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Abstract:

The aim of this thesis was to investigate the effect of Low intensity pulsed
ultrasound (LIPUS) with or without the use of forward bite jumping appliance,
also known as functional appliance (FA) on the mandibular condylar growth in
the rat model and also to investigate the biological effect on MC 3T3El pre-
osteoblast and C28/12 chondrocyte cell lines. In addition, we need to explore the
effect of LIPUS and local injection of gene therapy on the mandibular condylar
growth. In the animal study, fifty four Sprague-Dawley (SD) rats were divided
into six groups (n=9) namely: control, LIPUS 20 minutes, LIPUS 40 minutes,
Functional Appliance (FA), FA + LIPUS 20 minutes and FA + LIPUS 40
minutes. Right mandibular condyle was used as the experimental side and the left
mandibular condyle was the internal control. After 4 weeks, the mandibles were
evaluated for morphometric analysis while the condylar heads were evaluated
using Micro-CT, histomorphometric and immunohistochemistry analyses. 20
minutes LIPUS application either alone or in combination with FA showed a
significant increase in mandibular condylar length, increased cell number and
layer width of proliferative and hypertrophic layers along with increased protein
expression of SOX9, Collagen II, Collagen X and Aggrecan in the mandible
condyle. Also, Micro-CT analysis demonstrated a significant increase in bone

micro-architecture and bone mineral density.
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We hypothesized that LIPUS application leads to reactive oxygen species (ROS)
generation which is involved in mitogen-activated protein kinases (MAPKSs)
activation. C28/12 chondrocyte and MC 3T3E1 pre-osteoblast cell lines were
stimulated with one time LIPUS application for either 10 minutes or 20 minutes;
control groups were treated with sham transducers. For ROS inhibition,
diphenylene iodonium was added to the culture medium before LIPUS
application. In C28/I12 chondrocytes, LIPUS showed a significant increase in ROS
generation, ERK1/2 activation as well as increased gene expressions of SOXY,
COL2A41, and ACAN while the effect was reversed in ROS inhibition. On the
contrary, in MC 3T3E1 pre-osteoblasts, LIPUS increased ERK1/2 activation and
increased gene expressions of RUNX2, OCN, and OPN in ROS inhibition. In both

the cell lines, the amount of ROS generated was non-toxic.

Gene therapy is rapidly growing treatment modality in the field of tissue
engineering and bone regeneration. We conducted a pilot study to investigate the
effect of LIPUS with non-viral gene delivery of basic fibroblast growth factor
(bFGF). Fifteen SD rats were divided into 5 groups (n=3): control, gWiz, bFGF
plasmid- polyethyleneimine- linoleic acid (bFGF-PEI-LA), LIPUS 20 minutes
and bFGF-PEI-LA + LIPUS 20 minutes. The plasmid-polymer complex was
injected on the left side of the mandible condyle on the first day of the experiment
and LIPUS was applied for 20 minutes for next 4 weeks. After 4 weeks, the

mandibles were analyzed for morphometric, histomorphometric and Micro-CT
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analyses. There was a significant increase in mandibular condyle length in either
bFGF-PEI-LA or LIPUS alone groups while the combination group showed an
increase in bone volume fraction. Collectively, these results are indicative of
distinct anabolic effect of LIPUS application that enhances the mandibular

condylar growth.
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Chapter 1: General introduction



1. Background and literature review:
1.1 Temporomandibular joint and mandibular condylar cartilage:

Temporomandibular joint (TMJ) is a ginglymus diarthrodial joint present anterior
to external auditory meatus in the mandibular fossa of the temporal bone. It is formed
by temporal bone and mandible, and separating these bones is a specialized fibrous
tissue called articular disc. It is the only site of articulation between the skull and the
lower jaw. Movement of the joint is directed by surrounding muscles and ligaments
which along with other orofacial structures perform various functions like mastication,
speech, breathing, deglutition and facial expression. The articulating surface of the
mandible has a special cartilage called mandibular condylar cartilage (MCC) (1). The
growth of this cartilage is closely related to the growth and development of the
mandible as well as its growth is critical for the craniofacial complex development.
Endochondral ossification (EO) at the deeper surface of the cartilage is an important
contributor to mandible growth. EO is an organized program of chondrocyte
proliferation, differentiation, and maturation. As EO progresses, the condyle elongates

and ramus increases in height.
1.1.1 MCC as a major growth center:

MCC appears during the 12" week of embryonic life adjacent to the developing
mandible from alkaline phosphatase positive cells that are periosteal in origin (2). The

first sign of endochondral ossification appears by the 14™ week and by the middle of



intrauterine life, the cartilage is completely replaced by bone. However, the superior
most part of the mandible condyle has been reported to have the cartilage that acts both
as a growth center and as an articular cartilage (3) (4). The growth of the mandibular
condyle ceases by the age of 12- 14 years but in the actual sense, the growth and
remodeling occur throughout life as evidenced by morphological changes in the
mandible shape from childhood to adulthood and later in the old age. This is to
compensate for the changes in muscular dynamics and continuous wear and tear of the
condylar cartilage (5). However, in post-pubertal stage, the mandibular growth occurs at

the condylar cartilage and posterior border of the ramus (6).

MCC is designated as a secondary cartilage as the morphogenesis of TMJ occurs
late in the prenatal development (around 12™ week) in contrast to the primary cartilages
that present at the articular ends of the long bones which are developed by the 7™ week.
Apart from developmental time, there are other features that differentiate MCC from the
primary cartilage which are explained further. Primary cartilage is predominantly
composed of collagen II and grows by interstitial proliferation while a superficial layer
of secondary cartilage constitutes undifferentiated cells called prechondroblasts. This
layer is rich in collagen I (7) (8). Prechondroblastic cells of the superficial layer are
continuous with the osteogenic layer of the periosteum (9). Also, secondary cartilage is
present in relation to the membranous bone that is subjected to mechanical loading by
the muscular activity (10). Mechanical stress is an important factor that differentiates

the progenitor cells in the superficial layer of MCC to either chondroblasts or



osteoblasts as these cells have shown to express both SOX9 (a transcription factor for
chondrocyte differentiation) and RUNX2 (transcription factor for osteoblast
differentiation) (11). Increased mechanical loading on MCC has shown to increase cell
proliferation and increased collagen II synthesis (12) (13) (14). However, when the
cartilage was subjected to a non-functional environment like in the study by Meikle in
which TMJ from 7 day old rats were placed in left cerebral hemisphere (15), the
proliferative cells in the cartilage differentiated into osteoblasts. Lastly, the most evident
difference between primary and secondary cartilage is the presence of more cellular

component and lack of intercellular matrix in the secondary cartilage (10).

In brief, MCC is different from epiphyseal cartilage as MCC has the capability to
grow in multi-direction while epiphyseal cartilage grows longitudinally. There is an
absence of fibrocartilage cap and presence of thin perichondrium layer (16). These
factors give MCC a unique characteristic to adapt to the external stimuli throughout life
(17). Like epiphyseal cartilage, MCC also grows by the process of endochondral
ossification but there is an absence of epiphysis, a secondary ossification center, in
MCC. During mandibular development, when hyaline condylar growth cartilage is

replaced by bone, the articular cartilage becomes the center for growth (18).

1.1.2. Endochondral ossification at MCC:

MCC growth occurs through endochondral ossification (EO) which is identical to

the long bones with a distinct difference in gene expression which leads to a difference



in histological and biochemical composition between these two tissues. EO is an
organized process of chondrocyte proliferation, differentiation, and maturation. Here the
cartilage matrix formed by chondrocytes is substituted by bone due to ossification by
osteoblast in contrast to intramembranous ossification where osteoblast directly lay
down the bone matrix with the absence of intermediate cartilage formation (19). In EO,
there is a sequential expression of various factors like SRY-box containing gene 9
(SOX9), parathyroid hormone related peptide (PTHrP), Indian hedgehog (Ihh) and
Runt-related transcription factor 2 (RUNX2) that causes differentiation of
prechondroblasts to chondroblasts to mature chondrocytes and hypertrophic
chondrocytes. Hypertrophic chondrocytes undergo apoptosis and are replaced by

osteoblast.

Histologically, the condylar cartilage is divided into four layers based on the
distribution of collagen I, II and X. Superficial layer adjacent to the joint cavity is the
articular or fibrous layer. Superficial zone protein (SZP) is expressed in this layer which
acts as a lubricant for the joint activity. There is no cellular differentiation in this zone
as this layer mainly function as a protective covering for the underlying layers (20) (21).
Next layer is the proliferative or polymorphic zone and is composed of irregular
polygonal cells in the upper layer while lower layer has flattened cells with their long
axis parallel to the articular layer. Cells in this layer are actively proliferating and
express PTHrP and SOX9. These cells have multilineage potential to differentiate either

into chondroblasts, osteoblasts or fat progenitor cells depending on the presence of



mechanical load (22). PTHrP is highly expressed in the proliferative layer while its
receptors are expressed in the pre-hypertrophic layer. PTHrP enhances and sustains
prechondrogenic cell proliferation and prevents the differentiation of these cells to
hypertrophic chondrocytes (23). Increased expression of PTHrP inhibits cartilage
maturation and delays bone formation (24). SOX9 is an important transcription factor
for chondrocyte differentiation and expression of collagen II, collagen IX and XI and
aggrecan. Like PTHrP, it regulates chondrocyte proliferation and inhibits their
hypertrophy. Studies with SOX9 gene deletion showed a complete absence of cartilage
formation due to the inability of mesenchymal cells to differentiate into chondrocytes
(25). The lower sublayer of the proliferative zone shows higher expression of SOX9 and

collagen II.

The third layer is the chondrocyte cell layer in which there is a change in cellular
morphology from flattened to spherical cells. This layer shows increased deposition of
collagen, proteoglycans and glycosaminoglycans (GAGs) (2) (26) (27). Ihh is expressed
in a pre-hypertrophic layer that regulates PTHrP level by a negative feedback loop. It
causes the delay in cartilage mineralization and inhibition of hypertrophic chondrocyte
differentiation by increasing PTHrP expression in the proliferative layer. Thh is
considered as a central coordinator of EO. In the fourth layer, which is the hypertrophic
cell layer, the chondrocytes increase in volume and become hypertrophic. There is a
transition from collagen II to collagen X. With this, the degradation of cartilage begins,

a preliminary stage of EO (28). Chondrocyte hypertrophic differentiation is believed to



be regulated by RUNX2. It is also an important transcription factor for osteoblast
differentiation (29). Furthermore, RUNX2 positively control Thh expression by
activating its promoter gene and hence regulating PTHrP expression. It is also involved
in blood vessel invasion in the degenerating cartilage since RUNX2 deficient mice

showed complete absence o vasculature in the cartilage (30).

Other factors involved in EO of MCC are fibroblast growth factor (FGF) and its
receptor, bone morphogenetic protein (BMP), hypoxia-inducible factor 1 (HIF1), and
vascular endothelial growth factor (VEGF). FGF and its receptor (FGFR3) are believed
to accelerate chondrocyte hypertrophy and osteoblast differentiation while negatively
regulating chondrocyte proliferation by signal transducer and activator of transcription 1
(STAT1) and mitogen-activate protein kinases (MAPKSs) signaling pathway (31) (32).
BMP is another factor that leads to cartilage and bone formation by binding to their
serine-threonine receptors leading to Smad and MAPKSs signaling pathway. Its
expression is positively induced by Ihh activation. Along with PTHrP and Thh, BMP
regulates proliferation of chondrocytes while inhibits its maturation. HIF-1 is composed
of two subunits HIF-1a and HIF-1p, and it is expressed in relation to hypoxic response.
Under normal oxygen tension, HIF-1a level is detected and degraded by von Hippel-
Lindau (VHL) protein. In hypoxic condition, HIF-1a binds with HIF-1f and translocate
to the nucleus where it activates VEGF expression (33). VEGF is a potent angiogenic
factor that helps in blood vessels formation during cartilage degradation. All these

factors interact together during EO in MCC. Disturbance in the form of mutation or



deletion of any factor besides mechanical loading severely affects MCC growth and
development. There are several anomalies associated with the deficient mandible that

might be related to deficiency of the aforementioned growth factors.

1.2 Anomalies associated with deficient lower jaw:

Underdeveloped or complete absence of the mandibular condyle is associated
with various craniofacial deformities which could be congenital or acquired. Congenital
malformed condyle mainly occurs due to problems associated with first and/ or second
branchial arches while acquired condition is caused by trauma, infection of mandibular
bone or middle ear or due to rheumatoid arthritis. Underdeveloped mandible results in

the lack of symmetrical growth of the lower face.

1.2.1 Hemifacial microsomia (HFM):

This is caused by the underdevelopment of the craniofacial structures that develop
from 1% and 2™ branchial arches. It occurs in 1:3000 to 1:5000 live birth and is the
second most common congenital anomaly after cleft palate/lip (34). The cause of this
condition is unknown. It is believed that damage to stapedial artery causes a hematoma
which interferes with branchial arch development. The characteristic features are
deficient mandible, distortion of the face, epibulbar dermoid (benign tumor located at
the junction between cornea and conjunctiva), and failure of the segmentation of
cervical spine. HFM can be present as a mild form affecting only an ear tag with or

without malformed ear or as the most severe case affecting the ear, temporal bone with



missing glenoid fossa, malformed TMJ including condylar and coronoid processes (35).
Based on mandibular and TMJ malformation and midface and lower face involvement,
HFM is classified into Type I, II A, II B and III (34). Mandibular and TMJ
malformation range from hypoplastic mandible and attached muscle in Type I to a cone-
shaped or missing condyle with hypoplastic muscles in Type II A and B to congenital
absence of ramus and muscles (34). Goldenhar syndrome is a variant of HFM. It is also
known as an oculoauriculovertebral syndrome characterized by hypoplastic mandible
and renal, genitourinary and skeletal abnormalities. Deletion of 5q and trisomy 18 and
duplication of 7q are the multiple chromosomal abnormalities involved in the complex

(36).
1.2.2 Treacher Collin syndrome:

Also known as Mandibulofacial Dysostosis. This condition is characterized by
bilateral abnormality of 1% and 2™ branchial arches. Occurrence rate is 1:25000 to
1:50000 in live births. It is an autosomal dominant inherited disorder with the mutation
in gene called treacle ribosome biogenesis factor 1 (TCOF1). This gene encodes for
nucleolar phosphoprotein treacle that forms mature ribosomes in neuroepithelium and
neural crest cells (37). It is expressed during embryogenesis in the 1* and 2" branchial
arches. Mutation of TCOF1 gene leads to the disturbed proliferation of neural crest cells
and hence deficient migration of the cells to the branchial arches (38). Involved patients
are reported to have characteristic features include a convex face, hypoplasia of

zygoma, maxilla and mandible, TMJ and the muscles of mastication, hearing loss due to



hypoplasia of external auditory meatus, eyes are dropping laterally of palpebral fissure

(37) (38).

1.2.3 Pierre Robin Syndrome (PRS):

This condition is characterized by cleft palate, mandibular micrognathia and
airway obstruction due to posterior displacement of the tongue. It may occur as an
isolated case or in association with a variety of syndromes. The prevalence rate is
1/2000 to 1/8500 in live births. SOX9 deficiency has been associated with PRS due to

translocation of chromosome 2 and 17 (39).

1.2.4 Nager Syndrome:

Also called Nager acrofacial dysostosis. It is a rare condition with only 35 cases
presented in the literature. This condition is caused by either sporadic occurrence or due
to autosomal dominant trait as well as an autosomal recessive inheritance (40) (41).
Characteristic features include spine and mandibular malformation ranging from
missing joint structure to limited jaw movement; ear abnormalities with hearing loss and

absence of soft palate (42).

1.2.5 Other related syndromes:

Other related syndromes associated with deficient lower jaw are Turner syndrome,
Parry-Romberg syndrome. In Turner syndrome, there is a short mandibular body with

posterior rotation of mandible condyle. Parry-Romberg or hemifacial atrophy causes
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facial asymmetry affecting mandibular condyle. Patients with
oculomandibuodyscephaly or Hallermann-Streiff syndrome present with birdlike
appearance due to craniofacial disproportion, bilateral congenital cataract and bilateral
microphthalmia (36) (43). Secondary condylar hypoplasia or acquired hypoplasia is
caused by local factors like trauma, infection of the middle ear, mandible condyle or by
systemic factors like rheumatoid arthritis (44) during active growth phase which affects
either one or both sides of TMJ. Juvenile idiopathic arthritis (JIA) is a chronic
inflammation condition present in 1-2/1000 children (45). The condition is
characterized by an articular surface covered by tumor-like granulation tissue called
pannus and increased blood vessel proliferation. This results in the destruction of the
joint and the cartilage (46). Destruction of MCC in JIA causes posterior mandibular
rotation, reduced ramal height and mandibular length (47) (48). Another acquired
condition frequently associated with hypoplasia is mandibular trauma to the condylar
region during childhood which leads to the retrognathic mandible, temporomandibular

disorders, anterior open bite, and in severe cases trauma leads to ankylosis.

1.2.6 Class II Malocclusion:

Malocclusion is defined as the occlusion in which there is mal-relationship
between the upper and lower arches in any of the three planes of spaces or in which
there are anomalies in tooth position beyond normal limit. Class I malocclusion
normally is established when the upper and lower arches are in normal relation but there

might be some problems like spacing and crowding etc. Class II malocclusion is when
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the lower jaw is more backward position compared to the upper jaw. This could be
either due to underdeveloped mandible or oversized maxilla. In Class III malocclusion,
the upper jaw is posteriorly positioned in relation to the lower jaw. 80% of the cases
with Class II malocclusion have underdeveloped mandible (49). It is present in about
one-third of the world’s adult population and is considered to be the most common in
patients attending the orthodontic clinics (50). In a study conducted on Canadian
children of 6 and 9 yr, 11.2% of 6 yr old and 17.5% of 9 year old had an increased
overjet (horizontal overlap/distance between the top and bottom front teeth when all
teeth are biting together) of more than 5Smm (normal overjet is 2-3 mm) (51).
Micrognathia of the mandible can be present as an isolated condition or in association
with over 450 syndromic conditions. Class II malocclusion is more prevalent in
Caucasian compared to the black population. There are many factors related to the
development of malocclusion. Habits like thumb or finger sucking or tongue thrusting
are some of the examples that lead to the development of Class II malocclusion. In
another study, 55% of children in mixed dentition had Class II malocclusion due to

sucking habits (52).

Lower jaw deficiency not only affects the functional occlusion and aesthetic
appearance of the affected patients but may also can lead to upper airway obstruction
and sleep apnea (53)(54). Deficient mandible leads to posterior displacement of the
tongue causing chronic hypoxia and fatigue leading to behavioral issues, neurological

and cognitive delay and cardiopulmonary complications like bradycardia in the
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developing child (55). Patient with deficient lower jaw may suffer from dental problems
(like decayed or missing teeth), poor oral health, bruxism, teeth crowding, higher
incidences of dental trauma due to the relatively protruded upper anterior teeth,
mastication difficulties and digestion disturbance (56). Bruxism leads to muscle pain
and fatigue, tooth attrition which in turn leads to hypersensitive dentition (57).
Imbalance of muscle activity also causes pain in the head, neck and ear region with the
formation of trigger points (58). There is a large impact of lower jaw deficiency on both
the individual and the society in terms of discomfort, quality of life as well as social and

functional limitations like speech, mastication and swallowing (59).

1.3 Treatments available for correction of the deficient lower jaw:

The treatment of the affected cases depends on the age of the patient, severity of
the problem, expected success rate and impact on the facial profile (60). Preadolescents
growing patients with moderate jaw discrepancy due to mandibular deficiency are
frequently treated with appliances designed to induce mandibular forward positioning.
For adolescent and young adults, the treatment is more likely to be either repositioning

the teeth by orthodontic treatment and/or surgical correction (61).

1.3.1 Surgical treatment:

Surgical treatments of mandibular deficient mandibles in adults include
advancement using bilateral sagittal split osteotomy (BSSO) and/or distraction

osteogenesis (DO). Other than being costly, these surgical methods have other several
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limitations and complications (62) (63). DO has proven to be a major advance for the
treatment of numerous congenital and acquired craniofacial deformities. DO is a steady
procedure of increasing the length of bone after surgical cut of the short bone then
separating the cut bones after initial healing of the cut bones with the help of a
distraction device. It was first performed by Codvilla in 1905 and later re-introduced by
Ilizarov in 1940 for long bone lengthening. Recovery time has three phases- latency,
distraction, and consolidation. There are a number of factors that affect the outcome of
surgical treatment. Masticatory muscles have great influence on the surgical outcome as
they affect the shape, size, and orientation of mandible. Also, suprahyoid muscles can
cause relapse after surgery if they are stretched more than 15% of their original length.
Failure to position the condyle in the glenoid fossa after surgery, severely cause relapse
after removal of inter-maxillary fixation (64). Both BSSO and DO showed similar
relapse rate for the mandibular advancement between 6 - 10mm. There are higher
incidences of neurosensory disturbances and condylar resorption in the case of BSSO.
Complications include problems with distraction device, occlusal disturbance due to the
device, patient’s compliance problem and chronic infection, damage to the inferior

alveolar nerve, TMJ dysfunction and condylar resorption (63).

1.3.2 Functional appliances (FAs):

Also known as forward bite jumping appliances or orthopedic appliances, are
devices that are believed to alter the patient’s functional environment by producing

biomechanical forces in an attempt to influence and, ideally, permanently change the
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contiguous hard tissue inter-relationship (65). The principal goal of the early treatment

using FAs is to correct the existing muscular, skeletal and dental imbalances.

The theoretical basis of functional appliance treatment is the principle has been
described as ‘a new pattern of function’ dictated by the appliance leads to the
development of a corresponding ‘new morphological pattern’ (65) (66). Bone is one of
the hardest tissues in the human body but it is one of the most responsive to the external
stimuli (66). The theory of bone plasticity was given by Wolff who believed that the
form and function of bone are related intimately. When the bone is subjected to the
functional stress, there is a change in the internal bone architecture and external shape.
When the functional appliance is placed in the mouth, it leads to increased contractile
activity of the lateral pterygoid muscle. This leads to increase in the production of
growth factors. Moreover, the forward position of the lower jaw produces a change in
the trabecular orientation of the condyle, growth of the condylar cartilage and
ossification of the posterior border of the mandible. All these changes are believed to
lead to lengthening of the mandible (65). Mechanical loading initiates specific
biomechanical responses in the chondrocytes (12,13). This distinctive characteristic is

the fundamental rationale for therapies with different types of functional appliance.

Treatment with functional appliance can produce satisfactory improvement of the
facial esthetics and minimizes the need for surgical intervention. Treatment with
functional appliance is more economical compared to surgery and fixed orthodontic

appliances. It reduces the treatment time with fixed orthodontic braces and decreases
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adverse fixed appliance problems like gingival hyperplasia, extraction, caries and
periodontal problems (69). The appliances help to reduce or eliminate dysfunctional
habits and treatment of temporomandibular disorders associated with retruded mandible
(70). However, the effectiveness of these appliances in modifying mandibular growth is
still debatable especially with regards to treatment duration and long term effectiveness
on the lower jaw growth. Several studies have reported positive response (71) (72) (73)
while some researchers consider that this response is due to the actual growth (74) (75).
Clinical trials have demonstrated that either no growth enhancement or the increased
growth occurs only at the preliminary stage and the mandible returning to its original
position afterward (14,15).

Hence there is a need to new treatment modalities to correct the deficient
mandible. Treatment with gene delivery and Low intensity pulsed ultrasound are new
emerging methods that may be used to treat cases with deficient mandibles.

1.4 Novel approaches for the treatment of deficient lower jaw:

1.4.1 Gene therapy

It is a fast developing technology in which small DNA or RNA is delivered into
the targeted cells. This therapy offers sustained and regulated the local production of
one or more morphogens in situ (78) and represent a significant advantage over protein
delivery based system. It has become a primary focus for bone and joint disorder in the
field of regenerative medicine and tissue engineering. More than 85% of the world

population need replacement of craniofacial structure in the form tooth decay treatment
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and/or bone regeneration after periodontal surgeries (79). Direct delivery of protein can
suffer from protein instability and inadequate post-translational modifications of
recombinant proteins which may limit their bioactivity (80). A possible successful
treatment outcome depends on several factors including scaffold (carrier), growth factor
and the vector. A plasmid containing genetic information is delivered to the cell enters
the nucleus and start the protein expression. However, the gene delivery and its
retention in the cell are two limiting factors for the success (81). A vector is used to
transfer genes into the host cells which could either be a virus or a non-virus vector.
Viral vectors prove efficient gene delivery carriers and are widely used to deliver genes
to the targeted tissue and for gene expression over a long period of time because of their
natural ability to translocate their own genetic material efficiently. However, there are
safety concerns associated with viral vectors like immunogenicity and oncogenicity
(82). For these reasons, non-viral vectors are preferred gene delivery approaches. Non-
viral gene delivery involves a transfer of genetic material either by direct injection of
the plasmid or by physical or chemical methods. Direct delivery is the most simple and
convenient method. Electroporation (using electric current) and sonoporation (using
ultrasound) are two examples of physical methods that have been used in gene delivery.
Bone morphogenetic proteins (BMPs) are the most commonly used and clinically
approved growth factors that possess osteoinductive properties which make them
attractive growth factor for the use of gene therapy. Several studies in the literature both
in-vitro and in-vivo showed a positive effect of BMP for inducing osteogenic

differentiation of mesenchymal stem cells and ectopic de novo bone formation and
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healing of critical-sized bone defects (83). In the craniofacial region, most studies
conducted have used recombinant Adeno associated virus (rAAV) as a vector for the
delivery of the gene of interest. Studies in rodent models using BMP7 have successfully
enhanced healing of bone defect (81). Other growth factors- insulin growth factor-1
(IGF-1), FGF, and VEGF and Wnt are under investigation for bone regeneration and
cartilage repair. Gugale et al study (84) showed new bone formation after 14 days of
implantation of collagen seeded with the AVV-BMP2 gene. Application of gene therapy
for spine fusion, bone rehabilitation after avascular necrosis, repair of alveolar,
mandibular and periodontal defect has already shown positive results (85).

Injury to articular cartilage, avascular tissue, leads to osteoarthritis. Several
studies in the literature have shown positive results with BMP-2, Thh, transforming
growth factor-f1 (TGF- B1) and IGF-1 (86) (87) (88). Till date, only one study has been
conducted using rAAV and VEGF for TMJ repair (89). Basic Fibroblast Growth Factor
(bFGF) i1s another important growth factor that is involved in the development and
skeletal morphogenesis. It has been shown its profound effect on the craniofacial bone
formation. Blocking of bFGF by antibody showed prevention of cranial suture
osteogenesis.

1.4.2 Low Intensity Pulsed Ultrasound (LIPUS):

In the field of medicine, ultrasound is classified according to its waveform to
continuous and pulsed (Fig 1.1); or on the basis of its application to diagnostic,

operative and therapeutic (94).
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Fig 1.1: Ultrasound waveform: Continuous and Pulsed.

In recent years, some noninvasive approaches to augment the lower jaw growth
have been proposed by various research groups (89) (90) (91) (92) (93). One of these
methods is the application of Low Intensity Pulsed Ultrasound (LIPUS) on the condylar
region, especially when it is accompanied by the use of a functional appliance. It is a
safe, easy to use and cost effective method. Its application for non-healing fractured
bone have been approved by Food and Drug Administration (FDA) (94) (95). It has
been used to enhance bone growth, healing, and reduces treatment time after distraction
osteogenesis (96). LIPUS also stimulates new blood vessel formation and hence

enhances endochondral bone formation (97) (98). In-vitro studies have shown to
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increase cell count in fibroblast, and osteoblast cell culture (99) (100) with increased
transforming growth factor B1 (TGF-B1) expression and decreased IL-6 and tumor
necrosis factor-o (TNF-a)) (101); increased RUNX2, ALP, VEGF, OCN and BMP-2
expression (102) (103) (104) (105). Similar results were seen in bone marrow derived
stem cells and animal studies. Increased aggrecan and collagen II expression have been

supported in several studies (106) (107) (108) (109) (110).

The exact mechanism of LIPUS is still not completely understood. LIPUS
produces a non-thermal effect which causes cavitation, micro streaming and affects the
cell membrane. Cavitation is the growth and oscillation of gaseous cavities which grows
rapidly and collapse leading to change in the cell membrane. These changes increase the
cell membrane permeability and hence increase the cellular uptake of the extracellular
ions, growth factors and drugs (111). But when the bubble grows in size so that when it
collapses, it results in permanent membrane damage and cell death, this is known as
unstable cavitation (112). Acoustic streaming is the circular movement of the fluid
around the vibrating structures like the cell membranes or the oscillating gas bubbles.
These movements produce stress on the structures leading to the formation of pores for
a short period of time. The increase in the membrane permeability and movement of
fluid around it causes the delivery of the therapeutic agents into the cell (113). However,
the intensity of LIPUS is too low to induce cavitation or the cell membrane destruction
(114). The mechanical energy of LIPUS when applied to biological tissues or cells

induces strain on the cell membrane affecting the mechanosensitive elements (115). In
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‘bilayer sonophore model’ proposed by Krasovitski et al (116), it explains the changes
in cell membranes bilayer with ultrasound application. In positive pressure, the cell
membrane layers are pushed together while in negative pressure, the membranes are
pulled apart. These movements also cause the activation of mechanosensitive elements.
The process by which cell sense the mechanical load and transducer it to the cascade of
cellular and molecular events is called mechanotransduction. Mechanosensitive
elements, including cytoskeleton, stretch-activated ion channels, integrins, G-protein

receptors, have been extensively explained in the literature.

1.4.2.1 Mechanotransduction and LIPUS:

Microfilaments, microtubules and intermediate filaments like actin, talin, vinculin
and filamin A are the structural units of the cytoskeleton that maintain the cellular shape
during the application of mechanical load. The cytoskeleton components provide a
direct link between the adhesion receptors and the nucleus. Integrins and cadherins are
coupled with cytoskeleton filament on one end and nuclear scaffold, nucleoli, chromatin
or DNA in the nucleus on the other end (117). When the mechanical load is applied,
cytoskeleton filaments bear the impact and reorganize themselves and activate the
biochemical events that influences cell survival, protein synthesis in addition to
spreading and migration (118). Many studies have shown activation of signal
transduction and gene expression with alteration in cytoskeleton structure (119) (120)
(121). Previous studies have shown increased polymerization of actin filament and

activation of integrin with ultrasound application (122) (123) (124).
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Stretch-activated ion channels (SAC) play an important role not only in
maintaining the resting membrane potential but also in cell volume. Upon activation,
these channels allow movement of ions like Na', Ca 2+, K" in or out of the cells. Na" ion
first enters the cells causing depolarization of the membrane which is followed by Ca*"
entry (125). Ca*" ion concentration in the cell also increases due to the release of ions
from intracellular reservoirs: endoplasmic reticulum, sarcoplasmic reticulum, and
mitochondria. Increased Ca®" ions after mechanical stimulation are seen in different cell
types including smooth muscle cells, fibroblasts, osteoblasts and chondrocytes. SAC
after mechanical loading causes phosphorylation of focal adhesion kinase (FAK) and
paxillin (126), aggrecan gene expression and cell proliferation (127) (128). LIPUS has
also shown increased Ca®" ion concentration causing proteoglycan synthesis in

chondrocytes and this effect was abolished by inhibiting Ca*" ions (107).

Integrins are transmembrane glycoprotein receptors composed of two subunits- o
and PB. Their primary function is the attachment of the cell to its extracellular matrix
(ECM). The combination of a and § subunits are specific for the cell type and determine
the ligand specificity. a5B1 is a fibronectin specific integrin present in chondrocytes.
Integrin signaling across the cell membrane can be ‘inside out’ where the binding of
integrin to its ECM components is regulated by the inside of the cell, or it can be
‘outside in’ i.e. integrin binding to ECM component leads to biochemical events in the
cell (129). The structure of integrin has three domains — extracellular domain,

membrane-spanning region, and a cytoplasmic tail. At resting stage, the extracellular
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domain has ‘bent’ conformation. When the mechanical load is applied, this changes to
‘upright’ structure exposing the binding sites to ECM (130). The cytoplasmic tail end
activates FAK and further recruit talin and paxillin which are cytoplasmic proteins.
These proteins are triggered to form large multi protein complex called focal adhesion
molecule during integrin activation. This further leads to activation and organization of
either cytoskeleton component of the cell (131) (132). Studies have shown that
mechanical stresses produced by LIPUS have lead to increase in gene expression and
protein synthesis in chondrocytes and osteoblasts via integrin activation (133) (134)
(135). Many studies in the literature have shown that ultrasound exposure augments
membrane expression of integrins (133) (136) and hence results in reorganization of
cytoskeleton and maturation of osteoblasts (137) and chondrogenic differentiation of
human mesenchymal stem cell (138). Mechanical loading by LIPUS has shown to
increase phosphorylation of focal adhesion molecule like FAK and Src which are

downstream regulators of MAPK signaling pathway (139) (140) (141).

Mitogen Activated Protein Kinases (MAPKSs) are serine-threonine protein kinases
that are extensively studied in many cell types, especially in osteoblast and chondrocyte.
These protein kinases respond to the external stimuli and regulate the cellular events by
affecting the gene and protein expression in various cellular processes like cell growth,
differentiation, survival and cell death. These include extracellular signal-regulated
kinasel/2 (ERK1/2), c-Jun N-terminal kinase (JNK) and p38 kinase. ERK1/2 is

preferentially activated in response to growth factors while JNK and p38 kinase are
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more responsive to stress stimuli. In osteoblast, MAPKs regulate bone mass by acting as
a mediator in osteoblast differentiation. There is an increase in activator protein-1 (AP-
1), a transcription factor for osteoblast differentiation, with MAPK activation (142). In
chondrocytes, JNK plays a minor role while ERK1/2 and p38 are important for
chondrogenesis (143). Activated MAPK further phosphorylates various intracellular
factors involved in cellular metabolism including membrane transporters, cytoskeletal

elements and transcription factors (144).

Studies on LIPUS have shown increased phosphorylation of ERK1/2 and p38 in
osteoblasts and chondrocytes (145) (146) (147) (148) (149) (141). Activation of MAPK
employs core 3 kinases cascade consisting of MAP3K which phosphorylates and
activates MAP2K which then phosphorylates and increases the activity of MAPK. De-
phosphorylation of MAPK by phosphatase is an important negative control. MAPK are
believed to be redox regulated i.e. phosphorylation and dephosphorylation of MAPKSs is

under the control of reactive oxygen species (ROS).

1.5 Reactive oxygen species (ROS) and signal transduction:

ROS including superoxide (O,¢"), hydroxyl radical (*OH) and hydrogen peroxide
(H20;) are small molecules generated due to incomplete one-electron reduction of
oxygen. Production of O, generally starts the cascade of ROS generation. Two-
electron reduction of O, forms H,O, in the presence of superoxide dismutase. In the
presence of catalase and glutathione peroxidase, H,O; is reduced to water. However, in

the presence of iron, O, and H,O, interact to *OH which is highly reactive free radical
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(150) (151). ROS are mainly generated as by-products of the reactions taking place in
mitochondria, peroxisome and cytochrome P450 (152). However, due to a high level of
mitochondrial enzymes like superoxide dismutase, superoxide generated is readily
reduced to H,0,. Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases

(NOX) are considered the main source where ROS are generated as the main product.

NOX family enzymes are transmembrane protein complex that reduces O, to O,e".
There are seven types of NOX enzymes present in the animal cell - NOX1-5 and two
larger dual oxidases (DUOX) 1 and 2. The complex has one NADPH binding site at
COOH terminus, flavin adenine dinucleotide (FAD) binding site, six transmembrane
domains and four heme binding histidines and an additional NH2 domain in DUOX
enzymes (153). NOX2 or gp91° hox is the prototype NOX which requires the assembly of
other components for its activation. p22 Phox s another membrane bound subunit that
stabilizes NOX and two cytosolic subunits — p47 P and p67 P"**. Small GTPase

0 phox

protein Racl and p4 act as modulator proteins that help in assembly of p47 P"** and

p67 phox'

During the past decade, reduction- oxidation (redox) reactions that generate ROS
have been identified as an important chemical mediator in the regulation of signal
transduction processes involved in cell growth and differentiation. These radicals play
the dual role in a living organism as both deleterious and beneficial effects that are
depending upon the amount produced and the availability of the cellular antioxidants. In

low amount, they are involved in normal physiological functions like signal
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transduction, platelet aggregation, immune system control and regulation of cellular
growth and synthesis of biological compounds (154)(155). ROS ideally fulfill the
prerequisites for intracellular signaling molecule since they are rapidly generated,
highly diffusible, easily degraded and ubiquitously present in all cell types (152). A
study by Morita et al (156) showed that free radicals are involved in hypertrophy of
chondrocytes in endochondral ossification and when the cells were treated with N-

acetylcysteine (free radical scavenger) hypertrophy was inhibited.

1.5.1 ROS as a second messenger:

The signal transduction pathways are regulated by ROS not through activation of
protein tyrosine kinase (PTK) but by deactivation of protein tyrosine phosphatase
(PTP). These enzymes contain Cysteine residue in their active sites (157) which are
highly susceptible to oxidation by ROS and undergo diverse oxidation modification
(158). ROS causes oxidative modification by forming disulfide bonds (-S-S-), sulfenyl
(-SOH), sulfinyl (-SO,H) and sulfonyl moiety (-SOs;H). By oxidative modification, ROS
decreases the phosphatase activity which in turn enhances PTK activity. This leads to
increased phosphorylation of MAPK signaling pathway. Studies have shown increased
activation of p38 MAPK with H,O, in rat alveolar macrophages, NIH3T3, HEK 293
cells, human fibroblasts cells while ERK1/2 was activated in bovine coronary artery and

rat mesangial cells (159) (160).
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1.6 Rationale:

LIPUS is a non-invasive treatment modality that has been approved by FDA for
the treatment of non-healing bone fractures. In the previous studies, LIPUS has shown
the stimulatory effect on the mandibular condylar growth. In rabbits, daily 20 min
LIPUS application showed increased mandibular growth after four weeks (161); in
baboon monkeys, it took four months (162) and one year in human patients (163). With
40 min LIPUS application Schumann et al (138) and Chan et al (164) showed increased
enhanced chondrogenesis and rapid bone healing in distraction osteogenesis. Further,
the mechanism of LIPUS in chondrocyte and osteoblast are not completely understood.
ROS generation has only been studied in leukemia cell line with ultrasound application
with higher intensity (> 0.1 W/cm2 — 0.5 W/cm2). Finally, there were no studies on the

effect of LIPUS and non-viral gene delivery on the mandibular condylar growth.

1.6.1 Research Hypotheses and Objectives:

Hypothesis # 1: Stimulatory effect of LIPUS on the mandibular condylar growth in

young growing rats either alone or when combined with functional appliance treatment

is dose-dependent.

Objective #1: To determine the possible effect of increasing LIPUS daily dose (from 20
min to 40 min) and functional appliance on the mandible condyle in young growing

rats.
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Hypothesis #2: LIPUS application leads to free radical generation that causes

phosphorylation of MAPKs and leads to increased gene and protein expression in

chondrocyte and osteoblasts.

Objective #2: To understand possible effect of LIPUS on chondrocytes and osteoblasts:

a. By determining free radical production after LIPUS application.
b. Evaluate the effect of LIPUS on chondrocytes and osteoblasts in-vitro on
the gene and protein expression of ERK 1 /2, p38 and JNK by qPCR,

Western Blot.

Hypothesis #3: Basic FGF plasmid (gene), when combined with LIPUS will enhance

the mandibular condylar growth more than each modality alone.

Objective #3: To study the effect of basic Fibroblast Growth Factor (bFGF) pDNA
delivery on mandibular condyle and to explore the possible effect of local injection of
bFGF plasmid and daily low intensity pulsed ultrasound (LIPUS) application on

mandibular condylar growth.
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1.7 Scope of the thesis:

This study was framed to test all the hypotheses and address all objectives in four
chapters with two additional chapters for the introduction and literature review and a
final chapter for general discussion and conclusion. In Chapter 2, LIPUS application on
the mandibular condylar growth was studied. Two time-points i.e. 20 min or 40 min
LIPUS application per day were compared either alone or in combination with the use
of functional appliance. This chapter presented morphometric, histology,
immunohistochemistry and Micro-CT analyses outcome of the animal study. These
results were crucial since it will provide data about the optimized LIPUS duration with

or without FAs to be used for the future studies. This chapter tested our first hypothesis.

Chapter 3 and 4 addressed the in-vitro part of this study where we presented the
effect of LIPUS application on chondrocytes and pre-osteoblast cell lines respectively.
The cells were exposed to either 10 min or 20 min single LIPUS application. Single
LIPUS application effect was studied for ROS generation, cell viability, gene
expressions for transcription factor and ECM synthesis; and protein expression for
MAPK signaling in the presence or absence of ROS inhibitor. These chapters tested the

second hypothesis of this thesis.

Chapter 5 is focused on exploring the possible effect of non-viral gene delivery
and LIPUS application on the mandibular condylar growth. There is only one study in
the literature that investigated condylar growth by viral gene delivery. In this pilot

study, we attempted to deliver polyethyleneimine (PEI) - bFGF plasmid in the animal
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model and studied its effect either alone or in combination with LIPUS on the
mandibular condylar growth using histology and Micro-CT analyses. This chapter
tested our third hypothesis. Finally, we discussed the outcomes of all the performed
studies, their inter-relationships, limitations with future directions for the studies to

improve the clinical outcomes of LIPUS for cartilage and bone regeneration.
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Chapter 2: Effect of increasing daily Low Intensity Pulsed
Ultrasound application and Functional Appliance on

mandibular condyle in growing rats.
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2.1 Introduction:

The temporomandibular joint (TMJ) is the only movable joint in the craniofacial
region and is important because of its role in critical activities like mastication, speaking
and clenching. This joint is covered by fibrocartilage which not only serves as a cushion
for dispersion of mechanical load but also as a main growth center for craniofacial
region (1). Class II malocclusion, where the lower teeth bite in backward position to the
upper teeth, is one of the prevalent non-syndromic deformity usually characterized by
mandibular retrusion [retrusion or backward position] (2). It not only affects jaw
function and aesthetic appearance, but it may also cause airway obstruction and
functional limitations such as speech, mastication and swallowing (3). Class II
malocclusion affects 15% of the world population and is present in most of the patients

attending orthodontic clinics (4).

Treatment of mandibular deficiency depends on the patient’s age, severity of the
problem, expected success rate and impact on facial profile (5). For a growing patient
with retruded mandible, functional appliances (FAs) which are also known as forward
bite jumping appliances can be one of treatments of choice. FAs are devices that are
believed to enhance condylar growth by displacing the mandible forward and downward
and eliminating abnormal muscular forces that interfere with normal dental and skeletal
development of the mandible (6). Several animals and human studies have shown
improvement of mandibular forward projection with FAs use (7) (8). However, the

effectiveness of these appliances is still debatable, especially with regards to the
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patient’s age, treatment duration and long term effectiveness on mandibular growth
modification. Some authors reported that effect of FAs is not skeletal but only
dentoalveolar [teeth and their surrounding bone] (9) while others reported that their best

skeletal effect is observed when treatment is started just before the growth spurt (8).

The mandibular condylar head undergoes endochondral ossification during
growth while bone formation in glenoid fossa occurs by intra-membranous ossification.
Cellular activity in glenoid fossa is slower than condylar head. This could be the reason
for failure or insignificant clinical results after FAs treatment to modify mandibular
growth (10). In recent years, low intensity pulsed ultrasound (LIPUS) has shown

positive results in bone growth and regeneration in several studies (11) (12).

LIPUS was shown to be effective in increasing the intracellular calcium level in
bone and cartilage cell culture and increasing secretion of angiogenesis related
cytokines, which is important in endochondral bone formation involved in mandibular
condyle (13). Human studies have also shown enhanced bone fracture healing (14)
reduced treatment duration and increased bone strength in distraction osteogenesis using
daily LIPUS application (15). Previous studies have shown significant increase in
mandibular growth with daily 20 minute LIPUS application in combination with the use
of FA (16) (7) (17). However, in a human study, it took a year of daily use of 20
minutes LIPUS in addition to FAs to show clinical improvement in mandibular growth.
Therefore, there is a need for an optimized technique that may reduce daily LIPUS

treatment time to a few months in humans. Previous studies have shown that daily 40
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minute LIPUS application enhanced chondrogenic differentiation in vitro (18) and bone
regeneration during distraction osteogenesis (19) compared to daily application of 20

min.

The aim of this study was to investigate the effect of increasing daily LIPUS
treatment duration from 20 to 40 minutes per day with or without FA on the mandibular
condylar growth in growing rats. We hypothesized that increasing daily treatment with
LIPUS from 20 to 40 minutes per day will have additive effect on mandibular condylar

growth, particularly if combined with FA therapy.

2.2 Materials and Methods:

2.2.1 Animal care and experimental design:

This study was approved by University of Alberta Animal Care and Use
Committee (Protocol# 694/04/13/C/AUP381). Fifty four, 21-day old male Sprague
Dawley rats were divided into six groups (n=9) namely: 1) Control (no FA or LIPUS
application); 2) 20 min/day LIPUS (LIPUS 20 min); 3) 40 min/day LIPUS (LIPUS 40
min); 4) FA alone; 5) FA and LIPUS 20 min/day (FA+ LIPUS 20 min) and 6) FA and
LIPUS 40 min/day (FA+ LIPUS 40 min). The rats were acclimatized for a period of one
week. FA was attached to upper and lower incisors in the FA allocated groups when the
rats were 28 days old (first day of the experiment) and received LIPUS application for
20 min or 40 min for 28 days according to treatment group. All animals were weighed

on the first day of acclimatization and after each week until the end of procedures (just
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before the euthanasia). Twenty four hours after the final application of LIPUS, the

animals were euthanized by using Euthansol IP injection.
2.2.2 Functional Appliance:

FA was made from self-cure polymethyl methacrylate Orthodontic Resin
(DENTSPLY, Milford, DE, USA) for each rat and was cemented to the upper and lower
incisors, when they were 28 days old, using resin cement Panavia F2.0 (Kuraray
Medical Inc, Okayama, Japan). The appliance induced 3 mm of vertical displacement of
the jaw (20) and had identical inclined plane to cause anterior displacement of the
mandible on mouth closing (Fig 2.1.A). All animals with FA were fed with powdered

rat chow while others were fed with normal rat chow (Lab Diet, St. Louis, MO, USA).
2.2.3 Ultrasound device:

LIPUS device was custom-made and was provided by SmileSonica Inc
Edmonton, AB, Canada. The device generated 200 ps bursts of 1.5 MHz sine wave with
repetition rate of 1 kHz and temporal averaged intensity of 30 mW/cm®. These
parameters have been used in our lab and has been approved by Food and Drug
Administration (USA) for the clinical use in promoting healing of fractured bone (7, 14,
17-20, 24, 25). It was calibrated at the beginning and end of the experiment to evaluate
consistency of LIPUS parameters. In each animal in the LIPUS groups, the right

mandibular condyle was used as the experimental side which was shaved and coupling
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gel was applied to ensure LIPUS wave propagation and left side was used as an internal

control (Fig 2.1.B).

Fig 2.1: A: Picture shows functional appliance attached to the upper and lower incisors
of the rat. B: Tranducer of the ultrasound device applied to the right side of the

mandible while the rat was under anesthesia.
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2.2.4 Morphometric measurements:

Mandibles were dissected and fixed in 10% formalin solution (Sigma-Aldrich, St
Louis, MO, USA) for 24 hours at room temperature. Landmark measurements were
performed using digital caliper. Fig 2.2 shows the landmarks and linear measurements

analyzed and description of variables is presented in Table 2.1.

Fig 2.2: The landmarks and linear measurements of the mandible. Mandible lenght (A-
C)- distance from the posteriosuperior most point on the condylar head to menton which
is anterio inferior point on the lower border of the mandible.— ; Ramus height (C-B)
distance from the condylar point to Gonial tangent point (posterio inferior point on the
lower border of the mandible); Condyle process length (C-D) distance from the lower

border of the mandibular foramen to the condylar point.
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Table 2.1: Morphometric landmarks and linear measurements of the mandible.

Points Description

Menton (A) The most inferior point on the mandibular symphysis.

Gonion  tangent | Assuming that the mandible is placed on a plane. The point of the
point (B) mandibular gonion at its junction with that plane.

Condylar  point | The most posterior and superior point on the mandible condyle.

©)

Mandibular The entry of mandibular nerve and blood vessels in the mandibular
Foramen (D) canal.

Linear

measurement

Menton— Total mandibular length. The distance measured between the

Condylar point(A-
C)

menton and the condylar point.

Condylar -
GoT(C-B)

Ramus height. The distance measured between the condylar point

and the gonial tangent point.

Condylar process

length (C-D)

The distance measured from the mandibular foramen to the

condylar point.
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2.2.5 Histology and Histomorphometric measurement:

Condylar processes were separated from the mandibles by dissection and were
decalcified using Cal-Ex II (Fisher Scientific, Ottawa, CA) for 2 weeks. Decalcified
condyles were embedded in paraffin and sectioned at 6 um thickness. Slides were
stained with Periodic Acid Schiff’s reagent (PAS) and Alcian blue stain to identify the
cartilage and new bone formation (21)(22). Alcian blue stains the cartilage with blue
color while it is stained magenta with PAS which shows calcification of the cartilage
matrix. Proliferative layer is composed of undifferentiated mesenchymal cells that stain
positive for Alcian blue. Extracellular matrix is stained blue in hypertrophic layer with
Alcian blue while the chondrocytes in erosive layer where calcification begins are
stained magenta with PAS. Photographs were taken using Leica Fluorescent Digital
Microscope with CCD digital camera (Leica, Wetzlar, Germany) and using RS Image
software 1.73 (Photometric, Roper Scientific Inc, Tucson, AZ, USA) and analyzed
using Metamorph Software. The used magnification was 20X. Cell number and width of
proliferative and hypertrophic layers were measured. Readings from 3 slides of each
sample were then averaged to get the final reading for every sample. For the thickness
measurement, 6 lines were drawn in the proliferative and hypertrophic layers separately
and then averaged to get final value from 1 slide. To measure the cell count for
proliferative and hypertrophic layers, fixed measurement frame of 500 X 500 um was

drawn in the posterior region (Fig 2.3.A and 2.3.B).

59



Fig 2.3.A: Line 1 shows the width of the proliferative layer and Line 2 shows the width
of hypertrophic layer. B: Square of 500 X500 pm drawn in the posterior region of the
condyle and the cell count of proliferative and hypertrophic layers were counted within

the square.
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2.2.6 Immunohistochemistry:

After the sections were dewaxed and rehydrated, the antigenic sites were exposed
by heat treatment using 10 mM Trisodium Citrate buffer. After washing with PBS, the
slides were submerged in 6% Hydrogen Peroxide solution for 20 min. The slides were
then washed with phosphate buffered solution (PBS) and incubated with 1% bovine
serum albumin (BSA) for 30 min. The sections were then incubated overnight at 4°C
with the primary antibody. The primary antibodies used in this study were SOX9
(1:100), Collagen II (1:100), Collagen X (1:50) and Aggrecan (1:100). The incubation
with secondary antibody i.e. IgG (1:500) was performed for 1 hr followed by PBS
washing. The reaction product was visualized using Avidin-biotin complex (ABC)
peroxidase kit (Vectastain) and diaminobenzidine (DAB) substrate (Vectastain). The
slides were counterstained with Mayer hematoxylin. To ascertain the specificity of
immunostaining is from the primary antibody, negative controls were included on which

primary antibody was replaced by 1% BSA.

2.2.7 Micro-Computed Tomography (Micro CT) imaging:

Dissected mandibles were scanned by Skyscan 1176 Micro CT imager (Kontich,
Belgium) using vendor supplied imaging control software. Resolution selected was 18
microns. All scans were conducted at 85 kV, 293 pA using 10 mm aluminum filter
through 180°rotation at 0.5° step increment. Analysis was performed using CTAn
software (version 1.12.0.0 Skyscan, Belgium). Trabecular bone of the condylar head

areas were manually selected using the first appearance of trabecular bone as the
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reference point up to the 100" slice. Bone structural parameters studied were bone
volume to tissue volume ratio or bone volume fraction (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sep) and bone mineral
density (BMD). From each sample 5 readings were taken and values were averaged to

get the final value.
2.2.8 Statistical analysis:

Data were first analyzed for normal distribution using Kolmogrov Smirnoff test.
For normally distributed data, one-way ANOVA followed by Bonferroni post hoc test
using SPSS version 21.0 (Chicago, IL, USA) was used. The significance level was set at
p < 0.05. For the left and right side readings, paired t-test was applied. Intra rater
reliability for 6 randomly selected animals for each measured variables were tested
using Intra Class Correlation Coefficient (ICC) test and measurements were performed
twice with an interval of 2 weeks for morphometric analysis and 4 weeks for histology

and Micro CT analyses.
2.3 Results:

All measured variables showed normally distributed data except for Trabecular
Number, hence Kruskal Wallis test was applied. ICC test also showed absolute

agreement (r > 0.78-0.99).
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2.3.1 Body weight:

There was no difference in body weight among treatment groups on the first day
of the experiment (p=0.18) but there were significant differences among the groups
(p<0.001) at the end of the experiment (Fig 2.4). However there was no difference

between FA and FA + LIPUS 20 min; and between LIPUS 20 min and LIPUS 40 min

groups.
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Fig 2.4: Bar chart showing the weights measured on Day 1 and Day 29. No significant
difference in the body weight of the animals were seen in on day 1 while there is
significant difference among the groups on day 29 specially in Functional Appliance

groups (* p <0.05)

63



2.3.2 Morphometric analysis:

There was a statistical significant increase in all 3 measurements in LIPUS 20 min
group (p<0.05) except for condylar process length between LIPUS 20 and LIPUS 40
min groups where p= 0.182. Mandibular length showed the highest value in LIPUS 20
min group followed by LIPUS 40 min group as compared to control group. However,
the mean difference between control and LIPUS 40 min group was small (0.2mm) and
was not statistically significant (p > 0.05). There was no significant difference between
control and FA groups, control and LIPUS 40 min groups and between FA and FA+
LIPUS 40 min groups (Fig 2.5.A). Ramus height (C-B) showed increase in LIPUS 20
min group as compared to control and the difference was statistically significant (p <
0.05) (Fig 2.5.B). Condylar length (C-D) also showed increase in LIPUS 20 min group
followed by LIPUS 40 min. There was also significant difference between LIPUS 20
min and FA groups; FA + LIPUS 20 min and FA + LIPUS 40 min groups (Fig 2.5.C).
On comparing the left and right readings, LIPUS 20 min and FA+ LIPUS 20 min
showed significant difference for all the measured variables. Overall, by comparing
means of all treatment groups, LIPUS 20 min group showed statistical increase in all 3
linear measurements while FA + LIPUS 40 min group showed decrease in all the

measurements.
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Fig 2.5: Bar charts depict anthropometric measurements of the left and right mandible
(A Mandible length. B Ramus height and C Condylar process length.) LIPUS 20 min
showed significant increase in mandibular length (A-C), ramus height (B-C) and
condylar process (C-D) as compared to other treatment groups while FA + LIPUS 40
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min showed least values in all the measured variables. (*p< 0.05, ** p <0.001 and ***

p <0.0001) ( T p <0.05 between the left and right condyle).

2.3.3 Histomorphometric analysis:

Qualitatively, the width of proliferative and hypertrophic cell layers is evident
from the slides (Fig 2.6). One-way ANOVA showed significant difference in all the
measured histomorphometric variables; i.e., proliferative cell number and width, and
hypertrophic cell number and width. LIPUS 20 min group showed significant difference
from all other treatment groups in proliferative cell number (p<0.05) while there was no
significant difference between control and FA groups and control and FA+ LIPUS 40
groups (Fig 2.7.A). In proliferative layer width, again LIPUS 20 min group showed
significant increase followed by LIPUS 40 min and FA+ LIPUS 20 min groups. There
was no significant difference between control and FA; control and FA+ LIPUS 40 min
groups (p>0.4 in both cases) (Fig 2.7.B). In the case of hypertrophic cell numbers, there
was no significant difference between control and FA groups, and FA and FA+ LIPUS
40 min groups, (Fig 2.7.C). In the case of hypertrophic width, there was no difference
between control and FA groups, LIPUS 20 min and LIPUS 40 min groups and LIPUS
40 min and FA+ 20 min LIPUS groups (Fig 2.7.D). On comparing the left and right side
readings from histomorphometric analysis, there was significant difference in the
groups treated with 20 min of LIPUS application either alone or with FA in proliferative
cell count and width and hypertrophic cell count and width. Also LIPUS 40 min showed

statistically significant difference between left and right side of the condyle.
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Fig 2.6: Alcian blue and periodic acid Schiff (PAS) stained slides showing the left and right
sides of the mandible condyle. Qualitatively, LIPUS 20 min showed increased cell count and
width both in proliferative and hypertrophic layers followed by FA+ LIPUS 20 min. There
was decrease in both the cell count and width in FA + LIPUS 40 min group as compared to
control.

67



A. Proliferative cell count HLeft

B. Proliferative width

130 ,—|
4
120 ot

Proliferative cell count
Proliferative width

HLeft
HRight

C. Hypertrophic cell count ELeft

" BRight

Hypertrophic cell count
Hypertrophic width

Fig 2.7: Bar charts depict histomorphometric analysis of the left and right mandible
condyles. A. Proliferative cell count B. Proliferative width C. Hypertrophic cell count
D. Hypertrophic width. After 28 days of the experimental procedure, LIPUS 20 min
showed increase in Proliferative and Hypertrophic cell count and layer width. Similar
results are seen in Functional Appliance groups where 20 min LIPUS application in
combination with FA showed significant increase in all the measured variables. (*

p<0.05, **p<0.001 and *** p <0.0001) (T p <0.05 between the left and right side of the
mandible condyle.)
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2.3.4 Immunohistochemistry:

Qualitatively, the groups treated with 20 min LIPUS either alone or with FA showed
increased expression of SOX9, Aggrecan, Collagen II and Collagen X. The right side i.e. the
treatment sides showed higher expression of these proteins as compared to the left side (Fig

2.8.A,2.8.C, 2.8.E and 2.8.QG).

SOX9: SOX9 transcription factor was detected in the proliferative and upper part of
hypertrophic layer. In control and FA groups, SOX9 positive cells were mainly
expressed in the proliferative layer while in LIPUS treated groups, some SOX9 positive
cells were also expressed in the upper part of hypertrophic layer (Fig 2.8.A). LIPUS 20
min showed increased expression of SOX9 as compared to other treatment groups and
the difference was statistically significant (p<0.05). In FA treated groups, again FA +
LIPUS 20 min showed increased SOX9 expression as compared to FA alone and FA +
LIPUS 40 min (p<0.05). Right side of the groups showed increased SOX9 expression as
compared to left side and the difference was statistically significant in LIPUS 20 min,

FA + LIPUS 20 min and FA + LIPUS 40 min (p<0.05) (Fig 2.8.B).
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Fig 2.8.B: Bar graph depict the percentage of SOX9 immunopositive cells in the
posterior part of the mandible condyle (*** p <0.0005, **p<0.005 and *p<0.05) (p

<0.05 between left and right side of the mandible condyle).



Aggrecan: Mechanical strain produced by LIPUS and FA showed increased expression
of Aggrecan in both LIPUS 20 min and FA + LIPUS 20 min groups with treatment
showing higher expression as compared to non treatment side (Fig 2.8.C). This increase
in expression is statistically significant (p<<0.05). Aggrecan is mainly expressed in the
upper part of hypertrophic layer. On comparing treated and non treated sides within the
groups, LIPUS 20 min, LIPUS 40 min, FA + LIPUS 20 min and FA + LIPUS 40 min
showed statistically significant increase in Aggrecan expression in the treatment side of

the mandible (Fig 2.8.D).
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Fig 2.8.C: Expression of Aggrecan in the left and right mandible condyles
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Fig 2.8.D: Bar graph depict the percentage of Aggrecan immunopositive cells in the
posterior part of the mandible condyle (*** p <0.0005, **p<0.005 and *p<0.05) (fp

<0.05 between left and right side of the mandible condyle).
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Collagen II: Collagen II expression is mainly detected in the hypertrophic layer of the
mandibular condyle (Fig 2.8.E). Collagen II expression was significantly higher in 20
min LIPUS application both in LIPUS alone and with FA groups. There was no
significant difference between FA and FA + LIPUS 20 min while LIPUS 40 min and
FA showed similar values in the right side of mandible. On comparing treatment and
non treatment sides, the right side of the mandibular condyle showed increased
expression in LIPUS 20 min and FA + LIPUS 20 min while FA + LIPUS 40 min
showed increased expression of Collagen II on the left side of mandible condyle (p <

0.05) (Fig 2.8.F).
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Fig 2.8.E: Expression of Collagen II in the left and right mandible condyles.
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Fig 2.8.F: Bar graph depict the percentage of Collagen II immunopositive cells in the

posterior part of the mandible condyle (*** p <0.0005, **p<0.005 and *p<0.05) (Tp

<0.05 between left and right side of the mandible condyle).
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Collagen X: Collagen X is mainly expressed in the hypertrophic layer (Fig 2.8.G).
LIPUS 20 min showed increased expression of Collagen X as compared to other
treatment groups followed by LIPUS 40 min and FA + LIPUS 20 min and the
difference is statistically significant (p<<0.05). Between left and right side, same groups

showed significant difference in Collagen X expression in the right side (Fig 2.8.H).
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Fig 2.8.G: Expression of Collagen X in the left and right mandible condyles.
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Fig 2.8.H: Bar graph depict the percentage of Collagen X immunopositive cells in the

posterior part of the mandible condyle (*** p <0.0005, **p<0.005 and *p<0.05) (fp

<0.05 between left and right side of the mandible condyle).
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2.3.5 Micro-Computed Tomography (Micro CT) analysis:

There was a significant increase in BV/TV in the treatment groups with 20 min
LIPUS application as compared to control. Both LIPUS 20 min and LIPUS 40 min
groups showed the highest increase while FA + LIPUS 40 min group showed the lowest
value for BV/TV (Fig 2.9.A). There was a significant difference between LIPUS 20 min
group and the other treatment groups for Tb.Th (Fig 2.9.B). Tb.Sep showed the highest
value in FA + LIPUS 40 min group and the difference was statistically significant (Fig
2.9.C). LIPUS 20 min group showed a significantly (p<0.05) higher Tb.N when
compared with other groups, except for LIPUS 40 min group (p>0.05) (Fig 2.9.D).
BMD showed significant increase in LIPUS 20 min group and the difference was
statistically significant. FA + LIPUS 40 min group showed the lowest BMD value.
Among the groups that received FA, there was no significant difference between the FA
and FA + LIPUS 20 min groups (p>0.05), while there was a significant difference
between FA + LIPUS 20 min and FA + LIPUS 40 min groups (p<0.05) (Fig 2.9.E).
Right side of LIPUS 20 min, LIPUS 40 min and FA + LIPUS 20 min groups showed
statistic significant increase in BV/TV, while LIPUS 20 min and FA + LIPUS 20 min
showed significant increase in BMD and Tb.N values. Non treated side of FA + LIPUS
40 min showed significant increase in BV/TV, Tb.N and BMD values as compared to
LIPUS treated right side. Tb. Sep showed no significant difference between the left and

right side in all the six groups.
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2.4 Discussion:

Morphometric results demonstrated that 20 min/day LIPUS application
increased condylar and mandibular length and height in the young growing rats while
40 min/day LIPUS application either alone or in combination with FA showed
insignificant results as compared to either control or 20 min/day LIPUS application.
This is in contrast to other dose response studies reported (18)(19). The mandibular
condyle is the primary growth center where the growth mainly takes place by
endochondral ossification. Histologically, the condyle is divided into four zones; 1) the
fibrous or articular layer which is the most superficial layer which is composed of dense
collagen matrix; 2) the proliferative layer which contain undifferentiated mesenchymal
cells; 3) the hypertrophic layer of mature chondrocytes and 4) the erosive layer where
chondrogenesis ends and osteogenesis begins. In the present study, groups treated with
LIPUS 20 min/day showed significant increase in the proliferative and hypertrophic
cell numbers and the layer width and the results are supported by earlier published
papers with both in vitro and in vivo where LIPUS application had stimulatory effect on

chondrocytes proliferation and collagen synthesis (23)(24).

Bone is an essential part of the musculoskeletal system and is well connected to
its surrounding muscles, which influence bone shape and strength via application of
muscular forces. Trabecular bone comprises only 20% of bone, but its turnover rate is
higher (approx 8 times) than that of cortical bone (25). Hence it is the primary site for

detection of changes following any therapeutic treatment. Basic parameters studied for
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trabecular micro-architecture are BV/TV, Tb.Th, Tb. N and Tb.Sep in 3D analysis.
BV/TV is the ratios of volume of bone present (BV) to total volume of interest (TV) and
is a surrogate measure of bone density (26). Bone mineral density (BMD) is volumetric
density of calcium hydroxyapatite in the bone in terms of mg/cm® and is the best

predictor of fracture risk.

Micro CT analysis demonstrated that 20 min/day LIPUS application either alone
or with the FA had higher BV/TV, Tb.Th, Tb.N and BMD and lower Tb.Sp than the
LIPUS 40 min and control groups. BV/TV values indicate that trabecular network is
well connected and thus protecting overlying cortical bone. The well connected network
is expected to better diffuse the load because of its structure and hence increases bone
strength (26). Tb.Sp represents average distance between trabecular strands in the
region of interest and was lower in 20 min/day treatment group and higher in LIPUS 40
min/day group. While 20 min/day LIPUS application has been already shown to create
better bone formation in animals and clinical studies, some in vitro studies and
distraction osteogenesis cases found that 40 min/day LIPUS application showed better
results by increasing chondrogenic gene maker, extracellular matrix deposition (18) and
enhancing bone regeneration in the distracted callus (19). In contrast to these studies,
this study showed better micro-architecture of trabecular bone (and presumably more
strength) with 20 min/day LIPUS application. This adverse effect could be due to a
thermal effect of LIPUS when it was applied for 40 minutes (39, 40). Also, the longer

period of anesthesia for 40 min/day LIPUS group could have had a negative effect on
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general body growth, including the mandibular growth compared to LIPUS 20 min
group, since a study by Kim et al (27) showed increased DNA damage caused by

oxidative stress in rats exposed to Isoflurane anesthesia for 30 and 60 min.

The exact mechanism of action of LIPUS is still not fully understood, however,
several possible mechanisms have been proposed. First, ultrasound waves cause
movement of the fluid around the cells which could have an effect on cell permeability
and activation of secondary messenger (28). Second, ultrasound waves cause
mechanical pressure on the cell surface that could activate the stretch receptors of cation
channels on cell membrane and affect intracellular gene expression (29). Third, since
the bone has the ability to remodel depending on functional demands, the mechanical
stresses produced by LIPUS application could help in remodeling of the bone micro

architecture (30)(31).

Mechanical stresses induced by LIPUS can causes potential difference in
osteoblasts and alter bone remodeling (32). Chondrocytes are mechanosensitive cells
and mechanical forces are required for growth and maintenance of the cartilage. These
stresses are sensed by transmembrane receptors-integrins, whose stimulation leads to
intracellular signaling and hence affects chondrocytes activity. Previous studies have
shown that mechanical stress produced by LIPUS increased gene expression and
protein synthesis in chondrocytes and osteoblasts via integrin activation (33)(34). FA
studies have also indicated the roles of integrin, mechanical forces and cellular

proliferation in the condylar cartilage (35)(36). In these studies, an increase in integrin
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expression and cellular proliferation was shown in cartilage with the use of FA. Hence,
it could be hypothesized that LIPUS along with FA stimulated integrin receptors present
on chondrocytes membrane and lead to increase in cellular proliferation and micro-
architecture properties of trabecular bone as increase in hypertrophic chondrocytes has

been closely related to subchondral bone.

40 min/day LIPUS application showed lower condylar growth as compared to
the 20 min/day application. The detrimental effect could be due to thermal effect of
LIPUS on the bone. Biological effect of LIPUS is due to a combination of thermal and
non-thermal effects which depends on the energy density and is a product of ultrasound
intensity applied and exposure time (37). In an in-vitro (38) and an in vivo study (37),
30 mW/cm® of LIPUS application showed 3°C increase in temperature after 20 min. It is
possible that temperature increase could double after 40 min of LIPUS application. In
our experiment, it was difficult to measure temperature because of the inaccessibility of
intra-oral site. This could cause trauma in oral cavity in anesthetized rats as the
mandibular condyle is located superiorly and posterior in the glenoid fossa of the skull
and is covered with thick layer of oral tissue that requires deep dissection to reach the
condyle. The thermal effect of 40 min/day LIPUS application might have resulted in
cell destruction, decreased gene expression for bone protein and hence lower micro-
architecture of trabecular bone. However, this postulation needs more experiments in
vivo to test it. Alternatively, the longer anesthesia used in the LIPUS 40 min group

might have affected general body growth including the condyles. Future studies in
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higher animals that can use LIPUS with sedation (rather than anesthesia) or equal length
of anesthesia for all groups (including control) might better reveal the role anesthesia

plays on LIPUS effects.

One confounding factor in this study was the food consistency. Masticatory
forces are important as they can stimulate bone remodeling. These forces are
transmitted not only to the body and alveolar process but also to condylar head which
affect its growth and remodeling (39). The rats that were fed with powdered diet in FA
groups had reduced stimulatory effect as force required to cut and chew food was
minimal when compared to the groups fed with normal pellet diet. There might not be
enough mechanical load to stimulate bone structure in these groups. However decrease
in the body weight of rats cannot be due to change in the food consistency since both
food type had similar protein and fat content. In the study by Bozzini et al (40), in
which the rats were given soft and hard pellet diet, no change in the total body weights
were observed. Hence food consistency effect on body weight could be excluded. In this
study, ultrasound was applied to one side of the mandible only, where as the FA
treatment is usually bilateral. Hence, bilateral LIPUS application is recommended in
future studies to get clinically relevant results. Moreover, psychological stress caused by
FA and prolonged anesthesia i.e. 40 min as compared to 20 min might also have an
effect on rat metabolism. Stress lead to increase in metabolism and hence body weight

loss (40).

87



2.5 Conclusion:

Within the limitations of this study, 20 min/day LIPUS showed more growth in
the condyle as compared to 40 min/day LIPUS application. The clinical application of
LIPUS along with FA treatment will reduce orthodontic treatment duration. Before that,
further long-term studies are advocated using similar diet in all groups to evaluate the
combination effect of FA and LIPUS on the mandible condyle and to study the long
term effects of combination therapy. Lastly, it will be important to follow the observed
changes in temporal patterns for a longer duration of time, since bone is in a continuous

process of remodeling.
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Chapter 3: Superoxide mediates Low Intensity Pulsed
Ultrasound induced Mitogen Activated Protein Kinases

activation in C28/I2 human chondrocytes.
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3.1. Introduction:

Chondrocytes are mechanosensitive cells and are the only cells present in the
cartilage. Their primary function is to synthesise and maintain the extracellular matrix
of the cartilage. These cells are surrounded by an abundant extracellular matrix
containing collagen and proteoglycan. Chondrocytes also participate in bone formation
via the endochondral ossification process. In endochondral ossification, the
chondrocytes undergo a chronological process of differentiation leading to cartilage
formation which acts as a scaffold that is further replaced by bone. Mechanical loading
of chondrocytes is important for growth and maintenance of cartilage and lead to an
increase in the expression of the extracellular matrix genes (1). Chondrocytes in the
articular cartilage environment experience a variety of mechanical stimuli during
physiology movements like walking, exercising, mastication and speaking. Loading
chondrocytes within physiological limits has an anabolic effect on the cells while either
excessive or absence of mechanical load leads to cartilage destruction. Studies have
showed reduced mechanical loading, such as animals fed on soft diet (2) or artificially
immobilized (3), led to reduced compressive load which impacted not only the cartilage

but also the underlying subchondral bone (4).

Low intensity pulsed ultrasound (LIPUS) is a form of an acoustic wave that
produces micromechanical strain in the tissue through which it passes, leading to
specific biochemical events (5) (6). In recent years, LIPUS stimulation has been

employed to exert an anabolic effect on osteoblasts, on bone formation (7) (8), and to
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augment new blood vessel formation in wound healing and bone fracture sites (9).
LIPUS enhanced the expression of genes involved in matrix production, such as SOX9,
COL2A1, and ACAN, and stimulating chondrogenesis and matrix production (10) (11).
Because of its stimulatory effect on bone healing, LIPUS has been approved by USA
Food and Drug Administration for treatment of delayed and non-union bone fracture.
Previous studies have also reported on the stimulatory effect of LIPUS on the growth of
the mandible condyle either alone or together with the orthopedic bite jumping
appliance (12) (13) (14). LIPUS has shown to enhance lower jaw growth by stimulating
chondrogenesis and increase ECM production. Because of its chondrogenic property,

LIPUS has also been proposed for the treatment of early stage of OA (15) (16).

The exact mechanism for the beneficial effects of LIPUS is still not fully
understood. Mechanical stimulation by LIPUS has shown to augment integrin
expression (17), increase phosphoinositide 3 kinase (PI3K) activation (18), enhance
actin polymerization (19) and increase mitogen-activated protein kinases (MAPKSs)
signaling (20). MAPKs are evolutionarily conserved signaling pathways that play an
important role in various cellular processes like cell growth, differentiation, survival,
and apoptosis. This multifunctional signaling pathway consists of three classes of
serine/threonine kinases: extracellular signal regulated kinase 1/2 (ERK1/2), p38 and c-
Jun N-terminal kinase (JNK). ERK1/2 is mainly activated by growth factors and
mediates cell proliferation and differentiation while p38 and JNK are mainly activated

by external stresses in the form of physical and chemical stimulation, X-Rays, heat,

96



shock and inflammatory cytokines like lipopolysacchrides (LPS), tumor necrotic factor
o (TNF-a) and interleukin 1p (IL-1B) (21)(22). MAPK activation is a three-step process
consisting of phosphorylation of MAP3K, which then activates and phosphorylates
MAP2K and increases the activity of one or more MAPKs, i.e., ERK1/2, p38 and JNK.

MAPK phosphatase (MKP) enzyme dephosphorylates and deactivates MAPK pathway.

Studies in the last decade have shown that MAPKSs are regulated by the oxidation-
reduction reactions that produce ROS like superoxide (O,*"), hydrogen peroxide (H,0,),
and hydroxyl radical (*OH). ROS are reactive molecules derived from the partial
reduction of oxygen. In addition, they are intracellular second messengers in cell
signaling as they are promptly generated, extremely diffusible, effortlessly metabolized
and present in all cell types (23). The chief source of ROS in the cell is from the
electron transport chain in mitochondria. However, owing to the presence of
mitochondrial superoxide dismutase, superoxide levels are kept at a low level. Another
source of ROS is NADPH oxidases (NOX), which are a group of seven plasma
membrane-bound enzymes NOX 1-5, DUOX 1 and 2. These enzymes contain six
transmembrane domains, two histidines, one heme and FAD and NADPH binding
domains. NOX2 is the prototype of NOX enzyme and all other types are closely related
to NOX2 while NOX4 showed only 39% similarity to NOX2. The main target of ROS
in MAPK regulation is protein tyrosine phosphatase (PTP), which contains a cysteine
residue in its active site. ROS induces oxidative modification of the active site cysteine

by the formation of a disulfide bond (-S-S) causing inactivation of PTP thereby
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increasing phosphorylation by tyrosine kinase (24). Previous studies have shown nitric
oxide (NO) generation by LIPUS in osteoblasts (25), (26); and in endothelial cells (27),

but there have not been reports of ROS generated from LIPUS.

In the present study, we hypothesized that LIPUS application affects ROS levels
in chondrocytes and activates MAPKs pathway. To investigate this hypothesis, we
employed C28/12 human chondrocyte cell model, and investigated intracellular

signalling involving MAPK as well as expression of genes affecting extracellular matrix

turnover (SOXY9, ACAN and COL2A41).

3.2. Materials and Methods:

3.2.1. Materials:

C28/12 human chondrocytes cell line was a kind gift from Dr. Mary Goldring
(Hospital for Special Surgery, Weill Medical College of Cornell University, NY, USA);
Dulbecco’s modified eagle’s medium F12 (DMEM F12) with L-glutamine and 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), fetal bovine serum (FBS), and
Dulbecco’s phosphate buffered saline (DPBS) were purchased from Life technologies,
NY, USA; penicillin and streptomycin (Hyclone GE, Uttah, USA). dihydroethidine
(DHE), diphenylene iodonium (DPI), MTT [(3-(4, 5- dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide], chloroform, isopropanol, bovine serum albumin (BSA)
all were purchased from Sigma Aldrich, MO, USA. Sodium dodecyl sulfate (SDS),

polyacrylamide and nitrocellulose membrane were purchased from BioRad, Japan. High

98



capacity reverse transcription kit for cDNA preparation was purchased from Applied
Biosystems, USA. For protein estimation, Pierce BCA protein assay kit was purchased
from Thermo Fisher, USA. Enhanced chemiluminiscence (ECL) western blot reagent

kit was purchased from GE Health Care.
3.2.2. Cell culture:

1.5 X 10° /ml C28/I2 human chondrocytes were cultures in 6 well plates in the
medium containing DMEM/F12, 10% FBS and 50 units/ml of penicillin and 50 pg/ ml
of streptomycin. Cells were incubated at 37° C in humid chamber with 5% CO, and
cultured for 24 hours till the first LIPUS application. The cells were washed twice with
DPBS and harvested after 1, 3, 6, 12 and 24 hours after LIPUS application. For ROS
inhibition, cells were cultured with similar cell density and condition. Before the
addition of DPI, cells were starved by removing the medium containing FBS and were
replaced with DMEM/F12 only. DPI was added to DMEM/F12 at least 1 hour before

LIPUS application.
3.2.3. Low intensity pulsed ultrasound application:

The cells were treated for 10 min and 20 min LIPUS while the control group
received sham LIPUS transducer. The LIPUS device was custom made and was
provided by SmileSonica Inc. (Edmonton, AB, Canada). The device generates 200
micro seconds burst of 1.5 MHz sine wave with repetition rate of 1 kHz and spatial

averaged intensity of 30 mW/cm?®. The six well plates were placed on the surface of
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transducer and coupling gel (SmileSonica Inc., Edmonton, AB, Canada) was applied
between the LIPUS transducer and base of the six well plates for the transmission of
ultrasound waves. The groups were: control DPI (-), LIPUS 10 min DPI (-) and LIPUS
20 min DPI (-). In DPI treatment, the groups were: control DPI (+), LIPUS 10 min DPI

(+) and LIPUS 20 min DPI (+).
3.2.4. Dihydroethidine Fluorescence Assay:

The cells were washed with pre warmed (37°C) DPBS solution and were
suspended in DMEM/F12 (without phenol red) in the concentration of 1 X 10° cells/ ml
in the presence or absence of DPI (10 uM). The suspended cells were incubated with
DHE (25 puM) for 20 min in the incubator before LIPUS application. Cells were
sonicated with LIPUS according to the treatment groups and 100 pl of cell suspension
was collected from each sample in triplicates at 0, 15, 30, 45, 60, 90 and 120 min and
were dispended in 96 black view plate. The fluorescence intensity was quantified using
Tecan M2000 micro plate reader with excitation and emission wavelengths of 480 and

570 nm respectively.
3.2.5. Cell viability assay:

The cells were seeded on 6-well plate in the presence and absence of DPI and the
readings were taken after 24 hrs of LIPUS application. MTT [(3-(4, 5- dimethylthiazol-
2-yl)-2, 5- diphenyltetrazolium bromide] assay was used as a measure of cell viability.

800 pl of MTT solution (dissolved in Hank’s Balanced Salt Solution HBSS using
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concentration of 5 mg/ml) was added to each well containing 2 ml of the medium and
incubated for 2 hrs at 37 C. The medium was replaced with 2 ml of dimethyl sulfoxide
(DMSO) to dissolve MTT formazan crystals. The optical density was measured at 570

nm using Tecan M2000 micro plate reader.

3.2.6. Real-time quantitative polymerase chain reaction:

Total RNA was prepared using TRIzol reagent according to the manufacturer’s
instructions. RNA  concentration was measured wusing NanoDrop 2000C
spectrophotometer. First strand of cDNA was synthesized from 1pg total RNA by
using High Capacity cDNA Reverse Transcriptase kit following the kit instruction in the
reaction volume of 20 pl. After reverse transcription reaction, 1 out of 10 dilutions were
made from the template to be used in real time PCR. 10 pl real time reaction mixture
consisting of 3 pl of cDNA, 1 ul each of forward and reverse primers and 5 pl of the
master mix containing SYBR green dye. The mixtures were heated at 95° C for 2 min
before going through 40 cycles of denaturation step (15 sec. at 95° C) and an annealing
step (1 min at 60° C) using 7500 Real-Time PCR system during which the data were
collected. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an
internal control in each run. Normalized fluorescence was plotted against cycle number
(amplification plot), and the threshold suggested by the software was used to calculate
Ct (cycle at threshold). AA Ct analysis was used to determine the differences in gene

expression as compared to the control. Primer sequences listed in Table 3.1.

101



Table 3.1: Primers sequence used in RT qPCR analysis.

Primer Direction Primer Sequence (5’ to 3°)

1 SOX9 Forward GCTCTGGAGACTTCTGAACGA
Reverse GCGGCTGGTACTTGTAATCC

2 ACAN Forward GTGGTGATGATCTGGCACGA
Reverse CGTTTGTAGGTGGTGGCTGT

3 COL241 Forward AACCAGGACCAAAGGGACAG
Reverse TCTGGGTCCTTGTTCCCCTG

4 NOX2 Forward CAACACATTCAACCTCTGCCA
Reverse CCCCAGCCAAACCAGAATGAC

5 NOX4 Forward ACACCTCTGCCTGTTCATCT
Reverse GTGATACTCTGGCCCTTGGT

6 GAPDH Forward GAAGTCAGGTGGAGCGAGG
Reverse GCCCAATACGACCAAATCAGAG
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3.2.7 Immunoblotting:

For the western blotting analysis, the cells were cultured for 1, 3, 6, 12 and 24 hrs
after single ultrasound exposure. The cells were then washed with cold PBS twice and
then lysed using NP-40 lysis buffer (50mM Tris-pH8.0, 150mM NaCl, 1% NP-40 and
freshly added 10°M Protease inhibitor). The lysates were used as samples after
centrifugation. Total protein concentration was determined using Pierce BCA kit
(Thermo Fisher) and SDS polyacrylamide gel electrophoresis (PAGE) was performed
for 25 pg of each protein. After SDS-PAGE, proteins were transferred onto a
nitrocellulose membrane. The membrane was blocked for 1 h at room temperature with
5% Bovine serum albumin in 1% tri-buffered saline-tween (TBS-T) (Sigma-Aldrich, St.
Louis, MO, USA) and incubated overnight at 4 °C with primary antibody (Total
ERK1/2, phospho ERK1/2, Total p38, phospho p38, Total JNK and phospho JNK Cell
Signaling Technology, Boston, MA, USA), diluted 1 to 1000 with 5% BSA in 1% TBS-
Tween. After incubation with HRP-conjugated anti-rabbit IgG (1:3000, Cell Signaling
Technology) for 1hour at room temperature, the blots were detected with Amersham

ECL Western Blotting detection reagent and quantified using Image J software.
3.2.8. Statistical analysis:

The data was summarized as mean + standard deviation where the error bars
represent standard deviation. All data were tested for normal distribution (Kolmogorov
Smirnoff test) and equal variance (Levene’s test) using SPSS software version SPSS

21.0 (Chicago, IL, USA). Two statistical tests were applied: a) Two-way repeated
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measure analysis of variance (ANOVA) was used followed by Bonferroni test as post
hoc to study significance for treatment and time. b) To study the effect of DPI at each
time point, One-way ANOVA followed by Bonferroni post hoc test was used. The level

of significance was set at p< 0.05.
3.3. Results:
3.3.1. Effect of LIPUS on ROS generation:

To determine whether LIPUS stimulation induced ROS generation in C28/12
chondrocyte, we first suspended the cells, in the concentration of 1 X 10° cells/ml, in
DMEM/F12 (without phenol red) in the presence or absence of DPI (10 uM) and added
DHE (25 uM). The cell suspension was incubated for 30 min and treated with LIPUS
according to the assigned treatment groups. The solution was collected at 0°, 15 min, 30
min, 45 min, 60 min, 90 min and 120 min after LIPUS application. In DPI non-treated
groups, LIPUS showed increase in the ROS generation as compared to control DPI (-),
indicating the ability of LIPUS to increase ROS levels. From 30 min time point onward,
LIPUS 10 min DPI (-) showed statistically increased ROS levels as compared to the
other groups. In DPI treated groups, the levels of ROS in LIPUS treated groups (both 10
and 20 min) was reduced as compared to DPI (-) groups, indicating active quenching of
the ROS by the DPI. Effect of LIPUS and DHE on cellular ROS levels as a function of

time is shown in Fig 3.1
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Fig 3.1: Effect of LIPUS stimulation on ROS generation. C28/I12 chondrocytes were
suspended in DMEM/F12 (without phenol red) in the concentration of 1X10°cells/ml and
incubated with DHE (25 uM). For ROS inhibitor, DPI (10 puM) was added to the cell
suspension prior to DHE. The cells were treated with LIPUS and the samples were collected
at time points- 0’, 15°, 30°, 45, 60°, 90’ and 120’ after LIPUS application. The values (mean
+SD) represent fluorescence unit. LIPUS application showed significant increase in ROS
generation from 30’ onwards while DPI treated groups showed significant reduction in ROS

generation. (* p<0.05)
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3.3.2. LIPUS effect on C28/12 cell viability:

We speculated that the amount of ROS generated by LIPUS stimulation is non-
toxic to the cells. Thus, we tested the effect of LIPUS on the cell viability in the
presence and absence of DPI. After one day of LIPUS application, there was significant
increase in cell viability in the group treated with LIPUS 10 min DPI (-) as compared to
other groups. In DPI treated groups, there was significant decrease in the cell viability

as compared to DPI non treated groups (Fig 3.2).
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Fig 3.2: Detection of C28/12 chondrocytes cell viability after LIPUS application using
MTT absorbance assay. After 24 hrs of LIPUS application in the presence and absence
of DPI (10 uM), the chondrocytes were incubated in MTT solution (5mg/ml) for 2 hrs.
Formazan crystals formed were dissolved in DMSO and absorbance was measured.
Values in the bar graph are presented as meant SD. LIPUS stimulation showed
significant increase in cell viability as compared to control while DPI treated groups

showed significant decrease in cell viability. (* p<0.05; t p<0.05 between the

corresponding DPI treated and non-treated groups.)
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3.3.3. Effect of LIPUS on NOX2 and NOX4 gene expression:

To study whether LIPUS stimulation increased NOX2 and NOX4 generation,
C28/12 cells were stimulated with LIPUS in the presence or absence of DPI and the
samples were collected at 1, 3, 6, 12 and 24 hrs after LIPUS application. In DPI non-
treated groups, LIPUS showed significant increase in NOX2 mRNA expression at 1, 12
and 24 hrs while in DPI treated groups LIPUS showed increased NOX2 gene expression
at 1 and 12 hrs time points. There was no significant effect of LIPUS on NOX4 gene

expression except at 3 hour time point. (Fig 3.3 and 3.4)
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Fig 3.3: NOX2 mRNA expression quantified using RT-qPCR in C28/12 chondrocytes after

LIPUS application in the presence or absence of DPI (10 uM). The samples were collected after
A. 1hr, B. 3hr, C. 6hr, D. 12hr and E. 24 hr of LIPUS application. Bar graph showed significant
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increase in NOX2 mRNA expression during 1 hour LIPUS application in DPI non-treated group
while there was significant increase at 12 hour time point in DPI treated group. (* p<0.05; t

p<0.05 between the corresponding DPI treated and non-treated groups.)
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Fig 3.4: NOX4 mRNA expression quantified using RT-qPCR in C28/12 chondrocytes after
LIPUS application in the presence or absence of DPI (10 uM). The samples were collected
after A. lhr, B. 3hr, C. 6hr, D. 12hr and E. 24 hr of LIPUS application. Bar graph showed
no significant difference in NOX4 mRNA expression in DPI non-treated group while there
was significant increase at 3 hr time point in DPI treated group. (* p<0.05; 1 p<0.05
between the corresponding DPI treated and non-treated groups.)
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3.3.4. SOX9, ACAN and COL2A1 gene expression with LIPUS stimulation:

In order to study the effect of LIPUS on C28/I2 chondrocytes in the presence or
absence of DPI, the gene expression of chondrocytes specific markers i.e. SOX9, ACAN
and COL2A41 were analyzed. SOX9 expression was significantly higher at 6 hrs in
LIPUS groups as compared to the control in DPI non treated groups. SOX9 expression
was higher at 1 hr in LIPUS 20 min DPI (+) as compared to control and the expression
level decreased at later time points (Fig 3.5). ACAN and COL241 mRNA expression
were higher in LIPUS groups at 12 and 24 hrs in DPI non-treated groups. While there
was no significant changes in DPI treated groups at any time points in case of ACAN
mRNA expression. For COL2A41 expression, LIPUS groups showed significant increase

at 24 hrs in DPI treated groups (Fig 3.6 and 3.7).
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Fig 3.5: SOX9 mRNA expression quantified using RT-qPCR in C28/12 chondrocytes after
LIPUS application in the presence or absence of DPI (10 uM). The samples were collected after
A. 1hr, B. 3hr, C. 6hr, D. 12hr and E. 24 hr of LIPUS application. Bar graph showed significant
increase in SOX9 mRNA expression at 1, 3 and 6 hrs time points in LIPUS treated group as
compared to control. (* p<0.05; t p<0.05 between the corresponding DPI treated and non-
treated groups.)
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Fig 3.6: ACAN mRNA expression quantified using RT-qPCR in C28/12 chondrocytes
after LIPUS application in the presence or absence of DPI (10 uM). The samples were
collected after A. lhr, B. 3hr, C. 6hr, D. 12hr and E. 24 hr of LIPUS application. Bar
graph showed significant increase in ACAN mRNA expression at 12 and 24 hrs time
points in LIPUS treated group as compared to control in DPI non-treated groups. DPI
treated groups showed no significant difference at any time pint. (* p<0.05; t p<0.05
between the corresponding DPI treated and non-treated groups.)
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Fig 3.7: RT-qPCR analysis of COL241 mRNA expression in C28/12 chondrocytes after LIPUS
application in the presence or absence of DPI (10 uM). The samples were collected after A. 1hr,
B. 3hr, C. 6hr, D. 12hr and E. 24 hr of LIPUS application. Bar graph represents the values in
mean = SD. The graph showed significant increase in COL2A1 expression at 12 and 24 hrs time
points in LIPUS treated group as compared to control in DPI non-treated groups. DPI treated
groups showed no significant difference at any time pint. (* p<0.05; t p<0.05 between the
corresponding DPI treated and non-treated groups.)

115



3.3.5. MAPKs activation with LIPUS stimulation:

In order to examine the effect of LIPUS application and ROS generation on
MAPKSs phosphorylation, the cells were stimulated with LIPUS in the presence and
absence of DPI. ERK1/2 phosphorylation was significantly increased at 6 and 12 hrs
after LIPUS application while in DPI treated groups, there was significant reduction in
ERK1/2 phosphorylation after 1 hr and the phosphorylation level reduced further on the
following time points (Fig 3.8). On the other hand, p38 and JNK phosphorylation
showed no significant changes on all the studied time points both in DPI treated and

non-treated groups (Fig 3.9 and 3.10).
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Fig 3.8: Immunoblot analysis of ERKI1/2 activation by LIPUS application. C28/12
chondrocytes were treated with LIPUS in the presence or absence of DPI (10 uM). The
samples were harvested for immunoblot analysis after A. 1hr, B. 3hr, C. 6hr, D. 12 hr and E.
24 hrs of LIPUS application. Phosphorylation level of ERK1/2 relative to total ERK1/2 was
determined by the quantification of the band intensity using Imagel software. LIPUS groups
showed significant increase in the phosphorylation level at 6 hr and 12 hr time point in DPI
non-treated group while phosphorylation level significantly decreased in DPI treated group.
(* p<0.05; t p<0.05 between the corresponding DPI treated and non-treated groups.)
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LIPUS application. LIPUS
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p<0.05 between the corresponding DPI treated and non-treated groups.)
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3.4. Discussion:

LIPUS is a mechanical wave that triggers intracellular signaling in the cell
(mechanotransduction) but the mechanism by which LIPUS generate intracellular
signals is still unclear. Many intracellular signaling pathways like integrin, stretch-
activated ion channels, calcium signaling has been extensively characterized in the
context of LIPUS (17) (28) (29). In this study, we investigated the association of ROS
generated by LIPUS on immortalized human chondrocyte cell viability and activation of
MAPK signaling pathway. We hypothesized that LIPUS stimulates chondrocyte
viability and increased mRNA expression of SOX9, AGR and Col 2al and activation of

MAPK signaling.

In order to study the effect of LIPUS on ROS generation, we used DHE, a blue
fluorescent dye in the cytosol. In the presence of superoxide, DHE becomes oxidized to
generate red fluorescent hydroxyethidium (30) and intercalates with cellular DNA. Our
study showed an increase in fluorescence with LIPUS 10 min application followed by
LIPUS 20 min. Since DHE is superoxide-specific indicator, our study demonstrated that
ROS generated after LIPUS application is superoxide. However, using a plate-based
assay cannot preclude the formation of hydroxyl radical which can also form a
fluorescent product; the only way to distinguish superoxide from hydroxyl radical in
this assay would be to use HPLC/FD (31) however, we did not employ such methods in
this study. For ROS inhibition, we used DPI, which is most commonly used as a NOX

inhibitor. DPI is a flavoprotein oxidoreductase inhibitor that from phenol radical which
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attack flavin adenine dinucleotide (FAD) of NOX enzyme (32). In DPI-treated groups,
there was a significant reduction in superoxide generation in LIPUS 10 min and LIPUS
20 min. A significant stimulatory effect of LIPUS treatment on chondrocytes was
observed in the MTT assay, especially in LIPUS 10 min DPI (-) group. While in DPI-
treated groups, there was noteworthy difference in LIPUS treated groups than DPI non-
treated groups. This could be due to toxic effect of DPI. As mentioned earlier, DPI is a
flavoprotein inhibitor and most likely, it caused inhibition of other enzymes in the cell

that are important for cell survival.

LIPUS has shown an important role in chondrogenesis. SOX9 is a transcription
factor that regulates differentiation of stem cells towards chondrocyte and activates
chondrocyte-specific markers like COL2A1 and ACAN. SOX9 binds to the enhancer
element of Col II gene and hence upregulate its expression (33). Col II is the most
abundant protein in ECM of the cartilage while ACAN is the cartilage specific
proteoglycan core protein. These two components provide resistance against
compressive loads and hence contribute to the viscoelastic properties of the cartilage
(34). Real-time qPCR data of our study showed a significant increase in mRNA
expression of SOX9 in LIPUS 10 min with the peak at 6 hr. ACAN and COL241 mRNA
expression were also stimulated by LIPUS 10 min DPI (-) both at 12 hr. There was a
significant reduction in gene expression of SOX9, ACAN and COL2AI in DPI-treated
groups as compared to DPI non-treated one. The previous study by Morita et al (35)

showed the role of ROS in chondrocyte differentiation in endochondral ossification both
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in vitro and in vivo. In that study, N-acetyl Cysteine (NAC, a ROS scavenger) inhibited
chondrocyte hypertrophy in ATDC5 chondrogenic cell line, similar results were seen
when NAC was administered to normal mice. We found increased gene expression of
NOX2 gene in LIPUS 10 min DPI (-) group while NOX4 expression level remained
unchanged in DPI-treated and non-treated groups. An immunohistochemistry study of
mouse femur showed increased expression of NOX1 protein in proliferative and pre-
hypertrophic cartilage layer while increased NOX4 level was observed in osteoblast
layer underlying the cartilage (36). Our study results are complimentary to this study as
NOX4 expression was not altered which proves that NOX4 did not contribute to ROS
generation. An important feature about NOX4 is that it leads to the expression of H,O,
directly in contrast to superoxide (37). This also suggested that ROS generated in our

study was superoxide.

Finally, our study strongly indicated that superoxide played an important role in
MAPK signaling during LIPUS application. In independent studies, LIPUS showed
increased phosphorylation of MAPKSs in osteoblasts, synovial cells, cementoblast and
chondrocytes (15), (37-39). Our results also confirm the previous findings of these
studies. Phosphorylation of ERK1/2 was significantly increased in LIPUS treated
groups in the absence of DPI. Further, the phosphorylation level was significantly
reduced in DPI-treated groups due to reduced ROS generation. In the case of p38
MAPK, the level of phosphorylation was increased in LIPUS treated DPI non treated

groups but the difference was not significant. Interestingly, the suppression of ROS
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generation led to increase in the phosphorylation level of JNK, however, the difference
was not significant. MAPKs activation leads to their translocation to the nucleus and
increased phosphorylation of various intracellular molecules involved in cellular
signaling like transcription factors, nuclear pore protein, cytoskeleton elements etc (24).
This study proves that the levels of phosphorylation of MAPKs are regulated by ROS
generated during LIPUS application. ROS generated by LIPUS exposure has revealed to

be indispensible for the intracellular signaling in chondrocytes.

3.5 Conclusion:

Since their initial discovery, ROS have been considered to cause deleterious
effects in cells. In time, however, their role as intracellular secondary messengers has
been recognized. These radicals play dual roles in cells as both injurious and positive
signals, depending upon the amount produced and the availability of the cellular
antioxidants (40). Our study proved that superoxide produced by LIPUS exposure
correlated with activation of MAPKs pathway (ERK1/2 and p38) and hence increased
gene expression of chondrocyte specific markers — SOX9, COL241 and ACAN.
Meanwhile, superoxide generation was downregulated by DPI, which was accompanied
by inactivation of ERK and p38 and reduced chondrocyte marker genes expression. Our
study strongly suggested that superoxide generation by LIPUS application led to
MAPKs pathway activation in chondrocytes. Collectively, we conclude that ROS
generated by LIPUS exposure played a key role in MAPK activation and matrix

production.
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Chapter 4: Role of reactive oxygen species during low
intensity pulsed ultrasound application to MC-3T3 E1 pre-

osteoblast cell culture.
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4.1. Introduction:

Bone is a vital organ that is under the continuous influence of mechanical loads
caused by muscular activity and gravity. In order to preserve the balance of bone
strength and mass, mechanical load is indispensible for bone homeostasis (1). On the
contrary, loss of gravity and muscle activity due to nerve damage lead to bone
degeneration. Hence, mechanical loading is imperative not only for regulating cellular
function like gene expression, protein and extracellular matrix (ECM) synthesis, cellular
differentiation and apoptosis but also for the maintenance of micro-architecture,

integrity and metabolic activity of bone as a whole (2).

Osteoblasts are the pivotal bone forming cells involved in bone matrix production
and mineralization. These cells are equipped with special machinery to sense the
changes in mechanical properties of ECM and convert them to intracellular signaling by
the process of mechanotransduction. Integrins, G-protein receptors, stretch ion channels
and mitogen-activated protein kinases (MAPKs) are specific cellular components
involved in mechanotransduction (3). MAPKs are primitive multifunctional and widely
studied signaling pathway that is involved in the regulation of bone mass and osteoblast
differentiation. It consists of three serine-threonine kinases — Extracellular signal-
regulated kinase (ERK1/2), p38 and c-Jun N-terminal kinase (JNK); that mediate the
response to a variety of stimuli. ERK1/2 is preferentially activated in response to growth
factors while p38 and JNK are more responsive to stress impulses. Studies in mice with

ERK1/2 germline deletion showed reduced bone mineralization (4) and p38 deletion
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leads to osteopenia in long bones (5). ERK1/2 and p38 have shown to exert their
osteoblast differentiation effect by regulating runt related transcription factor 2
(RUNX2) phosphorylation which is a transcription factor critical for osteoblast
differentiation and gene and protein expression from osteoblast and hypertrophic

chondrocytes (6).

Hydrostatic pressure and cyclic compression are shear stress cited in the literature
to apply mechanical stress in cell culture system. One additional method is the
application of Low intensity pulsed ultrasound (LIPUS). Ultrasound has been used
effectively in the medical field for over five decades as a diagnostic, operative and
therapeutic tool. In-vitro studies have shown increased cell proliferation, differentiation
of osteoblast, gingival fibroblast, periodontal ligament cells and chondrocytes (7).
Recent literature is more focused on the use of LIPUS for the treatment of osteoarthritis,
bone regeneration as a supplementary method with scaffolds because of the proliferative
and angiogenic properties of LIPUS. Studies have shown integrin activation (8),
calcium channels signaling (9) and intracellular activation of MAPK and
phosphatidylinositide 3 kinase (PI3K) (10) in relation to LIPUS application. However,

the potential mechanism of action is not completely understood.

Reactive oxygen species (ROS) are generated during aerobic cell metabolism
through reduction-oxidation reaction. Since the time of their discovery, ROS has been
considered to have deleterious effects in the living system as they were involved in the

aging, cancer metastasis, diabetic neuropathy. It is only during the last decade that their
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favorable effects are investigated in the cellular function as the second messenger in the
intracellular signaling engaged in proliferation and differentiation (11). Indeed, they are
considered harmful when generated in higher level and cause oxidation of
macromolecules like DNA, proteins and lipids due to oxidative stress. Living tissue has
a variety of enzymes and antioxidants like catalase, superoxide dismutase, glutathione
that keeps a check on the amount of ROS generated. The amount generated is a critical
factor in cellular homeostasis. When generated in lower level they act as signaling
molecule in cell growth and differentiation. NADPH oxidase (NOX) are involved in
ROS generation and there are seven subtypes- NOX1-5 and DUOXI1 and 2. NOX2 and
NOX4 are involved in bone homeostasis (12). ROS modify the proteins comprising of
cysteine, methionine, and selenocysteine. One such enzyme that is involved in MAPK
functioning is protein tyrosine phosphatase (PTP) which is the target of ROS activity

and hence ROS is indirectly involved in MAPK activation (13).

Based on this information, our aim was to investigate the role of ROS generation
during LIPUS application and its role in MAPK activation. We hypothesized that
LIPUS stimulation increased ROS generation in MC-3T3 E1 pre-osteoblast cell which
in turn leads to MAPK activation and increased gene expression of osteoblast specific

markers — RUNX2, OCN, and OPN.
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4.2 Materials and Methods:

4.2.1 Reagents:

MC-3T3 EIl cell line was purchased from American Type Culture Collection
(ATCC, VA, USA); Dulbecco’s modified eagle’s medium F12 (DMEM F12) with L-
glutamine and HEPES, fetal bovine serum (FBS), and Dulbecco’s phosphate buffered
saline (DPBS) and Hank’s balanced salt solution (HBSS) were purchased from Life
technologies, NY, USA; penicillin and streptomycin (Hyclone GE, Utah, USA).
dihydroethidine (DHE), diphenylene iodonium (DPI), MTT [(3-(4, 5-dimethylthiazol-2-
yl)-2, 5- diphenyltetrazolium bromide], chloroform, isopropanol, bovine serum albumin
(BSA), and dimethyl sulfoxide (DMSO) all were purchased from Sigma Aldrich, MO,
USA. Sodium dodecyl sulfate (SDS), polyacrylamide and nitrocellulose membrane
were purchased from BioRad, Japan. High capacity reverse transcription kit for cDNA
preparation was purchased from Applied Biosystems, USA. Antibodies used in
immunoblot analysis — anti ERK1/2, anti phospho ERK1/2, anti p38, anti phospho p38,
anti JNK and anti phospho JNK were purchased from Cell Signaling Technology, USA.
For protein estimation, Pierce BCA protein assay kit was purchased from Thermo
Fisher, USA. Enhanced chemiluminiscence (ECL) western blot reagent kit was

purchased from Amersham GE Health Care.
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4.2.2 Cell culture:

1.5 X 10° /ml MC 3T3EI mouse pre-osteoblast cell line were cultured in 6 well
plates in the medium containing DMEM/F12, 10% FBS and 50 units/ml of penicillin
and 50 pgm/ ml of streptomycin. Cells were incubated at 37° C in a humid chamber
with 5% CO; and cultured for 24 hours till the first LIPUS application. The cells were
washed twice with DPBS and harvested after 1, 3, 6, 12 and 24 hours after LIPUS
application for gene and protein expression. For ROS inhibition, cells were cultured
with similar cell density and condition. Before the addition of DPI, cells were starved by
removing the medium containing FBS and were replaced with DMEM/F 12 only. DPI

was added to DMEM/F12 at least 1 hour before LIPUS application.
4.2.3 LIPUS application:

The cells were treated for either 10 min or 20 min LIPUS while the control group
received sham transducer for similar periods of time. LIPUS device was provided by
Smile Sonica Inc (Edmonton, AB, and Canada) and was custom made for this
experiment. The device generated 200 microseconds bursts of 1.5 MHz sine waves with
a pulse repetition frequency of 1 kHz and spatially averaged intensity of 30 mW/cm” of
the transducer’s surface area. The six well plates were placed on the surface of
transducer and coupling gel was applied to them for the transmission of ultrasound
waves. The groups were: Control DPI (-), LIPUS 10 min DPI (-) and LIPUS 20 min
DPI (-). In DPI treatment, the groups were: Control DPI (+), LIPUS 10 min DPI (+) and

LIPUS 20 min DPI (+).
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4.2.4 Measurement of ROS production:

The cells were washed with pre-warmed (37°C) DPBS solution and were
suspended in either DMEM/F12 (without phenol red) in the concentration of 1X 10°
cells/ ml. The suspended cells were incubated with DHE (25 uM) for 20 min in the
incubator before LIPUS application. Cells were sonicated with LIPUS according to the
treatment groups and 100 pl of cell suspension was collected from each sample in
triplicates at 0°, 15°, 30°, 45, 60°, 90’ and 120’ and were loaded in 96 black wells plate.
ROS have very short half-life and hence it is difficult to measure them on long term
basis. Hence, we measured ROS production at short time intervals for upto 2 hrs. The
fluorescence intensity was quantified using Tecan M2000 micro-plate reader with
excitation and emission wavelengths of 480 and 570 nm respectively. To study the
effect of ROS inhibitor, 10 uM DPI was added to the cell suspension and the procedure

was repeated.
4.2.5 Measurement of cell viability:

The cells were seeded on a six-well plate in the presence and absence of DPI and
the readings were taken after 24 hrs of LIPUS application. MTT [(3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay was used as a measure of
cell viability. 800 pl of MTT solution (dissolved in HBSS using concentration of 5
mg/ml) was added to each well containing 2 ml of the medium and incubated for 2 hrs

at 37 C. The medium was replaced with 2 ml of dimethyl sulfoxide (DMSO) to dissolve
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MTT formazan crystals. The optical density was measured at 570 nm using Tecan

M2000 micro-plate reader.

4.2.6 RNA extraction, cDNA synthesis, and Real-time qPCR:

Total RNA was prepared using TRIzol reagent according to the manufacturer’s
instructions. RNA concentration was measured using NanoDrop 2000C
Spectrophotometer. The first strand of cDNA was synthesized from 1pg total RNA by
using High Capacity cDNA Reverse Transcriptase kit following the kit instruction in the
reaction volume of 20 pl. After reverse transcription reaction, 1 out of 10 dilutions was
made from the template to be used in real-time qPCR. 10 pl real-time reaction mixture
consisting of 3 ul of cDNA, 1 ul each of forward and reverse primers and 5 pl of the
master mix containing SYBR green dye. The mixtures were heated at 95° C for 2 min
before going through 40 cycles of a denaturation step (15 sec at 95° C) and an annealing
step (1 min at 60° C) using 7500 Real-Time PCR system during which the data were
collected. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an
internal control in each run. Normalized fluorescence was plotted against cycle number
(amplification plot), and the threshold suggested by the software was used to calculate
Ct (cycle at threshold). AA Ct analysis was used to determine the differences in gene
expression as compared to the control. The samples were collected from the groups at 1,
3, 6, 12 and 24 hrs after LIPUS application. The primers used in the study are presented

in Table 4.1.
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Table 4.1: Primers for Real-time qPCR

Primer Direction Sequence (5’to 3°)

1 RUNX2 Forward GGGAACCAAGAAGGCACAGA
Reverse GGATGAGGAATGCGCCCTAA

2 OCN Forward GGCCCAGACCTAGCAGACA
Reverse GGGCTTGGCATCTGTGAGG

3 OPN Forward GCAGCTCAGAGGAGAAGAAGC
Reverse TTCTGTGGCGCAAGGAGATT

4 NOX 2 Forward TCATTCTGGTGTGGTTGGGG
Reverse CAGTGCTGACCCAAGGAGTT

5 NOX 4 Forward ACCTCTGCCTGCTCATTTGG
Reverse TCGCCCAACATTTGGTGAATG

6 GAPDH Forward GGAGAGTGTTTCCTCGTCCC
Reverse CAAATGGCAGCCCTGGTGA

4.2.7 ELISA for Osteopontin detection:

To determine the amount of OPN released, the supernatants were collected at 1, 3,
6, 12 and 24 hrs after LIPUS exposure in the presence or absence of DPI. OPN ELISA
was performed according to manufacturer’s instructions. OPN concentration (pg per ml)

was calculated from a standard curve.
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4.2.8 Immunoblotting:

For immunoblotting analysis, the pre-osteoblast cells were cultured for 1, 3, 6, 12
and 24 h after single ultrasound exposure. The cells were then washed with cold PBS
twice and then were lysed in NP-40 lysis buffer (50mM Tris-pHS8.0, 150mM NaCl, 1%
NP-40 and freshly added 10°M Protease inhibitor). The lysates were used as samples
after centrifugation. Total protein concentration was determined using Pierce BCA Kkit.
Cell lysates were separated on 12% polyacrylamide gels and blotted onto a
nitrocellulose membrane. The membrane was blocked for 1 h at room temperature with
5% Bovine serum albumin in 1% TBS-Tween. After blocking, blots were probed with
following primary antibodies (1:1000): phospho-ERK1/2, ERK1/2, phospho-p38, p38,
phospho-JNK, JNK, B-actin in 5% BSA in 1% TBS-Tween overnight at 4°C. After
incubation with HRP-conjugated anti-rabbit IgG (1:3000) for 1 h at room temperature,
blots were washed and developed with ECL reagent (Amersham, GE healthcare,
Buckinghamshire, UK). Blots were further visualized using Biorad ChemiDoc
gel imaging system and intensity of bands was quantitatively determined by Image J

Software (National Institute of Health, NIH). All tests were performed in triplicates.
4.2.9 Statistical analysis:

The data was summarized as mean + standard deviation where the error bars
represent standard deviation. All data were tested for normal distribution (Kolmogrov
Smirnoff test) and equal variance (Levene’s test) using SPSS software version SPSS

21.0 (Chicago, IL, USA). Two statistical tests were applied: a) Two-way repeated
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measure analysis of variance (ANOVA) was used followed by Bonferroni test as post
hoc to study significance for LIPUS applications and detection time. b) To study the
effect of DPI at each time point, One-way ANOVA followed by Bonferroni post hoc

test was used. The level of significance was set at p< 0.05.
4.3 Results:
4.3.1 ROS generation in MC-3T3 E1 pre-osteoblast after LIPUS application:

To investigate the effect of LIPUS application on ROS generation, we first
suspended MC-3T3E1 cell in DMEM/F12 (phenol red free) in the concentration of
1X10’ cells/ml and incubated the cell suspension in DHE (25 pM) for 20 min and then
treated with LIPUS according to the assigned groups. The samples were collected for
fluorescence intensity measurement at 0°, 15°, 30°, 45°, 60°, 90’ and 120’ after LIPUS
application (Fig 4.1). DHE is superoxide-specific fluorescent dye that emits red
fluorescence due to the formation of hydroxyethidine when oxidized by superoxide.
LIPUS application showed a significant increase in superoxide generation at all the time
points except at 0’ i.e. immediately after LIPUS application as compared to the control
group. LIPUS 10 min showed higher superoxide generation than LIPUS 20 min. For
ROS inhibition, 10 uM DPI was added to the cell suspension and then incubated with
DHE (25 uM) for 20 min followed by LIPUS stimulation. DPI-treated groups showed a
significant decrease in superoxide generation as compared to DPI non-treated groups.
Unlike DPI non-treated group, LIPUS 20 min showed higher superoxide in DPI (+)

group than LIPUS 10 min and control.
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Fig 4.1: LIPUS stimulation induced ROS generation in MC-3T3 E1 pre-osteoblast cells.
The osteoblast cells were incubated with DHE (25 uM) and cells were sonicated with
LIPUS according to the designated groups. For ROS inhibition, 10 uM DPI was added to
DMEM/F12 (phenol red free). The samples were collected at 0’ (immediately after LIPUS
application), 15°, 30°, 45°, 60°, 90’ and 120’ after LIPUS application. The bar graph depict
the time series of DHE fluorescence and the values are presented in Mean + SD. LIPUS
groups showed significant increase in ROS generation from 15 min onwards while DPI
treated groups showed significant decrease in ROS generation. (* p<0.05; * p<0.05

between the corresponding DPI treated and non-treated groups.)
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4.3.2 Cell viability after LIPUS application:

In order to study the effect of LIPUS application and ROS generation on the cell
viability, MC-3T3 E1 cells were exposed to LIPUS in the presence or absence of DPI.
After 24 hrs, the cell viability was determined by the MTT Assay. In DPI non-treated
groups, there was significant increase in cell viability in the groups exposed with LIPUS
as compared to the control group. There was no difference in cell viability between 10
min and 20 min LIPUS application. In DPI treated groups, there was no statistical
difference between the control and LIPUS groups. DPI treatment showed a significant

decrease in cell viability of MC 3T3E1 pre-osteoblast cells. (Fig 4.2)
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Fig 4.2: Effect of LIPUS stimulation on the cell viability of MC-3T3E1 pre-osteoblast
cell as measured by MTT absorbance assay. After 24 hrs of LIPUS application in the
presence and absence of DPI (10 uM), the osteoblasts were incubated in MTT solution
(5 mg/ml dissolved in HBSS) for 2 hrs. Formazan crystals formed were dissolved in
DMSO and absorbance was measured. Values in the bar graph are presented as Mean +
SD. LIPUS stimulation showed significant increase in cell viability as compared to
control while DPI-treated groups showed significant decrease in cell viability. (*

p<0.05; T p<0.05 between the corresponding DPI treated and non-treated groups.)
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4.3.3 Effect of LIPUS application on NOX2 and NOX4 mRNA expression:

To investigate the effect of LIPUS stimulation on NOX2 and NOX 4 expression,
MC-3T3E]1 pre-osteoblast cells were exposed to LIPUS and the samples were collected
after 1 hr, 3 hr, 6 hr, 12 hr, and 24 hr. For ROS inhibition, cells were first treated with
DPI (10 uM) and then exposed to LIPUS. Both NOX2 and NOX4 mRNA expression
were significantly higher in DPI-treated groups at 1 hr time point and then expression
level decreased. In DPI non-treated group, NOX2 and NOX4 mRNA expression
increased at 6 hr time point. By 12 hr, there was no significant difference in their

expression levels. (Fig 4.3 and 4.4)
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Fig 4.3: Gene expression of NOX2 quantified by RT-qPCR in MC-3T3E1 cells after
LIPUS application in the presence or absence of DPI (10 uM). The samples were
collected after A. lhr, B. 3hr, C. 6hr, D. 12hr and E. 24 hr of LIPUS application. Bar
graph showed significant increase in NOX2 mRNA expression at 1 hr and 3 hr time
points after LIPUS application in DPI-treated group while there was significant increase
at 6 hr time point in DPI non-treated group while there was significant increase at 6 hr
time point in DPI non-treated group. (* p<0.05; t p<0.05 between the corresponding

DPI treated and non-treated groups.)

144




A. 1l
25 % 2ES-H

—

L8]

—

Lh
|

—

NOX4/GAPDHmENA
(Fold change)

NOX4/GAFDHmRINA
(Fold change)

0.5 £Es:
0 o -
Control LIPUS 10man LIPUS 20min Control LIPUS 10man LIPS 20min
C.6hr D. 12 hr
b El B
i %
o -7
E 2 4 E 2 4
= @ —_—
=l g%
= E 1.5 o g 1.5 -
e = 2
.:]': — + Ra T
°g 1 SE 1
= 3=
S S
& 0s = 0.5 -
0 =
Control LIPUSOmMin LIPUS 20min Control LIPUS 10min LIPUS 20min
E.24 hr
2.5 7
B ?"’1 ]
=5
=P
- = 1 -
el
% =
0.5
2 mDPI()
0 mDPI(+)

Control LIPUS 10min LIPUS 20min

Fig 4.4: Gene expression of NOX4 quantified by RT-qPCR in MC-3T3E1 pre-osteoblast
cells after LIPUS application in the presence or absence of DPI (10 uM). The samples
were collected after A. 1hr, B. 3hr, C. 6hr, D. 12hr and E. 24 hr of LIPUS application. Bar
graph showed significant increase in NOX4 mRNA expression at 1 hr and 3 hr time points
after LIPUS application in DPI-treated group while there was significant increase at 6 hr
time point in DPI non-treated group. (* p<0.05; T p<0.05 between the corresponding DPI
treated and non-treated groups.)
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4.3.4 RUNX2, OCN, and OPN mRNA expression after LIPUS application:

To explore the effect of LIPUS stimulation and ROS inhibition, MC-3T3 E1 cells
were treated with LIPUS and the samples were investigated for mRNA expression of
osteoblast-specific markers. In DPI non-treated group, RUNX2 expression was
significantly increased in LIPUS groups at 3, 6 and 12 hrs time point as compared to the
control group while in DPI-treated group, the expression was highest during the first

hour and its level decreased on the following time points (Fig 4.5).

In DPI non-treated group, LIPUS showed a significant increase in OCN mRNA
expression at 24 hr time (Fig 4.6) while OPN showed no significant difference (Fig 4.7).
In DPI-treated group, OCN and OPN mRNA showed similar results as RUNX2. LIPUS
showed a significant increase in expression at 1 hr time point as compared to the control

group. However, the expression decreased in the following time points.
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Fig 4.5: RUNX2 mRNA expression quantified using RT-qPCR in MC-3T3El pre-
osteoblast cells after LIPUS application in the presence or absence of DPI (10 uM). The
samples were collected after A. lhr, B. 3hr, C. 6hr, D. 12hr and E. 24 hr of LIPUS
application. Bar graph showed significant increase in RUNX2 mRNA expression at 1 hr,
and 3 hr time points in LIPUS treated group as compared to control in DPI-treated group
while DPI non-treated groups showed significant increase at 6 hr and 12 hrs (* p<0.05; *
p<0.05 between the corresponding DPI treated and non-treated groups.
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Fig 4.6: OCN mRNA expression in MC-3T3E1 pre-osteoblast cells after A. 1hr, B. 3 hr, C.
6 hr, D. 12 hr and E. 24 hrs after LIPUS stimulation. Bar graph showed significant increase
in OCN mRNA expression at 1 hr in LIPUS group as compared to control in DPI-treated
group while DPI non-treated groups showed significant increase at 24 hr between control
and LIPUS treated groups. (* p<0.05; T p<0.05 between the corresponding DPI treated and
non-treated groups.)
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Fig 4.7: OPN mRNA expression in MC-3T3E1 pre-osteoblast cells after A. 1hr, B. 3 hr,
C. 6 hr, D. 12 hr and E. 24 hrs after LIPUS stimulation. Bar graph showed significant
increase in OPN mRNA expression at 1 hr in LIPUS treated group as compared to
control in DPI-treated group while DPI non-treated groups showed no significant
difference in OPN between control and LIPUS treated groups. (* p<0.05; t p<0.05
between the corresponding DPI treated and non-treated groups.)
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4.3.5 Effect of LIPUS on OPN protein levels:

Changes in OPN protein level after LIPUS application and ROS inhibition were
determined using OPN ELISA by collecting the supernatants from the treatment groups
at previously mentioned time points. Contrary to the gene expression, OPN protein level
showed a significant increase after 1 hr of LIPUS application in DPI non-treated group
while there was a significant decrease in DPI-treated group. Nonetheless, the protein
level was higher in DPI non-treated groups after LIPUS application but the differences

were not statistically significant. (Fig 4.8)
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Fig 4.8: Effect of LIPUS exposure on OPN protein expression at A. lhr, B. 3 hr, C. 6 hr,
D. 12 hr and E. 24 hrs was measured by ELISA. The supernatants were collected after
LIPUS exposure. In DPI non treated group, LIPUS showed significant increase in OPN
protein expression while in ROS inhibition, the level significantly decreased during the
first hour. (* p<0.05; T p<0.05 between the corresponding DPI treated and non-treated

groups.)
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4.3.6 MAPK activation after LIPUS application:

To examine the effect of LIPUS application and ROS inhibition on MAPK
activation, the cells are treated with LIPUS in the presence or absence of DPI. The cells
were harvested at the previous mentioned time points. LIPUS stimulation showed a
significant increase in ERK1/2 activation at 6, 12 and 24 hrs as compared to control in
DPI non-treated group while DPI-treated group showed significant ERK1/2 activation at
1 hr in LIPUS groups (Fig 4.9). p38 and JNK activation level showed no significant
difference in LIPUS stimulation as compared to control in both DPI-treated and non-

treated groups at any time points. (Fig 4.10 and 4.11)
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Fig 4.9: ERK1/2 activation after LIPUS application by immunoblot analysis. MC-

3T3EI pre-osteoblast cells were treated with LIPUS in the presence or absence of DPI

(10 uM). The samples were harvested for immunoblot analysis after A. 1hr, B. 3hr, C.
6hr, D. 12 hr and E. 24 hrs of LIPUS application. LIPUS groups showed significant

increase in the phosphorylation level at 6, 12, and 24 hrs time points in DPI non-treated

group while phosphorylation level significantly increased at 1 hr in DPI treated group

and the phosphorylation level decreased at latter time points. (* p<0.05; T p<0.05

between the corresponding DPI treated and non-treated groups.)
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Fig 4.10: Immunoblot analysis of p38 activation by LIPUS application. MC-3T3E1 pre-
osteoblasts were treated with LIPUS in the presence or absence of DPI (10 uM). The
samples were harvested for immunoblot analysis after A. 1hr, B. 3hr, C. 6hr, D. 12 hr
and E. 24 hrs of LIPUS application. Phosphorylation level of p38 relative to total p38
was determined by the quantification of the band intensity using Image] software.
LIPUS stimulation showed no significant difference in the phosphorylation level at any
time point in DPI treated and non-treated groups. (* p<0.05; t p<0.05 between the

corresponding DPI treated and non-treated groups.)
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Fig 4.11: Immunoblot analysis of JNK activation by LIPUS application. MC-3T3E1

pre-osteoblasts were treated with LIPUS in the presence or absence of DPI (10 pM).

The samples were harvested for immunoblot analysis after A. 1hr, B. 3hr, C. 6hr, D. 12

hr and E. 24 hrs of LIPUS application. LIPUS stimulation showed no significant

difference in the phosphorylation level at any time point in DPI treated and non-treated

groups. (* p<0.05; T p<0.05 between the corresponding DPI treated and non-treated

groups.)
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4.4. Discussion:

LIPUS has shown to increase cell proliferation and promotes osteogenic
differentiation of mesenchymal stem cell (14) (15) (16). It has been routinely used in the
medical field for the treatment of bone fractures (17) (18) (19). The mechanism of
LIPUS has not been completely understood. Several attempts have been made in the
past to understand the mechanism of LIPUS interaction with the cell. Based on the
previous studies on the potential role of ROS in MAPK activation, we expected LIPUS
stimulation to enhance ROS production that facilitates MAPK activation in MC-3T3 El
pre-osteoblast cells. This would greatly expand our understanding of the usage of
LIPUS for fracture healing and more recently its use in tissue engineering and

regenerative medicine.

We initially explored ROS generation in pre-osteoblast cells using DHE. The
effect was also studied when the cells were treated with a ROS inhibitor, DPI which
prevented the organization of NOX enzymes employed in ROS formation. Our study
showed a significant increase in ROS generation after LIPUS application which was
reduced when DPI was added to the cell culture. Similar results were seen in the study
conducted by Loreto et al (14). However, our study is different as we used pulsed wave
while their study incorporated continuous waveform. Also, the transducer was placed in
the water bath to prevent an increase in temperature in their studies while we used a
coupling gel to sonicate the cells directly from the bottom of multiwell plates. DHE is

specific for superoxide ion which gets oxidized to form hydroxyl radical (*OH) and
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hydrogen peroxide (H,0,) in the presence of copper and ferrous ion by Haber-Weiss
reaction. H,O, is a stable ROS product that can pass through the cell membrane and
cause toxicity. Since ROS are considered harmful due to oxidative stress, MTT cell
viability assay was employed to check for the toxicity of ROS generated after LIPUS
application. The cell viability significantly increased in LIPUS groups. This shows that
the amount of ROS generated by LIPUS in the pre-osteoblast cell culture is not toxic

under our experimental conditions.

Since our study showed an increase in ROS production and cell viability, our next
step was to determine the expression of NOX enzymes involved in ROS production
after LIPUS application. Hence we stimulated MC-3T3E1 pre-osteoblast cells with
LIPUS and collected the samples for the gene expression of NOX2 and NOX4. The
study showed a significant increase in gene expression for both NOX2 and NOX4 at 6 hr
in DPI non-treated group, interestingly the expression of both genes was higher at 1 hr
time point in DPI-treated group. This could be due to the compensatory mechanism of
the cells to generate higher gene in the case of inhibition. NOX enzymes, involved in
ROS production, require the organization of additional components for the activation —
p22°"% | pd0P"*, p477" and p60P"**. GTP binding protein Racl is essential for NOX
complex organization and activation (15) LIPUS has previously shown to increase the
activation of Racl (16). In addition, BMP2, a potent bone-forming morphogenetic
protein, has also shown to increase ROS generation by activating NOX enzymes and

ROS inhibitors like N-acetyl Cysteine and DPI inhibited BMP2 induced ROS
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generation (17). NOX2 and NOX4 play an important role in osteoblast proliferation and
differentiation respectively. Additionally, NOX4 protein expression was also higher in
osteoblast layer in subchondral bone of mandible condyle (18). Collectively, these

studies and our results showed involvement of both NOX2 and NOX4 for ROS

production in the cells during LIPUS application.

We subsequently investigated the gene expression to explore the effect of ROS
generated during LIPUS application on the pre-osteoblast cells at the molecular level.
RUNX2 is a transcription factor that is essential for osteoblast differentiation and
expression of osteoblast-specific genes, and consequently is important for both
intramembranous and endochondral bone formation (19). OCN and OPN are the late
differentiation markers of the osteoblast cells. OCN, a non-collagenous protein, is
exclusively secreted by osteoblast that undergoes carboxylation as post-translational
modification which helps its binding to the mineralized bone matrix (20). OPN, on the
other hand, is highly phosphorylated glycoprotein secreted by osteoblast, hypertrophic
chondrocytes, and odontoblasts (21). Our results showed a significant increase in
RUNX2 and OCN mRNA expression in LIPUS treated group as compared to the control
from 6 hr onwards in case of RUNX2 and at 24 hr in OCN. These results are supported
by other LIPUS treated osteoblast studies from independent labs (22) (23). In ROS
inhibition groups, RUNX2, OCN and OPN mRNA showed increased expression at 1 hr
time point. Furthermore, the protein level of OPN increased significantly after LIPUS

exposure in DPI non-treated groups while the OPN level was significantly lower in DPI
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treated group during the first hour but it changed significantly during the latter time
points and reaching to the same level as DPI non-treated group by 24 hr. Since OPN is
phosphorylated glycoprotein whose gene expression was higher in ROS inhibition while
the protein level was significantly lower. This could be due to ROS that affected the
phosphorylation of OPN. To the best of our knowledge, no study has been reported in

the literature which stated the interaction of OPN and ROS in osteoblast.

It has been suggested that mechanical stimulus plays a crucial role in MAPK
activation in different cell lines. In osteoblasts, ERK1/2 is involved in OCN and bone
sialoprotein (BSP) expression through RUNX2 activation. Also, ERK1/2 has involved
in post-translational modification of cytoskeleton that helps in cell migration. Similar to
ERK, p38 promotes osteoblast differentiation however; JNK activation is not
completely understood in the osteoblasts. In-vitro study with JNK inhibition reduced the
expression of BSP, OCN and blocks late stage osteoblast differentiation (24). Finally,
we tested whether MAPK signaling pathway is activated in MC-3T3EI1 pre-osteoblast
cells after LIPUS exposure. Our study showed increased ERK1/2 activation in LIPUS
treated groups at 6 hr onwards in DPI non-treated group while ROS inhibition led to
early activation of ERK1/2. Since ERK1/2 is involved in RUNX2 activation, the results
of RUNX2 gene expression followed the similar trend as ERK1/2 activation. These
results strongly suggested that ERK1/2 activation after LIPUS stimulation is involved in

RUNX2 expression.
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Our aim in this study was to understand the potential mechanism of LIPUS in MC
3T3E1 pre-osteoblast cells. Therapeutic ultrasound has been extensively used for
imaging fetus, calculi crushing in the urinary tract and in surgical procedures like
lumpectomies. Its application is based on the intensity used, ranging from low intensity
of 30 mW/cm? to high intensity 300 w/cm?. Therapeutic ultrasound exerts thermal and
non-thermal effects on the bone. However, an intensity of 30 mW/cm? used in LIPUS is
considered low to generate a thermal effect. The non-thermal effect is further divided
into cavitation and acoustic streaming. Cavitation involves generation of the gas bubble
in the tissue fluid which oscillates with compression and rarefaction of ultrasound
waves and collapses to generate a low amount of energy (25) thus causing damage to
the cell (26). Like thermal effect, the intensity of LIPUS is low to generate cavitation
phenomenon in the bone. Another non-thermal effect by which LIPUS benefit the bone
is a generation of a fluid flow along and around the cell membrane. These waves cause
radiation forces on the membrane and affect mechanosensitive receptors like integrins
(27) along with alteration of micro-environment around the cell by changing
concentration gradient of ions, stretching the ion channels, and improving the
distribution of growth factors (28). Mechanical stimulation of LIPUS activates integrins
(8) that further triggers phosphorylation of focal adhesion molecules like focal adhesion
kinase (FAK) and Src (29) (30) which are upstream regulators of MAPK signaling.
Recent studies have shown that phosphorylation of MAPK and focal adhesion

molecules are controlled by reversible redox modification. ROS oxidize the thiol group
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in the focal adhesion molecule and in protein tyrosine phosphatases (PTPs) thus causing

conformational changes by forming disulfide bonds (31).

In this study, we tested LIPUS for two time durations- 10 min and 20 min
application to pre-osteoblast cells in order to optimize the time for in-vitro study. 20
min LIPUS application is most frequently used in the in-vivo studies and is also
approved by US Food and Drug Administration for clinical use, while most of the in-
vitro studies have shown increased anabolic effect of LIPUS at 10 min application. This
could be due to attenuation of LIPUS while passing through the living tissue. On the
other hand, in in-vitro studies the amount of attenuation is lesser. Also, we placed the
cell culture plates on the transducer surface using coupling gel as a transfer medium.
Using this set-up, temperature increase of up to 3°C with 20 min application has been
reported by Leskinen and Hynynen (32). This temperature increase might have also

caused difference in LIPUS effect at the molecular level.

4.5 Conclusion:

Intramembranous ossification and endochondral ossification are two processes of
bone formation. Previously it was believed that hypertrophic chondrocytes undergo
apoptosis and die but recent studies have shown differentiation of chondrocytes to
osteoblasts (33). A study by Gentili et al (34) showed chondrocytes when cultured in the
presence of ascorbic acid (another ROS scavenger) led to differentiation into osteoblast
like cells. In endochondral bone formation, ROS and ERK1/2 are involved in the

differentiation of chondrocytes (35) (36). For now, we can only hypothesize ROS to be
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another factor that can regulate chondrocyte differentiation. Our study demonstrates that
LIPUS application regulated the expression of osteogenic specific genes and activation
of ERK1/2 signaling pathway via ROS generation in MC-3T3E1 pre-osteoblast cells.
However, further studies are needed to understand the role of ROS in endochondral

ossification.
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Chapter 5: Effect of non viral plasmid delivered basic
Fibroblast growth factor and low intensity pulsed ultrasound

on mandibular condylar growth — a preliminary study.

A version of this chapter was published as: Kaur, H, Uludag H and El-Bialy T. Bio Med

Research International, Vol 2014, doi.org/10.1155/2014/426710
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5.1 Introduction:

Bone remodeling is a continuous process of bone formation and resorption to
maintain its shape and its function. But many conditions like tumors, trauma, skeletal
abnormalities and congenital disorders can compromise this dynamic process (1). 700
out of 6000 known congenital syndromes involve craniofacial defects which include but
not limited to Treacher Collin Syndrome, Pierre Robin Syndrome etc (2). These
problems not only affect the social life but also have the psychological effects on the
affected individuals (3)(4)(5). The available treatments of these cases usually include
orthopedic surgery, bone grafting and distraction osteogenesis in addition to orthodontic
treatment, speech and behavioral management (6). All these treatment modalities have
various limitations such as lack of required bone volume, donor site morbidity, long
procedure time, graft resorption, disease transmission and known surgical
complications. Due to all these limitations, a non conventional form of treatment like
gene therapy may be a ray of hope.

The process of bone formation takes place by one of two methods:
intramembranous and endochondral bone formation. In endochondral ossification, the
chondrocytes present in the cartilage undergo morphogenesis and calcification by the
invasion of blood vessels which results in the new bone formation (7). Hence the
vascularization is an essential step in the endochondral bone formation. Growth factors
like Vascular Endothelial Growth Factor (VEGF) and bFGF play important roles in the

process of new blood vessel formation. Many growth factors have been studied for their
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regulatory effect in the cell activities like adhesion, proliferation, differentiation in
epithelium, bone, connective tissue and the nerves (8). Basic Fibroblast Growth Factor
belongs to the family of FGF that comprises of 22 members. It is present in bone matrix
and is an important agent in the initial vascularization for the endochondral bone
formation (9)(10). bFGF is a potent cytokine that not only help in angiogenesis but it
also has a stimulatory role in osteogeneic differentiation of pre-osteoblasts (11), limb
development and in fracture healing (10). It exhibit its biological function by binding
and activation of FGF receptors1, 2 and 3. bFGF effects the bone formation of the facial
region. One study (12) showed that blocking of bFGF leads to the prevention of bone
formation at the craniofacial suture sites and study by Hamada et al (13) showed
receptors of FGF family present in the condylar cartilage which helps in the differential
growth of the condylar cartilage. Rabie et al (6) has successfully studied the effect of

adeno virus delivered VEGF on the mandibular condylar growth.

Gene therapy is a fast developing technology that is defined as the treatment of
disease by the transfer of the genetic material into the cells in the form of small DNA or
RNA fragments. Studies on the treatment of diseases like genetic disorders (14), cancer
(15) and neuro-degenerative disease (16). The expected success of gene therapy
depends on its delivery system. For the delivery of the gene, either virus or non-virus
vectors may be used as the carriers. Viral vectors provide efficient gene delivery to the
targeted tissue and longer gene expression. But due to safety concerns associated with

viral vectors like immunogenicity and oncogenecity (17) and death of a patient in1999
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after adeno viral mediated gene therapy due to disseminated intravascular coagulation
and multiple organ failure (18). For these reasons, a non viral vector is a preferred gene
delivery approach. Non viral gene delivery involves the transfer of the genetic material
either by direct injection of the plasmid or by physical or chemical methods. Plasmid is
a linear or circular double stranded DNA. Direct delivery of the plasmid DNA (pDNA)
is the most simple and the most convenient method of the gene delivery. Electroporation

and sonoporation are two examples of the physical methods used in the gene delivery.

Ultrasound is an acoustic pressure or energy that propagates through the media in
the form of waves having the frequency above the human hearing range. The low
intensity ultrasound is studied for its role in drug delivery into solid tumor (19), gene
delivery to the target tissue (20)(21)(22), treatment of bone fracture, distraction
osteogenesis (23)(24) (25)(26), reduction of root resorption after tooth movement (27)
and also the growth of the mandibular condyle (28)(29)(30). Out of these, ultrasound
application for the treatment of bone fracture has been approved by Food and Drug
Association, USA. The exact mechanism is still unclear, however it has been suggested
that the effects of LIPUS may be physical or piezoelectric in nature (31). In the recent
times, LIPUS has been used as one of the physical method for the gene delivery by
using high intensities ranging from 0.4 W/cm*(32) to 1 W/cm?®(21) to 2 W/em?(22). In a
study by Zhou et al (33) for the gene transfection, in the in-vitro procedure intensity

applied was 0.75 W/cm? and for in-vivo, the intensity used was 2 W/cm®.
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The hypothesis of this pilot study was that bFGF along with LIPUS would
enhance the mandibular growth. The objectives were to study the effect of bFGF pDNA
delivery on the mandibular condyle and to explore the possible effect of the local
injection of bFGF plasmid and daily low intensity pulsed ultrasound (LIPUS)
application on the mandibular condylar growth. Changes in height, length, cell
proliferation and width of the condylar cartilage were evaluated along with the changes
in bone mineral density (BMD), bone volume (BVol) and the ratio of bone volume to

tissue volume also known as bone volume fraction (BV/TV).

5.2 Materials and methods:

5.2.1 Animal care and the experimental design:

A total of fifteen late adolescent (~200 gm) adult Sprague Dawley rats were
purchased from the Biosciences Laboratory, University of Alberta, Edmonton, Alberta,
Canada. All the animal procedures were performed according to the guidelines of the
Canadian Council on Animal Care and the study was approved by Animal Welfare
Committee at the University of Alberta. Before the procedure, the rats were allowed to
acclimatize for a period of 7 days. The rats were housed in pairs in clean cages and were
allowed for free access to the standard commercial rat chow (Lab Diet, St. Louis, MO,
USA) and tap water. The rats were randomly divided into 5 groups (n=3). Group 1 was
the control, Group 2 was injected with blank plasmid (25 pgm gWiz) on the first day of
the experiment, Group 3 was injected with 25 pgm bFGF pDNA (description of the

plasmid is provided below) on the first day of the experiment, Group 4 received 20 min
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of LIPUS for the next 28 days and Group 5 was injected with 25 ngm bFGF pDNA on
the first day of the experiment and received LIPUS application for 20 min for 28 days.
In all the groups, left mandibular condyle was used as the experimental side. The
treatment side of each animal was shaved and coupling gel was applied to ensure the
wave propagation. The prepared solutions corresponding to each group were injected to
the posterior attachment of the mandibular condyles in the experimental side using %2 cc
U-100 Insulin syringe with attached 282 gauge needle (Becton-Dickinson & Company,
Franklin Lakes, NJ, and USA) according to the previously reported technique (6)(34).
Before injection, aspiration was performed to make sure that the needle is not into a
blood vessel. The content was released slowly over a period of one min to prevent any
damage to the surrounding structures. During the ultrasound application, the animals
were under inhalation anesthesia of 2.5% Isoflurane with 100% Oxygen. After twenty
four hours from the final application of LIPUS, the animals were euthanized by using
asphyxiation in CO; chamber. The mandibles were extracted from the animals and were

placed in formalin solution.

5.2.2 Plasmid material:

The plasmids used in this study were a commercially-available blank plasmid
(gWiz) encoding no functional genes and a plasmid (pFGF2-IRES-AcGFP) encoding
for both bFGF and Green Fluorescence Protein (GFP) with an internal ribosomal entry

site (IRES). The construction and preparation of the latter plasmid was described in
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Clements et al (11). The plasmids were mixed with a lipopolymer (linoleic acid
substituted 2 kDa polyethyleneimine (35) at plasmid: polymer ratio of 1:5 in 0.15 M
NaCl (25 pg plasmid to 125 ug polymer in 100 uL injection volume per rat). The
plasmid/polymer mixtures were allowed to incubate for 30 minutes before injection into
rats.

5.2.3 Ultrasound application and calibration:

The ultrasound device was custom made and was provided by Smile Sonica Ltd
company, Edmonton, Alberta, Canada. The transducer has the emitting surface area of
1.5 cm? (12 mm X 13 mm) and generated 200 micro second burst of 1.5 MHz sine wave
repeating at 1 kHz that delivered temporal averaged intensity of 30 mW/ cm” The
ultrasound device was calibrated at the beginning and at the end of the experiment
confirmed that the ultrasound device provided stable power output and maintained the

desired parameters during the experiment.
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5.2.4 Morphometric measurements of the mandible:

The extracted mandibles were divided at the symphyseal junction into two hemi-
mandibles. Fig 5.1a shows the points and the linear measurements of the mandible. The
mandibles were measured with the help of digital caliper (Fig 5.1b). The description of

the points and the parameters are Table 5.1 (36).

a

Fig 5.1 A. The diagram illustrating the morphometric points and linear measurements of
the mandible (for definition see Table 1). B: The morphometric measurement of the

extracted rat mandible with the help of digital caliper.
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Table 5.1: Description of the morphometric points and linear measurements.

Condylar point(A-

B)

Points Description
Condylar point (A) | The most posterior and superior point on the mandible condyle.

Menton (B) The most inferior point on the mandibular symphysis

Gonion point (C) | The most posterior point on the bony contour of the gonial angle of
the mandible

Gonion  tangent | Assuming that the mandible is placed on a plane. The point of the

point (D) mandibular gonion at its junction with that plane.

Mandibular The entry of mandibular nerve and blood vessels in the mandibular

Foramen (E) canal.

Linear

measurement

Menton— Total mandibular length. The distance measured between the

menton and the condylar point.

Menton — Gonion

Length of mandibular base. The distance measure between the

point (B-C) menton and gonion point.
Condylar - | Ramus height. The distance measured between the condylar point ar
GoT(A-D): the gonial tangent point.

Condylar process

length (A-E)

The distance measured from the mandibular foramen to the

condylar point.
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5.2.5 Micro CT Imaging:

The mandibles were fixed in 10% neutral buffered formalin (approx 4% formalin,
Sigma—Aldrich, Oakville, Ontario, CA) for 24 hours at the room temperature. They
were scanned using Micro CT imager, Skyscan 1076, Skyscan NV, Belgium, with
resolution of 18 um at 0.5° step increments with 1180 msec exposure time. The tube
voltage and the current were 70 kV and 139 pA respectively. The raw image data
reconstructed using modified Feldkamp back projection algorithm with the cross section
threshold of 0.00 — 0.04 using NRecon reconstruction software (version 1.4.4, Skyscan
NV, Belgium). The analysis of the micro- architecture was done on the vendor supplied
CTAN software (Skyscan NV, Belgium). The region of interest (ROI’s) was manually
selected on the condylar trabecular bone (Fig 5.2). The bone mineral density (BMD)
was determined based on the linear correlation between CT attenuation coefficient and
bone mineral density. The parameters evaluated from the scans were: bone volume

fraction (BV/TV), bone volume (BVol) and bone mineral density (BMD).
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Fig 5.2 : Transaxial view of the MicroCT scan. A. The region of interest was manually
drawn to separate trabecular bone from the cortical bone of the condyle and was
analysed later using MicroCT Analyser (Skyscan, NV, BE). B. The new bone formation

in the bFGF treated group on the mandibular condylar head.
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5.2.6 Histology and Histomorphometric analysis:

The mandibles were decalcified using Cal-EX II (Fisher Scientific, Ottawa, CA)
(formaldehyde 1.03 M/L, formic acid 2.56 M/L) for about 2 weeks. The samples were
processed into paraffin blocks. The sections were in the thickness of 6 pm and were
stained with Hematoxylin and Eosin stain. 6 samples were taken from each mandible
and the slides were scanned and the photographs were taken using Leica Fluorescent
Digital Microscope with charge couple device (CCD) digital camera (Leica, Wetzlar,
Germany). The analysis of the images was done using RS Image software 1.73
(Photometric, Roper Scientific Inc, Tucson, AZ, USA). The magnification used was
20X. The cell number and the width of the proliferative and hypertrophic layers were
measured. The readings from the six slides of each sample were then averaged to get the
final reading for every sample. The condylar cartilage is divided into 4 zones; resting,
proliferative, hypertrophic and erosive. Proliferative layer is composed of densely
packed mesenchymal cells with high nuclei and cytoplasm ratio. Hypertrophic layer is
subdivided into mature chondrocytes and hypertrophic chondrocytes. The cells are
larger than the cells in proliferative layer. In this study the mature and hypertrophic
chondrocytes were analyzed together as the hypertrophic layer. The proliferative and

hypertrophic layers were studied according to their histological characteristics.

5.2.7 Statistical analysis:

The data were collected and processed using SPSS 19.0 (Chicago, IL, USA) by

Kruskal-Wallis non parametric test for analysis of all the five groups because of the
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relative small sample size. For the comparison between the groups Mann- Whitney U
test was used. (The non parametric tests compare the median of the groups.) The mean
and standard deviation were presented in the bar graph for each variable and were not

compared for statistical analysis. p = 0.05 was considered statistically significant.

5.3 Results:

No inflammation or irritation was noted at the injection site. No reduction in

weight was noticed during the treatment phase.

5.3.1 Morphometric analysis:

Linear measurements of Condyle-GoT (Ramal height, A-D), Men-GP (
mandibular base, B-C) and the Condylar point- Mandibular foramen (Condylar Process,
A-E) showed statistically significant increase in the LIPUS. In Fig 5.3, there is
significant difference between control and LIPUS treated group and control and bFGF
group (p<0.05). Ramal height (A-D) showed statistical increase in all the treatment
groups compared to the control group (p=0.02). There is also significant difference
between bFGF and LIPUS groups (Fig 5.4). Men-GP (B-C) showed statistical
significant increase in the LIPUS group compared to the control group (p= 0.02), bFGF
+ LIPUS (p = 0.05) and statistically significant difference between control and bFGF +
LIPUS combination group (Fig 5.5) while the linear measurement of the Condylar
point- Men (length of the mandible, A-B) showed no statistically significant difference

(data not shown). Overall, by comparing the means of the groups, LIPUS treated group
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showed the maximum increase in the anthropometric measurement followed by the

combination treatment of bFGF + LIPUS followed by bFGF treated group.
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Fig 5.3: The bar chart of the length of the condylar process (A-E) among the
five groups showing increase in the length in the LIPUS treated group {* =

p=<0.05}.
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Fig 5.4: The bar chart of the ramal height (A-D) of the mandible among the five groups
showing increase in the height of the mandible in LIPUS treated group {* = p<0.05}.
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Fig 5.5: The bar chart of the Men-GP (B-C) of the mandible among the five groups
showing increase in the height of the mandible in LIPUS treated group {* = p<0.05}
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5.3.2 MicroCT analysis:

Of all the variables measured in the Micro CT analysis, only bone volume fraction

showed significant difference among all the five groups (p= 0.05) (Fig 5.6) while the

bone volume and BMD showed no significant results (p>0.05) By comparing the means

of bone volume and BMD of the groups, the combination treatment of bFGF +LIPUS

showed the highest mean followed by bFGF group and LIPUS treated group (Table

5.2).

Table 5.2: Mean and standard deviation of BMD and Bone volume

Control gWiz bFGF LIPUS bFGF+LIPUS
BMD Mean | 0.0048 0.0053 0.0078 0.0063 0.0086
Std dev | 0.001 0 0.003 0 0.001
BVol Mean | 0.0926 0.09 0.109 0.1003 0.1069
Std dev 0.017 0.038 0.006 0.021 0.008
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Fig 5.6: The bar chart of the bone volume fraction of the mandible condyle showing
increase in bone volume fraction in the combination group (bFGF + LIPUS) {* =

p<0.05}.
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5.3.3 Histomorphometric analysis:

Statistically significant results were seen in all the histomorphometric measured
variables, i.e. proliferative cell count (p = 0.04), proliferative layer width (p = 0.02),
hypertrophic cell count (p = 0.02) and hypertrophic layer width (p = 0.05). Cellular
morphological evaluation revealed that the LIPUS treated group showed increase in the
cell size of the hypertrophic layer while the bFGF treated group showed increase in the
number of the cells in hypertrophic layer but the cell size was small as compared to
LIPUS treated group. Moreover, the cells in both the layers were loosely packed in
bFGF group as compared to the LIPUS treated and combined treatment groups (Fig
5.7). No significant difference was found between LIPUS and bFGF + LIPUS groups in
any of the variables. The mean and the standard deviation of the measured variables are
shown in Fig 5.8, 5.9, 5.10 and 5.11. By comparing the means of the groups, LIPUS
treated group showed highest cell number in the proliferative layer while bFGF treated
group showed the highest increase in the cell number in hypertrophic layer and increase

in the width of the proliferative and hypertrophic layers.
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Fig 5.7: H&E stained sections of the articular surface of the condyle in the treatment
groups seen in 20 X magnification. A. The proliferative layer marked by arrow 1 and
the hypertrophic layer marked by arrow 2 B. Control group C. gWiz group D. bFGF

group E. LIPUS group F. bFGF +LIPUS group.
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Fig 5.9: The bar chart depicts the result for the hypertrophic cell count of the condyle

showing increase in the cell number in the bFGF treated group. {* = p<0.05}.
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Fig 5.10: The bar chart depicts the result for the width of the proliferative layer of the
condyle showing increase in the width in the bFGF treated group {* = p<0.05}.
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Fig 5.11: The bar chart depicts the result for the width of the hypertrophic layer of the
condyle showing increase in the width in the bFGF treated group {* = p<0.05}.
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5.4 Discussion:

This study was performed to evaluate if there is any stimulatory effect of the non-
viral plasmid delivered bFGF with or without LIPUS treatment on the condylar cartilage
and on the mandibular growth as a whole, in an attempt to optimize mandibular growth
stimulation. In our study, we wanted to investigate the effect of plasmid delivered bFGF

alone and in combination with LIPUS on the mandibular condyle growth.

In the present study, microbubble was not added to the plasmid solution
compared to the previous studies as well the ultrasound parameters used in this study
were different from the previous studies as pulsed low intensity ultrasound is used while
other studies used continuous wave (37)(38)(39). We also injected the plasmid into the
posterior attachment of the condyle to study the effect on the bone growth. The study
did not intend to use LIPUS to enhance gene transfection; bFGF plasmid was used to
possibly enhance the mandibular growth directly and the main objective of this study
was to find if there is any synergetic effect of the combining both techniques or not. The
results of this study showed that bFGF and LIPUS alone has a positive effect on the
mandibular condylar growth as seen in the histomorphometric and anthropometric
measurement respectively while the combination therapy of bFGF and LIPUS showed
only increase in the bone volume fraction. Being a pilot study, the objective was only to
study the effect of bFGF alone and in the combination with LIPUS and to study the
bone growth on the mandibular condylar head and hence no test was conducted to check

for the presence of the plasmid at the end of the treatment or assess the duration of gene
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expression during the study period. These will require more extensive studies that are

planned in the future in the authors’ labs.

We investigated the effect of bFGF, LIPUS and the combination therapy on the
cell count and the width of proliferative and hypertrophic cell layers of the condyle.
Histomorphometric analysis showed significant increase in the proliferative cell count
and the width of the proliferative and hypertrophic layers in the bFGF treated group.
The proliferative layer consists of undifferentiated mesenchymal cells while the
hypertrophic layer consists of mature chondrocytes which is important for the condylar
growth (40). The chondrocytes undergo hypertrophic changes in this layer and the first
sign of calcification is present in this layer, too. Also the qualitative study of the slides
was different in the treated groups. The group treated with LIPUS showed larger cell
size compared to the group treated with bFGF which were smaller and loosely packed.
The possible reason for the higher values of the histological parameters could be due to
the close proximity of the area to the injection site which leads to bone formation on the
condylar head (Fig 2b). The difference between LIPUS and bFGF histological sections
could be due to the fact that LIPUS was applied to the whole condyle, while bFGF was
applied to the posterior part only. Also, this difference might explain the slight increase,
while insignificant, in condylar length in LIPUS group compared to plasmid group.

Anthropometric measurement demonstrated there was statistically significant
increase in the ramal height (A-D), Men-GP (B-C) measurement and the length of the

condylar process (A-E) while no significant difference was seen in case of the length of

191



the whole mandible (A-B). The LIPUS treated group had the best result among all the
groups. These results are in agreement with the previous studies where the linear
measurements increased after LIPUS application (24)(28). Although the exact
mechanism of action for the LIPUS is still unclear, however it has been suggested that
the effects of LIPUS may be physical or piezoelectric in nature (31). LIPUS produces
vibration forces in all tissue components, both intracellular as well as extracellular.
These vibrations cause movements of the particles in the tissue which causes
mechanical stimulation. Therapeutic ultrasound using low intensities (20-50 mW/cm?)
causes small increase of temperature which may affect the cellular mechanism that may
cause bone remodeling and growth. According to Wolff’s law, the bone in a healthy
person and animal will adapt to the load it is placed under. If the loading on the
particular bone increases the bone will remodel itself over the time to be stronger to
resist the loading (41). Bone is piezoelectric in nature and remodels itself according to
the functional demands and environmental forces (42). Ultrasound produces
physiological mechanical stress in the bone that causes its deformation. This
deformation causes the generation of potential differences in the cells which causes
bone remodeling (43). LIPUS produces non thermal effect which causes stable
cavitations, micro streaming and mechanical effect on the cell membrane (44). Studies
have shown that LIPUS enhance the exchange of ions intracellularly and extracellularly
(45), change in the second messenger concentration which lead to alteration in gene
expression for the cartilage and bone specific genes (46), increase intracellular

concentration of calcium in chondrocytes (47) and increase in the angiogenesis related
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cytokines (48). LIPUS used in this study is less likely to produce cavitation without
introducing microbubble. Future studies may aim at evaluating this effect both in-vitro
and may be in-vivo. It is to be noted that the used LIPUS was not intended to perform
sonoporation for the gene delivery. This might explain the non-statistical difference
between LIPUS and bFGF + LIPUS groups.

In Micro CT analysis, our study showed that the combination treatment of
bFGF and LIPUS has significant effect on the bone volume fraction while all other
variables i.e., the bone volume and BMD were non-significant. Although on comparing
the means, still the combination therapy showed better results as compared to the other
treatment groups except that BV/TV (bone volume fraction) did not increase much in
the combination therapy compared to either treatment separately. This might be
explained as that there might be minimum synergetic effect between LIPUS and bFGF
at the study end point (4 weeks) that is reflected on the bone formation which may
warrant future long term study. The bone volume fraction is the ratio of bone volume to
the total volume of the region of interest, plays an important role as an interpreter of the
mechanical properties of the bone. In this study only the trabecular bone of the condylar
process was studied by manually drawing the region of interest to separate the
trabecular bone from the cortical bone. The reason for selecting the trabecular bone was
that it has high turnover rate as compared to the cortical bone and is the major site to
detect the early changes after the therapy (49). The explanation of these results could be
that after 4 weeks of treatment, bFGF injection lead to bone formation at the site of the

injection and the LIPUS application lead to early maturation and these factors are
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combined in the bFGF + LIPUS group while the other treatment groups could still be in
the early phases of the growth. This speculation needs to be further evaluated by future
studies. The difference between histological and MicroCT data among the groups could
be due to the short period of treatment (4 weeks) which could have an effect at the
cellular level while the gross anatomy effect might need longer treatment/observation

time. This hypothesis also suggests future evaluation.

5.5 Conclusion:

In conclusion, within the limitations of this pilot study, the present study did
indicate that the combination treatment of bFGF and LIPUS has selective effect on the
mandibular condyle growth. This could be due to the antagonist effect of LIPUS and
bFGF but the results of this study must be considered preliminary not only because of
the sample size but also due to the method used for the analysis. It is too early to draw

the conclusion on the results. More studies are needed not only with larger sample size

but also to find the molecular, cellular basis and the long term study with time interval.
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Chapter 6: General Discussion and Conclusion
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6.1 Discussion:

The deficient lower jaw (mandible) is a common orofacial anomaly that is present
either alone as in the case of class II malocclusion or as one of the features in several
syndromic conditions. Depending on the age and severity of deficient mandible, the
condition is either treated surgically or with the functional appliance. LIPUS has already
shown to reduce the consolidation stage in distraction osteogenesis by stimulating bone
healing as well as increase condylar growth when used with FA (1) (2). This thesis
addressed the effect of LIPUS either alone or with FA and bFGF gene therapy on the
mandibular condylar growth. Also in this study, LIPUS effect on chondrocytes and
osteoblasts were investigated to explore its mechanism in more detail. In chapter 1,
LIPUS was proposed as a therapeutic tool because of its stimulatory effects on various

cell types as well as in different tissue culture set-ups and in various animal models (3)

(4) (5) (6) (7).

In the animal study with FA, effects of either of the two LIPUS application
timings i.e. either 20 min or 40 min for four weeks were studied. LIPUS application
with FA has been investigated previously with 20 min application (2) (8). Based on the
studies by Schumann et al, 2006 (9) and Chan et al, 2006 (10) which showed an
increase in chondrogenesis and bone healing with 40 min LIPUS application, we
hypothesized that 40 min LIPUS will enhance the stimulatory effect on the mandibular
condylar growth. By introducing 40 min LIPUS application in this study, we optimized

the LIPUS application in the animal studies. The results of this study showed that 20

202



min LIPUS is optimum for in-vivo study while 40 min application has a deleterious
effect on the mandibular condylar growth as shown by all the studied variables.
Histomorphometric results showed an increase in cell number and layer width in 20 min
LIPUS application while 40 min application in combination with FA showed decreased
in cell number and layer width. These results were further strengthened by Micro-CT
analysis where 20 min LIPUS application again either alone or in combination with FA
showed increased bone volume fraction and BMD with the decrease in trabecular
separation. Micro-CT analysis was done upto 100" slice from the first appearance of the
trabecular bone on the scan. This was done to study the effect of functional appliance

and LIPUS trabecular bone in the posterior part of mandible condyle.

Immunohistology also showed increased expression of SOX9, Aggrecan,
Collagen II and X in 20 min groups. Aggrecan is the most abundant proteoglycan in the
cartilage while Collagen II and X are most abundant cartilaginous proteins in the mature
and hypertrophic layers of MCC. These proteins are protective in nature as they provide
strength to the cartilage against tensile, compressive and shear stresses (11). Aggrecan is
negatively charged proteoglycan that traps water and hence provides structural and
functional integrity. The results showed that LIPUS has a protective effect on the

cartilage. Its application for osteoarthritis treatment should be explored for the future.

In this study, the animals treated with LIPUS alone showed better treatment
results as compared to when treated in combination with FA. The reason could be the

soft diet given to the animals with attached FA. The introduction of soft diet led to a
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decrease in the muscular activity which further led to decrease in the mechanical load
on the condylar cartilage. Also, the animals could be under psychological stress due to
FA which further aggravated the cartilage degradation (12). 40 min LIPUS application
caused increase in temperature at the application site. Increased in temperature with 20
min LIPUS application was studied by Xue et al, 2013 (13) during tooth movement, and
the study showed approx 2.66°C increase. So with 40 min, the temperature increase
might have been doubled which led to increased expression of matrix metalloproteinase

(MMPs) enzymes.

Chapters 3 and 4 demonstrated the effect of LIPUS on C28/12 chondrocytes and
MC-3T3 E1 pre-osteoblasts cell lines. In both the studies, 10 min and 20 min LIPUS
were compared to the control for ROS generation, gene and protein expressions. Both
the in-vitro studies showed 20 min had detrimental effect while our in-vivo study
showed stimulatory effect. The reason could be attenuation of the ultrasound wave in
the animal study while passing through the skin, fat tissue and muscles before reaching
the mandible condyle while in in-vitro studies, 20 min LIPUS application caused the
increase in temperature in the in-vitro set-up (7). The decrease in the cell viability as
seen in 20 min LIPUS groups are not due to the toxic effect of ROS generation as the
amount generated in 20 min groups is lower than 10 min groups. It might be due to
activation of heat shock protein in the cells. The results of our in-vitro studies are in
agreement with the other studies where 10 min LIPUS application showed the

stimulatory effect of tooth slice organ culture (14) (15). In both the in-vitro studies, the
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cell culture plates were placed on the custom made transducers and coupling gel was
used for ultrasound transmission. In chondrocyte study, ROS generated by LIPUS
application showed increased gene expression of SOX9, ACAN, and COL2AI, and
increased phosphorylation of ERK1/2 while p38 and JNK showed no significant
difference. This effect was reversed when DPI was used to inhibit ROS generation.
Studies by Morita et al, 2007 (16) and Kim et al, 2010 (17) showed that ROS are
considered essential for chondrocyte differentiation and in endochondral ossification.
Our study results are in agreement with these studies. In MC-3T3 EIl pre-osteoblast
study, there was increased phosphorylation of ERK1/2 and increased gene expression of
RUNX2, OCN, and OPN when the cells were treated with LIPUS in DPI treated groups.

This effect was only during the first hour and was reversed from 3 hr onwards.

We worked on two cell lines - chondrocytes and pre-osteoblasts; as these two
cells are involved in the process of EO. Mesenchymal stem cells proliferate and
differentiate to chondroblasts which on maturation lay down cartilage matrix and
differentiate into hypertrophic chondrocytes (18). EO at the border of cartilage and
subchondral bone establishes the mandible structure. Hypertrophic chondrocytes
undergo apoptosis and the cartilage matrix is degraded by the invasion of blood vessels
from the underlying the subchondral bone (19). Osteoblasts from the subchondral bone
deposit new bone in the degrading cartilage. It is believed that hypertrophic
chondrocytes undergo apoptosis by blood vessel invasion. However, studies have

shown that these cells directly differentiate into the osteoblast. HIF play an important
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role in neovascularisation as it is a transcription factor for VEGF. ROS have shown not
only to stabilize HIF-1a subunit by preventing its proteasomal degradation (20) but also
increase in VEGF expression (21). From this we can hypothesize that ROS can be a
factor involved in the transformation of hypertrophic chondrocytes to osteoblasts,

however, further studies are needed to understand the role of ROS in EO.

In chapter 5, the effect of bFGF plasmid DNA delivery in combination with
LIPUS was investigated to induce bone growth in the mandibular condyle. We found an
increase in mandibular length in LIPUS alone group while bFGF plasmid DNA group
showed an increase in a number of hypertrophic cell layer and width. The combination
group showed an increase in bone volume fraction. These results have shown the
potential stimulatory effect of gene delivery and LIPUs on the mandibular growth.
However, we recommend further study with larger sample size and also in-vitro study to
understand the potential effect of the polymer delivery on cell toxicity, gene and protein

expression.

6.2 Limitations and Recommendation for future directions:

In the animal study, we investigated the effect on the mandible growth after four
weeks of LIPUS application. Further studies are recommended to study the long-term
treatment effect of LIPUS on the mandibular condylar growth. Also, the time-based
study is recommended to investigate gene and protein expression at each week interval.
Additionally in 40 min LIPUS groups, the animals were under anesthesia for longer

time and as mentioned earlier, 40 min LITPUS could have led to increase in temperature
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in the area applied. To avoid this, we recommend 20 minutes LIPUS application twice
in a day (like every 12 hrs). This will prevent thermal effect of 40 min application while

exposing the mandible condyle to the anabolic effect of 20 min LIPUS.

Another limitation of our FA animal study was different food consistency given to the
animals with attached FA. To prevent this, we recommend that all the treatment groups
should be given the same type of food and we also recommend anesthetizing the control

group as well.

In vitro study results strongly suggested ROS generated by LIPUS application
acts as secondary messengers in the cell signaling and amount generated are not toxic to
these cells. However, further in-vitro studies are needed to understand ROS generation
in the tissue-specific cell line. We recommend isolation of the cells from the MCC or to
develop tissue organ culture to understand ROS generation by LIPUS application. Also,
we used DHE fluorescence assay for ROS detection which is specific for superoxide
ions. We recommend the use of HPLC method to distinguish between the kinds of ROS

generated in the cell system.

DPI was used in these studies for NOX inhibition which in reality a flavoprotein
inhibitor. Studies have shown DPI to induce oxidative stress and inhibit cell redox
metabolism (22) (23). For the future studies, ROS inhibition with the use of siRNA 1is
recommended to better understand ROS generation and its effect with LIPUS
application. Also, these in-vitro studies relied on the gene expression results to make

the conclusion, while protein expression was done only for OPN in MC-3T3EI pre-
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osteoblast cells. OPN mRNA expression was increased in DPI treated groups while
protein expression was significantly reduced. For the future studies, we highly
recommend protein expression analysis like western blot or ELISA as the enzymes
involved in post translational modification of the functional proteins might be affected

by ROS generation.

In the gene therapy study, bFGF was injected in the posterior part of TMJ.
However, several other transcription factors and growth factors are involved in EO at
TMJ. These factors should be analyzed, either alone or in combination, in an in-vitro set
up using either the primary cells extracted from MCC or directly using tissue organ
culture. On the other hand, different cells show different transfection ability and also
other polymers should be screened first to improve the gene delivery. Other limitations
are transfection efficiency and specificity. Although, fluorescent reporter gene — green
fluorescent protein (GFP) was attached to bFGF plasmid but at the end of the study, its
expression was not studied. For the future, histological examination for the confirmation

of transfection should be considered.

6.3 Conclusion:

From both in-vivo and in-vitro studies, we concluded the following findings:

1. 20 min LIPUS application showed in the mandibular condylar growth either

alone or in combination with FA.
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. Histomorphometric and immunohistology also showed increased cell number,
layer width and increased protein expression of SOX9, Aggrecan, Collagen II
and X in 20 min LIPUS groups.

There was an increase in BMD and bone volume fraction values in 20 min
LIPUS groups.

One time LIPUS application in C28/I2 chondrocytes cell culture showed
increased ROS generation which further leads to increase in phosphorylation of
ERK1/2 and increase in gene expression of SOX9, ACAN, and COL2A1. This
effect was reversed when the cells were treated with NOX inhibitor, DPI.

. A single application of LIPUS in MC-3T3 El1 pre-osteoblasts cell culture
showed increase ROS generation. However, the level of phosphorylation of
ERK1/2 and gene expression of RUNX2, OCN, and OPN were higher during
the first hour in the presence of DPI. This effect later subsided and DPI non-
treated groups showed increased ERK1/2 phosphorylation and gene expression
of RUNX2, OCN and OPN from 3 hr onwards.

. In bFGF pilot study, the results showed potential additive effect with LIPUS on

the mandibular condylar growth.
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