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STATEMENT OF THE PROBLEM 

Bone is a complex mineralized structure that responds and adapts to 

functional load to maintain its structural integrity. Reduction of physical 

activity and functional loading induces bone resorption. Jaw bone loss could 

be a result of tooth extraction, periodontal and bone diseases, or other 

congenital developmental factors. A recent study in 2009, by the U.S. 

Centers for Disease Control and Prevention (CDC), estimates that near-to

half of U.S. adults demonstrate various ~tagcs of periodontal diseases. About 

4 7°'o of U.S. adults, ages 30 and older, have periodontitis, and 70o/o of U.S. 

adults ages 65 years and older ha\c periodontal disease. Periodontal disease 

is responsible for 70% of tooth loss in adults. The portion of jaw bones that 

holds the teeth is known as alveolar bone, and the rest of the 

mandible/maxilla is referred to as basal bone. Alveolar bone maintenance 

relics on collaboration of different factors, including functioning teeth, 

healthy periodontal ligaments, and masticatory muscles activities. Loss of 

normal occlusal force causes loss of the height, width, and facial aspect of 

alveolar ridge. Bone loss occurs in both alveolar and basal bone of the 

mandible, with much more resorption of the alveolar bone. The clinical 

problem is that the more substantial alveolar bone loss is, the more difficult 



- - --------------- ---

2 

dental treatments become, including implant placement, orthodontic 

treatment, and denture restoration. 
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SIGNIFICANCE 

If fundamental differences in the biochemical responses of alveolar and 

basal osteocytes to mechanical stress could be identified, then these 

mechanisms might be used to eliminate alveolar bone resorption following 

loss of functional loading. Changes in the levels of gene expression after 

removal of biomechanical stress may a llow insight about differing bone 

resorption rates. If bone resorption could be understood at this molecular 

level, the alveolar ridge height may be maintained and the opportunity of 

long-term success of restorative tooth replacement may be realized. 
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REVIEW OF THE LITERATURE 

OVERVIEW OF BONE STRUCTURE 

Bone is a dense connective tissue composed of cells, mineralized 

extracellular matrix, and vasculature. The proportion of components in bone 

tissue is specific to the type of bone. Even though bone types are not 

different microscopically, the processes of cellular differentiation and 

formation arc different.[ l] There are two types of bone present in normal 

mature bone: cortical and trabecular bone. CorticaL or compact bone, which 

comprises 80°·o of the skeleton, is dense and highly resistant to mechanical 

stress, and provides protective functions.[ l] This type of bone is surrounded 

by an outer membrane, called the periosteum, and an inner layer, called the 

endosteum.[ l] The periosteum is an osteogenic connective tissue membrane 

that is composed of two layers: the fibrous layer, wh ich contains collagen 

fibers, and the cambium layer, which consists of osteoprogenitor and 

osteoblast cells. The endosteum, which covers the internal surfaces of 

compact and cancellous bone, contains hacmopoitic stem cells. [ l] (Figure 

I )[2] 

Trabecular bone, which comprises 20°-"o of the bone mass, is less dense 

than cortical bone, and has metabolic functions.[ l] This type of bone is 

found at the end of long bones, and consists of plates til led with fat or 
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haemopoitic bone marrow.[l] Bone tissue can fonn by two mechanisms: 

endochondral ossification, where a rod of cartilage is replaced by bone 

tissue, and intramembranous ossification, where bone develops within 

mesenchymal tissue through direct osteoid deposition. [ l] 

P'~teat-~.....::;;.~~-:-MI
bon• surtcu 

Figure 1: Location of the periosteum and endosteum in bone tissue.{l] 

Bone cells 
Bone tissue consists of mineraliLed, intercellular material in which there 

arc four major cells types: osteoblasts, o teoclast , osteocytcs, and bone-

lining cclls.[3] All of these cell types are derived from o teoprogenitor cells, 

except the o teoclast, which originates from hacmopoitic stem cells.[3] 

These cells work together to maintain bone integrity and strcngth.[3] 
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Osteoprogenitor cells 
Osteoprogenitor cells are mesenchymal stem cells located in the cambium 

layer of periosteum and the endoteum.[4] These cells are active during bone 

growth process and also in fracture repair. Osteoprogcnitor cells proliferate 

and differentiate into osteoblasts during bone growth and remodeling.[4] 

Osteoblast-Bone Formation 
Osteoblasts, which originate from mesenchymal stem cells, form layers 

on bone surfaces.[ l] These cells are responsible for producing the organic 

part of the bone matrix (osteoid), such as Type I and Type V collagen, non-

collagenous proteins, bone morphogenetic protcin-2 (BMP-2), bone 

morphogenetic protein-7 (BMP-7), transforming growth factor P (TGF-p), 

and other growth factors that assist in bone formation. [ 1] In addition, 

osteoblasts participate in organizing and mineralizing the extracellular bone 

matrix.[ I] 

Osteoclast-Bone Resorption 

Ostcoclasts are multinucleated bone cells, which arc derived from bone 

marrow stem cells (Figure l ), and are responsible for bone resorption. 

Osteoclasts are found within small cavities called Howship 's lacunae, [5] 

and their proliferation and differentiation arc induced by two main 



---- - -

7 

cytokincs: macrophage-colony stimulating factor (M-CSF) and receptor 

activator of nuclear factor kappa-B ligand (RANKL), which are produced by 

osteoblasts and stromal cells.[S] Also, inflammatory mediators induce 

osteoclast differentiation, such as tumor necrosis factor-alpha (TNF-a), 

interluekin-1 (IL-l), and interluekin-6 ([L-6).[ l, 5] Osteoclast cells resorb 

bone tissue by acidification of mineralized extracellular matrix.[S] 

Osteocytes 
Ostcocytcs, which are the most numerous cells in bone tissue, originate 

from osteoblasts that are embedded in the organic matrix: "osteoid". (Figure 

2)[6] These cells are stellate-shaped bodies within the lacunae, and are 

connected to each other, and with bone-lining cel ls, by numerous long 

processes termed "'canaliculi ." In addition, ostcocytcs arc connected to bone 

marrow and communicate with the marrow resident cells. [7] The main 

functions of osteocyte cells are in sensing applied stress and the sending of 

signals to ostcoblasts and osteoclasts during bone remodeling, to maintain 

the structural integrity of bone.[7] 
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Figure 2: The transitional cell types from preosteoblasts to osteocytes. 

The figure shows the transition of osteocyte precursors during osteoblast 

transformation and their relationships to one another. 1- preosteoblast, 2-

preosteoblastic osteoblast, 3-osteoblast, 4- osteoblastic osteocyte (Type I 

preosteocyte), 5- osteoid-osteocyte (Type II preosteocyte), 6- Type Ill preosteocyte, 7-

young osteocyte, 8- old osteocyte.[6] 

Bone matrix 

Bone matrix contains inorganic and organic components. The inorganic 

portion is mainly composed of hydroxyapatite, whereas the organic content 

of extracellular bone matrix consists of Type I collagen and non-collagenous 

proteins, such as proteoglycan, glycosylated proteins, and osteonectin. [ l] 
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MANDIBULAR BONE 

The mandible is the longest facial bone and also supports the lower teeth. 

Thi bone consists of a horizontal portion (the body) and two vertical 

extensions (rami).[8] The mandible undergoes substantial functional 

remodeling, especially in tooth-bearing areas, due to the application of 

physiologic forces of occlusion. Loss of this biomcchanical stress causes 

bone resorption in the affected area.[8] Mandibular bone is composed of 

both alveolar and basal bone. 

Alveolar bone 
Alveolar bone is that specialiLed part of the mandible that forms the 

primary support for teeth. A lveolar bone process maintains its density and 

stmcturc through application of occlusal stress. [9] If th is force is lost, due to 

tooth loss, bone or periodontal diseases, the alveolar bone will resorb.[9] 

Alveolar bone is composed of two portions: the alveolar bone proper and the 

supporting bone.[9] 

Alveolar bone proper 

Alveolar bone proper is that part of the alveolar bone that lines the tooth 

socket.[9] Thi type of bone is a thin, compact bone in which periodontal 

ligament fibers, "Sharpey's fibers," arc embedded. This part of alveolar bone 
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is termed "bundle bone," because of the collagen fiber penetration into the 

bone itself.[9] 

Supporting bone 
Supporting bone constitutes the reminder of the alveolar process below 

the alveolar bone proper.[9] This type of bone consists of the outer cortical 

plates, with cancellous bone between these plates. The compact potion of the 

supporting bone is named "Haversian bone," because of the Haversian 

canals found in this location.[9] (Figure 3)[ l 0] 

Figure 3: Supporting compact bone.{10} 

Basal bone 

Basal bone, to which the masseter and medial pterygoid muscles are 

attached, forms the basic structure of the maxilla and mandible.(9] This type 
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of bone is denser and more resistant to mechanical force than is alveolar 

bone. After tooth extraction, there is little-to-no re orption in basal bone.[9] 

Blood Supply of the mandible 
The blood supply of mandible has a significant role in the treatment of 

edentulous patients with implants, bone grafting, and in other dental 

treatments.[ I I] There are three important arteries that supply the mandible: 

the lingual, facial, and inferior alveolar arteries.[ 12] 

Lingual artery 
The lingual artery emerges from the external carotid artery and develops 

branches, including suprahyoid, sublingual, dorsal lingual, and deep 

lingual.[ 121 The sprahyoid branches supply the supra hyoid muscles, while 

sublingual branches supply the gingiva of the mandibular teeth, the anterior 

lingual cortical plate, and the sublingual salivary glands.[ 11] The dorsal 

branche supply the soft palate, the dorsum of the tongue, and epiglottis. [ 12] 

Facial artery 

The facial artery arises from the external carotid artery above the lingual 

artery and crosses the digastric muscle, stylohyoid muscle, and the posterior 

surface of the submandibular gland. ( 12] After that, this artery curves over 
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the body of the mandible to the angle of the mouth, and ends at the medial 

commissure of the eye.[l2] The facial artery has two main branches: the 

facia l and cervical. The facial branches include; the inferior labial, superior 

labial, lateral nasal, and angular arteries, while the cervical branches include; 

the ascending palatine, tonsi llar, submental , and glandular arterial 

branches.[ 12] 

Inferior alveolar artery 
The inferior alveolar artery originates from the maxillary artery and 

develops the mylohyoid branch before entering the mandibular canal.[l2] 

Thi artery runs within the mandibular canal, along with the inferior alveolar 

nerve. In the premolar region, the inferior alveolar artery divides into two 

branches, the mental and incisor arteries. The incisor branch supplies the 

lower incisor teeth, while the mental branch supplies the chin and lower 

lip.[12] 

BONE RESORPTIO 

Bone resorption is the process of breaking down bone tissue by 

osteoclastic activity. There are several factors that regulate osteoclast 

formation and function, including hormones and growth factors. Also, 
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ostcoblasts and osteocytes have a crucial role in regulating osteoclast 

function in bone resorption.[13, 14] In the normal condition, the resorption 

process is usually followed by bone replacement. In diseased conditions or 

with aging, the rate of bone resorption exceeds that of bone formation, 

causing decreased bone density or disease states, such as osteoporosis. [ 13] 

Normal bone remodeling 
Bone is a highly dynamic tissue that undergoes a constant remodeling 

process, which is a complex process of bone resorption by osteoclasts and 

subsequent replacement by osteoblasts.[ 15] Even after the adult size 

skeleton is attained, bone continues to be metabolically active. Wolffs low 

states that bone adapts and remodels in response to the loads that are placed 

upon it.[ 16] With functional force, bone tissue remodels to become stronger 

to withstand this load.[ 16] Even mandibular bone is fundamentally similar to 

other bones, it responses differently to the mechanical stimulation, with 

signaling different growth factors and proteins.[ 17] Jaw bone is subjected to 

mechanical stimulation through different factors, including teeth, muscles of 

mastication, and reaction forces along the temporo-mandibular joint.[ 18] 

The pattern and distribution of the strains depends on their magnitude, 

frequency, direction, location, and the pattern of cortical bone of the 

mandible.[ 18] With loss of functional loading, mandible loses less trabecular 
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and cortical bones if compared with other bones, because of distinct 

homeostatic mechanism of the mandible.( 17] A study showed that the 

stromal cells of the mandible proliferate faster, and express more powerful 

osteoblastic markers than iliac bone.[ 17] Bone remodeling in all bone types 

includes four stages or phases.[ 15] First, nonnal bone remodeling begins 

with stimulation of systemic hormones and local factors in the activation 

phase, such as parathyroid honnone, calcitonin, and growth honnone. Once 

the system is activated, the second phase, .. resorption phase," occurs, 

stimulating osteoclast formation and function. The third phase, '"reversal 

phase," is when resorption is replaced by bone fonnation and deposition, 

through osteoblast activity. The last phase is tenned the ' 4fonnation phase", 

which depends on osteoblast differentiation and function.[ 15, 19] During the 

bone remodeling process, bone damage can be repaired, and bone mass and 

strength can be increased.( 19] 

Regulation of bone remodeling 
Bone remodeling is controlled by honnones, cytokines, and growth 

factors, which are produced by osteoblasts and stromal cells. Both systemic 

and local regulation mechanisms of bone remodeling occur.[l9] 
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Systetnic regulation 
Parathormonc. which is produced by the parathyroid glands. has an 

essential role in regulating bone remodeling. This hormone maintains serum 

calcium concentration by two mechanisms: inducing the bone resorption 

process and by accelerating the kidney to increase renal calcium 

reabsorption.[ 15] Vitamin D has a dual effect on bone remodeling. This 

vitamin induces reabsorption of calcium and phosphate from the small 

intestine to enhance bone mineralization. On the other hand, this vitamin 

also has an anabolic and catabolic, direct effect on bone tissue.[ 15] 

Calcitonin. which is produced by the parafollicular cells of thyroid gland, 

inhibits osteoclast differentiation and function. This hormone reduces bone 

resorption by inhibiting calcium absorption from the small intestine and by 

increasing the deposition of calcium into bone.[20] 

Growth hormone (GH), which is produced by somatotrophs in the anterior 

pituitary, is the most important hormone for bone and cartilage growth. This 

hormone also indirectly affects the stimulation of osteoblasts, through 

insulin-like growth factor (IGF) production .[14] Glucocorticoid has a dual 

effect on bone turnover. This hormone stimulates formation and 

differentiation of osteoblasts. However. the compound may also cause bone 

resorption, when used as a long-time treatment.( 15] Thyroid hormone 
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enhances both bone formation and resorption. Estrogen induces osteoclast 

apoptosis by reducing the production of RANKL, TNF -a, IL-l , and IL-6, 

and by increasing osteoprotegerin (OPG) production through osteoblast 

activity.[ 15] 

Local regulation 

The OPG/RANKLIRANK system plays a crucial rule in regulation of 

osteoclastogenesis and bone remodeling. [21] RANKL, which is a mediator 

from the TNF superfamily, expresses itself on the surface of osteoblast 

stromal cells.[22] This mediator binds to a receptor activator of nuclear 

factor kappa-B (RANK), which is expressed by osteoclast precursor cells. 

This binding activates the differentiation of pre-osteoclast into mature, 

multinucleated osteoclast cells.[2 l] OPG, which is a decoy receptor for 

RANKL, inhibits RANKL/RANK interaction; as a result, osteoclast 

differentiation and formation are inhibited, and bone resorption is 

prevented.[23] (Figure 4)[18] 

There are several factors that mediate the OPG/RANKL/RANK system. 

Some of these factors induce both RANKL and OPG production, such as 

TNF-a, IL-l, IL-6.[22] Other factors enhance OPG production and inhibit 
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osteoclastogenesis, such as TGF -~, estrogen, vitamin K, and 

lipopolysaccharides.[22] 

Figure 4: Current understanding of preosteoblostic/stromal cell regulation of 
osteoclastogenesis.{18] 

Alveolar and basal bone resorption 
Both alveolar and basal bones are subjected to changes due to several 

factors: tooth extraction, trauma, periodontal and developmental disorders, 

and others.[24] Alveolar bone resorbs faster than basal bone, which responds 

little or none. Alveolar bone resorption occurs on the labial and buccal 

aspects of the alveolar ridge, causing a decrease in ridge width and moving 

the ridge to a more palatal/ lingual position. [24, 25] Also, there is loss in the 

vertical dimension of alveolar bone. Loss of height and width of alveolar 
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bone results in a shorter, narrower ridge.[24] The resorption process of 

alveolar bone is faster during the first six months following tooth loss.[24] If 

basal bone resorption occurs, this loss may affect the patient's facial features 

and increase mandibular fracture susceptibility. 

Alveolar ridge preservation following tooth extraction 
Maintenance of a lveolar ridge after tooth extraction has an important impact 

on the success of dental treatment.[26] Alveolar bone loss could be 

prevented with implant application.[26] Implant therapy should be 

performed early, before alveolar ridge resorption, to avoid difficulties during 

implant placement, to preserve the dimensions of alveolar ridge, and to 

ensure the stability of soft tissue contours.[27] However, recent studies 

contradict this hypothesis. [28, 29] Many techniques were followed to 

regenerate alveolar bone after resorption such as autografts, allografts, bone 

derivatives, and the use of differentiation factors to stimulate bone 

formation. However, the impact of these techniques takes time to replace the 

defect area by bone tissue. [26] 
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Alveolar processes develop with teeth eruption, and maintained with the 

normal occlusal force.[30] After tooth extraction, the alveolar ridge naturally 

begins to erode and collapse since it is no longer needed to support the tooth 

that was removed.(30, 3 1] A study showed that the clinical loss in the width 

is higher than that in the height of alveolar ridge during post-extraction 

pcriod.(24] Alveolar bone receives forces from different sources, including 

occlusion with opposed tooth, contact of adjacent teeth, occlusion of distant 

teeth, and the activity of masticatory muscles. [30] The abnormality in 

occlusal contacts and malocclusion can cause drifting and mobility of teeth; 

as a result, gingival tissue inflammation, periodontal attachment loss, and 

alveolar bone resorption.[30] Alveolar bone remodeling is less active not 

only in edentulous region, but also in the peri-implant area, causing gradual 

loss of alveolar process.[32] There arc differences in the proportion of 

cortical and cancellous bone in different regions of the mandible.(32] 

Increase in the proportion of cortical bone in the mandible causes inducing 

of marginal bone loss surrounding the implant.[32] 
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GENE EXPRESSION OF OSTEOCYTE CELLS 

Osteocytes have several functions, including producing extracellular 

matrix proteins, regulating mineralization, sensing mechanical loads, and 

translating this load into signals to regulate the bone remodeling process. 

Differences in levels of osteocytes gene expression in alveolar and basal 

bone might be used to determine the possible causes of rapid alveolar bone 

resorption, in comparison to that of basal bone. The gene expression of 

osteocytes are categorized into: Proinflammatory cytokines, second 

messenger regulators, morphological regulators, osteogenic and osteoclastic 

regulators. matrix metalloproteinases. and antioxidant regulators. 

Proinflammatory Cytokines 

Ttunor Necrosis Factor-a (TN F-a) 

TNF-a is a pro-inflammatory cytokine that is produced by many cells: 

macrophages, endothelial cells, lymphoid cells, and osteoblasts.[22] This 

cytokine mediates osteoclast differentiation and inflammatory bone loss, 

through stimulating M-CSF and RANKL expression, and through the TNF 

receptor-! found on preosteoclast cells.[22] Also. this mediator inhibits bone 

formation and blocks osteoblast functions by inducing degradation of Runt-

related transcription factor 2 (Runx2).[33] TNF-a induces apoptosis in 

osteoblasts and osteocytes and with pulsating fl uid flow shear stress, TNF -a-
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induced apoptosis in osteocytes is inhibited.(34] Activation ofTNF-a occurs 

in dental pulp with application of mechanical strain.[35] 

Receptor activator of nuclear factor kappa-B ligand (RANKL) 

RANKL, a member of the tumor necrosis factor cytokine fami ly and an 

osteoclast differentiation factor, is secreted by osteoblastic stromal cells. [36] 

This protein is critical for bone remodeling by binding to RANK factor to 

activate the maturation and differentiation of osteoclasts.[36] RANKL also 

stimulates the c-Jun N-terminal kinase (JNK) in T cells, blocking apoptosis 

of dendritic cells.[21] Many factors have a role in activation of RANKL 

expression such as TNF-a, IL-l, TGF-~, and some systemic hormones. [21] 

lnterleukin 1-P (/LI-P) 
Tnterleukin 1 -~ is a member of the interleukin l cytokine fami ly. This 

cytokine mediates physiological bone remodeling through stimulating 

osteoclastogenesis and osteoblastogenesis.[37] IL 1-~ induces osteocyte-

modulated osteoclastogenesis through stimulating RANKL/OPG gene 

expression.(37] With pulsating fluid flow, TL 1-~-induced osteoclastogenesis 

i5 blocked in MLO-Y 4 osteocytes.[37] Other studies show that the 

expression of ILl-~ in human dental pulp is increased with mechanical 

stimulation. (3 5] 
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/nter/eukin-6 (JL-6) 
Interlcukin-6 is a member of gp 130 cytokinc family, and is produced by 

different cell types, especially osteoblasts.[22] This cytokine induces IL-l, 

and parathyroid hormone related protein (PTHrp) re lease by stimulating the 

differentiation of mononuclear precursor cells into mature osteoclasts.[22] 

This stimu lation occurs through receptors on osteoblasts rather than 

osteoclasts.[22] With mechanical stimulation, IL-6 production is increased 

in primary osteoblasts.(38] Other studies show a decrease in IL-6 expression 

in the human dental pulp with mechanical loading.[35] 

Second messenger regulators 

Inducible Nitric Oxide Synthase (iNOS)/Endothelial Nitric Oxide 
Synthase (eNOS) 

Nitric oxide (NO) is a free radical that has a crucial role as a signaling 

molecule in bone formation and resorption.[39] This molecule is produced 

by eNOS, iNOS, and nNOS isoforms.[39] eNOS is the most abundant 

isoform and is activated by intracellular calcium concentration levels.[ 40] 

However, iNOS is induced by pro-inflammatory mediators such as TNF-a, 

IL-l, and gamma interferon, and is blocked by IL-4, IL-l 0, TGF-p, and 
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glucocorticoids.[39] iNOS induces osteoclast activity and bone resorption, 

while e OS induces bone formation.[40] 

Morphological regulators 

Dentin Matrix Acidic Phosphoprotein-] (DMP-1) 
DMP-l, a phosphorylated extracellular matrix protein, is critical for bone 

and dentin mineralization, and is highly expressed in osteocytes more than in 

osteoblasts and chondrocytes, in mature bone.[ 41, 42] This protein regulates 

osteocyte formation and maturation, and retains the lacunocanalicular 

ystem of o teocytes through up-regulation of osteocyte genes.[ 42] 

Podoplanin (Ell) 

Podoplanin is the first gene expressed after differentiation of osteoblastic 

cells to osteocytes. Upon application of a functional mechanical load, Ell 

expression increases in osteocytes, mainly in the dendritic processes, 

inducing elongation of these processes and maintaining their shape. This 

gene promote osteocytes and bone function. [ 43] E l l is also expressed in 

tis ue other than the skeleton, such as lymphatic endothelium and 

keratinocytes of the esophagus and cervix.[44] 



Osteogenic and Osteoclastic regulators 

Osteoprotegrin (OPG) 
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OPG is a member of the tumor necrosis factor receptor family, which is 

produced by stromal osteoblastic cells in a soluble form.[22] This protein 

acts as a decoy receptor for RANKL to block the differentiation of osteoclast 

precursors, and as a result, inhibits bone resorption.[2 1] OPG production is 

induced by many factors, including TGF -~, TNF -a, IL-l~' IL-6, 

lipopolysaccharide, and estrogen.[22] PTH and D3 block the production of 

OPG.[22] 

Sc/erostin (SOST) 

Sclero tin is a glycoprotein produced by osteocytes, and is considered a 

BMP-antagonist and a pro-apoptotic agent. This gene inhibits bone 

formation and osteoblast function through blocking Type I collagen 

synthesis, mineralization, alkaline phosphates production, and the Wnt 

pathway.[45, 46] Upon receiving mechanical stimulation, the protein levels 

of sclero tin in osteocytes are decreased.[47] 

Bone Sialoprotein-1 (SPP-1, OPN) 
Bone Sialoprotein-1 (Osteopontin) is a glycopho phoprotein found in 

extracellular bone matrix and is secreted by o teo blasts and osteocytes. [ 48] 

This protein promotes adhesion of bone cells to each other and to the bone 
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matrix.[ 48, 49] SPP-1 regulates bone hom co tasis through activating 

osteoclast differentiation and function, and preventing hydroxyapatite 

deposition.[48] Research has shown that oscillatory fluid flow stimulates 

OPN gene expression in MC3T3-E I osteoblastic cel ls.[50] 

Matrix Extracellular Phosphoglycoprotein (MEPE) 
MEPE is a phosphoglycoprotein cloned from tumor-induced osteomalacia 

(TTO) tumor. The protein MEPE, as dentin matrix protein-1, has a 

significant role in controlling bone mineraliLation, mainly in the 

lacunocanalicular walls of osteocytes.[5l] Upon receiving mechanical strain, 

MEPE expression is decreased in the first day, then increases in bone matrix 

osteocytes.[52] 

Matrix Metalloproteinases (MMPs) 
MMPs arc zinc-dependent endopeptidases, which have a significant role in 

functional bone remodeling through activation of osteoclast/osteoblast 

interaction.[53] These enzymes are induced by several factors, including 

PTH, D3, TNF-a, IL-l, and prostaglandin.[54] (Figure 5)(55] MMP-1 

degrades Types I and TIT collagen, and enhances o teoclast function.[53] 

MMP-3 doe not cleave collagen fiber . Instead, this enLyme degrades 

basement membrane structure and components: mainly laminin and 
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fibroncctin.[53] MMP-8 1s found m peripheral polymophonuclear 

ncutrophils, gingival fibroblasts, and endothelial cells.[56] This enzyme 

degrades Type I and II collagen, and extracellular matrix proteins.[56] The 

ex pres ion of MMP-8 in endothelial cells is induced by TNF -a, and is 

inhibited by doxycycline.[56] MMP-9 is involved in bone development and 

bone healing.[57] This protein induces TGF-P production, and as a result, 

activates and promotes osteoclast function. [57] MMP-13 is produced by 

chondrocytes and osteoblasts.[58] This protein has a major role in bone 

morphogenesis and remodeling, through enabling degradation of Types I, II, 

and III collagen in the extracellular bone matrix.[59] With mechanical 

stimulation, MMP-13 expression increases in MC3T3-E l osteoblasts.[59] 

Th1 

0 IFN-y 

Th17 

O IL-17 

Th2 

IL-4 

Tregs~ IL-10 

Figure 5: Factors that affect and activate MMPs.{SS] 
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Antioxidant Regulators 

Nuclear factor E2 p45-related factor-2 (Nrf-2) 

Nrf-2 is an important factor for controlling anti-oxidative genes and phase 

II detoxifying enL:ymes.[60] This factor has a major role in protecting bone 

marrow cells from oxidative stress.[60] Nrf-2 mediates osteoblastogenesis 

and chondrogenesis, and regulates bone remodeling through maintaining the 

level of reactive oxygen species (ROS), which induces osteoclast 

functions.[6 l] The expression of Nrf-2 is reduced in some diseases, such as 

autoimmune and inflammatory illnesscs.[61] With mechanical stimulation, 

Nrf-2 expre sion is increased in dental pulp.[35] 
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Table 1: Gene expression of osteocytes 

SYMBOL GENE MAIN FUNCTION IN BONE 

E11 Podoplanin Elongating osteocytes processes & 
maintaining their shape. 

DMP-1 Dentin Matrix Acidic Mineralizing bone tissue & Maintaining 
Phosphoprotein-1 lacunocanalicuar system of osteocytes 

OPG Osteoprotegrin Blocking the differentiation of 
osteoclastic precursors. 

SPP-1 Bone Sialoprotein- Promotmg bone cells adhesion & 
1 /Osteopontin preventing hydroxyapatite deposition 

MEPE matrix extracellular Controlling bone mineralization 
[phosphoglycoprotein 

SOST Sclerostin Inhibiting bone formation through 
blockmg type I collagen synthesis 

eNOS Endothelial nitric oxide mobilizing stem and progenitor cells from 
synthase the bone marrow, inducing bone 

formatton 
iN OS Inducible nitric oxide synthase mediating bone loss by modulating the 

production of proinflammatory cytokines 
RANKL Receptor activator of nuclear Stimulating the differentiation of 

factor kappa-8 ligand osteoclastic precursors 
IL-1{3 lnterleukin-1 13 Inducing osteocyte-modulated 

osteoclastogenesis through stimulating 
RANKUOPG expresston 

IL-6 lnterleukin-6 lnducmg IL-1 & PTHrp by stimulating the 
differentiation of osteoclastic precursors 

TN F-a Tumor Necrosis Factor-a Mediatmg inflammatory bone loss 
through sttmulatmg M-CSF & RANKL 

MMP-1 Matrix Meta//oproteinase-1 Degrading type I & Ill collagen, inducing 
osteoclast function 

MMP-3 Matrix Meta//oproteinase-3 Degradmg basement membrane 

MMP-8 Matrix Metalloprotemase-8 Degrading type I & II collagen and matnx 
proteins 

MMP-9 Matrix Meta//oproteinase-9 Inducing TGF-{3 production, stimulating 
osteoclast functton 

MMP-13 Matrix Metalloproteinase-13 Degradmg type I, II, & Ill collagen in 
bone matrix 

NRF-2 Nuclear factor E2 p45-related Protecting bone marrow cells from 
factor-2 oxidative stress 
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MECHANOSENSA TION AND FLUID TRANSPORT IN 
LIVI G 80 E 

Mechanical strain of bone tissue is converted to biochemical signals, by 

inducing interstitial fluid movement through the lacuna-canalicular 

porosities of osteocytes. This fluid shear stres deforms the osteocyte's 

shape, enhancing the transport of the biochemical signals, nutrients, and 

waste products through the mineralized tissuc.[62] 

Osteocytes as the sensor of mechanical loading 

Osteocytes, which are the most numerous cells in bone tissue, have a 

significant role in regulation of bone fonnat ion and resorption, through 

sensing mechanical loading and translating this load into biochemical 

signals. Cell-imaging studies show that ostcocytcs are active and motile cells 

through all stages of transition from osteoblast to mature osteocyte. [63] In 

each stage, ostcocytes express different marker genes. (Figure 6)[63] These 

cells arc connected with osteoblasts and osteoclasts through gap junctions 

and through stra in signals.[64] After mechanical stimulation, glucose 6-

phosphate dehydrogenase is increa ed during the first hour.[47] In the 

econd hour, the expression of c-fos mR A is found in ostcocytes.[47, 64] 

Also, TGF-p, IGF-1 , and Podoplanin are mduccd four hours after applying a 

mechanical load.[47] In addition, DMP-1 and Ostcopontin are induced 
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within a few hours.[64] Other mechanically induced proteins, including 

MEPE and SOST, are regulated with application of stre s.[47] The anabolic 

genes that have a role in osteoblast differentiation and bone formation 

include prostaglandin and N0.[47] These signals arc activated in response to 

mechanical stimulation. The catabolic signals that contribute in osteoclast 

differentiation and activity include M-CSF and RANKL. The 

communication of an osteocyte with bone marrow, through its dendritic 

processes, facilitates activation of osteoclast cells by creation of bone

resorption signals. (Figure 7)[65] Also, ostcocytes can mediate bone 

rc orption through the process of programmed cell death: "apoptosis".[47] 

Bax is a pro-apoptotic member of the Bcl-2 protein family. This gene is 

induced at areas of microdamage, which means apoptotic osteocytes send 

signals to ostcoclasts to accomplish bone resorption.[ 47, 66] 
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Figure 6: Marker gene expression and motile properties during different stages of 
transition from osteoblast to mature osteocytes.{63] 
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Figure 7: The signaling between the osteocyte and other bone cells (osteoblast, 
osteoclast).{65} 

Mechanical stimulation of osteocytes 
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Mechanical stimulation of bone tissue induces interstitial fluid movement. 

Thi movement applies shear stress to osteocytes, leading to deformation in 

the cel l body and dendritic processes, and induction of biochemical signals 

that regulate bone resorption and formation.[47, 67] Bone formation 

processes arc affected by the rate of mechanical loading, rather than its 

amplitude.[62] Integrins are receptors that connect the cytoskeleton to the 

bone matrix.[47] During fluid flow shear stre , a5~ l integrins bind with 

conncxin 43 causing opening of Cx43-containing hcmi-channels to facilitate 

the mechanotransduction and signaling of o tcocytc cells.[62] 
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The relationship behveen bone fluid flow and adaptation 

Load-induced fluid flow is considered an indirect stimulus of bone 

turnover. This fluid flow produces shear stre s by the movement of 

interstitial fluid on the surface and within the lacuna-canalicular system of 

osteocytes.[68] This mechanism contributes to stimulation by carrying and 

moving molecular signals, nutrients, and minerals through the relatively 

impermeable matrix of cortical bone.[68] This movement of metabolites and 

nutrients through bone tissue has a major role in controlling bone cell 

activity. As a result, the regulation of functional bone remodeling and 

adaptation occurs.[68] 
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SUMMARY OF KNOWLEDGE AND GAPS IN 
K OWLEDGE 

Bone is a dynamic tissue with a complex mineralized structure. This 

tissue is composed of mineralized extracellular matrix, proteins, and cells. 

Histologically, this dense connective tissue has concentric lamellar 

structures known as osteons, which arc the main structure of the bone. 

Ostcons arc compacted against each other in cortical bone and arranged 

parallel with the long axis of the bone. Bone cells, including osteoblasts, 

osteocytcs, and osteoclasts, play a significant role in maintaining bone 

structure and strength through the bone remodeling process. Applying 

mechanical loading affects bone tissue at the molecular level, thorough 

activating bone cells to make new bone or destroy old bone. Osteocytes are 

the mcchanosensory cells of bone tissue, and the lacuno-canalicular system 

of these cells is considered as the main structure that mediates this 

mcchanoscnsing. Interstitial fluid flow through this system activates 

osteocytes and mediates transport of cell-signaling molecules, nutrients, and 

waste products. 

The mandible is composed of two types of bone: alveolar and basal. Basal 

bone is more resistant to mechanical stimulation than is alveolar bone. The 

reason for the higher rate of alveolar bone los is unclear. Evaluation of the 
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mechanobiological responses of alveolar and ba al o teocytes wi ll advance 

the understanding and fi ll the gap of knowledge about the causes of the 

higher rate of alveolar bone resorption, and this knowledge may lead to 

improving implant designs and other dental treatments to help maintain 

residual bone following tooth loss. 
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PURPOSE 
The purpose of this study is to evaluate and examme differences m 

biochemical signals and responses in alveolar and basal osteocytes to 

externally applied mechanical stress. Osteocytes were isolated from alveolar 

and basal portions of rat mandibles. These primary cells were then subjected 

to an oscillating shear stress at different time points, and comparisons 

speci fie gene expressions were made between alveolar and basal 

experimental groups, to determine the biomechanical response of alveolar 

and basal bone. 
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HYPOTHESES 

HYPOTHESIS #1 

Ba al osteocytes will have less o teoclastogenesis-modulators, 

proin fl ammatory cytokines, antioxidant regulator , and proteinases gene 

expression from induced stress application than alveolar osteocytes stressed 

under simi lar conditions. 

HYPOTHESIS #2 

Alveolar osteocytes will produce significantly higher osteoclastogenesis 

regulator , proinflammatory cytokincs, antioxidant regulators, and 

proteinase than will basal osteocytes, upon removal of homeostatic shear 

stress. 
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SPECIFIC AIMS 

Specific Aim #1 
To evaluates differences m gene exprc ston of osteocytes isolated from 

alveolar and basal bone of mandible under functional shear stress. These 

genes include the pro inflammatory cytokines (TNF -a, RANKL, ILl-p, IL-

6), second messenger regulators (eNOS, iN OS), morphological regulators 

(DMP-1, Ell), osteogenic and osteoclastic regulator (OPG, SOST, SPP-1, 

MEPE), matrix metalloproteinases (MMP-l, 3, 8, 9, 13), and antioxidant 

regulators (Nrf-2). 

Specific Aim #2 
To evaluates differences m gene expressiOn of osteocytes isolated from 

alveolar and basal bone of mandible after removal of functional shear stress. 

These genes include the proinflammatory cytokincs (TNF-a, RANKL, ILl -

p, IL-6), second messenger regulators (eNOS, iNOS), morphological 

regulator (DMP-1 , E 11 ), osteogenic and osteoclastic regulators (OPG, 

SOST, SPP-l, MEPE), matrix metalloproteinase (MMP-1, 3, 8, 9, 13), and 

antioxidant regulators (Nrf-2). 
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MATERIALS AND METHODS 

OVERVIEW 

In thi study, alveolar and ba al osteocytes were isolated from rat 

mandibles, and then harvested and exposed to fluid shear stress for a short 

period. Osteocyte gene expression responses were evaluated using real-time 

PCR, fo llowing reverse transcription of RNA. 

Experimental Methods Flow Chart 

Rat mandible 
N=6 

Split bone 

I I 
Alveolar Basal cells 

cells 

I I 
Cell sorting Cell sorting 

Figure 8: Methods of cells isolation and preparation 
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Figure 9: Experimental methods of shear stress application design. 
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DETAILED METHODOLOGY 

Cell Isolation and Tissue Preparation 

Bone digestion was performed on mandibles of 4-week old Sprague 

Dawley rats. The rats were sacrificed, mandibles were isolated, and all soft 

tissues were removed. Alveolar bone was separated from basal bone by 

separating the tooth bearing area and the most base part of the mandible to 

get non mixed alveolar and basal osteocytes. Samples were cut into small 

fragments, washed with lx phosphate-buffered saline (PBS), and incubated 

in a collagenase solution for 20 minute four times, at 37°C. The samples 

then were rinsed twice with 1 x PBS and plated with adding Dulbecco 's 

Modified Eagle's Medium (DMEM) (Fisher Scientific, Pittsburgh, PA), 

supplemented with 10% fetal bovine serum (FBS), I 0°/o donor calf serum 

(CS), 2% Penicillin-streptomycin (Life Technologies, Grand Island, NY), 

1.2% L-G iutamine (Life Technologies), 0.5% of 250Jlg/ml Amphotericin B 

(Fisher Scientific), and 0.0035°/o Gentamycin sulphate (Fisher Scientific). 

The medium was changed 3 times week, after leaving samples undisturbed 

for 8 days. After 5 weeks, all bone pieces were removed and the cells were 

pa sagcd to obtain sufficient amounts for cell sorting. Alveolar and basal 

osteocytes were sorted using Rabbit Anti-rat Polyclonal Podoplanin 

antibody (FITC) (Biorbyt LLC, San Francisco, C A). (Figure 8) The samples 
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were divided into control and experimental cultures. The experimental 

groups were divided into three groups, and each group contained 800,000 

cells per one culture plate. These samples were subjected to 1.0 Pa 

oscillating fluid shear stress (OFSS) at 0.5 Hz for specific time durations. 

A 

Figure 10: Samples before and after cell sorting. 

{A) Shows mixed cells of osteocytes, fibroblasts, and osteoblasts. (B) Shows pure 

osteocytes. 

Fluid Shear Stress Bioreactor 

The design of the fluid shear stress bioreactor allows an equal shear stress 

to be applied on the lacunocanalicular system of attached alveolar and basal 

osteocyte cel ls in the culture plate, through the cone shape of the rotor. In 

this device, the conical rotor is applied on a 100 mm culture plate having the 

experimental samples, leaving a space of less than l mm between the 

surfaces of the culture plate and the rotor's tip and edges. (Figure 9) The first 
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experimental group was subjected to 20 minutes of fluid shear stress, three 

times a day for two days, then immediately RNA was isolated from the 

experimental and control groups. The second experimental group was 

subjected to 20 minutes of shear stress, three times a day for four days, then 

RNA was isolated from this group and its respective control. The last 

experimental sample was tested for 20 minutes of shear stress, three times a 

day for four days, then this group and its control were left at rest for three 

days. RNA was then isolated for analysis. The purpose of the three day of 

rest is to determine the effect of removing the functional shear stress on the 

gene expression of alveolar and basal osteocytes of rat mandible. 

A 

Figure 11: Fluid Shear Stress Bioreactor. 
(A) Shows applying shear stress through the motion of cone rotor inside the culture 

plate with 1-mm space between the edges and tip of the rotor and the surfaces of the 
plate. (B) Shows fluid shear stress bioreactor inside the incubator. (with permission of 

Dr. Messer). 

RNA Isolation 

The experimental and control cells were washed with PBS 1 X, and 

trypsiniLed with l X trypsin for 3 minutes. Cells \\ere haf\cstcd with media 
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and centrifuged at 2000 rpm for 4 minutes. According to the manufacturer's 

protocol. the cells were re-suspended in (350f..d) RL T buffer (Qiagen, 

Valencia, CA), and moved to a Qia shredder (Qiagen). The recovered 

olution was centrifuged at l 0,000 rpm for l minute. The homogenate then 

was washed with 70% alcohol (350fl l). The whole mixture was transferred 

to an RNAse tube (Qiagen) and centrifuged at I 0,000 rpm for 15 seconds. 

Seven hundred microliters of RWl (Qiagen) was added to the RNAse tube 

filter and centrifuged at I 0,000 rpm for 15 cconds. Five hundred microliters 

of RPE buffer (Qiagen) was added to an RNAsc tube filter and centrifuged 

at l 0,000 rpm twice for 15 seconds, after that, 30 fll of RNAse-free water 

(Qiagcn) was added into the fi lter and centri fuged for 1 minute at 10,000 

rpm. The NanoDrop™ I 000 Spectrophotometer (ThermoScientific, 

Pittsburgh, PA) measured the concentration and purity of extracted RNA. 

All samples then were stored at -70°C. All tcps of the RNA isolation 

procedure were performed at room temperature. 

Analysis of Gene Expression with Real Time Quantitative 
Polymerase Chain Reaction (RT -QPCR) 

Real time PCR is a biochemical technique that provides accurate and high 

quantit ies of gene expression. This method ha~ some advantages, including 

accomplishing this procedure in a closed system without manipulation, and 

using a house-keeping gene as an experimental control. RNA for the control 



45 

and treated samples were reverse-tran cribcd into complementary DNA, 

(eDNA) and amplified through using qScript one-step qRT-PCR kit (Quanta 

BioSciences, Inc. Gaithersburg, MD). Pre-fonnulatcd individual TaqMan & 

gene expression primers (Applied Biosystcms, Grand Island, NY) were used 

for detection of the level of all gene expression in a ll samples. (Table 1) The 

RT-QPCR technique depends on repeated cycles of heating to detach the 

complementary strands of DNA. Two pieces of the synthetic DNA work as 

primers. These primers couple to their complementary strands and are 

replicated by a polymerase enzyme. At the end of each cycle, the threshold 

cycle values (Ct values) of the amples were nonnalized to the value of 

GAPDH "house-keeping gene", and the gene exprcs ion, in the form of 

''fold regulation", were calculated using ~~Ct method. 

~Ct,samplc = Ct sample- Ct GAPDH 

~~Ct = ~Ct,treatcd sample- ~Ct,control sample 

All samples were distributed in Micro-Amp Fast 96-wcll reaction plates 

(Applied Biosystems by Life Technologies) using a RNA sample 

concentration of 50 ngtJ .. tl per reaction. All PCR were performed in 

duplicate and were carried out on a real-time PCR device. (StepOne R, 

Applied Biosystems). 



46 

Table 2: List of TaqMan e gene expression primers. 

SYMBOL GENE ID 

GAPDH glyceraldehyde-3-phosphate Rn01775763_g1 
dehydrogenase 

E11 Podoplanin Rn00571195 m1 
DMP-1 Dentin Matrix Acidic Phosphoprotein- Rn01450122 m1 

1 
MEPE matrix extracellular Rn01443747 m1 

phosphoglycoprotein 
SOST Sclerostin Rn00577971 m1 
eNOS Endothelial nitric oxide synthase Rn02132634 s1 
iN OS Inducible nitric oxide synthase Rn00561646 m1 
OPG Osteoprotegrin Rn00563499 m 1 
OPG-RW Osteoprotegrin-RW 119767413 
OPG-FW Osteoprotegrin-FW 119767414 
RANKL Receptor activator of nuclear factor Rn00589289 m1 

kappa-8 ligand 
IL-1{3 lnterleukin-1 {3 Rn00580432 m1 
IL-6 lnterleukin-6 Rn01410330 m1 
TN F-a Tumor Necrosis Factor-a Rn01525859 g1 
MMP-1 Matrix Metalloproteinase-1 Rn01486507 m1 

MMP-3 Matrix Metalloproteinase-3 Rn00591740 m1 

MMP-8 Matrix Metalloproteinase-8 Rn00573646 m 1 

MMP-9 Matrix Metalloproteinase-9 Rn00579162 m1 

MMP-13 Matrix Metalloproteinase-13 Rn01448194 m1 

NRF-2 Nuclear factor E2 p45-related factor-2 Rn00477784 m1 

SPP-1/0PN Bone Sialoprotein-1 /Osteopontin Rn01449972 m1 

Statistical Analysis 

The statistical analysis of the data was performed using two-way ANOV A 

followed by Bonferonni post-hoc analysis to compare the mean of fold 

regulation of each gene in alveolar and basal loaded osteocytes to that of the 

unloaded controls across different loading regimens, using SPSS statistics 
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software (IBM, Armonk, NY). Comparisons of mean fold change for each 

gene expression were considered significant if the values were at least two 

fold changes in magnitude, compared with the controls, using p< 0.05. 



RESULTS 

Aim 1: 

Effect of shear stress application after 2 and 4 days 
(Groups l +2) 
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- RANKL expression in alveolar ostcocytcs was induced 3.2 fold at day 

2, returning to a control level 1.4 at day 4. Basal osteocytes showed 

non-significant changes on gene expres ion at day 2, and upregulation 

up to 1.8 fold at day 4. (Figure 1 0) This marker showed a significant 

difference between alveolar and basal o teocytes at day 2, with 

p- 0.023. 

- For the level of TNF-a, alveolar o tcocyte howed no significant 

change at day 2, and significant upregulation up to 3.2 fold at day 4. 

Basal ostcocytes showed non-significant changes at day 2 and 4. 

(Figure 11) This gene expression demonstrated a significant 

difference between alveolar and basal o teocytes at day 4. p=0.004. 

- MMP-3 expression in alveolar o teocytes was upregulated 2.2 fold at 

day 2, and continued inducing up to 2.8 at day 4. The level of MMP-3 

in ba al osteocytes was induced 2.8 fold at day 2, followed by 

ignificant downregulation up to 3.2 fold at day 4. (Figure 12) MMP-3 
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expression showed a significant difference between alveolar and basal 

osteocytes at day 4, with p<O.OO I. 

- The level of MMP-1 3 in alveolar osteocytes was upregulated 3.3 fold 

at day 2, and increased up to 4 fold at day 4. Basal osteocytes showed 

fold upregulation up to 2.4 fold at day 2, and 3.4 fold at day 4. (Figure 

13) However, statistically, there were no significant differences in 

gene expression between alveolar and basal osteocytes between days 

2 and 4, p>0.05. 

- Alveolar and basal osteocytes showed non- ignificant changes in the 

level ofNrf-2 at day 2. Alveolar o teocytes showed upregulation up to 

I .8 fold at day 4, while basal osteocytes showed inducing of the level 

ofNrf-2 up to 1.5 fold at day 4, p>0.05. (Figure 14) 

- SPP-1 expression in the alveolar and basal osteocytes showed no 

significant changes at days 2 and 4, in comparison to controls. (Figure 

15) However, this marker in alveolar osteocytes showed a greater 

positive fold regulation change compared to ba al osteocytes at day 2: 

p- 0.014. 

- Other gene were not detected by PCR analy i . 



Aim 2: 

Effect of 3 days rest after 4 days shear stress stimulation 
(Group3) 
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- RANKL expression in the alveolar ostcocytes was downregulated -2.7 

fold. However, basal osteocytcs showed fo ld downregulation up to -

5.4 fold at rest. (Figure 1 0) RANKL expression did not show any 

significant differences between alveolar and basal osteocytes at rest, 

p>0.05. 

- The level of TNF-a in alveolar ostcocytes was downregulated -2.6 

fold, while basal osteocytes showed downrcgulation up to -2.8 fold at 

rc t. (Figure 11) This gene expression did not add any significant 

difference between alveolar and ba al bone at rest, p>0.05. 

- Alveolar osteocytes showed downrcgulation of MMP-3 up to -2.8 

fo ld . On the other hand, there was downrcgulation up to -1.2 fold in 

basal ostcocytes in comparison to the control group with rest. (Figure 

12) MMP-3 expression demonstrated a significant difference between 

alveolar and basal bone at rest, with p 0.002. 

- Alveolar osteocytes showed a decrease in the level of MMP-13 up to-

1.9 fold. However, MMP-13 level ignificantly decreased in basal 

o tcocytcs up to -5.3 fold with rest. (Figure 13) The expression of 
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MMP-13 showed a significant difference between alveolar and basal 

bone at rest, with p=O.OO 1. 

- Nrf-2 levels showed downregulation in basal osteocytes up to -2.8 

fold, while this change was -1.8 fold in alveolar osteocytes at rest. 

(Figure 14) This gene expression did not demonstrate any significant 

difference between alveolar and basal bone at rest, p>0.05. 

- Both alveolar and basal osteocytes showed no significant fold changes 

in the level of SPP-1 in compari on to controls, at rest. Also, there 

were no significant difference for this gene expression between bone 

types during the same time point, p>0.05. (Figure 15) 

- Other genes were not detected by PCR analy is. 

The as umption of homogeneity of variance for RANKL, TNF -a, MMP-

3, MMP-13 were met as tested by Browne Forsythe, p>0.05. There were 

significant interactions between alveolar and basal bone by loading regimen 

for mean fold change, with p- 0.024 for RANKL, p<O.OO l for TNF-a and 

MMP-3, p 0.001 for MMP-13. 

The assumption of homogeneity of variance for SPP-1 and Nrf-2 were 

violated as tested by Browne Forsythe, with p<0.05. For SPP-L there was a 

significant interaction between alveolar and basal bone by loading regimen 

with respect to mean fold change, with p 0.005. For Nrf-2, there was no 
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significant interaction between alveolar and basal bone by loading regimen 

for mean fold change, with p- 0.935. 
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Figure 12: Levels of RANKL expression of alveolar and basal osteocytes measured by 

Real Time PCR fold change 

• X-axis: Time after shear stress application 

• Y-axis: RANKL fold change of tested alveolar and basal osteocytes normalized 

to control samples 

• •: showing the significant statistical difference between alveolar and basal 

osteocytes {P=0.023} 

• Error bar=(+) or (-)1 standard deviation. 
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Figure 13: Levels of TNF-a expression of alveolar and basal osteocytes measured by 

Real Time PCR fold change. 

• X-axis: Time after shear stress application 

• Y-axis: TN F-a fold change of tested alveolar and basal osteocytes normalized to 

control samples 

• *: showing the significant statistical difference between alveolar and basal 

osteocytes {P=0.004} 

• Error bar=(+) or (-)1 standard deviation. 
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Figure 14: Levels of MMP-3 expression of alveolar and basal osteocytes measured by 

Real Time PCR fold change. 

• X-axis: Time after shear stress application 

• Y-axis: MMP-3 fold change of tested alveolar and basal osteocytes normalized 

to control samples 

• •: showing the significant statistical difference between alveolar and basal 

osteocytes (P<0.001) 

• **: showing the significant statistical difference between alveolar and basal 

osteocytes (P=0.002} 

• Error bar= (+) or (-)1 standard deviation. 
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Figure 15: Levels of MMP-13 expression of alveolar and basal osteocytes measured by 

Real Time PCR fold change. 

• X-axis: Time after shear stress application 

• Y-axis: MMP-13 fold change of tested alveolar and basal osteocytes normalized 

to control samples 

• *: showing the significant statistical difference between alveolar and basal 

osteocytes (P=0.001} 

• Error bar=(+) or (-}1 standard deviation. 
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Figure 16: Levels of Nrf-2 expression of alveolar and basal osteocytes measured by 

Real Time PCR fold change. 

• X-axis: Time after shear stress application 

• Y-axis: Nrf-2 fold change of tested alveolar and basal osteocytes normalized to 

control samples 

• Error bar=(+) or (-}1 standard deviation. 
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Figure 17: Levels of SPP-1 expression of alveolar and basal osteocytes measured by 

Real Time PCR fold change. 

• X-axis: Time after shear stress application 

• Y-axis: SPP-1 fold change of tested alveolar and basal osteocytes normalized to 

control samples 

• *: showing the significant statistical difference between alveolar and basal 

osteocytes (P=0.014} 

• Error bar=(+) or (·}1 standard deviation. 
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DISCUSSION 

Bone i a mineralized connective tissue that has the capacity to adapt to 

mechanical environment through the function of osteocytes, osteoblasts, and 

osteoclasts.[69] Osteocytes, inside the bone matrix, have a s ignificant role in 

bone mechanoregulation through sensing the mechanical load and 

translating it into signals and sending them to affect the function of 

osteoclasts and osteoblasts on the bone surfacc.[70] 

Alveolar bone is that part of the mandible that continuously changes and 

renews by a bone remodeling proces .[71] This process is organized and 

regulated by functional loading such a peaking and mastication. [71] The 

alveolar ridge is maintained with existence of the dentition. Tooth loss 

cau es loss of alveolar bone structure, starting from the alveolar crest and 

interradicular regions.[72] Alveolar bone resorption in edentulous patients is 

a common problem that complicates the prosthodontic and other dental 

treatmcnts.[72] Due to differences in bone re orption rates between the 

alveolar and basal bone, and the severity of loss in alveolar bone compared 

to basal bone, it is hypothesized that ostcocytes of basal bone would express 

less osteocla togenesis-modulators, prointlammatory cytokines, antioxidant 
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regulator , and proteinases markers during shear tress application than 

those in the alveolar bone stressed under imilar conditions. 

This study showed that the level of RANKL expression m alveolar 

osteocytes was initially upregulated with fluid shear stress, suggesting that 

oral functional activities promote and induce the expression of RANKL as 

an osteoclastogenesis marker that initiate the activity of osteoclasts during 

bone remodeling. After 4 days shear stimulation, RANKL expression 

retumed to a control level. This finding suggests a reduction in the level of 

RANKL with prolonged shear time. These results coincide with those of a 

previous study that showed reduction in the expression of RANKL in 

o teocytes with oscillating fluid flO\\-induced hear stress.(73] However, the 

level of RANKL in basal osteocytes did not show any significant changes 

with shear stress at day 2 and 4, suggesting that the activity of RANKL is 

less during bone remodeling in basal bone compared with alveolar bone. 

The level of TNF-a expression in alveolar osteocytes did not change 

ignificantly at day 2 of shear stress, but increased significantly at day 4, 

uggesting that the expression of TNF -a, a~ a pro inflammatory cytokine, is 

induced upon shear stress application during bone remodeling, and may 

contribute to this process through activating M-CSF and RANKL 

expression. The level of TNF -a in basal osteocytes did not show any 
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significant changes at days 2 and 4, supporting the concept that the activity 

of inflammatory cytokines in basal bone are lov.,er than in alveolar bone, 

during bone remodeling process. 

The expression of MMP-3 in alveolar osteoeytes was increased with 

increasing shear stress duration. These findings suggest that MMP-3 may 

contribute to the removal of incomplete mineralized bone matrix during 

bone remodeling in alveolar bone. The level or MMP-3 in basal osteoeytes 

was induced after only two days of shear application, suggesting that MMP-

3 should be recognized as an early mechnoresponsive marker. However, the 

level of MMP-3 at a later time point (day 4) showed a reverse response, 

indicating an inverse relationship between expression of MMP-3 and 

functional bone remodeling in basal bone. These data show that basal bone 

expresses less MMP-3 expression in comparison to alveolar bone. 

The level of MMP-13 in the a lveolar ostcocytcs was s ignificantly 

uprcgulated at day 2, and continued production with increasing shear stress 

application time. These results support the concept that functional loading 

induces MMP-13 expression in alveolar o teocytes to cause bone 

remodeling through the abi lity of MMP-13 to cleave triple helical collagen 

and restructure the collagen matrix for bone mineralization. Furthermore, 

MMP-13 in basal osteocytes was uprcgulated at day 2 of shear stress 
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application, and continued to increase at day 4. However, the expression of 

thi marker in basal bone is less than that in alveolar bone. 

The levels of Nrf-2 in alveolar and ba al osteocytes did not show any 

significant changes at day 2 of shear stress. However, the expression ofNrf-

2 was increased at day 4 in both types, suggesting that Nrf-2 plays a role in 

functional bone remodeling and protects ostcocytcs from the oxidative 

stress-induced apoptosis. 

The level of SPP-1 in alveolar and basal o tcocytes did not show any 

significant upregulation in comparison to controls at all time points of shear 

stress application. Because osteopontin ha a role in activating osteoclast 

functions, these data show that, with functional load, there is a control in the 

level of SPP-1 during bone remodeling to regulate the function and activity 

of ostcoclasts. 

All previous results of those markers support the first hypothesis that the 

ba al osteocytcs express previous marker less than alveolar bone with 

functional shear stress. Alveolar ostcocytes showed increasing in TNF -a, 

MMP-3, MMP-13, and rf-2 expressions with prolonged shear time, while 

RANKL and SPP-l were induced with two days hear application. In the 

other hand, basal osteocytes sho\\ed non-significant changes in RANKL, 

Nrf-2, and SPP-l expressions, while TNF -a and MMP-3 levels showed a 
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rever e relation with shear stress application. MMP-13 expression in basal 

osteocytes showed less upregulation than that in alveolar osteocytes. 

For the second hypothesis, we hypothesized that the alveolar osteocytes 

wi ll produce osteoclastic regulators, proinflammatory cytokines, antioxidant 

regulators, and some proteinases more than basal osteocytes after removal 

the homeostatic shear stress. One of the significant observations in this 

study was that after allowing alveolar and basal osteocytes rest time of three 

days after shear stressing. the level of all previous markers were 

downregulated in comparison to the controls. The current study showed that 

level of RA KL expression in al\ eolar and ba al osteocytes, surprisingly, 

were downregulated after allowing the sample to have this rest period. 

However, basal osteocytes showed more downregulation in RANKL 

expression than alveolar osteocytes. Because RANKL has a role in 

osteoclast recruitment, these significant data confi rmed that basal bone 

expresses less o teoclastogenesis modu lators compared to alveolar bone, 

after lo of functional load. 

The levels of TNF-a expression m alveolar and basal osteocytes were 

do\\nregulated, with a much greater decrease in TNF-a expression in basal 

o teocyte during rest. Since TNF-a stimulates M-CSF and RANKL 

exprcs ton to activate osteoclast function, these findings support that 
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alveolar bone expresses more proinflammatory cytokines that induce bone 

resorption in comparison to basal bone during lo s of mechanical load. 

The pre ent work also showed that MMP-3 expression in alveolar 

o teocytes was significantly downregulated with rest. In the other hand, the 

level of MMP-3 in basal osteocytes did not show any significant change. 

Because MMP-3 has a crucial rule in bone remodeling, this findings suggest 

that less bone remodeling in in alveolar osteocytes compared to basal bone 

after loss of functional load. 

MMP-13 expression in alveolar and basal o tcocytes were downregulated, 

in comparison to controls, with re t. However, basal o teocytes showed 

more downregulation than did alveolar osteocytes. Since MMP-13 also has a 

crucial role in bone resorption through dissolving bone matrix, these results 

suggest that decrease in bone resorption processes in basal bone compared to 

alveolar bone. 

The levels of Nrf-2 in alveolar and ba al osteocytes were downregulated 

with rest. Because Nrf-2 has a significant impact on protecting bone cells 

from oxidati ve tress, these data suggc::,t lo s of alveolar and basal bone 

tructure followi ng remo\al mechanical timulation. 
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SPP-1 expression did not show any significant change in alveolar and 

ba al o teocytes with rest. These finding may show that the SPP-1 marker 

not related to the resorption of alveolar bone after loss of functional load. 

All other genes expression were not determined in all time points 

suggesting that primary mandibular osteocytes may produce these genes in 

very low levels, or the sequences of selected primers may be not right. 

All the resu lts of the previous markers (RANKL, TNF-a, MMP-3, MMP-

13, Nrf-2, and SPP-1) that are related to the rest period do not support the 

second hypothesis that include more production and upregulation of 

osteocla tic regulators, prointlammatory cytokines, antioxidant regulators, 

and various proteinases in aheolar and ba al osteocytes in comparison to the 

controls during rest. However, these data coincide with hypothesis 2 in that 

basal osteocytes have less expression of these markers than do alveolar 

osteoeytes, after removal shear stress. 
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CONCLUSIONS 

Current tudy revealed: 

• Alveolar osteocytes with shear stre s expres biochemical signals that 

induce bone remodeling process, while basal o teocytes may depend on 

other markers that induce bone remodeling. 

• After allowing the samples to rest for 3 days, the osteoclastogenesis

modulators, proinflammatory cytokincs, antioxidant regulators, and 

proteinases decreased in both alveolar and ba al bone with much more 

reduction in basal bone. These gene ex pre sion differences in response to 

removing mechanical stress may give an in ight about a mechanism for the 

di ffercntial re orption rate in alveolar and basal bone segments of 

mandibular bone after removal of stress. 
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