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Chemokines play pivotal roles in orthodontic tooth movement (OTM) through
osteoclast-mediated bone resorption, but the underlying mechanism remains unclear. We
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CHAPTER 1 Introduction

1.1 Background and Rationale

Orthodontic tooth movement (OTM) involves the phenomenon of immediate
changes in periodontal tissue due to mechanical force application. Bone modeling
and remodeling result from interactions of osteoblasts, osteoclasts, and osteocytes.
In a homeostatic equilibrium, bone resorption by osteoclasts and bone formation by
osteoblasts are balanced; thus, old bone is continuously replaced by new tissue that
adapts to mechanical load and strain (1, 2). The compression side is characterized by
cell and tissue damage, reduction in the number of patent capillaries, and partial
disintegration of blood vessels, leading to ischemia and hypoxia. Conversely,
periodontal ligament (PDL) reconstruction by fibroblasts and bone matrix production
by osteoblast occurs on tension side (3, 4). Osteocytes that are embedded in the
bone matrix extend dendrites and act as mechanoreceptors to control bone
remodeling by sensing mechanical stimuli exerted by orthodontic force. These
processes induce the release of chemokines and biological mediators, resulting in a
specific remodeling in the PDL and alveolar bone (5). Nonetheless, the underlying
mechanisms and directional specificity are still inconclusive.

Chemokines are chemotactic cytokines responsible for the establishment of
chemical gradients for cell migration. Hypoxia-damaged tissue, inflammation and

bone fracture can drive the upregulation of stromal cell-derived factor 1 (SDF-1), also



known as C-X-C motif chemokine 12 (CXCL12), which facilitates stem and progenitor
cell retention and migration (6, 7). SDF-1 specifically binds to the chemokine receptor
type 4 (CXCR4) which is a 7-transmembrane G-protein coupled receptor expressed in
many cell types such as lymphocytes, bone marrow stromal cells, hematopoietic
stem cells (HSCs), and cancer cells (8, 9). The bindings induce the migration of
CXCR4-positive HSCs and mesenchymal stem cells (MSCs) to the repair site, initiating
bone healing (7, 10). Recent studies have suggested that the SDF-1/CXCR4 axis plays
a pivotal role in MSCs homing to injury sites (7, 11), early osteoclast differentiation
(12, 13), bone fracture healing (6, 10, 14, 15), alveolar bone healing (16) and systemic
single administration of CXCR4 antagonist AMD3100 was shown to decrease OTM with
inhibition of osteoclast accumulation on the compression side of the PDL (17).
Therefore, the SDF-1/CXCR4 axis may also be involved in alveolar bone remodeling
at initial stage of OTM. Mobilization of stem cell from bone marrow to peripheral
blood, and then to injured tissues, might reduce the SDF-1 concentration gradient
(13, 18). However, previous study only emphasized on systemic single administration
of CXCR4 antagonist AMD3100; thus, systemic adverse drug effects should be
concerned, and the effects of local application of AMD3100 on the bone remodeling
during OTM remains unclear (17).

The objective of our study aimed to elucidate the effects of serial local
versus systemic administration of the CXCR4 antagonist AMD3100 on OTM and the

underlying molecular mechanisms. We hypothesized that the effects of serial local



administration of AMD3100 are non-inferior to systemic administration in terms of
OTM response and osteoclast accumulation via the SDF-1/CXCR4 axis. We also aimed
to evaluate the changes in structural bone morphology and mRNA expression levels
related to these precursors. Furthermore, we planned to explore the local effects of
AMD3100 for controlling OTM in a specific location to minimize the unfavorable

tooth movement and internal structure of the alveolar bone.

1.2 Research question

Is there any difference between the effects of local and systemic

administration of AMD3100 on orthodontic tooth movement in rats?

1.3 Research objective

To elucidate the effects of serial local versus systemic administration of

CXCR4 antagonist AMD3100 on orthodontic tooth movement (OTM) in rats.

1.4 Research hypothesis

Null hypothesis: Effects of serial local administration of AMD3100 are inferior
to systemic administration on the responses of OTM and osteoclast accumulation via
the SDF-1/CXCR4 axis.

Alternative hypothesis: Effects of serial local administration of AMD3100 are
non-inferior to systemic administration on the responses of OTM and osteoclast

accumulation via the SDF-1/CXCR4 axis.



1.5 Benefits of this study

Our study will provide clinical significance in terms of both local and systemic
administrations. The anchorage control in orthodontic treatment currently utilizes a
variety of sources to prevent unfavorable tooth movement such as teeth, bone,
miniscrews and extraoral anchorage devices (19). However, these techniques might
need patients’” compliance. To avoid the drawback from traditional methods,
targeted pharmacological strategies have been developed to maximize orthodontic
treatment efficiency via a local application or minimally invasive technique through
the cellular level regulation of osteoclastogenesis (20-23). Use of local AMD3100 to
control tooth movement and increase bone thickness in specific area should be
considered as a subject of interest, while treating patients receiving systemic

AMD3100 as a current medication should be cautiously concerned.

1.6 Conceptual framework

(Figure 1 Conceptual framework)



CHAPTER 2 Literature review

2.1 Bone modeling, remodeling, and orthodontic tooth movement

Bone formation occurs via two pathways, known as intramembranous and
endochondral ossification. Under appropriate stimuli, the bones have a potential to
differentiate into a variety of tissue types. Bone modeling is an uncoupled process of
activation-resorption (catabolic) or activation-formation (anabolic) on bone surfaces
resulting in changes of shape, size, or position of the bone (1). Bone remodeling or
turnover is a coupled local process which starts with bone resorption followed by
bone formation phases. This process results in the replacement of old bone with
new bone (24, 25).

Tooth movement by orthodontic force application is characterized by
remodeling changes at the bone and PDL interface when an appropriate orthodontic
force is applied (26). Apparently, alveolar bone resorption by osteoclasts during the
OTM is an inflammatory process which occurs on trabecular and cortical bone of the
compression side (27). Simultaneously, osteoblasts carry out bone formation on the
tension side to maintain bone integrity during bone modeling (Fig. 2). An aseptic
acute inflammatory response is occurring in the early phase of OTM, followed by an
aseptic and transitory chronic inflammation. As orthodontic forces (continuous,
interrupted, or intermittent) are not uniform throughout the applied region, areas of

tension or compression are developed leading to varied inflammatory processes



resulting in different tissue remodeling responses (3, 4). Both bone modeling and
remodeling are controlled by the cellular activities of osteoblasts, osteoclasts, and
osteocytes (1, 28). These involve the removal of trenches or tunnels of bone by
osteoclasts, respectively (29). Osteoblasts subsequently fill in these trenches by
laying down new bone matrix. Even though bone remodeling renews the internal
content of the bone without changing the size or shape of the bone under
physiologic conditions, it also affects the rate of OTM (30).

The rates of bone modeling and remodeling are regulated by biochemical
and mechanical factors (24, 31, 32). Activation of osteoclasts by mechanical forces,
inflammatory stimuli, or hypoxia appears to be the first and necessary step in OTM.
Moreover, these rates are increased by a variety of pathologic conditions affecting
the skeleton including postmenopausal osteoporosis, hyperparathyroidism and
rheumatoid arthritis in which local and/or systemic alterations in the levels of
hormones or pro-inflammatory cytokines stimulate bone resorption (29). Most of
these factors induce bone resorption predominantly by an indirect mechanism that
involve upregulation of the expression of macrophage colony stimulating factor (M-
CSF) and receptor activator of nuclear factor kappa-B ligand (RANKL) by osteoblasts

(33).



2.2 Osteoclast-osteoblast communication

The skeletal system can function and maintain homeostasis by
communication between cells from different sites such as osteoclasts and
osteoblasts (34, 35). Osteoclasts are multinucleated cells originating from HSCs and
share precursors with macrophages. The osteoclasts synthesize a sealed acidic
compartment at the point of contact with bone, where hydrogen ions and
degradative enzymes dissolve the mineral and digest the collagenous matrix. This
process results in the release of calcium as well as numerous growth factors and
cytokines. In contrast, cells of the osteoblast lineage such as stromal cells, bone
lining cells, osteoprogenitors, preosteoblasts, osteoblasts and osteocytes are derived
from MSCs within the bone marrow stroma, which also can differentiate into
fibroblasts, chondrocytes, myoblasts and adipocytes under the appropriate stimuli.
These cells synthesize an extracellular matrix (ECM), made mostly of type | collagen
and several non-collagenous proteins. Osteoclast—osteoblast interactions occur at

various stages of differentiation.



2.3 Biological mediators during OTM

To the best of our knowledge, the production of biological mediators from
the PDL cells plays a vital role in activating tissue remodeling (36). Several theoretical
processes have been presented in literature to clarify the basic mechanism of OTM
(3, 37). When the tooth is subjected to orthodontic force, the blood vessel system in
PDL is gradually occluded, resulting in circulatory disturbances and leading to
ischemia and local hypoxia on the compression side. PDL cells elicit osteoclast
formation through regulating the expression of related agents, including RANKL and

osteoprotegerin (OPG). Low oxygen level has been reported to activate hypoxia

inducible factor 1O (HIF-1QL) and regulate bone resorption through enhancement of

osteoclast differentiation and activity (38). Recently, HIF-1QL was found to up-regulate
RANKL expression in PDL cells (39). These findings illustrate that oxygen tension
might be involved in osteoclastogenesis during OTM (40). Mediators such as
cytokines, erowth factors and hormones seem to mediate the conversion of
mechanical force into a biological response. Signals generated by mechanical
stimulation are transmitted between cells and extracellular matrix through gap
junction channels causing cell activation and differentiation. Understanding of
molecular mechanisms that regulate the activation of osteoclasts precursors in the

PDL has advanced rapidly following the identification in the mid-to-late 1990s.



RANKL/RANK/OPG system is essential in osteoclastogenesis and bone
resorption. RANKL, a 317 amino acid peptide transmembrane glycoprotein, is a
member of the tumor necrosis factor (TNF) superfamily. RANKL interacts with its
receptor on osteoclast precursors called receptor activator of nuclear factor kappa-B
(RANK). The RANKL/RANK interaction results in activation, differentiation, and fusion
of hematopoietic cells of the osteoclast lineage leading to the process of bone
resorption. Interaction between RANK-expressing osteoclast precursors and RANKL-
expressing osteoblasts is essential for osteoclastogenesis. RANK signaling activates an
osteoclastogenic cascade of transcription factors such as NF-KB, AP-1 (c-Fos) and
NFATc1. Several soluble factors enhance osteoclastogenesis through RANKL induction
in osteoblasts including parathyroid hormone (PTH), parathyroid hormone-related
peptide (PTHrP), TNF-QL, thyroid hormone, interleukin-1 (IL-1), interleukin-11 (IL-11),
1,25-(OH), vitamin D; and prostaglandin E, (PGE,). Most modulate the cyclic
AMP/protein kinase A (PKA) pathway. The expression of OPG simultaneously
upregulated at the tension side (41-43). OPG inhibits RANKL/RANK interaction by
acting as a decoy receptor (a soluble receptor acting as antagonist) for RANKL which
inhibits RANK' signaling by masking RANKL. Several studies revealed that in-vitro
compressive forces increased the expression of RANKL and decreased the expression

of OPG in osteoblasts and PDL cells (44). OPG interferes with osteoclast—osteoblast
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interactions, and the RANKL/OPG ratio is indicator of osteoclastogenic activity in
various bone remodeling diseases.

Critical factors of osteoclastogenesis and transcription factors such as runt-
related transcription factor 2 (Runx2), cathepsin K, cytokines, PGs, TNFs, and
proteases are also expressed in PDL during in-vivo OTM (5, 45). These markers are
related with the remodeling of PDL and bone. Runx2 functions promote the
osteogenic differentiation of progenitor cells and pre-osteoblast, literally found
increasing during tooth movement (46). Moreover, the degradation of extracellular
matrix also depends on the production of cathepsins and MMP’s proteases which
produced by fibroblasts and osteoblasts. These markers stimulate ECM degradation

through autocrine and paracrine actions (5, 47).
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2.4 SDF-1/CXCR4 axis

Chemokines are the vital regulators of cell communication and adhesion
which target specifically to G-protein-coupled seven-span transmembrane receptors.
Cell migration, recruitment, and homing to the injure site are important for the

healing process and bone remodeling. Hypoxia at the damage site and the

expression of transcription factor HIF-10L were found to drive the upregulation of
SDF-1 production resulting in the increase of adhesion, migration and homing of
circulating CXCR4-positive progenitor cells to ischemic tissue (6, 7, 49).

The ligand for CXCR4, SDF-1, is a well-known chemokine that plays a crucial
role in trafficking of HSCs activation, mobilization, homing and retention. SDF-1 has
been reported to be expressed by stromal and endothelial cells, including bone
marrow, heart, skeletal muscle, liver, brain and kidney. During injury, stem cells are
recruited from the bone marrow and navigated to the site of injury by SDF-1
chemotactic responses. This phenomenon causes changes in cell adhesion and cell
secretion, turning to guide HSCs to migrate across the basal lamina of the
endothelium toward a high concentration gradient of SDF-1. HSCs are navigated to
the site of injury and remain there long enough to participate in tissue repair (9).
SDF-1 secretion increases in these organs during tissue damage such as heart infarct,
limb ischemia, toxic liver damage, excessive bleeding, total body irradiation and after

tissue damage related to chemotherapy. Molecular-leveled studies show that the
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SDF-1 expression is upregulated in endothelial cells by HIF-1Ql, since the SDF-1

promoter, as the CXCR4 promoter, contains HIF-10L binding sites (49). Thus, HIF-10L
elevates the SDF-1 expression in hypoxic and damaged tissues, which leads to the
chemoattraction of CXCR4 participating in regenerative process. In conclusion, SDF-1
appears to be a pivotal indicator for hypoxic tissue-organ injuries and involved in the
active recruitment of HSCs for repair of damaged tissue, implicating this chemokine
as an important maintenance factor in tissue repair.

CXCR4 is a 7-transmembrane G-protein coupled receptor which function as a

receptor for SDF-1. CXCR4 is regulated at several levels including the transcriptional

level by hypoxic condition. HIF-10L in cooperation with nuclear factor-KB (NF-KB)
was found to upregulate expression of CXCR4-positive HSCs and MSCs (48). CXCR4
binding with SDF-1 undergoes dimerization, and the activated SDF-1-CXCR4 complex
is rapidly internalized from cell surface in a mechanism involving G-protein-coupled
receptor kinases. This axis plays an important role in hematopoiesis, vascular
development, immune regulation, inflammatory diseases and bone remodeling.
Recent studies revealed that the SDF-1/CXCR4 axis involved in alveolar bone healing
and bone fracture healing (6, 50). Moreover, this axis activates several signaling
pathways in target cells which crucial for both trafficking and interaction with the

intercellular environment (Fig. 3).
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2.5 AMD3100: Therapeutic modulation of the SDF-1/CXCR4 axis

As the SDF-1/CXCR4 axis has emerged as an important regulator of trafficking
of normal stem cells and metastasis of carcinoma stem cells, it became a molecular
target for various therapeutic interventions (Fig. 4). In several studies, AMD3100, also
known as plerixafor and Mozobil®, was reported as a selective antagonist of the
CXCR4 which rapidly mobilizes stem and progenitor cells in bone marrow niche to
the peripheral circulation. Blockage of CXCR4 receptor by AMD3100 is currently
successfully employed to mobilize HSCs from bone marrow into peripheral blood.
Small molecular inhibitors of CXCR4 had been reported to inhibit growth and
metastasis of experimental tumors in animal models. The mechanism of action of
AMD3100 is high-affinity competitive blocking of CXCR4 receptor and disrupting their
attraction to SDF-1 (51). AMD3100 is currently used to mobilized HSCs for bone
marrow transplantation (52, 53) multiple myeloma and Non-Hodgkin’s Lymphoma
(54). Nevertheless, AMD3100 is quickly absorbed and reach highest concentration at
30 to 60 minutes after the administration. It also has short plasma half-life, only 3 to
5 hours, and 70% of drug excreted via kidneys within 24 hours (53).

In conclusion, the SDF-1/CXCR4 axis plays an important role in several
processes related to development, regeneration of normal stem cells and
progression of malignancies. The explanation is that both normal and malignant stem
cells express functional CXCR4. Thus, several strategies aimed at inhibiting the SDF-

1/CXCR4 axis to find practical application in the clinical practice.
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CHAPTER 3 Research methodology

3.1 Experimental animals

Fighteen six-week-old male Wistar/ST rats (Sankyo-lab, Tokyo, Japan) were
randomly divided into three groups with six rats in each group, consisting of control
with OTM, local and systemic administrations of SDF-1 antagonist, AMD3100 with
OTM. All rats were acclimatized for one week, fed with powdered diet (RI-Sterile feed
CE-2 powder type, CLEA Japan, Tokyo, Japan), given water ad libitum, and housed
under a controlled environment (22 + 1 °C, standard 12-h light-dark cycle)

throughout the experimental period.

3.2 Ethical consideration

All animal experiments have been approved by the Institutional Animal Care
and Use Committee of Tokyo Medical and Dental University (A2018-119C3, A2019-

341A).

3.3 Materials
- Mixed anesthetic (medetomidine, 0.3 mg/kg; midazolam, 4 mg/kg;
butorphanol, 5 mg/kg) and Antisedan (atipamezole, 0.75mg/kg)
- Powder diet (RI-Sterile feed CE-2 powder type, CLEA Japan, Tokyo, Japan)
- Nickel-titanium closing coil spring (Tomy international, Tokyo, Japan)

- Ligature wire (Tomy international)
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Light-curing composite resin (GC, Tokyo, Japan)

Phosphate-buffered saline (PBS) (pH 7.4, FUJIFILM Wako Pure Chemicals)
AMD3100 (AdooQ Bioscience, CA, USA)

Paraformaldehyde (4%, pH 7.4, FUJIFILM Wako Pure Chemicals, Osaka,
Japan)

2% lsoflurane inhalant

Cryofilm tranfer kit (Finetec, Tokyo, Japan)

5% super cryoembedding medium (SCEM) gel (Leica Biosystems, Nussloch,
Germany)

TRAP/ALP double-staining kit (Code 294-67001, FUJIFILM Wako Pure
Chemical)

Hematoxylin and eosin (Wako Pure Chemicals)

Avidin-biotin  complex (VECTASTAIN®  ABC Kit Rabbit IsG; Vector
Laboratories, Burlingame, CA, USA)

Diaminobenzidine  substrate  (ImmPACT™  DAB, SK-4105, Vector
Laboratories)

Rabbit anti-cathepsin K antibody (1:100, ab19027, Abcam, Cambridge, UK)
Rabbit anti-SDF1 antibody (1:100, bs-4938R, Bioss Antibodies, MA, USA)
PureLink FFPE Total RNA Isolation Kit (Invitrogen, Carlsbad, CA, USA)

PrimeScript RT Master Mix (Perfect Real Time) Kit (Takara Bio, Shiga, Japan)
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TagMan® Gene Expression Assays (Takara Bio)

Primers for real-time PCR amplification of genes encoding are as follows:
cathepsin K (NM_031560.2), Runx2 (NM_001278483.1), SDF-1
(NM_022177.3), CXCRA (NM_022205.3), RANKL (NM_057149.1), OPG

(NM_012870.2) and GAPDH (NM _017008)

3.4 Equipments

Micro-computed tomography (micro-CT) (R_mCT2; Rigaku, Tokyo, Japan)
Desktop X-ray micro-CT system (SMX-100CT; Shimadzu, Kyoto, Japan)
Three-dimensional (3D) image-analysis software (TRI/3-D-BON; RATOC
System Engineering Co., Tokyo, Japan)

CM3050s cryostat machine (Leica Biosystems)

Image J software (National Institutes of Health, Bethesda, MD, USA)
Confocal microscope (NIKON ECLIPSE 80i, Nikon, Tokyo, Japan)

Laser capture microdissection (LMD7000; LEICA Biosystems)

7500 Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific,
CA, USA)

Needle 34G (Pasny; Nanbu, Tokyo, Japan)

Syringe lock type 1 ml (Nanbu, Tokyo, Japan)

Carbon dioxide gas equipment
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3.5 Research methods
3.5.1 Research plan

(Figure 5 Diagram of research methods)

3.5.2 Experimental design
(1) Orthodontic tooth movement (OTM) model

The experimental procedures were established based on the previous study
(23, 55). Animals were placed under general anesthesia with medetomidine (0.3
mg/kg), midazolam (4 mg/kg), and butorphanol (5 mg/kg). The upper right first molar
(M1) of the rats was moved mesially using a 10-¢ force nickel-titanium closed coil
spring (Tomy international, Tokyo, Japan) attached to the upper incisor, tied with a
ligature wire (Tomy international), and fixed with a light-curing composite resin (GC,
Tokyo, Japan) (Fig. 6). After placement of the coil spring, the animals of the control
group were treated with phosphate-buffered saline (PBS), while the animals in the
local group were injected with AMD3100 (AdooQ Bioscience, CA, USA) at buccal and
palatal mucosa adjacent to M1 (1000 UM; 0.25 mg/kg) (20, 23, 56) and
subcutaneously (1000 WUWM; 5 mg/kg) in the systemic group (17), respectively. The
injections were performed every other day: at 0, 2, 4, 6, 8, 10 and 12 days under
general anesthesia, until the end of the experiment. Meanwhile, the appliances were
checked at the same time as the injections. When the appliances broken or

loosened, a new coil spring was placed under the anesthesia with the same manner.
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Furthermore, the incisors malocclusion was checked simultaneously. The incisor
trimming would be provided in case of the incisors either contacting with the buccal

soft tissue or protruding outwardly, to prevent the risk of trauma or accident.

(2) Micro-computed tomography (micro-CT) analysis

After general inhalation anesthesia with 2% Isoflurane inhalant, the animal
body was placed in prone position. The head was scanned by micro-computed
tomography (micro-CT) (R_mCT2; Rigaku, Tokyo, Japan) at 0, 1, 3, 7 and 14 days after
starting OTM with the conditions of 90 kV, 160 mA and 30-mm field of view (FOV).
The distance from the distal surface of maxillary M1 to the mesial surface of the
maxillary second molar (M2) was measured from micro-CT images as the OTM
distance. We also determined the distant effects of AMD3100 through analysis of the
incisor retraction between the labial surface of maxillary incisor at the gingival margin
to the distal surface of maxillary third molar (M3) and calculated the orthodontic
anchorage expressed as the ratio of incisor to molar tooth movement (21, 23).

Animals were sacrificed by carbon dioxide gas at 14 days after starting OTM.
The maxillae were resected immediately and scanned using a desktop X-ray micro-
CT system (SMX-100CT; Shimadzu, Kyoto, Japan) with a scanning resolution of 20-Km
intervals on individual images. The interradicular alveolar bone in the maxillary M1
was chosen as the region of interest (ROI) for bone analysis (Fig. 7). Changes of

structural morphology in the ROl were analyzed in the aspect of trabecular thickness



19

(Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), trabecular spacing
(Tb.Spac), total callus volume (TV), mineralized bone volume (BV), and bone volume
fraction (BV/TV) using three-dimensional (3D) image analysis software (TRI/3-D-BON;
RATOC System Engineering Co., Tokyo, Japan) according to the instructions of the

manufacturer (57).

(3) Preparation of histological sections

After the sacrifice, the maxillae were resected immediately and fixed with
paraformaldehyde (4%, pH 7.4, FUJIFILM Wako Pure Chemicals, Osaka, Japan) at
room temperature for 24 hours, and then stored in phosphate-buffered saline (PBS)
(pH 7.4, FUJIFILM Wako Pure Chemicals) at 4 °C.

Frozen non-decalcified sections were prepared with a cryofilm tranfer kit
(Finetec, Tokyo, Japan) (58). The isolated right hemimaxillae were snapped freezing
by immersion in cold liquid hexane, then embedded in 5% super cryoembedding
medium (SCEM) gel (Leica Biosystems, Nussloch, Germany) and quenched with cold
liquid hexane until completely frozen. The frozen super cryoembedding medium
(SCEM) blocks were cut into horizontal serial sections at a thickness of 10 pm with a
disposable carbide tungsten steel blade using a CM3050s cryostat machine (Leica
Biosystems). Some frozen sections were stained with hematoxylin and eosin (HE) for

schematic representation and further histological observations.
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(4) Tartrate resistant acid phosphatase (TRAP) staining

TRAP expression was assessed by staining with the TRAP/ALP double-staining
kit (Code 294-67001, FUJIFILM Wako Pure Chemical) to evaluate osteoclast
accumulation. Following the manufacturer’s protocol, sections were incubated in
TRAP buffer for 30 min and then washed with distilled water 3 times. Osteoclasts
were stained red with TRAP staining solution, while nuclei were counterstained with
hematoxylin solution. These sections were used to count the number of TRAP-
positive multinucleated cells in the PDL on the compression side of the mesial root
of M1 by a single examiner on three randomized sections from each sample, and the
averages were calculated for each group. The circumferential length of the alveolar
bone surface along the compression side of the mesial root was measured five times
using Image J software (National Institutes of Health, Bethesda, MD, USA) to
determine the average. The results were expressed as mean + standard deviation of
the number of multinucleated TRAP-positive cells per mm of the alveolar bone

surface.

(5) Immunohistochemical analysis
Frozen horizontal sections of mesial roots of M1 at the level less than 180
pum from the furcation region were determined for the detection of cathepsin K and
SDF-1 expressions in the PDL by the avidin-biotin complex (VECTASTAIN® ABC Kit

Rabbit IgG; Vector Laboratories, Burlingame, CA, USA) according to the manufacturer’s
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instructions. Briefly, sections from each group were subsequently subjected to
antigen retrieval, blocked with blocking solution (BLOXALL™; SP-6000, Vector
Laboratories) to prevent endogenous peroxidase activity for 10 min, and incubated
with normal blocking serum (VECTASTAIN® Elite ABC kit, Vector Laboratories) for 20
min at 37 °C. After blotting excess serum, sections were incubated with either rabbit
anti-cathepsin K antibody (1:100, ab19027, Abcam, Cambridge, UK) or rabbit anti-SDF1
antibody (1:100, bs-4938R; Bioss Antibodies, MA, USA) overnight in a humidified
chamber at 4 °C. Biotinylated secondary antibodies against the primary antibodies
were applied, followed by avidin-biotin complex (VECTASTAIN® Elite ABC kit, Vector
Laboratories). Consequently, sites of peroxidase activity were visualized with
diaminobenzidine substrate (ImMmPACT DAB, SK-4105, Vector Laboratories), and the
sections were counterstained with hematoxylin (Fig. 8). Images of immunostaining
sections were observed under a confocal microscope (NIKON ECLIPSE 80i, Nikon,

Tokyo, Japan).

(6) Quantitative real-time polymerase chain reaction (QRT-PCR)

analysis
After histological observations, periapical PDL tissue was collected from the
compression side of the mesial roots of the maxillary M1 using laser capture
microdissection (LMD7000; LEICA Biosystems) (Fig. 9). Total RNA was extracted using a
PureLink FFPE Total RNA Isolation Kit (Invitrogen, Carlsbad, CA, USA). Isolated total

RNA was converted into complementary DNA via reverse transcription with random
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primers using the PrimeScript RT Master Mix (Perfect Real Time) Kit (Takara Bio, Shiga,
Japan). Real-time PCR assays were quantified in triplicate for each sample by a 7500
Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, CA, USA) using
gene-specific primers (Takara Bio) and TagMan® Gene Expression Assays (Applied
Biosystems). The appropriate primers that were chosen for real-time PCR
amplification of genes encoding are as follows: cathepsin K (NM_031560.2), Runx2
(NM_001278483.1), SDF-1  (NM 022177.3), CXCR4  (NM 022205.3),  RANKL
(NM_057149.1), OPG (NM _012870.2) and GAPDH (NM_017008). Gene expression levels
were calculated according to the comparative Ct method of relative quantification,

and GAPDH was used as the housekeeping gene for normalization.

3.6 Statistical analysis

All statistical analyses were performed using statistical software (IBM SPSS
Statistics Version 22.0; SPSS Statistics, Inc., Armonk, NY, USA). Results are presented as
the mean + standard deviation. After testing for normality and equality in variances,
intergroup comparisons were conducted via one-way analysis of variance followed
by Tukey's post-hoc test. Data with a p value less than 0.05 (P <0.05) were

considered statistically significant.
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CHAPTER 4 Results

4.1 Animals’ body weights

)

The animals’ body weights were observed every other day. The findings
showed increased body weight in a normal pattern throughout the experimental

period. There was no significant difference at any stage among groups until the end

of the experiment (data not shown).

4.2 Orthodontic tooth movement (OTM) distance

Micro-CT analysis showed that the amount of OTM distance significantly
decreased in the local and systemic groups compared with the control group in
every observed period: days 1, 3, 7, and 14 (P <0.05). Conversely, there was no
significant difference in the molar movement between local and systemic
administration throughout the experimental period. On day 14, molars with PBS
injection (control group) moved 0.45 + 0.10 mm. The mean distance of molar
movement in the local and systemic injection of AMD3100 groups was 0.33 + 0.03
mm (26% reduction relative to the control group, P <0.05) and 0.30 + 0.07 mm (35%
reduction relative to the control group, P <0.05), respectively (Fig 10, A).

The amount of incisal retraction was also measured to determine whether
the local injections spread particularly adjacent to M1 without distant effects on
incisal tooth movement. There was no significant difference in incisor retraction

between the control and local injection groups. In contrast, the incisor retraction was
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significantly reduced in animals receiving a systemic injection of AMD3100 compared
with the other groups (68% and 60% less than in the control and local groups,

respectively) (P <0.05) (Figs 10, B and Q).

4.3 Alveolar bone analysis

For the alveolar bone analysis on day 14, trabecular thickness (Tb.Th) and
trabecular spacing (Th.Spac) significantly increased (P <0.05), whereas trabecular
number (Th.N) significantly decreased (P <0.05) in the systemic group compared with
the control group. The local injection affected bone quality similarly to a systemic
injection without a significant difference between the local and systemic groups (Figs
11, A, B, and D).

TV, mineralized BV, and bone volume fraction (BV/TV) subsequently
decreased in control, local, and systemic groups (Figs 11, E-G). In contrast, the highest
trabecular separation (Tb.Sp) was found in the systemic group, followed by the local
and control groups (Fig. 11, C). However, the differences in these parameters among

the groups were not significant.

4.4 Histological observation
The mesial root of the maxillary M1 was stained with HE for schematic
observation. We found narrowing of the PDL space and Howship's lacunae along the

compression side without inflammation in every group from the HE stained sections.
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The widening of the PDL space and stretched collagen fibers were observed on the

tension side. We also found blood vessels and bone finger projections (Fig. 12).

4.5 Tartrate resistant acid phosphatase (TRAP) staining

We quantified osteoclast accumulation on the compression side of the PDL
using TRAP staining and compared the amount of TRAP-positive multinucleated
osteoclasts along the compression side of the PDL among the 3 groups. In the
control group, osteoclast cells were abundantly found on the mesial side of the
alveolar bone (15.75 + 3.89 cells/section). The data demonstrated a significant
reduction in the number of osteoclast cells in the local group (4.04 + 1.83
cells/section; P <0.05) as well as in the systemic group (6.22 + 1.55 cells/section; P
<0.05) compared with the control group. Moreover, there was no significant
difference in the number of osteoclast cells between the local and systemic groups

(Fig 13).

4.6 Immunohistochemical analysis

The expressions of cathepsin K (Figs 14, A-C) and SDF-1 (Figs 14, D-F) were
detected by ABC immunostaining and visualized by the DAB substrate. We observed
a dark brown color on the mesial root of M1, which represented a positive result. On
the compression side, the extracellular matrix of the PDL cells showed a positive
dark brown color only in the control group for both anti-cathepsin K and anti-SDF1

targets (Figs 14, A and D). The anti-cathepsin K target became slightly light brown in
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the PDL cells of the systemic group (Fig 14, C), and the color remained unchanged in
the local group (Fig 14, B). For anti-SDF-1, the color turned slightly light brown for

both the local and systemic groups (Fig 14, E and F).

4.7 Quantitative real-time polymerase chain reaction (QRT-PCR) analysis

Orthodontic force combined with either local or systemic AMD3100
administration significantly downregulated the mRNA expression levels of cathepsin
K, Runx2, SDF-1, RANKL, and RANKL/OPG ratio in the PDL on the compression side
without significant difference between the local and systemic groups. When
compared with the control group, a 5.4-fold and 4.3-fold reduction in cathepsin K
expression were detected in the local and systemic groups, respectively (Fig 15, A).
Runx2 mRNA level also showed a 3.1-fold decrease in a local and 6.4-fold decrease
in the systemic group compared with the control group (Fig 15, B).

Real-time PCR showed that SDF-1 mRNA levels significantly decreased in the
systemic injection (P <0.05), whereas the local injection group had a tendency similar
to that of the systemic group when compared with the control animals (Fig 15, Q).
CXCR4 expression also decreased in the local and systemic groups; however, there
was no significant difference among groups (Fig 15, D).

Moreover, the mRNA levels of RANKL, OPG, and RANKL/OPG ratio were
analyzed to observe osteoclast-osteoblast differentiation. RANKL expression levels

were 7.92-fold and 8.11-fold significantly decreased in the local and systemic groups
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compared with the control group (Fig 15, E). Conversely, OPG mRNA levels tended to
be higher in the systemic group than in the local and control groups (Fig 15, F).
Consequently, the RANKL/OPG ratio was significantly decreased in the local and

systemic groups compared with the control group (P <0.05) (Fig 15, G).
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CHAPTER 5 Discussion

Cell migration, recruitment, and homing to the injury site are important for
initiating the healing process and bone remodeling. Hypoxia at the damage site and
the expression of transcription factor hypoxia-inducible factor-1 a-subunit may drive
the upregulation of SDF-1 production, increasing adhesion, migration, and homing of
circulating CXCR4-positive progenitor cells, such as HSCs, to the ischemic tissue (6, 7,
49). As the orthodontic force is applied to the teeth, inflammation and regional
hypoxia occur on the compression side of the PDL after tooth movement similar to
the wound site (3, 4, 11), and the expression of SDF-1 in the PDL has also been
reported in previous studies (50). Taken together, it can be considered that SDF-1
production plays a crucial role in the accumulation of HSCs and increases the
number of TRAP-positive multinuclear osteoclasts on the compression side of the
PDL.

In several studies, AMD3100 was reported as a selective antagonist of CXCR4,
which rapidly mobilizes stem and progenitor cells from the bone marrow niche to
the peripheral circulation (6, 7, 11). The mechanism of action of AMD3100 is high-
affinity competitive blocking of the CXCR4 receptor and disrupting their attraction to
SDF-1 (51). AMD3100 is currently used to mobilize HSCs for bone marrow
transplantation (52, 53) multiple myeloma and non-Hodgkin’s lymphoma (54).

Nevertheless, AMD3100 is quickly absorbed and reaches the highest concentration at
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30-60 minutes after administration. It also has a short plasma half-life, only 3-5 hours,
and 70% of the drug is excreted via the kidneys within 24 hours (53). Therefore,
AMD3100 was continuously administrated during the experimental period to explore
the role of the SDF-1/CXCR4 axis in the OTM process and alveolar bone response.

Setting the proper ROl for bone analysis in the OTM model is difficult.
Machado et al (59) demonstrated that alveolar bone remodeling under OTM varies
according to the height of the ROI, even in the alveolar bone mesial to the mesial
root of rats. For instance, bone resorption occurs near the cervical area, whereas
bone apposition occurs near the root apex in the alveolar bone surrounding the
mesial root of the maxillary first molar of the rat during OTM. In addition, the width
of the alveolar bone mesial to the mesial root is narrow enough to set an ROl of
sufficient size because of the maxillary sinus space and the height of the alveolar
bone mesial to the mesial root was very unstable after OTM. Therefore, we set the
ROI for the bone analysis in the interradicular septal bone area as we performed.
Indeed, the same/similar ROl was commonly set for micro-CT analysis in the
literature (20, 60, 61).

In this study, to examine the effectiveness of local vs systemic inhibition of
the SDF-1/CXCR4 axis in OTM, we administered serial local and systemic injections of
AMD3100 to inhibit signaling while applying the orthodontic force to the maxillary
M1. The experimental procedures were designed for 14 days as previously reported

to reach the phase of tooth movement in a rodent model (62). The results
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demonstrated that serial local injection of AMD3100 could decrease the amount of
OTM and multinucleated osteoclast accumulation on the compression side of the
PDL in the same manner as the systemic injection. Importantly, local administration
of AMD3100 did not inhibit incisor retraction, whereas systemic administration
hindered incisor retraction. These results indicate that the local injection of AMD3100
affected the areas adjacent to the injection site and particularly spread only on M1
without distant tooth movement effects. It is noted that the decrease in OTM in
local and systemic administration conformed to the significantly reduced number of
TRAP-positive multinucleated osteoclasts and corresponded with the expression of
cathepsin K in the immunohistochemical analysis.

Our study also revealed that SDF-1/CXCR4 blockade results in a significant
increase in Th.Th, Tb.Spac, and decrease of Tb.N in the serial AMD3100-treated
group. Both experimental groups showed increased trabecular thickness, implying
that the individual strut was thicker from a more rapid developmental stage of
endochondral ossification (52). Moreover, histomorphometric analysis of the callus
showed a decreasing tendency in TV, BV, and BV/TV with AMD3100 injections. Other
studies related to long-term administration of AMD3100 also reported similar results
throughout fracture healing using only AMD3100 (6, 63) and changed the bone
structures in a distraction osteogenesis model (56). From our previous study, we
demonstrated the relationship between OTM and the SDF-1/CXCR4 axis by

administering a systemic single injection of AMD3100 (17). The results showed
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delayed OTM in rat molars on the first day under orthodontic force application.
There was no significant difference in alveolar bone structural evaluation, but
systemic adverse drug effects should be considered (17). In conclusion, our findings
suggest that serial injections of AMD3100 have the potential to enhance the bone
healing process during orthodontic treatment.

Herein, we demonstrated that inhibition of SDF-1/CXCR4 signaling during
tooth movement with AMD3100 treatment leads to a significantly decreased gene
expression of cathepsin K, Runx2, and RANKL are the indicators of osteoclastogenesis
and osteogenic differentiation (12, 47, 56, 64). Cathepsin K expression was related to
the osteoclastogenesis and degradation of the extracellular matrix in the PDL (5).
Moreover, Runx2 expression was found to be one of the critical factors in osteogenic
differentiation of progenitor cells and preosteoblasts, which were found to increase
during tooth movement (46). A recent study in MSCs revealed that blocking the SDF-
1/CXCR4 axis inhibited Runx2 expression (12). During OTM, the RANKL/RANK/OPG
system is essential in osteoclastogenesis and bone resorption. Several studies have
revealed that in vitro compressive forces increase the expression of RANKL and
decrease the expression of OPG in PDL cells (3, 5). OPG interferes with osteoclast-
osteoblast interactions, and the RANKL/OPG ratio indicates osteoclastogenic activity
in various bone remodeling diseases.

Furthermore, SDF-1 and CXCR4 gene expression were also reduced by the

serial administration of AMD3100. This phenomenon could involve a biphasic
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mobilization pattern, which depends on the SDF-1 niche. According to a previous
study, continuous injection of AMD3100 induced a rapid displacement and release of
SDF-1, which peaked at 6 hours, then rapidly declined within the first 24 hours and
below the baseline after 72 hours of treatment compared with the PBS-treated
control (65). Our findings were similar to those of previous studies, and it is worth
noting that there was no significant difference between local and systemic
administration.

The anchorage control in orthodontics treatment currently uses a variety of
sources to prevent unfavorable tooth movements, such as teeth, elastics,
maxillofacial functions, and extraoral anchorage devices (19). However, these
techniques might need patient compliance. To avoid the drawbacks of traditional
methods, targeted pharmacologic strategies have been developed to maximize
orthodontic treatment efficiency via a local application or minimally invasive
technique through the cellular level regulation of osteoclastogenesis (20-23). Our
study clearly showed the local administration of an SDF-1 blocker, AMD3100, as a
patients’ dependent pharmacologic approach to reinforce the anchorage in the initial
stage of OTM. These techniques might be useful in several situations. For instance,
the inhibition of bone resorption is desirable at specific locations in the case of
enhancing orthodontic anchorage or treatment of localized osteolytic diseases.

This study has several limitations. First, the detailed molecular mechanisms

determining the degree of local and systemic administration spreading remain
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unclear because of the pharmacokinetics of AMD3100. The volume of distribution,
clearance rate, and elimination half-life were very short, leading to difficulty
detecting the amount of AMD3100 in serum. Second, the long-term model was not
examined in this study; therefore, it remains unclear whether the SDF-1/CXCR4 axis
plays a crucial role in the late stage of OTM. An earlier time point study for alveolar
bone analysis and osteoclast quantification to monitor changes in the initial drug
delivery should be examined to further investigate the pragmatic approach of
pharmacologic anchorage control.

In summary, OTM promotes an increase in SDF-1 expression. Local application
of the SDF-1/CXCR4 signaling antagonist AMD3100 may significantly hinder bone
mineralization and osteogenic differentiation. This finding may suggest novel
therapeutic manipulation of osteoprogenitor cell homing and differentiation in
patients undergoing orthodontic treatment. Despite using fewer doses of AMD3100,
serial local administration of AMD3100 inhibited OTM. It also affected bone
properties and osteoclast accumulation, similar to systemic administration. These
findings revealed that local administration of AMD3100 was effective in alveolar bone
metabolism during OTM via inhibition of the SDF-1/CXCR4 axis with less systemic side
effects and higher cost-effectiveness than systemic administration. Thus, our study
promoted clinical significance in both local and systemic administrations. The use of

local AMD3100 to increase bone thickness in specific areas should be considered a



34

subject of interest while treating patients receiving systemic AMD3100 as a current

medication should be cautiously considered.
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CHAPTER 6 Conclusion

Serial local administration of AMD3100 decreased OTM and osteoclast
accumulation via the SDF-1/CXCR4 axis, which was noninferior to systemic
administration. Moreover, serial local and systemic administration of AMD3100 could
alter the structural bone morphology and mRNA expression levels. Interestingly, we
also found that serial local administration could control initial OTM by inhibiting
molar movement but not incisor retraction. In addition, our study enlightened about
local administration of AMD3100 as the novel therapeutic approach which has
comparable treatment outcomes to systemic administration with lower adverse

effects.
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Figure 1 Conceptual framework



Force direction

Tension side

» Osteoblast cells

» Bone formation

aq

Compression side
» Cell and tissue damage
» ~ No. of patent capillaries

» Partial disintegration of
blood vessels

» Ischemia and hypoxia

Homeostatic equilibrium

Figure 2 Homeostatic equilibrium during orthodontic tooth movement
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Figure 3 Diagram shows the different levels of regulation of SDF-1/CXCR4 axis
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Figure 5 Diagram of research methods
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Figure 6 Schematic illustration of the rat orthodontic tooth movement model. A
10-¢f NiTi closed coil spring is attached to the right maxillary M1 and the
maxillary incisors to move right M1 mesially. (I, maxillary incisors; M1,

first molar; M2, second molar; M3, third molar; *, local injection area)

Figure 7 Three-dimensional micro-CT images show region of interest (ROI) for bone

analysis. (A) Horizontal section; (B) sagittal section of the interradicular
alveolar bone of the maxillary right M1. The ROI (yellow) was defined as
the interradicular septal bone among the dental roots of M1. (C)
Morphology of the interradicular septal bone in the maxillary right M1 and

M2 region. M, mesial; D, distal; DR, dental root.
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Avidin-Biotin
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-~ Substrate

Anti-SDF-1

Anti-Cathepsin K

Figure 8 Immunohistochemical analysis by ABC method using DAB as a visualized

substrate for the detection of cathepsin K and SDF-1 expressions in the

PDL tissue

Figure 9 Laser capture microdissection method for collecting PDL tissue from the

compression side of mesial root of M1



Figure

a9

A Molar tooth movement
0.6+ o
0.5
E o4 % #
= * 4
8 o3{** L —"L .- %
e | L1 T _ae=llee
2 _,i_,r ......
2 0.2 e T
2 % .....

014/2"

i
0.0

0 2 4 6 8 10 12 14
Time (Days)

-e— Control -m- Local --A-  Systemic

B Incisor tooth movement
1.0+
sk
0.8+
E
E 06- I
s | O -
[} -l
e =
8 044 x
@
Q .........
N
o.c"%. ———
0 2 4 6 8 10 12 14
Time (Days)
-e- Control ~-E- Local ‘-A- Systemic

C Incisor tooth movement (At day 14)
1.0+ §

NS §

o
i

o
o
1

S
'S
1

T

Distance (mm)

o
e

o
?

Control Local Systemic

(n=6)

10 Serial local administration of AMD3100 inhibits molar but not incisor
movement. (A) The maxillary M1 movement in local and systemic
groups treated with AMD3100 significantly decreased on d 1, 3, 7, and
14 after applying mechanical loading compared with the control group.
*P <0.05 local vs the control group. *P <0.05 systemic vs the control
group. (B) Total distal incisor movement. There was no significant
difference in incisor retraction between the group with serial local

administration of AMD3100 and the control group.
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Figure 11 Micro-CT data showing the following: (A) Tb.Th; (B) Th.N; (C) Th.Sp; (D)
Th.Spac; (E) TV; (F) mineralized BV, and (G) BV/TV in the interradicular
alveolar bone ROl of maxillary M1. Each point represents the mean +

SD; n = 6; *P <0.05.

B

Howship's lacunae

Bone finger
projections

¥
Blood vessels

Figure 12  Histological and schematic observation (A) Histological images of
hematoxylin and eosin staining of the medial root of the maxillary first
molar (M1) and (B) schematic representation. On the compression side,
Howship’s lacunae were observed on the bone surface facing the PDL.
On the tensile side, bone finger projections, stretched collagen fibers
and blood vessels were observed. AB, alveolar bone; PDL, periodontal
lisament; R, tooth root; M, mesial; D, distal; B, buccal; L, lingual. Scale

bars = 100 .m.
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Figure 13 The numbers of TRAP-positive multinucleated osteoclasts in the PDL
around the mesial root of M1 on d 14. In the local and systemic
administration groups treated with AMD3100, the TRAP-positive
osteoclasts were significantly decreased after mechanical loading
compared with the control group. There was no difference in
osteoclasts between local and systemic groups after OTM. Each point

represents the mean + SD; n = 6; *P <0.05.
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Control Local Systemic

Cathepsin K

SDF-1

Figure 14 Immunohistochemical detection of cathepsin K and SDF-1 to indicate the
contribution of osteoclastic activity and the SDF-1/CXCR4 axis,
respectively. The regions of interest were on the compression side of the
alveolar bone and the PDL of the control, local, and systemic groups.
Cathepsin K (A-C) and SDF-1 (D-F) -positive dark brown cells were
observed in the extracellular matrix of the PDL only in the control group
(A and D; yellow). In the cathepsin K target, slightly positive cells were
indicated in the systemic group (C) but were absent in the local group (B).
Few SDF-1 positive cells were similarly observed for the local (E) and the

systemic groups (F). AB, alveolar bone; R, tooth root; M, mesial; D, distal;

B, buccal; L, lingual. Scale bars = 100 pm.
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Evaluation of the expression of key genes involved in osteoclast
precursors, osteogenesis, and the SDF-1/CXCR4 axis. The relative
MRNA expression levels of the following: (A) cathepsin K; (B) Runx2; (C)
SDF-1; (D) CXCR4; (E) RANKL; (F) OPG; and (G) RANKL/OPG ratio within
the PDL of the mesial root of maxillary M1 were determined at d 14 of
tooth movement. The results are expressed as the mean + SD of

relative mRNA levels; n = 6; *P <0.05.
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