The serial sections were incubated in a
humidified chamber at 4°C with primary rabbit-anti-mouse antibodies including, GSK3p antibody
(1:200, ab32391, total GSK3p), phospho-Tyr216-GSK3B (pGSK3B-Tyr216) 1:50, ab75745, active
form), and non-phospho(active) B-catenin (Ser33/37/Thr41) (1:800, CST #8814). The slides were
then washed and incubated with SignalStain® Boost IHC Detection Reagent (HRP, Rabbit CST
#8114) for 30 minutes at room temperature. Staining was visualized by using 3,3’-
diaminobenzidine hydrochloride (DAB) as the substrate chromogen and Gill’s Hematoxylin as a
counterstain. The confirmed mouse normal gastrointestinal tissues expressing the above proteins
were used as positive control, while in the negative control; primary antibody was replaced by
isotype specific immunoglobulin G (Supplementary information, Figure S1). Quantification of

chromogen intensity in the immunohistochemical was performed using Image J software with IHC
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Toolbox plugin automated image analysis application. Images were uploaded and analyzed as
recommended by the application. Briefly, the DAB quantification option is chosen, and the DAB
tissue image is then separated from hematoxylin counterstaining. The image is then converted to
a gray scale and a threshold is applied in order to eliminate unspecific staining. The average gray
value is then collected. The same threshold is applied to all tissue samples in order to ensure

consistency (270-272).

Statistical Analysis: Data were expressed as mean + standard error of the mean. SPSS version 20
(IBM) was used to compare the means of the parameters measured in the control and experimental

groups using a Paired Student T-test. Statistical significance was set at p<0.05.

3.5 Results

Effect of local GSK-3[1 inhibitor release on bone histomorphometry

Bone defect repair in both control (collagen sponge) and experimental (collagen sponge with GSK-
3P inhibitor) groups was assessed with microCT after 1-week (n=23), 2 weeks (n=24) and 4 weeks
(n=24) PO (Fig. 3.2A-J). There were no perioperative/postoperative side effects, infections or
signs of deterioration in the animals. A significant increase in bone volume relative to tissue
volume (BV/TV) in both regions of interest (ROI-A and ROI-B) was observed after postoperative
day (POD-) 28 for the experimental group. Medullary callus (ROI-A) gradually appeared from
POD-7 to POD-14 but no difference was demonstrated (p>0.05) between the control (POD-7: 0.04
10.02; POD-14: 4.76 £1.22) and experimental (POD-7: 0.35 £0.25; POD-14: 4.82 +0.86) groups
(Fig. 3.2M). However, the medullary bone increased significantly from POD-14 to POD-28, with

a much higher bone growth in the GSK-3p inhibitor-treated group (43.31 £2.67) compared to the
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vehicle alone (control) (36.53 +2.88) after 4 weeks of healing (p=0.014). The difference between
control and experimental groups was more pronounced in the cortical defect (ROI-B) area after 28
days (Fig. 3.2N) whereas no differences were seen after 7 and 14 days of healing. Cortical bone
bridging of bone defect edges (BV/TV) was higher in experimental group (20.58 £2.27) compared
with the control (12.70 £1.89). Detailed microCT analyses on bone microarchitecture are available
in supplementary information (Table 3.S1 and Table 3.S2). Calcified specimens (n=3) were
embedded in MMA, sectioned (5 [1m), stained with Von Kossa and counterstained with MacNeal
Tetrachrome. Von Kossa staining reveals some mineral deposits along with fibrous tissue as well
as the remains of the surgifoam in the defects (Fig. 3.2K-L). The dynamic histomorphometry
analysis on fluorochrome-labeled sections (Calcein and Alizarin Red) after 4 weeks postoperative
(n=3) (Fig. 3.20-P) shows a higher MS/BS ratio in the Tideglusib-treated group (11.23 + 0.82)
compared with control (7.91 +0.82; p=0.001) (Fig. 3.2Q). MAR was significantly different
between both groups (Control: 5.41 +0.56; Tideglusib: 6.06 £0.48; p=0.03) (Fig. 3.2R). The

BFR/BS ratio was significantly increased in Tideglusib-treated defect group (2.73£0.13) compared

to the control defect group (1.56+0.2; p=0.04) (Fig. 3.1S).
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Figure 3.2. Radiologic and histologic analyses of bone repair.

Representative longitudinal and transversal microcomputed tomography (microCT) sections (A-
J), plastic embedded calcified bone stained with Von Kossa (K-L) and double labeling with
Calcein and Alizarin Red (O-P) images from paired femora are shown at 7 days (A-B), 14 days
(C-D) and 28 days postoperative (E-J). Significant new bone formation (white) is seen after 28
days postoperative in the medulla (region of interest [ROI]-A) and cortical window defect (ROI-
B). MicroCT analysis of medulla defect (ROI-A) is shown in left graph (M). The black dotted line
delineates the 1.5mm x 0.9mm x 0.25mm ROI-B for the quantitative microCT analysis. Results
after 28 days postoperative are displayed in right graph (IN). Representative images of control (O)

and Tideglusib-treated (P) defect labeled with Calcein (green; day 18) and Alizarin Red (red; day

63



25) were harvested at day 28 post-operative. Yellow line corresponds to the perimeter of the defect
area. Specimens were labeled with a 7-day labeling period and Mineralizing surface/Bone surface
(MS/BS), Mineral Apposition Rate (MAR), and Bone Formation Rate (BFR/BS) were calculated
and are displayed in graphs on the right (Q-S). Images for fluorochrome double labeling are
representative of n=3 specimens/experimental group/time-point. Tideglusib significantly different
from control at * p<0.05, ** p<0.01 and ***p<0.001 at a given time-point. Scale bars = 500 um

(K-L).

Histological Analysis

Adjacent sections were stained for general morphological assessment (H&E), osteoblast activity
(alkaline phosphatase, ALP) and presence of osteoclasts (tartrate resistant acid phosphatase,
TRAP). Dense fibrous connective tissue, indicating the presence of the sponge, partially fills the
defect at POD-7 (Fig. 3.3A1-A2) and POD-14 (Fig. 3.3B1-B2) with no attempt to bridge the bone
defect area. However, the beginning of a medullary callus can be observed in the POD-14 defects.
At POD-28, the defect area seems narrower in the Tideglusib-treated femora (Fig. 3.3C2), which
matches the microCT results, whereas disorganized trabeculae can be seen in the control defects
(Fig. 3.3C1). At POD-7 and POD-14, TRAP staining showed no significant difference between
experimental and control groups (Fig. 3.3G-H). However, at POD-28, the presence of osteoclasts
was more pronounced in the defect area of the control group (2.2 +0.7) (Fig. 3.311) than the
experimental group (1.3 £0.4, p=0.04) (Fig. 3.312). ALP activity was similarly low in both groups
at POD-7 (Fig. 3.3J1-J2) and increased in both experimental and control defects at POD-14 (Fig.

3.3K1-K2). The experimental group exhibits a higher ALP activity (1.8 £0.3) than the control
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(1.2 £0.3, p=0.03). At POD-28, ALP activity in the experimental group drops significantly (0.47

+0.05) (Fig. 3.3L2), while control becomes higher (1.0 £0.2, p=0.02) (Fig. 3.3L1).
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Figure 3.3. Histological analysis of bone repair. Representatives images of 5-um sections from
the mid-sagittal region of decalcified, paraffin embedded femurs were stained with hematoxylin
and eosin (H&E) (A-F), and adjacent sections stained for TRAP to identify osteoclasts (G-I) and
for ALP to identify osteoblasts (J-L). Low-magnification images of H&E stained sections show
the margins of the defect (arrowheads) and the region of tissue (box) where high- magnification
images were taken. At postoperative day (POD)-7, the defects are filled with dense fibrous tissue
(A1-A2) whereas the formation of a medullary callus can be seen in defects at POD-14 (B1-B2).
In the Tideglusib-treated femora, a clear trabecular pattern can be observed (E2) and to a lesser

extent, also in the control defect (E1) (arrows). At 4 weeks postoperative, the bone defect area
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appears narrower in the Tideglusib-treated femora (C2) when compared to the control (C1), where
a disorganized trabecular pattern can be observed. Peak ALP activity was achieved at POD-14 in
the experimental group (K2) and declined at POD-28 (L2), whereas control group achieved its
peak activity later than the experimental at POD-28 (LL1). Results for ALP activity for each end-
point are shown in upper right graph (M). Osteoclast number was higher at POD-28 in the control
group (I1) when compared with experimental defects (I2). POD-7 and POD-14 did not reach
statistical significance, results are displayed in lower right graph (N). Tideglusib significantly

different from control at *p<0.05 at a given time-point. Scale bars = 100 um (A-C), 50 um (D-L).

Immunohistochemistry

Immunohistochemistry for total GSK3p (total), pGSK3B-Tyr216 (active), and non-
phospho(active)-p-catenin was performed. The results show that total GSK3[ achieved its peak
expression at POD-7 for both groups, however, the immunoreactivity in Tideglusib-treated femora
(28.6 £3.9) was higher than that of the control (22.6+3.2; p=0.047). The level of GSK3 f
expression subsequently declined at POD-14 and POD-28 for both groups at comparable levels
(Fig. 3.4D-F). At the early phase of bone healing, POD-7 and POD-14, the levels of the active
form of the protein (pGSK3B-Tyr216) in the experimental group (POD7: 3.8 £1.4; POD14: 16.9
+5.6) were significantly lower than in the control group (POD7: 5.3 £1.7; POD14: 23.5 £6.9)
(p=0.049 and p=0.036, respectively) (Fig. 3.4G-I). The levels for the active form afterwards
declined at POD-28 (control: 6.4 £1.9; Tideglusib: 8.0 £3.2; p=0.78) and were comparable to those
at POD-7. Despite no significant differences in the level of active -catenin in the experimental
(POD7: 1.6 £0.3; POD28: 1.6 £0.5) and control groups (POD7: 2.5 £0.9; POD28: 1.9 +0.8) at

day 7 and 28 of healing, at POD-14 the experimental group (2.5+0.3) was significantly higher
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than the control group (1.1£0.2, p=0.025) (Fig. 3.4K1-K2). Detailed histochemical and

immunohistochemistry analysis is available in supplementary information (Table 3.S3).
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Figure 3.4. Inmunohistochemical staining for evaluation of activation of Wnt/p-catenin
signaling pathway in bone defect repair. Adjacent sections were stained with Masson trichome

(A-C) and immunohistochemistry analysis for Wnt/ B-catenin pathway assessment was
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performed. Representatives images of total GSK3p (D-F), pGSK3p-Tyr216 (active) (G-I), and
non-phosphor(active) -catenin (J-L). The levels of total GSK3 declined from POD-7 to POD-
28, however the activity was always higher in the experimental group and was statistically
significant at POD-7 only (D1-D2). On the contrary, immunoreactivity with pGSK3p-Tyr216
(active form of GSK3[) was significantly lower for Tideglusib-treated femora at POD-7 and
POD-14. No difference was found at POD-28 in both groups. Quantitative analysis is shown in
graphs below (M-0). Tideglusib significantly different from control at *p<0.05 at a given time-

point. Scale bars = 500 um (A-C), 50 um (D-L).

3.6 Discussion

The objective of this study was to assess the impact of the localized delivery of Tideglusib on bone
repair. Our results show enhanced bone healing after 28 days in a rodent model of
intramembranous bone defect repair. The increase in BV/TV found on microCT at 28 days PO
was preceded by an early peak in ALP activity at 14 days postoperative in the experimental group,
suggesting an enhanced osteoblast differentiation in the Tideglusib group compared to the control
group. Additionally, this upregulation was matched with an increase in bone mineralized content,
as shown by an elevated MAR and BFR calculated by double-labeling at day 18 and day 25, which
are both indictors of the rate of activity of matrix-producing osteoblasts (265). Taken together, our
findings suggest a beneficial impact of the local administration of Tideglusib on bone repair.
Tideglusib is a non-reversible inhibitor of the constitutively active GSK-3f protein (273). The
GSK-3f protein molecule is an inhibitor of bone formation within the Wnt signaling pathway.
This pathway has been explored in recent years as part of the search for a specific molecule that

could stabilize the crucial downstream target, B-catenin (74). Here, Tideglusib compared to control
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group effectively downregulated active GSK-3p at POD-7 and POD-14 of the healing process, as
well as upregulated B-catenin at 14 days postoperative. B-catenin then accumulates in the
cytoplasm and translocates into the nucleus where it cooperates with Lefl/Tcf7 transcription
factors to regulate gene expression of osteoblast differentiation and function (53). The findings of
this study suggest that the early upregulation of osteoblast activity following stabilization of -
catenin by GSK-3f inhibition is likely the explanation of bone healing augmentation. Indeed,
according to Chen et al, at day 9 and 14 post-fracture, B-catenin expression is at its highest (/92).
Being mostly expressed by osteoblasts during active bone repair (274), the increased expression
of B-catenin at 14 days in the Tideglusib-treated femora coincides with a peak in ALP activity at
14 days. Taken together, these results suggest that the upregulation of mineralizing osteoblast
activity is driven by overexpression of B-catenin leading to subsequent augmentation of bone
defect healing. Additionally, control specimens display more ALP activity at POD-28, reinforcing
the idea that Tideglusib-treated femora are further ahead in the healing process as osteoblast
activity subsides when it becomes entrapped within the osteoid following increased quantity of
matrix deposition (235, 275).

While the stimulatory effects of GSK-3f inhibition on bone enhancement have been demonstrated
elsewhere with lithium chloride (LiCl) (276, 277), it is the first time that Tideglusib is used to
accelerate bone regeneration. Knowing that short- and long-term toxicity of LiCl is a great concern
(278), Tideglusib has proven to be safe in clinical trials for Alzheimer’s disease (279, 280), and it
is the only GSK inhibitor that has reached phase II trials (287). Chen et al. have shown that
treatment with LiCl (282) only improves fracture healing when given after the inflammation stage
(day 7) (194), once the mesenchymal cells have committed to become osteoblasts. They showed a

deleterious effect when given before the fracture or too early, as LiCl caused an overexpression of
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B-catenin in the early stages of bone healing and causes a blunting effect on osteoblasts (792, 194,
283). Contrary to this, the current results show that Tideglusib can safely be administered
immediately upon creating the bone defect. Bearing in mind that the present study used a model
of intramembranous repair, a repair process that starts with osteoblast differentiation from within
mesenchymal cells condensation (284), the definitive role of Tideglusib on chondrocytes is not
well understood and the use of a standard fracture model may or may not recapitulate the results
observed following treatment with LiCl. However, this would be in line with Sisak et al.(/95)
where the use of a potent GSK-3 inhibitor was orally administered from day 1 post-fracture in rats,
and did not replicate the altered bone healing pattern seen with LiCl treatment. Additionally,
Arioka et al (/88) found that after immediate local treatment with Li2COs3, bone healing was not
impaired in a rodent model of intramembranous repair. With this study we aimed to evaluate
skeletal progenitor cells recruitment and differentiation and here, osteoblast differentiation was
clearly not affected compared to early B-catenin stabilizers treatment reporting impaired healing.
This suggest that either Tideglusib, and other GSK-38 inhibitors, operates differently than LiCl to
induce bone healing, or that early activation of Wnt signaling pathway specifically for
intramembranous ossification doesn’t alter bone formation and development compared to
endochondral ossification. These results highlight the fundamental differences of the role of
Wnt/B-catenin signaling in intramembranous and endochondral bone repair. Hence, further studies
on the mechanisms of the different GSK-3 inhibitors are required to understand how cells interact
in the fracture site, towards intramembranous and endochondral ossification processes.

Although control defects exhibited a higher number of osteoclasts at POD-28, GSK-3f inhibition
did not alter osteoclasts in the early phases of bone healing (POD-7 and POD-14) and was similar

to the control. Several studies have suggested that inducing Wnt/B-catenin signaling (i.e. with
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GSK-3f inhibition) would negatively regulates osteoclastogenesis by inducing secretion of
osteoprotegerin (OPG), a well-known osteoclast inhibitor in terminally differentiated osteoblastic
cells (285-287). However, a recent report has shown that GSK-3f inhibition suppresses osteoclasts
differentiation of RAW264.7 cells independently of osteoblasts (288). This was further confirmed
in vivo through a mouse model lacking B-catenin in the osteoclast lineage, leading to upregulation
of bone resorption despite normal levels of OPG at 4 weeks (288). Our histological results reveal
that Tideglusib delivered through a biodegradable collagen sponge directly applied to the bone
defect successfully decreases the content of active GSK-3f3, compared to control. This effect seems
to last until at least POD-14, as active GSK-3p levels declined for both groups at POD-28. In the
event of the drug being released in the next hours following collagen sponge insertion, instead of
a supposed slow delivery caused by biodegradation of the collagen sponge, Tideglusib has shown
to be an irreversible inhibitor of GSK-3f3 and combined with the low turnover rate of the enzyme,
it may extend the duration of the pharmacological effect caused by this drug (273). Nevertheless,

this study has demonstrated enhanced bone growth when Tideglusib was applied on the day of the

surgery.
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3.8 Supplementary information

Negative Control

e Dive
e

Positive Control Isotype Control

Total GSK-3p

pGSK3p-Tyr216 (active)

Non-phospho(active) fi-catenin

Figure 3.S1. Immunohlstochlcal stalnlng of total GSK3B antibody (1: 200 ab32391) phospho-
Tyr216-GSK3B (pGSK3B-Tyr216) (1:50, ab75745, active form), and non-phospho(active)-f3-
catenin (Ser33/37/Thr41) (1:800, CST #8814) on normal mouse gastrointestinal tissue (positive
control), mouse adipose tissue (negative control), and control isotype on same specimen as positive

control.

Table 3.S1. Quantitative micro CT analysis of bone architecture of defect/medullary canal

7 days postoperative 14 days postoperative 28 days postoperative

Control Tidegl p value Control Tidegl p value Control Tidegl p value
BV/TV % 0.04 +0.02 0.35 +0.25 0240 | 4.76+1.22 | 4.824+0.86 | 0973 | 36.53+2.88 | 43.31+2.67 | 0.014
Tb.Th. 0.02 £0.0009 | 0.02 +£0.002 0.069 | 0.03+0.002 | 0.03 £0.002 | 0.317 | 0.07+0.003 | 0.09 +0.003 | 0.0003
(um)
Tb.Sp 0.65 +0.03 0.65 +0.03 0.903 | 0.39+0.04 | 0.03+£0.002 | 0.0001 | 0.19+40.01 | 0.20+0.02 | 0.556
(um)
Po.Vop 0.95 +0.003 0.94 +£0.002 0.268 | 0.25+0.01 | 0.15=+0.03 0.014 | 0.62+0.03 | 0.55+0.03 | 0.008
(mm?)
Open 99.96 +0.02 99.87 +0.07 0236 | 73.55+4.0 | 6391442 | 0.018 | 63.43+2.89 | 56.64+2.68 | 0.014
Porosity
(%)

BV/TV = bone volume/tissue volume; TbTh = trabecular thickness; TbSp. = trabecular separation; PoVop = open pore volume.
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Table 3.S2. Quantitative micro CT analysis of bone architecture of window defect.

28 days postoperative

Control Tidegl p value

(n=12) (n=12)
Window
Defect
BV/TV % 12.7+1.89 20.58 £2.27 0.001
Trabecular 2.29+0.99 3.27+0.90 0.004
Number
(No./ pm?)
Tb.Th. (um) 0.06 +=0.01 0.06 +=0.01 0.252
Tb.Sp (um) 0.24 +0.07 0.24 +0.05 0.939
Closed 0.08 = 0.06 0.15+0.12 0.044
Porosity (%)
Po.Vop 0.42+0.03 0.38 £ 0.04 0.002
(mm*)
Open 87.25+6.54 79.38 = 7.90 <0.001
Porosity (%)
Connective 6.58 +4.0 7.75+4.0 0.494
Density (um-
)

BV/TV = bone volume/tissue volume; TbTh = trabecular
thickness; TbSp. = trabecular separation; PoVop = open pore

volume.

Table 3.S3. Quantitative staining analysis of cellular activity.

7 days postoperative 14 days postoperative 28 days postoperative
Control Tidegl p Control Tidegl p Control Tidegl p

value value value
ALP (%) 0.65 0.63+0.2 | 0.944 | ALP (%) 1.2+0.3 1.8+0.2 0.03 | ALP (%) 1.0+0.2 0.474£0.0 | 0.023
(n=9) +0.2 (n=11) (n=8) 5
TRAP (%) | 0.7£0.22 | 0.38+0.1 | 0.219 | TRAP 6.5+0.7 6.8+1.2 | 0.847 | TRAP 2.2+0.7 1.3+0.4 | 0.043
(n=9) (%0) (%0)

(n=12) (n=9)

GSK-3p 22.6+£3.2 | 28.6+£3.9 | 0.047 | GSK-3p 13.542.7 | 18.1+4.0 | 0.425 | GSK-3p 12.6£4.0 | 14.04£3.9 | 0.860
(%0) (n=4) (%0) (n=4) (%0) (n=3)
pGSK3p- 5.3+1.7 3.8£1.4 | 0.049 | pGSK3p- | 23.5+6.9 | 16.9+£5.6 | 0.036 | pGSK3p- 6.4+1.9 8.0£3.2 | 0.776
Tyr216 Tyr216 Tyr216
(%0) (n=4) (%0) (n=4) (%0) (n=3)
(Active) 2.5+0.9 1.6+£0.3 0.47 | (Active) 1.1+£0.2 2.540.3 | 0.025 | (Active) 1.9+0.8 1.6+0.5 0.84
[-catenin [-catenin [-catenin
(%0) (n=4) (%0) (0=5) (%0) (n=4)

ALP osteoblasts; TRAP osteoclasts;
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CHAPTER 4. SUMMARY AND CONCLUSION

In our first paper, our results demonstrate that daily local cold therapy for 4 weeks
accelerates/enhances bone healing in a murine model of intramembranous bone repair. To the best
of our knowledge, our study is the first to investigate the effects of local cold therapy on bone
healing. Further, our study suggests that this increase in osteogenesis may be mediated by the
upregulation of the VEGF pathway due to intermittent cold induced hypoxia. Further studies
exploring the mechanism of action of local cooling on bone healing, as well as the optimal
treatment dose, duration, and frequency are warranted based on the results of this pilot study. If
proven effective, local cold therapy can be introduced as a novel, cost effective, and non-invasive

treatment modality to enhance bone healing in a clinical setting.

In our second paper, our study investigated the effects of local Tideglusib release, a known GSK-
3B inhibitor, on a rodent model of bone defect repair. Early administration of Tideglusib promoted
new bone formation via increased osteoblastic differentiation and mineralisation rate.
Immunostaining showed a decrease in GSK-3f and an increase of -catenin, which is known to
positively regulate osteoblast differentiation and function. Additional work to unravel the effect of
Tideglusib on osteoclast function and bone resorption during fracture healing is required. We
strongly believe that this safe and FDA-approved drug has the potential to be used in the prevention
of non-union in patients presenting with high risk for fracture-healing complications after

optimisation of drug dose and treatment duration.

In conclusion, both studies demonstrated that two novel physical and chemical modalities, already

FDA-approved, have been proven effective in acceleration of bone defect healing in the same
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murine model of intramembranous healing. Further studies will be needed to determine their use
as potential therapies for non-healing fractures or as adjuvants to other current modalities for
enhancing critical-sized bone defect healing. Following the promising results from our first paper,
our lab will develop a method for effective cold therapy delivery and funds were received for a
small, proof-of-concept, clinical trial. Regarding the second paper, Tideglusib has the potential to
be optimized as an orally delivered molecule as it has shown no toxicity in phase II clinical trials

and would represent a great avenue towards systemic modalities for bone healing augmentation.
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