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Many skeletal diseases are characterized by excessive bone loss. Bone loss is 

mediated by osteoclasts, which are differentiated from cells of the 

monocyte/macrophage lineage upon stimulation of two indispensable factors, the  

RANKL and M-CSF. Lipopolysaccharide (LPS), a bacterial pathogenic factor, has 

also been shown to engage in osteoclastogenesis during inflammatory events actively. 

C-phycocyanin (C-PC) is a phycobiliprotein found in the blue-green algae that 

showed many therapeutic effects, including anti-arthritic and anti-inflammatory 

properties. However, the exact mechanism by which LPS regulates osteoclastogenesis 

and also the impact of C-PC on osteoclastogenesis needs further elucidations.  We 

studied the osteoclast differentiation process in vitro using RAW 264.7 macrophage 

cell line. First, we showed that LPS induced osteoclastogenesis in RANKL-primed 

cells in vitro. LPS elicited osteoclastogenic mechanism by signaling through the 

TLR4 receptor, which is expressed in osteoclast precursors. Here we also found that 

TNF-α secreted by osteoclast precursors in response to TLR4 stimulation regulated 

the processes of osteoclastogenesis via TNF-R signaling. Second, we tested the 

inhibitory effect of C-PC on osteoclastogenesis. We showed here that C-PC strongly 

inhibited the early stage of osteoclast differentiation, thus significantly suppressing 



RANKL- and LPS- mediated osteoclastogenesis. Nonetheless, osteoblast 

differentiation and activity were not affected by C-PC. Reactive oxygen species 

(ROS) are generated during RANKL-mediated osteoclast differentiation. While 

studying the possible mechanisms of osteoclast differentiation, we found that C-PC a) 

attenuated RANKL-induced ROS; and b) interfered with RANKL-stimulated NF-κB 

signaling by preventing the degradation of cytosolic IκB-α; subsequently, these 

resulted in the loss of sequential activation of the osteoclastogenic downstream 

markers such as c-Fos and NFATc1. We propose that a unique mechanism of 

osteoclastogenesis is mediated by bacterial LPS that can be targeted during 

inflammatory-mediated bone loss. Also, C-PC could potentially be used as a 

therapeutic compound in osteolytic diseases caused by osteoclast activation without 

affecting osteoblast function.  
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Chapter 1: Introduction 

1.1      Introduction to Osteolytic Diseases 

Bone represents the supporting framework of the body. It is a rigid, hard, self-

repairable, and regenerative tissue that protects the vital organs and provides the body 

with numerous cytokines and growth factors 1.  Bone tissue is well-known for its high 

metabolic activity 2. It undergoes constant remodeling throughout life to adapt to 

changes in the biomechanical forces. Bone remodeling is a physiologically 

orchestrated process in which a simultaneous interplay between osteoclasts (bone 

resorption) and osteoblasts (bone formation) facilitate the development and 

maintenance of the skeletal tissues. The bone remodeling cycle undergoes three 

consecutive phases. The first phase is resorption, in which osteoclasts resorb the bone. 

The second phase is reversal, during which mononuclear cells start to recruit on the 

bone surface. The final phase is formation. In this phase, osteoblasts lay down new 

bone material to completely replace the resorbed one 3.  An abnormal increased or 

decreased bone resorption rate is involved in the pathophysiology of multiple skeletal 

disorders 4,5. Osteolytic diseases carry a severe health concern. The net outcome of 

such pathological conditions is the loss of healthy and supportive bone due to over 

activation of the osteoclasts. Common examples of such diseases include periodontitis 

and osteoporosis 6,7. 

1.1.1 Periodontitis 

Periodontal disorders are among the major diseases affecting the oral cavity. 

In the USA, 47.2% of people aged 30 years and older demonstrated some forms of 

periodontal diseases. Periodontal diseases are a group of conditions that affect the 

tissues that support and anchor the teeth. More importantly, the risk of having 

periodontal diseases increases with age. About 70% of adults aged 65 years or older 
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showed definite signs of having periodontal diseases 8.  Periodontitis, in particular, is 

one of the most common forms of periodontal disease. It is characterized by the 

inflammation of the tooth-supporting structures 9, which is initiated by oral pathogens 

that exist within the periodontal tissues 10. The disruption of the ecological 

homeostasis between the host defense and bacterial population can promote 

periodontal pathogenesis 11. The essential oral bacteria that are responsible for adult 

periodontal disorders include the following: Porphyromonas gingivalis (PG), 

Tannerella forsythia (formerly known as Bacteroides forsythus), and Treponema 

denticola 12. These bacteria are usually found in periodontal pockets and can work 

together or with other low-grade pathogenic bacteria to mediate pathologic tissue loss 

13. Tissue destruction is commonly associated with periodontal diseases, and the 

disease progression ultimately leads to not only a gradual loss of alveolar bone 

supporting the teeth but also tooth mobility and tooth loss 14. 

1.2 Bone Cells 

Bone, in general, is made of two main components. The cortical bone, which 

comprises the dense outer layer that surrounds the bone marrow, and the trabecular 

bone, which is the inner portion composed of honeycomb-like trabecular plates 

intersected within the bone marrow space 15. Mesenchymal stem cells (MSCs) 

existing in the bone marrow are an essential component of the bone 

microenvironment 16. Although MSCs do not generate hematopoietic progenitors, 

they do produce stromal cells that support hematopoietic progenitors through the 

secretion of cytokines and growth factors 17. Bone marrow stromal cells include 

several cells of mesenchymal origin, such as osteoblasts, adipocytes, endothelial cells, 

and fibroblast 18.  
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Osteoblasts are the primary bone-forming cells. The active mature osteoblast 

cells are characterized by the presence of large nuclei and massive golgi structures.  

The canonical Wnt/β catenin pathway regulates the differentiation of bone marrow-

derived MSCs into the osteoblastic lineage 15. An activating mutation of LDL 

receptor-related protein 5 resulted in a high bone mass phenotype, which emphasizes 

the importance of the Wnt/β catenin pathway not only on the adult skeletal 

remodeling but also on the embryonic skeletal patterning and fetal skeletal 

development 19.  Runt-related transcription factor 2 (Runx2) is a critical 

transcriptional modulator of osteoblast differentiation. It directs the fate of 

mesenchymal stem cells to the osteoblast lineage and regulates the early stages of 

differentiation of osteoblasts 20. Also, Runx2 induces the expression of osteoblast 

marker genes such as collagen 1, osteopontin (OPN), and osteocalcin (OCN) 21. 

However, in mature osteoblasts, Runx2 is not necessarily needed for the maintenance 

of these genes’ expression 20.  

Bone marrow-derived hematopoietic stem cells (HSCc) are the primary source 

for all mature hematopoietic cells. Fully differentiated blood cells can be generally 

traced back into one of two major lineages: myeloid and lymphoid. Cells derived from 

the myeloid lineage include platelets, red blood cells, and cellular immunity-specific 

cells such as macrophages and granulocytes. The lymphoid progenitors, on the other 

hand, give rise to cells that specialize in coordinating cellular and humeral immunity 

18.  

Osteoclasts are large multinucleated cells characterized by their ability to 

resorb bone or dentine matrix. They are primarily derived from hematopoietic stem 

cells located in the bone marrow, and their mononuclear precursors are typically 

found circulating in peripheral blood 4.  These cells are also characterized 
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phenotypically by the presence of a large number of mitochondria. Also, osteoclasts 

show unique polarization behaviors based on functional purposes 22. Typically, 

osteoclasts can be located on both cortical bone and trabecular bone. In cortical bone, 

these cells are typically found in the cutting edge of the forming osteons, while in 

trabecular bone, they are usually located on the trabeculae surface. Based on the bone 

histology, osteoclasts can exert their function alone and in groups 4. Tartrate-resistant 

acid phosphatase (TRAP), calcitonin receptor, and vitronectin receptor αvβ3 are 

markers for mature osteoclasts. The calcitonin receptor is a specific marker for 

osteoclast differentiation 23.  

1.2.1 Osteoclast Differentiation 

For the typical differentiation process, an interaction between the 

mesenchymal stromal cells in the bone marrow and the circulating mononuclear 

precursors is required 24,25.  These stromal cells express certain growth factors and 

cytokines that are considered essential for osteoclast differentiation. Among these 

factors, receptor activator of nuclear factor-kappa-Β ligand (RANKL) and 

macrophage colony-stimulating factor (M-CSF) are the most important regulators of 

osteoclast differentiation 23,26 (Figure 1.1). RANKL promotes the fusion of the 

mononuclear precursors to form the multinucleated osteoclasts and induce the 

expression of the osteoclast-specific gene markers 23. M-CSF is responsible for the 

proliferation and survival of the monocytic lineage cells 27. The osteoclast precursors 

express the receptors for osteoclast differentiation factors. The interaction of receptor-

ligand initiates a series of downstream signaling cascades, leading to osteoclast 

differentiation 23,28.  

Recently, osteocytes but not osteoblasts were found as the major source of 

RANKL in bone remodeling events in vivo. Moreover, RANKL secreted by T cells 
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demonstrated no significant contribution to the physiological regulation of 

osteoclastogenesis 29. RANKL/RANK interaction induces the recruitment of TNF 

receptor-associated factor (TRAF) adaptor proteins, including TRAFs 1,2,3,5, and 6 

to the cytoplasmic domain of RANK 30. TRAF 6 is the most crucial member of 

TRAFs family regulating osteoclast differentiation 31. It transmits the signal initiated 

by RANKL/RANK binding to the downstream targets such as ERK, NF-κB, and JNK 

32. RANKL-induced activation of NF-κB is one of the most critical steps for 

osteoclastogenesis. Such activation stimulates the induction of nuclear factor of 

activated T cells 1 (NFATc1) via the transcription factor c-Fos. NFATc1 is the master 

regulator of osteoclastogenesis 33. 

Osteoprotegerin (OPG) is a decoy receptor that can bind to RANKL and block 

its binding and subsequent activation with its receptor RANK 23. Osteoblasts are the 

primary source of OPG in the bone microenvironment 34. The modulation of the 

OPG/RANKL ratio critically affects osteoclastogenesis 35 (Figure 1.1). Dendritic cell-

specific transmembrane protein (DC-STAMP) and ATPase H+ transporting V0 

subunit D2 (Atp6v0d2) are two other critical factors that regulate mononuclear cell 

fusion during differentiation 36. RANKL/RANK interaction induces the expression of 

these proteins 37.  
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Figure 1.1 Microscopic images and Schematic diagram illustrating osteoclast 
differentiation. 

 

 

 

 

 

Osteoblast has a role in the differentiation of osteoclasts (OCs) via secretion of 
RANKL. The RANK/RANKL/OPG signaling pathway is essential for 
osteoclastogenesis. 
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1.2.2 Actin Cytoskeleton: Role in Adhesion, Migration, and Bone Resorption 

Adhesion of osteoclasts to the glass surface in vitro or on the bone surface in 

vitro or in vivo is dependent on the organization of the actin cytoskeleton. Adhesive 

and migratory osteoclasts demonstrated the presence of podosomes 38. Also,  

podosomes can be seen in other monocytic cell lineages such as the macrophages 39 

and dendritic cells 40. Podosomes comprise a core of F-actin and actin-associated 

proteins surrounded by cell-type-specific integrins (e.g., integrin αvβ3 in osteoclasts) 

and integrin associated proteins 41–45. Integrin and integrin associated proteins bring 

about motility and bone resorption function of osteoclasts. Podosomes are highly 

dynamic and can assemble and disassemble in minutes 46. Although many similarities 

exist between podosomes of osteoclasts and those of other cells, the basic structure 

and function exhibit some differences. Podosomes in mature osteoclasts are organized 

precisely into a well-defined circle as compared with other cell types. There are 

punctate adhesion structures at the periphery with a very dense network of actin fibers 

running perpendicular to the substrate. Actin fibers interconnect the podosomes 42. 

The basic structural design of each podosome, its interaction with neighboring 

podosomes via interlinking actin fibers, and belt-like circular arrangement are natural 

and fundamentally distinctive of mature osteoclasts. 

Sealing ring formation is a requisite for bone resorption by osteoclasts. 

Changes in the organization of the actin cytoskeleton play a vital role in the creation 

of sealing rings. It is generally understood that towards the resorption phase, the 

sealing ring is derived from the fusion of podosomes 3,47. However, various findings 

suggest that the sealing rings formed on bone have a unique three-dimensional 

organization that is not derived from podosomes. Podosomes do not require firm 

adherence with the extracellular matrix (ECM) as they are rapidly constructed and 
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removed. The half-life of the sealing ring is about 2-12 min. 46. Luxenburg et al. have 

suggested that podosomes transform from individual dynamic structures to two- 

dimensional arrays (clusters). From these clusters, highly dynamic sealing rings are 

formed, which eventually stabilize. This transition correlates with enhanced actin 

reorganization and a 10-fold increase in the amounts of actin-associated with the 

plaque-like podosome unit 48.  Even so, if one considers that sealing rings are derived 

from podosomes, there should be remarkable changes in the reorganization of actin 

filaments because of the architectural nature of podosomes and sealing rings. 

However, the mechanisms by which sealing ring formation is initiated are yet to be 

identified.  

1.3 Osteoclastogenesis in Periodontal Diseases 

One of the significant hallmarks of periodontal inflammation is the resorption 

of the alveolar bone surrounding the tooth 11. The interaction of bacterial products 

with the periodontal and immune cells stimulates the differentiation of the osteoclasts 

and thus activates pathologic bone loss 49,50.  Among various bacterial pathogenic 

factors, the endotoxin lipopolysaccharide (LPS) is considered a primary agent capable 

of eliciting a local immune response 51. LPS is an essential constituent of the outer 

membrane of gram-negative bacteria that can induce septic shock 52. Structurally, 

bacterial LPS is made up of the following three components 1) the O-antigen (or O 

polysaccharide) which forms the outermost domain of the LPS molecule; 2) the core 

oligosaccharide which directly attaches to the innermost lipid A; 3) the innermost 

lipid A region which consists of hydrophobic fatty acid chains that anchor the LPS 

into the bacterial membrane 53. When LPS interacts with the gingival tissue, it can 

mediate pathologic tissue breakdown by triggering inflammation 54. Amongst the 

different LPS components, lipid A is the most biologically active and conserved 
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region 53,54. Lipid A interaction with toll-like receptor 4 (TLR4) was shown to trigger 

innate immune responses involving transcription of inflammatory mediators. The 

sublingual microbial burden leads to an accumulation of LPS, which was found to be 

a critical molecular mediator of, not only the periodontitis but also coronary artery 

disease 55. 

Moreover, The LPS released by these Gram-negative bacteria interacts with 

the TLR4 on the innate immune cells, including macrophages and dendritic cells 56,57, 

and thus, promotes the secretion of pro-inflammatory cytokines such as TNF-α, IL-1, 

and IL-6 58,59. These cytokines can stimulate RANKL expression in osteoblasts 60,61. 

Also, the secreted TNF-α can stimulate T and B cells to produce RANKL 62,63. LPS 

can also interact with the osteoblasts through TLR4 and enhance the expression of 

RANKL 64. Moreover, periodontal ligament fibroblasts can further augment the 

secretion of RANKL upon exposure to the bacterial LPS 65,66. This overproduction of 

RANKL in the microenvironment results in increased osteoclastogenesis (Figure 1.2). 

In line with these observations, Tang et al. showed that after inhibiting the 

expression of TLR4 and TLR2 in mouse osteoblast-derived MC3T3-E1 cells, the 

level of RANKL was markedly decreased upon exposure to LPS 67. On the contrary, 

incubating the primary murine osteoblastic cells with a TLR2 agonist results in an 

amplification of RANKL gene expression 68. The signaling pathway that regulates 

LPS-mediated RANKL expression in osteoblasts is entirely dependent on the bacteria 

from where the LPS originated and its binding to the toll-like receptor. For example, 

LPS derived from Porphyromonas endodontalis induces RANKL expression in 

osteoblasts through the c-Jun N-terminal kinase (JNK) pathway 67. Similarly, 

P.gingivalis-infection resulted in the upregulation of RANKL expression via 

activation of JNK and activator protein 1 (AP-1) transcription factor in osteoblasts 69. 
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In contrast, E.coli LPS seems to induce the expression of RANKL via different 

pathways, which involves the activation of extracellular-signal-regulated kinase 

(ERK) or phosphoinositide 3-kinase (PI3K) signaling molecules 67. Activation of NF-

κB is not required for RANKL secretion 67, which is consistent with the observation 

that the promoter of the mouse RANKL gene has no NF-kB binding motifs 70. The 

above studies have shown that inflammatory mediators can trigger osteoclastogenesis 

However, the molecular coordination between RANK/RANKL and 

LPS/TLR4 signaling that results in osteoclast differentiation is not entirely 

understood. 
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Figure 1.2 Schematic diagram illustrating the roles of RANKL, LPS and TNF-α  
in osteoclastogenesis during periodontal diseases. 
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1.4 Toll-Like Receptors – 2 and – 4 

Toll-like receptors (TLRs) are a well-known family of proteins that trigger an 

immune reaction in response to microbial invasion 71. TLRs are expressed in many 

cells, such as macrophages, dendritic cells, and neutrophils. They possess a unique 

potential to distinguish and identify highly conserved structures expressed by different 

pathogens. These structures are called pathogen-associated molecular patterns 

(PAMPs) and can be seen in the form of lipopolysaccharide, peptidoglycan, 

lipoprotein, bacterial DNA, or double-stranded RNA 11. Till now, ten human TLRs 

have been identified, namely TLR1 through TLR10 59,72.  

TLR2 and TLR4 are both cell surface receptors 71. TLR2 can detect various 

molecular components of the bacterial cell wall, such as lipoproteins and 

peptidoglycan, whereas TLR4 mainly interacts with the bacterial LPS 59. 

Nevertheless, the interaction between TLR2 and LPS remains controversial. Many 

studies argued the ability of TLR2 to bind bacterial LPS and mediate LPS-induced 

signaling 73–75. The activation of TLR2 seen after LPS exposure was attributed to the 

insufficient purity of the isolated LPS. LPS purification from bacteria is primarily 

conducted via the phenol-water extraction technique. These extracts are contaminated 

with other bacterial components such as lipoprotein 73, which might be the underlying 

reason for TLR2 activation. Re-purified LPS failed to stimulate TLR2 activity, and 

this observation suggests that the re-purification might have eliminated the bioactive 

contaminants co-purified with LPS 74. Recently Nativel et al. have determined the 

effects of different grades and purity of Porphyromonas gingivalis LPS (PG-LPS) and 

the role of TLR2 and TLR4 in the pro-inflammatory activity. Their results suggested 

that PG-LPS mediates its effect exclusively through TLR4, although it is recognized 

differently by TLR4 in human and mouse cells 75.  Collectively, the above 
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observations favor the hypothesis that LPS acts exclusively via TLR4. 

1.5 Role of LPS in inflammation and bone resorption in periodontitis in vivo 

During inflammatory events, the interaction of LPS/TLR4 can upregulate local 

RANKL expression and therefore launch the osteoclastogenesis process (Figure 1.2). 

Also, LPS can upregulate pro-inflammatory cytokines in the microenvironment 49,50. 

Leira et al., demonstrated a significant role of Porphyromonas gingivalis LPS in 

promoting periodontal inflammation. Rats were injected with PG-LPS in the oral 

cavity region to induce periodontitis. After 21 days, significant inflammation and 

alveolar bone resorption were observed. Moreover, the serum levels of IL-6, IL-10, 

pentraxin 3, and the soluble fragment of tumor necrosis factor-like weak inducer of 

apoptosis (sTWEAK) were increased post-induction till the end of the experiment. 

This indicates LPS-induced periodontitis may pose not only a local response but also 

a systemic inflammatory response76. Furthermore, oral injections of LPS in C57BL/6 

mice significantly increase alveolar bone resorption, osteoclasts number, and the 

expression of inflammatory biomarkers commonly associated with periodontitis such 

as M-CSF, RANKL, and IL-6 77. These observations suggest the potency of LPS to 

drive inflammatory events in animal models. 

1.6 Role of TNF-α in osteoclastogenesis 

A key concept in this area states that during osteolytic inflammatory disease, 

pro-inflammatory cytokines, such as TNF-α, can act as possible osteoclast-

differentiating factors 78–81. Lam et al. showed that TNF-α induced-osteoclast 

formation was entirely dependent on the presence of permissive levels of RANKL. 

They also showed a complete abrogation of osteoclastogenesis upon the addition of 

OPG, the decoy receptor of RANKL, indicating the inability of TNF-α alone to 

regulate osteoclastogenesis. However, when macrophages were primed with RANKL 
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and then treated with TNF-α, robust osteoclast generation was observed 82 (Figure 

1.2).  

Moreover, osteoclast progenitors from tumor necrosis factor receptor (TNFR)- 

knockout mice fail to generate osteoclasts after stimulation with TNF-α but not 

RANKL, emphasizing a unique regulatory role of the TNF-α/TNFR axis in 

osteoclastogenesis. Consistently, neutralizing antibody against TNFR has markedly 

reduced the osteoclastogenic process 79. Also, TNF-α was found able to 

synergistically regulate RANKL-induced osteoclastogenesis by activating NF-κB and 

PI3K/Akt signaling, and inhibition of these pathways completely blocked the 

synergistic effect mediated by TNF-α 83. Collectively, these observations suggest a 

synergistic role of RANKL and TNF-α, in which RANKL is only needed to commit 

the cells into the osteoclastic lineage 81. Subsequently, TNF-α takes the lead and 

directly induces osteoclastogenesis through TNFR signaling. 

The RANKL-induced osteoclast formation is initially mediated through the 

recruitment of adaptor proteins such as TNF receptor-associated factor (TRAF) 84. 

Among different TRAF family members, only TRAF6 can transmit the RANKL 

signal 85,86 and induce osteoclastogenesis through activation of the NF-κB and 

mitogen-activated protein kinase (MAPK) pathways 87,88. However, TNF-α mediated 

osteoclastogenesis is not entirely regulated by TRAF6. The use of TRAF6 -/- osteoclast 

precursors reduced RANKL but not TNF- mediated osteoclast differentiation. 

TRAF3, on the other hand, inhibits the formation of TNF-induced osteoclasts. The 

generation of TNF-induced osteoclasts was significantly enhanced in myeloid lineage 

cells with a conditional deletion of TRAF3, suggesting that TRAF3 is a significant 

regulator of TNF-α-induced osteoclastogenesis 89. 
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1.7 The Growing Significance of Targeting Inflammatory-Mediated 

Osteoclastogenesis in Periodontal Diseases 

In the dental field, the primary goal of providing oral health care is to avoid 

tooth loss. Commonly, tooth loss can occur due to either periodontal diseases or 

extensive dental caries. The main reason driving the tooth loss in periodontal 

inflammations is the pathologic resorption of the alveolar bone surrounding the tooth, 

resulting in tooth mobility. Therefore, the tooth becomes indicated for extraction due 

to its non-functionality 90. Treatment of periodontal diseases varies from conventional 

non-surgical therapies, including scaling and root planning, to surgical therapies such 

as bone augmentation. The drawback of the conventional method is that it only arrests 

the further progression of the disease without restoring the lost tissues. The 

ineffectiveness of such a method in eliminating all the bacteria from the root surface 

could potentiate the area for future re-inflammation 91. Furthermore, the regenerative 

procedure is costly and conducted basically via the invasive surgical approach. 

Therefore, the need for a cost-effective preventive therapy that can suppress 

inflammatory-induced osteoclastogenesis and consequent tissue loss during the early 

stages of the disease is highly needed. 

Osteonecrosis, in general, is a condition characterized by bone necrosis due to 

reduced blood flow to the bone.  Bisphosphonates (BPs) are pharmacological agents 

that are commonly used against osteoporosis and its osteoclast-mediated bone 

resorption 92. However, in the oral region, the use of BPs is strongly linked to the 

development of osteonecrosis of the jaws (ONJ) 93. BPs can not only interfere with 

osteoclast function but also with osteoblast recruitment 94, thus predispose the alveolar 

bone to necrosis upon trauma 95.  
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Another common anti-resorptive agent is denosumab. This clinically-effective 

agent acts against RANKL and inhibits its binding with RANK, thereby suppressing 

the osteoclast differentiation process 96. Although denosumab exhibited the potential 

ability to reduce bone loss associated with periodontal diseases in a mouse model 97, 

several reports indicated a similar effect to BPs, in terms of developing ONJ, when 

treating with denosumab 98–100.   

ONJ is also named medication-related osteonecrosis of the jaw (MRONJ). 

According to the American Association of Oral and Maxillofacial Surgeons 

(AAOMS), MRONJ is characterized clinically by three findings; 1) “Current or 

previous treatment with anti-resorptive or anti-angiogenic agents; 2) Exposed bone 

or bone that can be probed through an intraoral or extraoral fistula(e) in the 

maxillofacial region that has persisted for more than eight weeks; and 3) No history 

of radiation therapy to the jaws or obvious metastatic disease to the jaws.” Several 

factors contribute to the pathophysiology and localization of ONJ, including 

angiogenesis inhibition, altered bone remodeling or over suppression of bone 

resorption, suppression of innate or acquired immunity, and constant microtrauma 101. 

Therefore, the need for safe drugs that can target inflammatory-mediated 

osteoclastogenesis or osteoclast function without undermining other physiological 

processes is highly needed. 

1.8 C-Phycocyanin 

C-phycocyanin (C-PC) is a naturally-existing phycobiliprotein that is isolated 

from the blue-green algae. Many countries utilized C-PC as a nutritional supplement 

in their diet 102,103.  Interestingly, this compound reported several pharmacological 

effects, including reactive oxygen species (ROS)-scavenging actions 104, 

hepatoprotective effects 103, and anti-arthritic effects 105. Carbone tetrachloride and R-
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(+)-pulegone are potent hepatotoxins that bioactivated by the liver microsomal 

cytochrome P450 system. C-PC pretreatment in rats significantly reduced the 

hepatotoxic effect mediated by these compounds 103. Also, C-PC inhibited zymosan-

induced arthritis in mice by decreasing the levels of zymosan-mediated β-

glucuronidase as well as inhibiting the associated inflammatory reaction 105. 

Furthermore, C-PC has proven to be of anti-inflammatory properties, as shown in 

several experimental models, in vitro and in vivo 105–108. However, the C-PC effect on 

osteoclast differentiation and resorption activity is not well understood and needs 

elucidation.  

1.9  Thesis Objectives 

One of the significant hallmarks of periodontal diseases is resorption of the 

alveolar bone, which is induced by pathogenic bacteria and other virulence factors, 

such as LPS. Therefore, the goal of this thesis work is first to identify and characterize 

the regulatory signaling mechanisms associated with osteoclastogenesis in periodontal 

diseases, with major focus on the role of LPS. Secondly, evaluate the potential 

inhibitory effect of C-PC on osteoclast differentiation and function. Finally, identify 

the molecular mechanism as well as the possible therapeutic targets of C-PC that may 

lead to the suppression of pathologic alveolar bone resorption and thus reduce the 

incidence of tooth loss. 

1.10   Overall Hypothesis and Specific Aims 

My overall hypothesis is that “RANKL and LPS-induced TNF-α  

synergistically regulate osteoclastogenesis, and C-PC has the potential to inhibit both 

RANKL- and LPS- mediated osteoclast differentiation in vitro.” We will address this 

hypothesis in the following specific aims: 
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1.10.1  Specific Aim 1. Determine the Major Mechanisms of 

Inflammatory-Mediated Osteoclast Differentiation in Vitro. 

Specific Aim 1 will be addressed in Chapter 2 of this thesis under the title 

“Regulation of Osteoclastogenesis by TNF- α Independent of RANKL.” 

 The hypothesis in this specific aim is that RANKL independently induces 

osteoclast differentiation through RANKL/RANK signaling and LPS signals through 

Toll-like receptor 4 in RANKL-primed cells to mediate osteoclast differentiation via 

TNFα/TNFR signaling. 

Approach: Murine macrophages cell line RAW 264.7 cells (RAW cells) will 

be used to generate resorption-competent osteoclasts. Cells will be treated with 

RANKL, LPS, and both. Our positive control will be RANKL-induced osteoclasts. 

Osteoclast differentiation will be primarily analyzed by TRAP staining method. The 

expression patterns of surface receptors involved with osteoclastogenesis will be 

evaluated using immunoblotting and immunostaining analysis. The role of RANKL in 

LPS-osteoclastogenesis will be determined via suppressing the RANKL function with 

OPG. In addition, we will use TAK-242 as an inhibitor in LPS-osteoclastogenesis 

studies. ELISA will be performed to measure the secreted levels of TNF-α. Overall, 

our goal is to elucidate the role of LPS in promoting osteoclastogenesis and determine 

the mechanism involved. 

1.10.2  Specific Aim 2. Elucidate the Inhibitory Effect of C-Phycocyanin 

on Osteoclast Differentiation, function, and survival in vitro. 

Specific Aim 2 will be addressed in Chapter 3 of this thesis under the title: “ 

C-Phycocyanin Attenuates Osteoclastogenesis and Bone Resorption in Vitro Through 

Inhibiting ROS Levels, NFATc1 and NF-κB Activation ”. 
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The hypothesis in this specific aim is that C-PC attenuates osteoclast 

differentiation and bone resorption in vitro through inhibiting ROS levels, NFATc1, 

and NF-κB activation. 

Approach: First, the cytotoxic nature of C-PC will be evaluated via MTT 

analysis. After that, dose-dependent and stage-dependent inhibition of RANKL and 

LPS osteoclastogenesis by C-PC will be explored. In our studies, the TRAP staining 

method is the principal analytical tool for osteoclast differentiation. Furthermore, the 

involvement of any C-PC- mediated activation of apoptotic pathways in osteoclasts 

precursors will be determined by immunoblotting analysis. Actin staining will be 

performed to evaluate the effect of C-PC on the podosomal polarization in mature 

osteoclasts and mononuclear precursors. The impact of C-PC on the resorptive ability 

of mature osteoclast will be tested by bone resorption assay. Moreover, the effect of 

C-PC on modulating ROS levels during osteoclastogenesis will be visualized and 

quantified. Effect of C-PC on the expression of the osteoclastogenesis-related 

downstream signaling targets will be evaluated by immunoblotting and RT-PCR 

analysis. Furthermore, we will use immunoblotting analysis and TRAP staining 

method to determine the effect of C-PC on mature osteoclasts. Alizarin red staining 

(ARS) and alkaline phosphatase (ALP) activity assays will be carried out on the 

osteoblastic cell line UMR 106 to exclude the ability of C-PC to either 1) interfere 

with the normal bone remodeling process, or 2) be toxic to other cell types. 

Collectively, our goal is to determine and elucidate the potential inhibitory effect of 

C-PC on osteoclast differentiation. 

Finally, in Chapter 4, we will discuss and summarize our current findings and 

provide future directions for this research. 
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Chapter 2: Regulation of Osteoclastogenesis by TNF- α Independent of 
RANKL  

2.1 Abstract 

Inflammatory osteolytic lesions, such as periodontitis and rheumatoid arthritis, 

are characterized by excessive bone resorption. The underlying molecular mechanism 

is related to the secretion of several pro-inflammatory mediators that consequently 

lead to increased osteoclast differentiation. Osteoclasts usually differentiate by 

activation of the RANKL/RANK pathway. Lipopolysaccharide (LPS) is a vital 

component of the outer membrane of the gram-negative bacteria, which has been 

shown to modulate osteoclastogenesis during inflammatory disorders. However, the 

mechanism by which LPS regulates osteoclast differentiation needs further 

elucidation.  

In this study, we illustrated the role of LPS in osteoclastogenesis in vitro. 

Mononuclear precursors failed to differentiate into osteoclasts following LPS 

stimulation. Nevertheless, LPS addition to the RANKL-primed cells strongly 

enhanced osteoclastogenesis. The RANK expression is downregulated upon LPS 

treatment, while upregulated by RANKL stimulation. We also found that RANKL/ 

RANK/OPG axis is not associated with LPS-induced osteoclastogenesis. Inhibition of 

TLR4, the primary receptor for LPS, markedly attenuated osteoclastogenic potential 

of LPS but not RANKL. Our studies indicate that LPS promoted the secretion of 

TNF-α in osteoclast precursors via TLR4 signaling. TNF-α has the potential to 

regulate osteoclastogenesis via TNFR-2 as an antibody to TNF-α attenuated this 

process. We suggest that the secreted TNF-α functions as an autocrine/paracrine 

factor in the induction of osteoclastogenesis independent of RANKL.  
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2.2 Introduction 

Inflammatory osteolytic lesions, such as periodontitis and rheumatoid arthritis, 

impose severe health concerns. The primary outcome of osteolytic diseases is the loss 

of bone support 6,7. The infiltration of inflammatory mediators into the inflamed 

region helps in the increased differentiation and activity of osteoclasts, thus increased 

bone resorption 58,78,109.  

 Osteoclasts are multinucleated giant cells with bone-resorption capabilities. 

These cells originate from mononuclear hematopoietic cells of the monocyte lineage 

4. Osteoclasts are highly motile cells that exhibit a unique functional cycle of 

migration, adhesion, and resorption 110. RANKL and M-CSF are the primary 

regulators of osteoclast differentiation 23,111. RANKL is highly expressed in 

osteoblasts 26. Moreover, B cells, T cells, and fibroblasts of periodontal ligaments can 

secret RANKL in response to inflammation 62,63,65. OPG, a decoy receptor for 

RANKL, is secreted by osteoblasts, among other cells. It binds with RANKL with 

high affinity; thereby, preventing the interaction of RANKL with its receptor RANK. 

As a consequence, osteoclast differentiation and activation are blocked 23. 

Bacterial LPS is one of the most virulent factors that can trigger a local 

immune reaction 51. It is a key component of the outer membrane of the gram-

negative bacteria 52. LPS is composed of three basic parts: 1) the outermost O- antigen 

2) the core oligosaccharides 3) the bioactive region Lipid A 53. Interaction of LPS 

with mammalian cells stimulates the secretion of inflammatory cytokines, which 

subsequently lead to tissue destruction 54. The major cellular receptor that detects and 

interacts with LPS is Toll-Like Receptor 4 (TLR4) 59. 

TLRs are a class of receptors that regulate an innate immune response 71. They 

are characterized by their unique ability to detect various pathological molecular 
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patterns, including lipoprotein, bacterial DNA, LPS, and double-stranded RNA. These 

receptors are commonly expressed in many cells, including macrophages, dendritic 

cells, and neutrophils 11. Ten human TLRs have been identified that are simply named 

in a numerical sequence 72. TLR4, among other TLRs, is the primary receptor that 

binds to LPS 59. A profound secretion of proinflammatory mediators such as IL-6, 

TNF-α, and IL-1 occurs following LPS-TLR4 interaction 56,58 . 

Tumor necrosis factor – α (TNF-α) is the major player in many inflammatory 

diseases. It mediates innate immunity and inflammatory response 112. It is secreted by 

macrophages/monocytes in response to inflammation, and it is implicated in many 

cellular events that lead to necrosis or apoptosis 113. TNF-α induces its action upon 

binding to its surface receptors, Tumor Necrosis Factor Receptor -1 (TNFR-1) or 

(TNFR-2) 113. TNF-α and RANKL are the members of TNF superfamily that share 

the same receptor family 114. Also, the signaling pathway involved with both proteins 

activates similar downstream targets such as MAPK and NF-κB 115,116. Accumulating 

evidence suggests that TNF-α also has a direct role in osteoclastogenesis 78–82. 

Moreover, many reports utilized LPS treatment to launch osteoclast differentiation 

process 117–119. However, the whole picture of the role of the LPS/TLR4/TNF-α axis 

in osteoclastogenesis is not well understood and needs elucidation. 

In this paper, we report the potential role of LPS on the formation of 

osteoclasts from RAW 264.7 (henceforth denoted as RAW cells) murine macrophage 

cell line. LPS triggered osteoclast differentiation in RANKL-primed RAW cells by 

activating TLR4. However, LPS treatment failed to induce osteoclastogenesis in a 

manner completely independent from RANKL. Also, the RANKL/RANK/OPG axis 

was not activated during LPS-mediated osteoclastogenesis. The LPS-induced TNF-α 

secretion in RANKL-primed cells regulates the osteoclast differentiation process, 



 23 

possibly via activating TNFR-2 but not TNFR-1. These data suggest a new 

inflammatory-mediated mechanism of osteoclastogenesis that could be targeted to 

prevent excessive bone loss.  

2.3 Material and Methods 

Preparation of osteoclast precursors from RAW 264.7 macrophage-like cell line 

Murine osteoclasts were generated from RAW 264.7 cells, as described 

previously 120. Briefly, RAW 264.7 cells were plated at a low density in the presence 

of Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum. 

After 24 h, the media was changed to α-MEM containing macrophage colony-

stimulating factor (M-CSF; 10 ng/ml) and GST-RANKL (60 ng/ml). Afterward, the 

medium was changed in a 24 h time interval. The medium was replaced with either 

fresh RANKL (henceforth denoted as RANKL-induced osteoclasts) or with 5 µg/ml 

PG-LPS  (henceforth indicated as LPS-induced osteoclasts). Recombinant GST-

RANKL was purified as described previously 121. Mature multinucleated osteoclasts 

were seen from day three onwards. 

Induction of osteoclast differentiation with RANKL or LPS and inhibition with 

osteoprotegerin (OPG) in the presence of RANKL or LPS 

To define the effect of OPG on RANKL – and LPS – induced 

osteoclastogenesis, RAW cells were treated with OPG at different stages. For 

RANKL-induced cultures, the treatment conditions are denoted as ‘control, Late, and 

Early/Late’ (illustrated in Figure 2.4A). The treatment strategy is as follows: 

 In the control treatment, RAW cells were treated with RANKL (60 ng/ml of 

media) for 72h. RANKL was added three times to RAW cell culture at 24h interval 

(0h, 24h, and 48h). Incubation was continued for 72h, and osteoclasts were seen at 

~72h after treatment with RANKL.  
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In the ‘early’ treatment, RANKL and OPG were added to RAW cell culture at 

0h, and incubation was continued for 24h. After 24h, cells were washed with cold 

PBS, fresh medium with RANKL was added at 24h and 48h intervals with no OPG. 

Incubation was continued for 72h. OPG was added at a 2:1 ratio with RANKL (OPG 

120 ng/ml; RANKL 60 ng/ml of media).  

In the ‘Early/Late treatment’ strategy, the addition of both RANKL (60 ng/ml 

of media) and OPG (120 ng/ml of media) was done at 0h, 24h, and 48h. Cells were 

exposed to RANKL and OPG for 72h. 

In cultures treated with LPS, we used two conditions (also illustrated in Figure 

2.5A): For LPS control condition, RANKL (60 ng/ml of media) was added to RAW 

cells for the first 24 h. After 24h, cells were washed with cold PBS, and medium 

containing LPS (5µg/ml of media) alone was added to the cultures. For the group 

treated with LPS and OPG, RAW cells were first treated with RANKL (60 ng/ml of 

media) for 24h. After 24h, cells were washed with cold PBS, and medium containing 

LPS (5µg/ml of media)  + OPG (120 ng/ml medium) was added at 24h and 48h 

intervals. The incubation was continued for 72h as described 122. OPG was added at 

the same concentration we used for RANKL cultures; (120 ng/ml of media).  

Inhibition of TRL4 with the inhibitor TAK-242 

To analyze TLR4 signaling in our studies, RAW cells were treated with TAK-

242 (selective TLR4 inhibitor). The following groups were established (Table 2.1):  

RANKL 

RANKL+ TAK-242 

LPS 

LPS+TAK-242 
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For treatment with TAK-242 in the presence of RANKL, RAW cells were 

treated with RANKL (60 ng/ml of media) at 0h, and the incubation was continued for 

24h. After 24h, cells were washed three times with cold PBS, and the medium was 

replaced with a fresh medium containing RANKL and TAK-242 (5 µM/ml) for 

another 24h. This step was repeated again at 48h time point, and the incubation was 

continued for 72h. Cells treated with RANKL alone for 72h were used as a control in 

this experiment (Table 2.1). 

LPS control group was described in the table below. For treatment with TAK-

242 in the presence of LPS, RAW cells were treated with RANKL (60 ng/ml of 

media) at 0h, and the incubation was continued for 24h. After 24h, cells were washed 

three times with cold PBS, and the medium was replaced with a fresh medium 

containing LPS (5µg/ml) and TAK-242 (5 µM/ml) for another 24h. This step was 

repeated again at 48h time point, and the incubation was continued for 72h (Table 

2.1). After 72h incubation, cells were fixed and subjected to TRAP staining as 

described previously 100.     

         Treatment 
Group 

 
Treatment at 0h 

 
Treatment at 24h 

 
Treatment at 48h 

RANKL RANKL (60 ng/ml) RANKL (60 ng/ml) RANKL (60 ng/ml) 

RANKL + 
TAK-242 

RANKL (60 ng/ml) RANKL (60 ng/ml) + 
TAK-242 (5 µM/ml) 

RANKL (60 ng/ml) 
+ TAK-242 (5 
µM/ml) 

LPS RANKL (60 ng/ml) LPS (5µg/ml) LPS (5µg/ml) 

LPS + TAK-
242 

RANKL (60 ng/ml) LPS (5µg/ml) + TAK-
242 (5 µM/ml) 

LPS (5µg/ml) + 
TAK-242 (5 µM/ml) 

 

Table 2.1 The treatment strategies of RAW cells in regards to TLR4 inhibition 
experiments. 
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Tartrate-Resistant Acid Phosphatase (TRAP)-staining 

After incubation for 72h, as described above, undifferentiated macrophages 

were gently removed with cell stripper solution, and multinucleated cells were stained 

for TRAP, as described previously 122. Briefly, cells were fixed with 4% 

paraformaldehyde, and then washed three times with Phosphate-Buffered Saline 

(PBS). TRAP staining was done with Leukocyte Acid Phosphatase Kit (Sigma; 387-

A) according to the protocol provided by the manufacturer. Stained cells were 

photographed with phase-contrast microscopy, and images were processed in Adobe 

Photoshop (Adobe Systems Inc.) 

Preparation of membrane lysates 

RAW 264.7 cells were seeded at a density of 5 x 104 cells/well in a 6-well 

plate. Cells were treated with RANKL and M-CSF for the first 24 h. Cells treated as 

above were used for the preparation of membrane fraction. Before lysate preparation, 

α-MEM media was replaced with a fresh one for 30 minutes.  The membrane-specific 

proteins were extracted using Mem-PER™ Plus Membrane Protein Extraction Kit 

(Thermo Fisher Scientific, Cat. #89842). The procedure was performed according to 

the instructions provided by the manufacturer. The protein concentration was 

determined using Bradford assay. 

Immunoblotting analysis 

The immunoblotting analysis was conducted as described previously 21,122. 

Briefly, an equal amount of lysate proteins were used for analysis by SDS-PAGE 

(10% gel) and transferred to a polyvinylidene fluoride (PVDF) microporous 

membrane. Membranes were blocked for 1 hour in 5% non-fat dry milk in PBS with 

tween-20 (PBS-T) and incubated with the primary antibody of interest in PBS-T at the 

recommended dilution by the manufactures at 4 ºC for overnight (ON). Membranes 
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were washed three times with PBS-T and then incubated with species-specific HRP-

conjugated secondary antibody in PBS-T at the recommended dilution by the 

manufactures at RT for 1h. Immunoblotting with a GAPDH antibody (1:5000 dilution 

in TBS-T) was used as a loading control. After three washes for 5-10 min each, 

protein bands were visualized by chemiluminescence, using an ECL kit 123,124. The 

bands were quantified by densitometry and normalized to the loading control, 

GAPDH. The impact of various treatments was expressed as fold-increase or decrease 

relative to the control lane.  

TNF-α measurement by ELISA 

RAW 264.7 cells were grown at 6-well plate. After 24 h, cells were stimulated 

with RANKL and M-CSF for another 24 h. Cells were treated then with RANKL, 

LPS (5 µg/ml), or LPS (5 µg/ml) + TAK-242 (5 µM/ml) for 48 h. The RANKL- 

treated cells were differentiated into osteoclasts and were considered positive control. 

The basal level of TNF-α was determined by measuring the level of the untreated 

RAW 264.7 cells (-).  After 48 h, supernatants were collected, and TNF-α levels were 

quantified with the mouse TNF-alpha quantikine ELISA kit (MTA00B; R&D 

Systems; Minneapolis, MN) as per the instructions provided by the manufacturer 125.     

Immunostaining 

RANKL - and LPS - induced osteoclasts cultured on glass coverslips were 

immunostained with antibodies to RANK (SC-374360; Santa Cruz Biotechnology; 

Santa Cruz, CA) as described 126. In brief, cells were fixed with 4% paraformaldehyde 

without permeabilization. The cells were washed three times with PBS and incubated 

with RANK antibody (1:200 dilution) at 4 ºC for overnight (ON). After that, cells 

were washed and counterstained with Cy2-conjugated goat anti–mouse IgG for 2 h 

(1:300 dilution). The cells were washed and mounted on a slide in a mounting 



 28 

solution (Vector Laboratories, Inc.). The cells were viewed in a Cytation 5 cell 

imaging system using the appropriate channel. Images were processed by the Adobe 

Photoshop software program (Adobe Systems, Inc., Mountain View, CA) 126. 

Statistical analysis 

Quantitative data are all expressed as mean ± SD, and statistical significance 

was determined using one - way ANOVA or Student T-test when applicable (Graph 

Pad Inc, San Diego, CA). The level of significance was set at P < 0.05. 

2.4 Results 

LPS induces osteoclast differentiation in RANKL-primed RAW cells  

Osteoclasts are multinucleated giant cells that are derived from the monocyte 

lineage 127. RANKL is an essential mediator of osteoclast differentiation 111. Here, we 

first evaluated the role of LPS on the induction of osteoclastogenesis independent of 

RANKL. In all of our studies, we used TRAP (Tartrate-Resistant Acid Phosphatase) 

enzyme staining method to detect terminally-differentiated osteoclasts. Since TRAP is 

also expressed in mononuclear macrophages 128, undifferentiated RAW cells were 

also stained positive for TRAP. Accordingly, RAW cells treated with different doses 

of Porphyromonas gingivalis LPS (PG-LPS)  (2, 5, and 10 µg/ml in medium) for 72 

hours were subjected to TRAP staining. RAW cells treated with RANKL alone were 

considered the control group (Figure 2.1 A-C).  

Various in vitro studies used different doses of PG-LPS, ranging from 2 µg/ml 

to 10 µg/ml in their analysis  50,75,129. Our results demonstrated that LPS alone failed to 

form osteoclasts even at higher doses (Figure 2.1C). For efficient osteoclastogenesis, 

RAW cells need to be exposed to RANKL at a 24h interval for 72h. Therefore, we 

used different conditions in which RANKL was added to RAW cells for 24h (aka as 

‘primed with RANKL’) before LPS  (5 µg/ml) treatment for 48 hours (Figure 2.1D; 
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schematic diagram). In comparison with adding LPS alone, this condition showed a 

dramatic increase in the number of osteoclasts that is comparable to the RANKL 

control group (Figure 2.1 E and F).  Therefore, for all the results shown below with 

LPS, we followed the same strategy of PG-LPS treatment at a concentration of 5 

µg/ml medium. 
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Figure 2.1 LPS induces osteoclast differentiation in RANKL-primed cells. 

 

 

 
 

(A) The diagrammatic sketch demonstrates the treatment strategy of RAW cells 
with RANKL and LPS. (B) And (C) representative images of TRAP stained 
osteoclasts (B) and RAW cells (C) in response to the treatment strategy shown in 
panel A. Images of different doses of LPS are shown in (C). (D) The 
diagrammatic sketch illustrates the treatment strategy related to RANKL and 
RANKL-primed LPS-treated groups. (E) and (F) Representative images of 
TRAP stained osteoclasts in response to the treatment strategy shown in panel D. 
Magnification is X100 in panels B, C, E, and F.  
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In the next set of experiments, we showed that primed RAW cells incubated 

with the serum-containing medium for another 48h, could not differentiate into 

mature osteoclasts (Figure 2.2C). Fully differentiated mature osteoclasts have been 

observed in cultures treated with RANKL at 24h interval for 72h (Figure 2.2 B ), and 

in RANKL primed cells treated with LPS for another 48h (Panel C). Mature 

TRAP+ve osteoclasts were counted in ~4 to 5 fields/treatment from three different 

experiments and provided as a graph (n = 3) (Figure 2.2E). The number of osteoclasts 

was significantly lower in cells just primed with RANKL and incubated in the 

medium only for the next 48h (Panels C and E). These results indicate the ability of 

LPS to promote osteoclast differentiation in RANKL-primed cells in the absence of 

RANKL. Please note, the RANKL-primed LPS-treated condition is henceforward 

denoted as ‘LPS-induced osteoclastogenesis.’ 
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Figure 2.2 Analysis of the potential osteoclastogenic effect of the LPS. 

 

 

 

 

 

 

 

 

 

 
 

(A) The diagrammatic sketch explains the treatment strategy followed to evaluate 
the osteoclastogenic ability of LPS. (B), (C), and (D) representative images of 
TRAP stained osteoclasts in response to the treatment strategy shown in panel A. 
(E) The number of TRAP +ve multinucleated osteoclasts were counted in all 
treatment groups (n=3). Statistical analysis was performed to compare the number 
in the treatment groups to the control group (RANKL). One-way ANOVA was 
applied, and values were expressed as mean ± SD. **P < 0.01. Magnification is 
X100 in panels B-D.  
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RANK is downregulated in LPS-induced osteoclastogenesis. 

RANK is a cell surface receptor for RANKL, and osteoclast differentiates 

primarily via RANKL/RANK signaling 60. Next, we sought to determine the surface 

or membrane levels of RANK by immunoblotting and immunostaining analyses using 

an antibody to RANK (Figure 2.3). Membrane lysates were made to determine the 

surface or membrane levels of RANK. The immunoblotting study demonstrated that 

the RANK level was significantly more in RANKL-induced osteoclasts (7.6- fold 

increase - Figure 2.3A, Lane 2) than LPS induced osteoclasts (2.7-fold increase - 

Figure 2.3A, Lane 3). An increase in RANK levels in LPS induced osteoclasts was 

above the basal level observed in RAW cells (Figure 2.3 A; lane 1). We showed 

significantly fewer numbers of osteoclasts in RANKL primed RAW cells (Figure 2.2 

C).  An increase in the number of osteoclasts in LPS-treated cells (Figure 2.2, D, and 

E) suggests the influence of LPS on RANK expression indirectly (Figure 2.3A, lane 

3). The surface level of RANK was found in the following order: RANKL  >LPS.  

Immunostaining analyses with a RANK antibody corroborated the 

observations shown in the immunoblotting study (Figure 2.3, Panels B and C). The 

staining of RANK in RAW cells is shown in figure 2.3C (red arrows). The membrane 

distribution of RANK is more in RANKL-induced osteoclasts (Figure 2.3B, white 

arrow) than LPS-induced osteoclasts (Figure 2.3C, white arrow). The intensity of 

RANK is less in the membranes of osteoclasts induced by LPS as compared with 

RANKL-induced osteoclasts (Figure 2.3C, white arrow), suggesting the indirect effect 

of LPS on the regulation of RANK expression independent of RANKL. The role of 

LPS in the expression of RANK at the mRNA level needs further elucidation. The 

major limitation of this study is that the regulation of RANK expression by LPS has 

not been studied, which is one of the focuses of our future studies.  
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Figure 2.3 Analysis of the RANK expression in LPS- and RANKL-mediated 
osteoclastogenesis.  

 

 

 

 

 

 

 
 

(A) An equal amount of membrane lysate proteins were used for immunoblotting 
analyses with antibodies to RANK (~90 kDa) and GAPDH (loading control; ~37 
kDa). Protein levels were quantified by densitometry, corrected for the sample load 
based on GAPDH expression, and expressed as fold-increase relative to the control 
lane (-). (B) And (C) Immunostaining with an antibody to RANK was performed on 
nonpermeabilized RANKL (B) and LPS (C) stimulated osteoclasts. White arrows 
indicate mature osteoclast. Red arrows point to mononuclear cells. The results 
represent one of three experiments performed.  
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RANKL/RANK/OPG axis is not involved in LPS-induced osteoclastogenesis. 

OPG is an essential negative modulator of osteoclastogenesis. It binds to 

RANKL and, thereby, prevents its interaction with RANK 130. To further confirm the 

passive role of RANKL/RANK signaling in LPS-induced osteoclasts, we added OPG 

to the culture conditions containing RANKL and LPS. A schematic diagram in Figure 

2.4A shows the treatment strategy of RAW cells with RANKL and OPG (120 ng/ml). 

Here, we used two different conditions for OPG treatment in the presence of RANKL, 

which are called ‘Late and Early+ late’ (Figure 2.4A). In these strategies, OPG was 

added for 48h after 24h treatment with RANKL (‘late’) or at the time of addition of 

RANKL at 0h (‘early + late’). The incubation was continued for 72h, under both 

conditions, as described in the Material and Methods section. OPG was added at a 2:1 

ratio with RANKL 131. After 72 hours of incubation, cells were stained with TRAP for 

analysis. As expected, OPG attenuated the RANKL-induced osteoclastogenesis 

(Figure 2.4B) and thus reduced the number of the TRAP +ve multinucleated 

osteoclasts in a time-dependent manner (Figure 2.4C).  
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Figure 2.4 Analysis of the effect of OPG treatment on RANKL-stimulated 
osteoclastogenesis. 

 

 

 

 

 

 

 

 

 
 

(A) Identification of the time-dependent effect of OPG on RANKL-induced 
osteoclast differentiation. The diagrammatic sketch demonstrates the treatment 
strategy of RAW cells with RANKL and OPG (120 ng/ml). (B) Representative 
images of TRAP stained osteoclasts in response to the treatment strategy shown in 
panel A. (C) The number of TRAP +ve multinucleated osteoclasts were counted in 
all treatment groups (n=3). Statistical analysis was performed to compare the 
number in the late and early+late treatment groups to the control group (RANKL). 
One-way ANOVA was applied, and the values were expressed as mean ± SD. *P < 
0.05 vs. the control group. 
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The next question we raised is, does the membrane localization of  RANK 

facilitate LPS-mediated osteoclastogenesis?  Here, we proceeded to evaluate whether 

adding OPG along with LPS at the same ratio would influence LPS-mediated 

osteoclastogenesis if RANK is involved. Another reason for conducting such an 

experiment is to determine if LPS treatment regulates osteoclastogenesis by causing 

RAW cells to secrete RANKL. Accordingly, RAW cells were treated with OPG and 

LPS, as shown in the diagrammatic sketch (Figure 2.5A). Intriguingly and 

unexpectedly, we found a comparable number of osteoclasts in both groups tested 

with and without OPG in the presence of LPS  (Figure 2.5B and C). We did not see 

any sign of inhibition with OPG in LPS-induced osteoclastogenesis (Figure 2.5. B). 

Quantitative analysis of osteoclast numbers from three different experiments 

corroborated this observation between the two groups (Figure 2.5C).  
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Figure 2.5 Analysis of the effect of OPG treatment on LPS-stimulated 
osteoclastogenesis. 

 
 

(A) Identification of the time-dependent effect of OPG on LPS-induced osteoclast 
differentiation. The diagrammatic sketch demonstrates the treatment strategy of 
RAW cells with LPS (5µg/ml) and OPG (120 ng/ml). (B) Representative images of 
TRAP stained osteoclasts in response to the treatment strategy shown in panel A. 
TRAP stained osteoclasts in panels a and c were taken with 4X objective 
(magnification: X40), while panels in b and d were taken with 10X objective 
(magnification: X100). (C) The number of TRAP +ve multinucleated osteoclasts 
were counted in both groups from three different experimens (n=3). Statistical 
analysis was performed to compare the number in the LPS+OPG group to the 
control group (LPS). T-test was applied and the difference between groups is not 
statistically significant. 
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            Furthermore, although OPG reduced the membrane levels of RANK (0.7-fold 

decrease) in LPS+OPG treated cells in the immunoblotting analysis with the 

membrane fraction (Figure 2.6, lane 4), osteoclast differentiation was not affected 

(Figure 2.5. B and C). However, a decrease in RANK level in RANKL+OPG-treated 

cells (0.7-fold decrease- Figure 2.6, lane 2) corresponded well with the decreased 

osteoclastogenesis (Figure 2.4. B and C).  These results demonstrate that LPS could 

mediate osteoclast differentiation in RANKL-primed cells through different 

mechanisms, which may not require LPS-mediated RANKL/RANK/OPG axis.  
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Figure 2.6 Immunoblotting analysis of the effect of OPG treatment on RANK 
expression. 

  

 

An equal amount of membrane lysate proteins were used for immunoblotting 
analyses with antibodies to RANK (~90 kDa) and GAPDH (loading control; ~37 
kDa). Protein levels were quantified by densitometry, corrected for the sample 
load based on GAPDH expression, and expressed as fold-decrease relative to the 
control lanes (RANKL and LPS). The results represent one of three experiments 
performed. 
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Analysis of LPS mediated TLR4 activation on osteoclastogenesis 

Several reports indicated the ability of the pro-inflammatory cytokine TNF-α 

to induce osteoclast differentiation via binding to its TNF-receptor 78–80. Exposure of 

osteoclast precursors to bacterial endotoxin (e.g., LPS) may be one of the primary 

reasons to secrete TNF-α by these cells 11. TLR4 is expressed on the surface of the 

osteoclast precursors and is considered the primary receptor for LPS 59.  Therefore, 

we hypothesized that LPS binds to TLR4 in osteoclast precursors and causes the cells 

to secrete TNF-α, which mediates osteoclastogenesis in an autocrine/paracrine way 

through TNFR signaling. To test this hypothesis, we first evaluated the membrane 

level of TLR4 in RANKL- and LPS- induced osteoclasts by immunoblotting analysis. 

The surface level of TLR 4 remains almost the same in both RANKL and LPS groups 

(Figure 2.7A, Lanes 2 and 3). However, both groups showed relatively more TLR4 

expression (~0.5-fold increase) when compared to the untreated RAW cells (Figure 

2.7A, Lane 1), which indicates possible involvement of TLR4 in osteoclastogenesis.  
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Figure 2.7 Evaluation of the involvement of TLR4 signaling in RANKL 
osteoclastogenesis. 

 

 

 

 

 

 
 

(A) Immunoblotting analyses with antibodies to TLR4 (~95 kDa) and GAPDH 
(loading control; ~37 kDa) are shown. Protein levels were quantified by densitometry, 
corrected for the sample load based on GAPDH expression, and expressed as fold-
increase relative to the control lane (-).  The results represent one of three experiments 
performed. (B) Representative images of TRAP stained osteoclasts in response to 
treatment with RANKL and TAK-242 (5µM/ml). TRAP stained osteoclasts in panels 
a and b were taken with 4X objective (magnification: X40), while panels in c and d 
were taken with 10X objective (magnification: X100). (C) The number of TRAP +ve 
multinucleated osteoclasts were counted in both groups (n=3). Statistical analysis was 
performed to compare the number in the RANKL+TAK-242 group to the control 
group (RANKL). T-test was applied; the difference between groups is not statistically 
significant.  
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Next, we tested whether interfering with TLR4 signaling could create a 

decrease in LPS-mediated osteoclast formation. Therefore, we used TAK-242, a 

selective TLR4 inhibitor 132. RAW cells were treated with TAK-242 (5 µM/ml) in the 

presence of RANKL or LPS for 48 hours, as described in detail in the Material and 

Methods section. TAK-242 significantly reduced the LPS-induced osteoclast 

formation  (Figure 2.8A, panels c and d) as compared to cells treated with  LPS alone  

(Figure 2.8A, panels a and b). However, TAK-242 did not affect RANKL-induced 

osteoclast formation  (Figure 2.7B, panels c and d). Quantitative analysis of osteoclast 

numbers from three different experiments is provided in Figure 2.7C and Figure 2.8B.  

Others have shown an osteoclastogenic function of the pro-inflammatory 

cytokine TNF-α. Therefore, to determine whether this inhibition was due to the 

reduced secretion of LPS-mediated TNF-α, we analyzed TNF-α expression levels in 

LPS and LPS + TAK-242 groups by ELISA (Figure 2.8C). The basal level of TNF-α 

was measured in the unstimulated RAW cells (-). The control LPS group showed a 

dramatic increase in the level of TNF-α (Figure 2.8C) that corresponds with the 

increased number of osteoclasts (Figure 2.8A, panels a and b). However, the addition 

of TAK-242 significantly attenuated the LPS-induce secretion of TNF-α (Figure 

2.8C), which possibly could explain the reduction of osteoclasts number shown in the 

same group (Figure 2.8A, panels c and d). These results suggest a potential regulatory 

role of TLR4 in LPS-mediated osteoclastogenesis. 
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Figure 2.8 Evaluation of the involvement of TLR4 signaling in LPS 
osteoclastogenesis. 

 

 

 

 

 

 

 
 

(A) Representative images of TRAP stained osteoclasts in response to treatment with 
LPS (5µg/ml) and LPS/TAK-242 (5µM/ml) are shown. TRAP stained osteoclasts in 
panels a and c were taken with 4X objective (magnification: X40), while panels in b 
and d were taken with 10X objective (magnification: X100). (B) The number of 
TRAP +ve multinucleated osteoclasts were counted in both groups (n=3). Statistical 
analysis was performed to compare the number in the LPS+TAK-242 groups to the 
control group (LPS) using the T-test.  **P < 0.01 vs LPS group. (C) Effect of TAK-
242 on LPS-induced TNF-α production from RAW cells-derived osteoclasts. The 
concentrations of TNF-α in the culture medium were determined by ELISA. One-way 
ANOVA was applied, and values were expressed as mean ± SD. **P < 0.01 vs. LPS 
group. 
 
 



 45 

TNF-α functions as an autocrine/paracrine factor in the regulation of 

osteoclastogenesis in LPS-stimulated RAW cells 

Here, we did an ELISA assay to measure the secreted level of TNF-α in the 

cultures treated with RANKL and LPS. TNF-α was considerably increased in cells 

treated with LPS as compared with cells untreated (-) or treated with RANKL (Figure 

2.9). To confirm the osteoclastogenic role of LPS-induced TNF-α, we treat RAW 

cells with a neutralizing antibody to TNF-α (2 µg /ml) in the presence of LPS in cells 

primed with RANKL for 24 hours (Figure 2.10A). A significant decrease in the 

number of mature osteoclasts was observed in osteoclasts treated with a neutralizing 

antibody to TNF-α cells (Figure 2.10B – panels c and d) as compared with LPS-

treated cells (Figure 2.10B - panels a and b). Quantitative analysis of three different 

experiments is provided in the graph (Figure 2.10C), which corroborated the results 

shown in Figure 2.10B. These results further emphasize the possible unique 

mechanism by which LPS regulates osteoclastogenesis via stimulation of secretion of 

TNF-α as an autocrine factor.  
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Figure 2.9 Analysis of TNF-α expression in RANKL- and LPS- induced 
osteoclastogenesis. 

 

 

 

 

 

 

 

 

 

 
 

Measurement of TNF-α production in response to RANKL and LPS stimulation of 
RAW cells. The concentrations of TNF-α in the culture medium were determined by 
ELISA. One-way ANOVA was applied, and values were expressed as mean ± SD. 
***P < 0.001 vs. (-) control and RANKL- treated cells. 
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Figure 2.10 Analysis of the effect of TNF-α neutralizing antibody against LPS-
stimulated osteoclastogenesis. 

 

 

 

(A) The diagrammatic sketch demonstrates the treatment strategy of RAW cells 
with LPS (5µg/ml) and anti- TNF-α (2µg/ml). (B) Representative images of TRAP 
stained osteoclasts in response to the treatment strategy shown in panel A. TRAP 
stained osteoclasts in panels a and c were taken with 4X objective (magnification: 
X40), while panels in b and d were taken with 10X objective (magnification: 
X100). (C) The number of TRAP +ve multinucleated osteoclasts were counted in 
both groups (n=3). Statistical analysis was performed to compare the number of 
osteoclasts in the LPS+ anti- TNF-α group to the control group (LPS). T-test was 
applied, and values were expressed as mean ± SD. **P < 0.01 vs. LPS group. 
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TNF-α/TNFRs signaling regulates LPS-induced osteoclastogenesis 

The TNF-α function is typically mediated by its receptors TNFR-1 or TNFR-

2. TNFR-1 is the primary receptor that mediates the majority of TNF-α actions, and it 

is expressed in almost all cell types. TNFR-2, on the other hand, is less extensively 

studied, and its effect is mainly confined to some immune and tumor cells 133. 

Accordingly, we first tested the surface expression of both receptors in RANKL- and 

LPS- mediated osteoclasts (Figure 2.11).  Immunoblotting analysis of the membrane 

fraction was done with an antibody to TNFR-1 or TNFR-2. Interestingly, TNFR-1 

was upregulated in RANKL-induced osteoclasts (Figure 2.11A, Lane 2); but it is 

significantly downregulated in LPS-induced osteoclasts by 0.6-fold relative to 

RANKL osteoclasts (Figure 2.11A, Lane 3). However, the level of TNFR-2 is 

increased remarkably in LPS-induced osteoclasts  (13.4 - fold increase- Figure 2.11A, 

Lane 3).  TNFR-2 protein is not observed in either untreated or RANKL-induced cells 

(Figure 2.11A, Lanes 1 and 2).  

Since there is an increase in the secretory levels of TNF-α in LPS-induced 

osteoclasts (Figure 2.9) and a neutralizing antibody to TNF-α attenuated the effect 

mediated by LPS, we sought to determine the receptor levels of TNF-α under the 

same conditions using immunoblotting analyses (Figure 2.11). We observed a small 

decrease in the levels of TNFR-2 in response to the addition of anti-TNF-α antibody 

(0.6- fold reduction - Figure 2.11B, Lanes 3 and 4). On the contrary, TNFR-1 level is 

dramatically increased (1.3- fold increase - Figure 2.11B, Lanes 1 and 2), which 

indicates a possible negative regulatory role of TNFR-1 in LPS-induced 

osteoclastogenesis. Please note: this part of the experiments was done only twice. It 

needs further experimentation to conclude the role of TNFR-2 in the regulation of 

osteoclastogenesis in response to LPS. Due to the shut down of the University for 
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COVID-19, I couldn’t pursue the experiment. I will complete this before submitting it 

to a journal for publication. We observed a decrease in the levels of TNFR-2 in two 

tests performed with the neutralizing antibody to TNF-α. The observations in panel A 

suggest that TNF-α secreted following LPS/TLR4 interaction in RANKL-primed cells 

might interact with TNFR2 but not TNFR1, as TNFR2 surface expression is 

significantly increased in LPS conditions (Figure 2.11A, Lane 3 ). Consistently, when 

TNF-α was inhibited in LPS-treated cells, the expression level of TNFR2 relatively 

decreased (Figure 2.11B, Lanes 3 and 4). This change in TNFR2 expression level 

corresponds well with the secreted level of the osteoclastogenic TNF-α (Figure 2.8C) 

and with increased/decreased number of LPS-mediated osteoclasts (Figure 2.10).  

Therefore, we suggest that this receptor may play a role in the regulation of LPS-

induced osteoclastogenesis. However, further experiments are needed to document the 

critical role of TNFR-2 in osteoclastogenesis in response to LPS induction. These are 

discussed in the section entitled future directions (Chapter 4). 
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Figure 2.11 Immunoblotting analysis of TNFR signaling in response to RANKL 
and LPS stimulation. 

 

 

 

 

 

 

(A) and (B) An equal amount of membrane lysate proteins were used for 
immunoblotting analyses with antibodies to TNFR-1 (~55 kDa), TNFR-2 (~68 kDa), 
and GAPDH (loading control; ~37 kDa). Immunoblotting in (A) demonstrates the 
expression of the indicated proteins in RANKL and LPS osteoclasts. 
Immunoblotting in (B) shows the effect of anti-TNF-α treatment on the expression 
of the indicated proteins during LPS-mediated osteoclastogenesis. Protein levels 
were quantified by densitometry, corrected for the sample load based on GAPDH 
expression, and expressed as fold-increase/decrease relative to the control lanes; (-) 
in A and LPS in B. 
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2.5 Discussion 

Bone loss is a significant outcome of inflammatory osteolytic lesions. The 

underlying mechanism is mostly related to the abnormal increase in osteoclast 

differentiation. During normal bone remodeling, a coupled and well-coordinated 

process between osteoblasts and osteoclasts sustains the health status of the skeletal 

tissues. Some inflammatory disorders (e.g., periodontitis) cause bone loss as a result 

of an imbalance in the activity of bone cells, mainly by increasing the differentiation 

and activity of the resorption-competent osteoclasts 134. Osteoporosis is a bone disease 

produced as a result of increased osteoclast activity, which leads to loss of bone 

density 6. Osteoclasts are typically differentiated following RANKL/RANK signaling 

23. In the present study, our data unravel a unique mechanism that promotes osteoclast 

formation in vitro. We found that TNF-α secreted via LPS/TLR4 signaling can induce 

the osteoclast precursors to differentiate into fully mature osteoclasts in an 

autocrine/paracrine manner.  

In this study, the differentiation of osteoclasts via RANKL and LPS was 

explored using the murine macrophage cell line, RAW 264.7. RANKL and M-CSF 

are the primary regulators of osteoclastogenesis 111. Our key finding here is that, 

although RANKL is the primary regulator of osteoclastogenesis, here it was only 

required to shift the precursor cells into the osteoclastic-like phenotype; after that, 

LPS-induced TNF-α can carry on osteoclastogenesis. We believe that this could be 

one of the mechanisms that occur under conditions where inflammatory mediators 

(e.g., TNF-α) are secreted as a result of inflammation in the tissues of interest. These 

inflammatory mediators could mediate the differentiation of the potent hematopoietic 

progenitors into osteoclasts, which cause bone loss to occur. 

Lipopolysaccharides are vital characteristic components of the outer 
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membrane or the cell wall of gram-negative bacteria 52. During bacterial infections, 

LPS can invade the tissues and interact with immune cells, causing the release of 

several pro-inflammatory mediators such as TNF-α and IL-1 54. The direct/indirect 

role of LPS in promoting osteoclastogenesis is yet to be elucidated. Porphyromonas 

gingivalis (PG) is one of the primary microorganisms responsible for periodontal 

inflammations 12. Therefore, we used PG- derived LPS (PG-LPS) in our studies to 

mimic the inflammatory events occurring in periodontal infections. 

RANK is a part of the tumor necrosis factor receptor (TNFR) superfamily 135. 

In the present study, we found a significant decrease in the membrane expression of 

RANK in LPS-induced osteoclasts as compared to the RANKL treated cultures. OPG 

is a negative regulator of RANKL-induced osteoclastogenesis. It binds RANKL and 

thus obliterates its activity 130. As anticipated, our data showed a potent effect of OPG 

in RANKL-treated cultures that resulted in the attenuation of osteoclastogenesis. 

Nonetheless, LPS continued to activate osteoclastogenesis despite the presence of 

OPG. Collectively, these data suggest the presence of a different mechanism for 

osteoclastogenesis other than the RANKL/RANK/OPG axis during LPS-mediated 

inflammatory events. 

Several studies demonstrated the dual role of LPS in osteoclastogenesis. For 

example, freshly isolated bone marrow macrophages (BMMs) failed to differentiate 

into osteoclasts after exposure to LPS 136. However, priming the cells with RANKL 

followed by LPS stimulation results in a dramatic increase in osteoclast number. 

Unlike the RANKL priming effect, LPS primed-cells were unable to undergo 

osteoclastogenesis after stimulating with RANKL136. Similarly, Zhang et al., 2011 

showed inhibition in osteoclastogenesis after culturing the PG bacteria alone with 

BMMs from C57BL/6 mice. When co-treated with RANKL, PG was also able to shut 
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down osteoclastogenesis. Pre-treatment with RANKL was the only mechanism that 

allows the PG to promote osteoclast differentiation in the BMMs 137. In line with 

these observations, our data here showed that LPS alone failed to differentiate RAW 

cells into osteoclasts even at higher doses. Nevertheless, LPS promoted 

osteoclastogenesis in RAW cells treated with RANKL for 24 h (i.e., RANKL-primed 

cells).  

One of our aims was to investigate which receptors are activated during LPS-

induced osteoclastogenesis. Therefore, to obtain further reliable data, we used 

membrane fraction lysates in all of our immunoblotting analyses to demonstrate the 

surface levels of receptors of interest. Although GAPDH is known as a cytosolic 

protein, it is also localized in the plasma membrane 138–140. Thus it was used as a 

loading control in our studies. TLR4 is a surface receptor that activates the innate 

immune response. It was found to be one of the TLR receptors that can mediate 

bacterial LPS signaling 141. There has been inconclusive debate on whether LPS binds 

TLR4, TLR2, or both. Nonetheless, many reports suggest that LPS is exclusively 

acting through TLR4, and the occurrence of TLR2 activation was due to the presence 

of other bacterial contaminants, such as lipoproteins, in the isolated LPS from 

Porphyromonas gingivalis 73–75. Therefore, in our experimental analysis, we used a 

specific TLR4 signaling inhibitor, named TAK-242. This small-molecule inhibitor 

selectively binds to the intracellular domain of TLR4 and disrupts the interaction 

between TLR4 and its adaptor molecules 132,142. TAK-242 is a specific TLR4 

inhibitor, in which it significantly inhibits TLR4 signaling while shows the minimal 

effect on the signaling mediated by other TLRs 143. During osteoclastogenesis, we 

found a significant reduction in the secreted level of LPS-induced TNF-α after 

treating RAW cells with TAK-242. This reduction was accompanied by reduced 
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osteoclast differentiation. Our studies suggest that LPS is acting primarily through 

TLR4 to regulate osteoclastogenesis.  

Moreover, many studies illustrated the differential roles of TLR4 and TLR2 in 

modulating osteoclastogenesis. For example, TLR2 activation by PG-LPS, but not 

TLR4, inhibited RANKL–induced osteoclast differentiation 137. Besides, Takami et 

al., 2002 showed that TLR4 stimulation by LPS inhibited RANKL-induced 

osteoclastogenesis from RAW cells 144. In contrast, one study reported that TLR4 

activation, but not TLR2, in response to Inhalant Organic Dust increased osteoclasts 

population and consequent bone loss 145. In addition to the TLR4 role in modulating 

osteoclastogenesis, LPS activation of TLR4 has also enhanced the survival of the 

mature osteoclasts 146. In the present study, we have shown a possible decisive 

regulatory role of TLR4 in osteoclastogenesis. For the first time, we showed that in 

the RANKL-primed cells, LPS activation of TLR4 substituted RANKL signaling and 

triggered a parallel osteoclastogenic mechanism. 

TNF-receptors 1 and 2, as well as RANK, belong to the same receptor family. 

Mostly, similar downstream targets are activated upon stimulation of the respective 

signaling mechanisms 115 Therefore, TNFRs, especially TNFR-1, were often seen 

involved in osteoclastogenesis, as illustrated by several studies  80,115. For instance, 

RANK and TNFR-1 were shown to coordinate a synergistic signaling mechanism in 

the regulation of osteoclastogenesis. E.g., the downstream signaling mediators 

TRAF6, TRAF2, and c-Src of TNF-α and RANKL were shown to enhance osteoclast 

differentiation 115. These downstream mediators were considerably reduced in cells 

knockdown of TNFR-1. Also, activation of TNFR-1 by TNF-α dramatically increased 

osteoclast differentiation in RANKL-primed cells, while the deletion of TNFR-1 

attenuated this process 115.  
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Studies have shown differential roles for TNFRs in LPS-induced bone 

resorption. An in vivo study reveals the positive osteoclastogenic action of TNFR1 in 

response to LPS injection, whereas TNFR-2 might have a preventive role against 

LPS-mediated bone loss 147. Kobayashi et al., 2000 demonstrated that TNFR-1 and 

TNFR-2 signaling is fundamental for TNF-α osteoclastogenesis 79. In contrast, our 

studies suggest that LPS-induced TNF-α may signal through TNFR-2 to initiate 

osteoclastogenesis, while TNFR-1 seems to have a negative role in 

osteoclastogenesis.  

To conclude, the study here elucidates the role of bacterial LPS on osteoclast 

differentiation in vitro (Figure 2.12). We have also shown that LPS/TLR4-induced 

TNF-α regulates osteoclast differentiation in RANKL-primed cells in an 

autocrine/paracrine manner. 
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Figure 2.12 Schematic illustration of LPS-mediated osteoclastogenesis. 

 
 
 
 
 
  

 

 

Bacterial LPS induces osteoclasts formation in RANKL-primed cells (pre-
osteoclasts) via signaling through TLR4. LPS/TLR4 activation results in the 
secretion of TNF-α, which directly stimulates osteoclastogenic signals in pre-
osteoclasts in a paracrine/autocrine manner via TNFR-2. 
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Chapter 3: C-Phycocyanin Attenuates Osteoclastogenesis and Bone 
Resorption in Vitro Through Inhibiting ROS Levels, NFATc1 and NF-κB 

Activation1 

3.1 Abstract 

Excessive bone loss occurs in inflammatory disorders such as periodontitis 

and osteoporosis. The underlying mechanism is related to the differentiation of 

macrophages into multinucleated giant osteoclasts and their bone resorptive activity. 

C-Phycocyanin (C-PC) is a phycobiliprotein extracted from the blue-green algae, 

which has been shown to have various pharmacological effects. The role of C-PC on 

bone metabolism needs revelation. In this study, we determined the effectiveness of 

C-PC as an inhibitor of osteoclast differentiation, activity, and survival in vitro. We 

found that C-PC strongly inhibited the differentiation of macrophages to TRAP-

positive osteoclasts, distinctive osteoclast specific podosomal organization, and 

dentine matrix resorption without any cytotoxicity. Also, it suppressed the expression 

of osteoclast specific markers, such as cathepsin K and integrin β3 at mRNA and 

protein levels. RANKL mediated signaling utilizes reactive oxygen species (ROS) for 

the differentiation of osteoclasts. C-PC attenuated RANKL stimulated ROS. 

Mechanistic studies indicate that C-PC has the potential to reduce osteoclast 

formation via blocking the degradation of cytosolic IκB-α and hence, the activation of 

downstream markers such as c-Fos and NFATc1. However, it does not have any 

effect on osteoblast-mediated bone formation in vitro. Collectively, our data suggest 

that C-PC may be utilized as a therapeutic agent that can target bone loss mediated by 

excessive osteoclastic bone resorption without affecting osteoblastic activity in bone. 

 

 

1 AlQranei, M. S., Aljohani, H., Majumdar, S., Senbanjo, L. T. & Chellaiah, M. A. C-phycocyanin 
attenuates RANKL-induced osteoclastogenesis and bone resorption in vitro through inhibiting ROS 
levels, NFATc1 and NF-κB activation. Sci. Rep. 10, 2513 (2020). 
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3.2 Introduction 

Bone remodeling is a physiologically orchestrated process in which a 

simultaneous interplay between bone resorption and bone formation facilitates the 

development and maintenance of the skeletal tissues. However, an abnormal increase 

or decrease in bone resorption rate is involved in the pathophysiology of multiple 

skeletal disorders 4,5. Osteolytic diseases, such as osteoporosis and periodontitis, carry 

a serious health concern. The net outcome of such pathological conditions is the loss 

of healthy and supportive bone due to the activation of osteoclasts 6,7. 

Osteoclasts are multinucleated-giant cells that are functionally recognized as 

primary bone-resorbing cells. Osteoclasts express tartrate-resistant acid phosphatase 

(TRAP), which is considered as one of the biomarkers. Osteoclasts are highly 

migratory cells, and their migration is dependent on rapid changes in their actin 

cytoskeletal structures. Osteoclasts do not have the focal adhesion attachment 

structures typical of other cells 110. Osteoclasts plated on glass coverslips display 

discrete dot-like podosome structures at the periphery, and, in some cells, podosomes 

were observed as ring-like structures 42,148. These types of podosomal or actin-ring 

like structures represent the unique characteristics that can demarcate the mature 

osteoclasts from osteoclast precursors 149. Osteoclasts are highly migratory cells that 

are dependent on podosomes for their cellular motility 46,148,150. 

The central regulators of osteoclast differentiation are two cytokines, namely 

RANKL and M-CSF 23,111. M-CSF is a prerequisite for the proliferation and survival 

of monocytic lineage cells. It also promotes the differentiation of bone marrow 

precursors to osteoclast precursors and increases the expression of RANK in 

osteoclasts precursors 23,151. RANKL, which is also called the osteoclast 

differentiation factor (ODF), is the essential cytokine needed for the induction of 
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mononuclear cells fusion to form the multinucleated osteoclasts 23,152 . Upon binding 

of RANKL to its receptor RANK, a series of downstream signaling is activated, 

including the activation of the NF-κB pathway. This activation invokes the 

stimulation of c-Fos, which consequently activates the nuclear factor of activated T 

cells cytoplasmic 1 (NFATc1), a master regulator of osteoclastogenesis 111,153,154. 

Therefore, targeting such a signaling pathway may restrain the differentiation of 

osteoclasts, which could present an effective treatment strategy for osteolytic 

inflammatory diseases. 

LPS is a key constituent of the outer membrane of the gram-negative bacteria 

52. It elicits an innate immune reaction upon binding to its receptor, TLR4 51. In 

addition to what we showed in Chapter 2, several reports indicated a positive role of 

LPS in regulating osteoclastogenesis 117–119,146. RANKL and LPS can cooperate to 

sustain osteoclast differentiation in the periodontal vicinities, thus increasing tissue 

loss 49,50.  

 C-PC is a phycobiliprotein found primarily in the blue-green algae such as 

Spirulina platensis. This water-soluble protein pigment has often been used as a 

nutritional dietary supplement in many countries 102,103. It exhibited several 

pharmacological effects, including reactive oxygen species (ROS)-scavenging actions 

104, hepatoprotective 103, and anti-arthritic effects 105. Furthermore, C-PC has shown 

anti-inflammatory effects in several experimental models, in vitro and in vivo 105–108. 

Inhibition of cyclooxygenase-2 activity has been reported as one of the significant 

anti-inflammatory effects of C-PC 155. Later, C-PC was demonstrated to possess anti-

inflammatory effects on lipopolysaccharide-stimulated RAW 264.7 macrophages. It 

interferes with the degradation of the cytosolic IκB-α after lipopolysaccharide 

stimulation, which consequently suppresses the activation of the NF-κB pathway 156.   
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In this chapter, we report the potential inhibitory effect of C-PC on the 

formation of osteoclasts from RAW 264.7 (henceforth denoted as RAW cells) murine 

macrophages. C-PC decreased osteoclastogenesis in RANKL-stimulated RAW cells 

by blocking the degradation of cytosolic IκB-α and hence, the activation of 

downstream markers such as c-Fos and NFATc1. C-PC also attenuates RANKL-

mediated intracellular ROS generation.  However, it does not affect the differentiation 

or function of osteoblasts. These data suggest an anti-osteoclastogenic role of C-PC 

that can be utilized to prevent inflammatory bone loss.  

3.3 Material And Methods 

Studies on osteoclasts 

Preparation of osteoclast precursors from RAW 264.7 macrophage-like cell line 

Murine osteoclasts were generated from RAW 264.7 cells, as described 

previously 120. Briefly, RAW 264.7 cells were plated at a low density in the presence 

of Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum. 

After 24 h, the media was changed to α-MEM containing macrophage colony-

stimulating factor (M-CSF; 10 ng/ml) and GST-RANKL (60 ng/ml). Afterward, the 

medium was changed in a 24 h time interval. The medium was replaced with either 

fresh RANKL (RANKL-induced osteoclasts) or with 5 µg/ml PG-LPS  (LPS-induced 

osteoclasts). Recombinant GST-RANKL was purified as described previously 121. 

Mature multinucleated osteoclasts were seen from day three onwards.  

To further define the stage at which C-PC inhibits osteoclastogenesis, RAW 

cells were treated with C-PC at different stages. The treatment conditions are denoted 

as ‘Early, Late, and Early/Late’ (illustrated in Figure 3.4A and 3.5A). For RANKL-

induced osteoclasts, the treatment strategy is as follows: In the control treatment, 

RAW cells were treated with RANKL for 72h. RANKL was added three times to 
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RAW cell cultures at 24h interval (0h, 24h, and 48h). Incubation was continued for 

72h, and osteoclasts were seen at ~72h after treatment with RANKL. In the ‘early’ 

treatment, RANKL and C-PC were added to RAW cell culture at 0h, and incubation 

was continued for 24h. After 24h, cells were washed with cold PBS, and medium with 

RANKL was added at 24h and 48h intervals with no C-PC. Incubation was continued 

for 72h. In the ‘late’ treatment, RANKL was added to RAW cells at 0h, and 24h, and 

the incubations were continued for 48h. At 48h, cells were washed, and the medium 

containing both RANKL and C-PC was added, and incubation continued for 72h. In 

the ‘Early/Late treatment’ strategy, the addition of both RANKL and C-PC was done 

at 0h, 24h, and 48h. RANKL and C-PC were present in the culture for 72h. 

For LPS-induced osteoclasts, the treatment strategy is as follows (also 

illustrated in Figure 3.5A): In the control treatment, RANKL was added to RAW cell 

culture at 0h, and incubation was continued for 24h. After 24h, cells were washed 

with cold PBS, and medium with LPS was added at 24h and 48h intervals. Incubation 

was continued for 72h and osteoclasts were seen at ~72h after the first treatment with 

RANKL. In the ‘early’ treatment, RANKL and C-PC were added to RAW cell culture 

at 0h, and incubation was continued for 24h. After 24h, cells were washed with cold 

PBS, and medium with LPS was added at 24h and 48h intervals with no C-PC. 

Incubation was continued for 72h. In the ‘late’ treatment, RANKL was added to 

RAW cells at 0h, and the incubation was continued for 24h. At 24h, cells were 

washed, and the medium containing both LPS and C-PC was added, and incubation 

was continued for 72h. In the ‘Early/Late treatment’ strategy, the addition of both 

RANKL and C-PC was done at 0h, and LPS and C-PC were added at 24h and 48h. C-

PC was present in the culture for 72h. 

Tartrate-Resistant Acid Phosphatase (TRAP)-staining 
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RAW 264.7 cells were used to generate osteoclasts as indicated above, in the 

presence or absence of various concentrations of C-PC. Undifferentiated macrophages 

were gently removed with cell stripper solution, and multinucleated cells were stained 

for TRAP. Briefly, cells were fixed with 4% paraformaldehyde, and then washed 

three times with Phosphate-Buffered Saline (PBS). TRAP staining was done with 

Leukocyte Acid Phosphatase Kit (Sigma; 387-A) according to the protocol provided 

by the manufacturer. Stained cells were photographed with phase-contrast 

microscopy, and images were processed in Adobe Photoshop (Adobe Systems Inc.) 

MTT assay 

MTT colorimetric assay analyzes the number of viable cells by the cleavage of 

tetrazolium salts added to the culture medium. RAW 264.7 cells were seeded at a 

density of 10000 cells/well in a 24-well flat-bottomed microtiter plate one day before 

the application of any treatment. Cells were incubated for 48 hours at various 

concentrations of C-PC. MTT was added to each well and incubated for 4h at 37 °C. 

MTT solubilization solution provided by the manufacturer was added to the wells to 

stop the chemical reaction, and the plate was read at 570 nm as per instructions 

provided by the manufacturer (Sigma). Three to four wells were used for each 

treatment. Statistical significance was measured as described below. 

Analysis of DAPI staining 

RAW 264.7 cells were seeded on a 6-well plate at a density of 0.07 X 106 and 

left overnight to attach. After 24 hours, cells were treated with C-PC (0, 10, 25, or 50 

µg) for 48 hours. The cells were washed three times with PBS and then treated for 15 

min with Triton X-100 to disrupt the cell membrane integrity. Nuclei were stained 

with a mounting solution containing DAPI (Vector Laboratories Inc., Burlingham, 

CA) at 37C for 10 min in the dark. The cell nuclei were observed and photographed 
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using fluorescence microscopy. 

Semi-quantitative Polymerase Chain Reaction (RT-PCR) analysis  

RAW 264.7 cells were seeded at a density of 5 x 104 cells/well in a 6-well 

plate. Cells were treated with RANKL and M-CSF in the presence or absence of 

various concentrations of C-PC for several time points as indicated in the study. Cells 

treated with only RANKL and M-CSF were used as controls. Qiagen RNeasy mini kit 

was used to extract RNA according to the manufacturer protocol, and cDNA was 

synthesized using the SuperScript ® III First-strand Synthesis System (Invitrogen, 

Carlsbad, CA) with two µg of total RNA. To determine the mRNA levels of β3 

integrin, CTSK, TRAP, and GAPDH, we used the following steps for PCR reaction 

157,158: 5 minutes at 95°C, 30 cycles of (30 s, 94°C; 30 s, 58°C; 30 s, 72°C), 5 min at 

72°C. For c-Fos and NFATc1 159, we used the following steps for PCR reaction: 32 

cycles of (1 min, 94°C; 1 min, 58°C; 1 min, 72°C).  After amplification, the PCR 

products were separated by electrophoresis on a 2% agarose gel, stained with 

GelGreen ™, and visualized by G-box 160,161. Primers are shown in the table below. 

 

Table 3.1 Primers used for PCR experiments in Chapter 3 
 

 

Gene Forward primer Reverse primer 
~Ampl

icon 
length 

β3 

integrin 
CCTTTGCCCAGCCTTCCA GTCCCCACAGTTACATTG 

305 

CTSK TTAATTTGGGAGAAAAACCT AGCCGCCTCCACAGCCATAAT 400 

TRAP AGCAGCCAAGGAGGACTACGTT TCGTTGATGTCGCACAGAGG 220 

c-Fos ATGGGCTCTCCTGTCAACAC GGCTGCCAAAATAAACTCCA 350 

NFATc1 TGCTCCTCCTCCTGCTGCTC CGTCTTCCACCTCCACGTCG 350 

GAPDH CCCACTAACATCAAATGGGG ATCCACAGTCTTCTGGGTGG 324 
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Treatment of cells with C-PC and lysate preparation  

RAW 264.7 cells were seeded at a density of 5 x 104 cells/well in a 6-well 

plate. Cells were treated with RANKL and M-CSF in the presence or absence of 

various concentrations of C-PC for several time points, as indicated in the study. Cells 

untreated with C-PC were used as controls.  The cells were lysed with 1X 

Radioimmunoprecipitation assay buffer (RIPA) with a 1X protease inhibitor and 

scraped with a cell scraper. Lysates were kept on the ice for 15 minutes and then 

centrifuged at 15,000 rpm for 15 minutes at 4 ºC.  The supernatant was collected, and 

the protein concentration was determined using Bradford assay. 

Immunoblotting analysis 

An equal amount of lysate proteins were used for analysis by SDS-PAGE 

(10% gel) and transferred to polyvinylidene fluoride (PVDF) microporous membrane 

for immunoblotting analysis. Membranes were blocked for 1 hour in 5% non-dry fat 

milk in PBS with tween-20 (PBS-T) and incubated with the primary antibody of 

interest in PBS-T at the recommended dilution by the manufactures at 4 ºC for 

overnight (ON). Membranes were washed three times with PBS-T and then incubated 

with species-specific HRP-conjugated secondary antibody in PBS-T at the 

recommended dilution by the manufactures at RT for 1h. Immunoblotting with a 

GAPDH antibody (1:5000 dilution in TBS-T) was used as a loading control. After 

three washes for 5-10 min each, protein bands were visualized by chemiluminescence, 

an ECL kit 123,124. The bands were quantified by densitometry and normalized to the 

loading control, GAPDH. The impact of various treatments was expressed as fold-

increase or decrease relative to the control lane.  

Rhodamine-phalloidine staining of actin filaments in osteoclasts  

 For actin staining, RAW 264.7 cells were plated on glass coverslips, and 
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differentiation was done as described above with M-CSF and RANKL with and 

without 50 µg/ml C-PC. Mature multinucleated osteoclasts were seen from day three 

onwards. Undifferentiated RAW cells were gently removed with cell stripper solution 

(Sigma), and actin staining was performed as previously described 43,162. Briefly, cells 

were rinsed with PBS containing 5 mM EGTA (PBS-EGTA) and fixed in 4% (w/v) 

paraformaldehyde in PBS-EGTA for 20 min at 37 °C. Coverslips were immersed in 

47.5% ethanol containing 5 mM EGTA for 15 min at room temperature and rinsed 

with several changes of PBS-EGTA before staining with 1:100 dilution of rhodamine-

phalloidin in PBS-EGTA for overnight at 4 °C. After rinsing several times with PBS-

EGTA, coverslips were mounted on a mounting solution (Vector Laboratories Inc., 

Burlingham, CA). Actin stained osteoclasts were photographed with a confocal lasers-

scanning microscope. Images were stored in TIF image format and processed by 

Adobe Photoshop (Adobe Systems Inc., Mountain View, CA). 

Resorption assay 

Terminally differentiated osteoclasts were collected and replated on dentin 

slices for 72 hours. Cells were treated twice with RANKL in the presence or absence 

of 50 µg/ml C-PC. Resorption assay was performed as described previously 148,163. 

ROS 

The DCFDA detection assay kit (2’, 7’ – dichlorofluorescein diacetate, also 

known as DCFH- DA), was used to detect intracellular ROS levels. ROS 

measurement assay was done as described 164. Briefly, RAW 264.7 cells were treated 

with RANKL, M-CSF, and C-PC (25 or 50 µg) for 72 h. Intracellular ROS levels 

were determined using 2’, 7’ – dichlorofluorescein diacetate, which oxidizes into 

fluorescent DCF in the presence of ROS. Cells were washed in a buffer provided with 

the kit and incubated in the dark for 45 min with 10 µM DCFH-DA. Images were 
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obtained using a fluorescence microscope.  

Studies on osteoblasts 

Alizarin Red staining  

Alizarin Red staining was done as described previously 127.  Briefly, UMR106 

cells were seeded at a density of 4 x 105 cells/well in a 6-well plate with and without 

C-PC (50 µg/ml) and incubated for 7 days. Cells grown in the osteogenic medium 

were used as a positive control. Cells were washed with PBS three times and fixed 

with absolute ethanol for 30 min at room temperature to evaluate the effect of C-PC 

on matrix mineralization. After aspiration of ethanol, 2% Alizarin red stain solution 

was added to each well until the cells were covered completely and incubated at room 

temperature for 45 min in the dark. Subsequently, wells were washed with deionized 

water three times to remove unincorporated excess dye. The plates were then scanned 

with the EPSON Perfection V200 Photo scanner. Magnified pictures of the wells were 

taken using phase-contrast microscopy, and images were captured using a Nikon 

digital camera using 10X objective. 

Alkaline phosphatase (ALP) activity assay 

ALP activity assay was performed according to the manufacturer instructions 

and, as previously described 127. Briefly, cells were seeded at a density of 4 x 105   

cells/well in a 6-well plate in the presence or absence of C-PC (50 µg/ml) for 7 days. 

Cells were washed with cold PBS three times and lysed with lysis buffer (50 mM 

Tris, 0.1% Triton-X100, 1mM MgCl2, 100 mM glycine). Lysates were centrifuged at 

14,000 RPM for 5 min. An equal amount of supernatant protein was used as 

triplicates in a 96-well plate to measure the activity. P-Nitrophenyl phosphate (10 µl; 

Sigma) was added to each well, and the absorbance was measured at 405 nm using a 

microplate reader (Cytation3 image reader) with software (Gen5 version 2.09). 



 67 

Statistical analysis 

Quantitative data are all expressed as mean ± SD, and statistical significance 

was determined using one - way ANOVA or Student T-test when applicable (Graph 

Pad Inc, San Diego, CA). The level of significance was set at P < 0.05. 

3.4 Results 

C-Phycocyanin (C-PC) demonstrate no cytotoxic effect on RAW 264.7 cells  

Osteoclasts are the only bone cells that resorb bone. RANKL-RANK-mediated 

signaling mechanisms are essential for osteoclast differentiation 23. First, we evaluated 

the ability of C-PC to inhibit osteoclast differentiation from RAW cells. The 

cytotoxicity was assessed by MTT assay in cells treated with varying concentrations 

of C-PC (Figure 3.1). Results demonstrated the non-toxic nature of C-PC up to a 

concentration of 100 µg/ml in medium, and significant cytotoxicity was observed at 

the concentration of 150	µg/ml. Therefore, we used C-PC at the concentration of 10 - 

50 µg/ml in the results shown below. 
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              Figure 3.1: Analysis of cytotoxicity and cell viability by MTT assay.  
 

 

 

 

 

 

 

 

 

 

 

 
 

RAW cells were treated with varying doses of C-PC (0, 10, 25, 50, 150 
µg/ml) for 48 hours. Cells were subjected to the calorimetric MTT assay, as 
described in the Materials and Methods section, to determine the viability.  
Statistical analysis of the viability is provided as a graph. The viability was 
not affected at 10-100µg/ml. A significant decrease in the viability was 
observed at 150 µg/ml C-PC (*** p<0.001; n=3) as compared with untreated 
RAW cells. Experiment was repeated three times.  
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C-PC inhibits RANKL- and LPS- induced differentiation of osteoclasts from RAW 

264.7 cells  

The enzyme tartrate-resistant acid phosphatase (TRAP) is expressed by 

osteoclasts and has been used as a histochemical marker for mature osteoclasts and 

their precursors.  In our studies, we used the TRAP staining method to demonstrate 

the effect of different doses of C-PC (10, 25, and 50 µg/ml) on osteoclast 

differentiation. Hence, RAW cells were treated with either RANKL (60 ng/ml) or 

LPS (5 µg/ml), as described previously in Chapter 2, and with different doses of C-

PC for 72 hours, then subjected to TRAP staining (Figures 3.2A and 3.3A). RAW 

cells treated with RANKL alone or RANKL + LPS (LPS-induced osteoclastogenesis) 

were used as controls (Figures 3.2A and 3.3A; 0 µg/ml). C-PC decreased the number 

of TRAP-positive multinucleated osteoclasts in a dose-dependent manner (Figures 

3.2A and 3.3A; 10-50 µg/ml). Since mononuclear macrophages also express TRAP 

enzyme 128, undifferentiated RAW cells were also stained in C-PC treated cells at all 

doses.  TRAP-positive mature multinucleated osteoclasts were counted and provided 

in a graph (Figures 3.2B and 3.3B). The largest decrease of osteoclast number was 

found at 50 µg/ml of C-PC (Figures 3.2A and 3.3A).  
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Figure 3.2 Analysis of the effect of C-PC on RANKL-induced osteoclast 
differentiation.  

 

 

 

 

 

 

 

 

 

 
 
 

 
 
 

 
 
 

(A) Effect of different doses of C-PC (10, 25, and 50µg) on RANKL-induced 
osteoclast differentiation. RANKL was added at concentration of 60 ng/ml. Phase-
contrast microscopy images of TRAP stained osteoclasts are shown at indicated 
doses of C-PC. Magnification is 40X. (B) Statistical analysis was performed to 
determine the dose-dependent inhibitory effect of C-PC on RANKL-induced 
osteoclast differentiation as compared with control untreated (0) cells (n=3). One-
way ANOVA was applied, and values were expressed as mean ± SD. ***P < 0.001  
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Figure 3.3 Analysis of the effect of C-PC on LPS-induced osteoclast 
differentiation.  

 

 

 

 

 

 

 

 

 
 

(A) Effect of different doses of C-PC (10, 25, and 50µg) on LPS-induced 
osteoclast differentiation. LPS was added at concentration of 5 µg/ml. Phase-
contrast microscopy images of TRAP stained osteoclasts are shown at indicated 
doses of C-PC. Magnification is 40X. (B) Statistical analysis was performed to 
determine the dose-dependent inhibitory effect of C-PC on LPS-induced osteoclast 
differentiation as compared with control untreated (0) cells (n=3). One-way 
ANOVA was applied, and values were expressed as mean ± SD. ***P < 0.001  
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C-PC inhibits early stages of osteoclast differentiation from RAW 264.7 cells  

To further define the stage at which C-PC inhibits osteoclastogenesis, RAW 

cells were treated with C-PC, as shown in the diagrammatic sketch (Figure 3.4A and 

3.5A) and as described in the Methods section. After the treatments, as indicated in 

Figures 3.4A and 3.5A, cells were stained for TRAP enzyme to determine the 

inhibitory effect of C-PC on osteoclast differentiation in vitro. Cells were 

photographed in a Cytation 5 cell imaging multi-model plate reader under 4X (Figure 

3.4B and 3.5B - panels a, c, e, and g) and 10X (Figure 3.4B and 3.5B - panels b, d, f, 

and h) objectives. We show here that the number of TRAP-positive osteoclasts was 

significantly reduced in the early (Figure 3.4B and 3.5B - panels c and d) and early + 

late groups (Figure 3.4B and 3.5B - panels g and h) in both RANKL and LPS 

osteoclastogenesis, respectively. However, the addition of C-PC after 48h of RANKL 

treatment (RANKL late group) had no significant inhibitory effect on osteoclast 

formation (Figure 3.4B, panels e and f). Also, cells incubated with RANKL for 24h 

and then treated with LPS and C-PC for the next 48h (LPS late group) showed no 

significant suppression of osteoclastogenesis (Figure 3.5B, panels e and f). The 

number of TRAP-positive osteoclasts in the late groups is comparable to the control 

group (Figure 3.4B and 3.5B, panels a and b). A quantitative analysis of the number 

of TRAP +ve osteoclasts is provided in Figures 3.4C and 3.5C. Mature TRAP +ve 

osteoclasts were counted in ~4 to 5 fields/treatment from three different experiments 

and provided as a graph (n=3) (Fig.1E). These results demonstrate that C-PC inhibits 

the early stage of differentiation of osteoclasts from RAW cells. Unlike the late 

stages, neither RANKL nor LPS was able to induce osteoclastogenesis after treating 

the cells with C-PC for the first 24h. We showed earlier that LPS is inducing 

osteoclastogenesis in RANKL-primed cells only. This suggests that LPS did not 
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induce differentiation in the early group due to the C-PC effect on the RANKL- 

primed cells. Therefore, we used the strategy of early-stage inhibition of RANKL-

induced osteoclastogenesis (0-24h) in all of the studies shown below.  
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Figure 3.4 Analysis of the time-dependent effect of C-PC on RANKL - mediated 
osteoclast differentiation.  

 
 
 
 
 
 
 

(A) Identification of the time-dependent effect of RANKL and C-PC on osteoclast 
differentiation. The diagrammatic sketch demonstrates the treatment strategy of 
RAW cells with RANKL (60 ng/ml) and C-PC (25µg/ml).  (B) Representative 
images of TRAP stained osteoclasts in response to the treatment strategy shown in 
panel A. TRAP stained osteoclasts in panels a,c,e, and g were taken with 4X 
objective (magnification: X40), while panels in b,d,f, and h were taken with 10X 
objective (magnification: X100). (C) The number of TRAP +ve multinucleated 
osteoclasts were counted in all treatment groups (n=3). Statistical analysis was 
performed to compare the number in the treatment groups to the control group. One-
way ANOVA was applied, and values were expressed as mean ± SD. ***P < 0.001. 
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Figure 3.5 Analysis of the time-dependent effect of C-PC on LPS - mediated 
osteoclast differentiation.  

 

(A) Identification of the time-dependent effect of LPS and C-PC on the osteoclast 
differentiation. The diagrammatic sketch demonstrates the treatment strategy of 
RAW cells with LPS (5µg/ml) and C-PC (25µg/ml).  (B) Representative images of 
TRAP stained osteoclasts in response to the treatment strategy shown in panel A. 
TRAP stained osteoclasts in panels a,c,e, and g were taken with 4X objective 
(magnification: X40), while panels in b,d,f, and h were taken with 10X objective 
(magnification: X100). (C) The number of TRAP +ve multinucleated osteoclasts 
were counted in all treatment groups (n=3). Statistical analysis was performed to 
compare the number in the treatment groups to the control group. One-way ANOVA 
was applied, and values were expressed as mean ± SD. ***P < 0.001  
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Immunoblotting analysis of apoptosis and osteoclast markers in RAW cells treated 

with C-PC  

We then performed an immunoblotting analysis with a caspase -3 and -9 

antibody to identify whether the decrease in osteoclast number by C-PC treatment is 

due to apoptosis. Immunoblotting analysis demonstrated no changes in the levels of 

inactive pro-enzymes known as un-cleaved caspases, which are indicated as full in 

Figure 3.6A. No changes were also observed in the fold differences relative to the 

control lane. Similarly, no changes in the levels of cleaved caspases (-3 and -9) were 

observed, and also minimal levels of these proteins were observed in untreated, and 

C-PC treated osteoclasts (Figure 3.6A). C-PC did not have any effect on the cleavage 

of either caspase-3 or caspase-9. Minimal levels of cleaved enzymes indicate that 

apoptotic pathways are not stimulated. This is corroborated in RAW cells stained with 

4′,6′-diamidino-2-phenylindole (DAPI) stain (Figure 3.6B, 10-50µg). Although DAPI 

staining is not the primary marker to evaluate apoptosis, we used this method to 

determine the nuclear morphology. No significant changes in the nuclear morphology 

were observed in C-PC untreated and treated cells. No changes in caspase (-3 and -9) 

levels suggest that the decrease in the number of mature osteoclasts in C-PC treated 

RAW cells is not due to the activation of apoptosis-related mechanisms.   
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Figure 3.6 Analysis of the effect of C-PC on the expression of apoptotic markers. 

 

 

 

 

 

 
 

(A) Immunoblotting analyses with antibodies to full caspase-3 (~35 kDa), cleaved 
caspase-3 (~19 kDa), full caspase-9 (~ 49 kDa), cleaved caspase-9 (~39 kDa), and 
GAPDH (loading control; ~37 kDa) are shown. * indicates non-specific band in 
lane 1 and 4. (B) Evaluation of apoptosis by DAPI (4′,6′-diamidino-2-
phenylindole) staining in osteoclasts untreated or treated with C-PC in the 
presence of RANKL. Representative phase-contrast micrographs are shown. 
Magnification is X100. 
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Active osteoclasts are characterized by the expression of TRAP, cathepsin K, 

and integrin αvβ3. These are expressed in RANKL dependent manner 165. Integrin-

mediated signaling is required for osteoclast adhesion 166. Therefore, to further 

validate the inhibitory effect of C-PC, we analyzed the expression levels of specific 

molecular markers (cathepsin K, integrin β3, and TRAP) for osteoclast differentiation 

at mRNA and protein levels (Figure 3.7, lanes 1-6). Expression levels of cathepsin K 

and integrin β3 decreased at mRNA levels in a dose-dependent manner in C-PC 

treated osteoclasts (Figure 3.7, lanes 1-3). This corresponds with a decrease in the 

protein levels of respective proteins (Figure 3.7, lanes 5 and 6). The 10 µg/ml 

concentration of C-PC induced ~ 0.5-fold reduction of cathepsin K and integrin β3 

expression, while the 25 µg/ml concentration induced ~ 0.9-fold reduction relative to 

the control expression.  No significant changes in the expression of TRAP were 

observed at mRNA and protein levels in untreated (Figure 3.7, lanes 1 and 4) or C-PC 

treated cells (lanes 2, 3, 5, and 6). These results suggest that integrin signaling plays a 

crucial role in  RANKL-induced osteoclast differentiation.  
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Figure 3.7. Analysis of the effect of C-PC on the expression of osteoclast-specific 
markers. 

 
 

 

 

 

 

 

 
 

 

Analysis of the effect of C-PC on the expression of osteoclast-specific markers at 
the mRNA level by RT-PCR analysis and at the protein level by immunoblotting 
analysis with indicated antibody. RT-PCR analyses for cathepsin K (400 bp), 
integrin β3 (305 bp), TRAP (220 bp), and GAPDH (loading control; 324 bp) are 
shown in (lanes 1-3). A parallel batch of cell culture was used for the lysate 
preparation and immunoblotting analyses (lanes 4-6) with antibodies to cathepsin 
K (~29 kDa), integrin β3 (~ 97 kDa), TRAP (~ 42 kDa), and GAPDH (loading 
control; ~37 kDa). Equal loading was assessed by sequential blotting of the same 
membrane with cathepsin K and TRAP antibody after stripping. Similarly, equal 
loading was assessed in β3 integrin blot by sequential immunoblotting with a 
GAPDH antibody after stripping. Results shown represent one of the three 
experiments performed with similar results. 
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Analysis of the distribution of podosomes and resorption activity in Raw cells-

treated with C-PC  

Integrin αvβ3 is critical for osteoclast adhesion and migration, and αvβ3 

signaling regulates the formation of podosomes in osteoclasts 163. Furthermore, the 

transformation from mononuclear cells into a multinucleated osteoclast is noticeable 

cytoskeletally by the formation of podosomes, which is also essential for osteoclast 

migration and bone resorption 167. The organization of actin filaments was determined 

by staining of osteoclasts with rhodamine-phalloidin (Figure 3.8). Raw cells not 

treated with C-PC but treated with RANKL differentiated into mature osteoclasts with 

peripheral belts of podosomes. The presence of belt-like podosomes at the periphery 

is a sign of fully mature osteoclasts (Figure 3.8, panels A and a). We have previously 

shown the presence of TRAP stained RAW cells with doses of 25 and 50µg of C-PC 

(Figures 3.2 and 3.3). Likewise, actin staining also demonstrated the presence of 

numerous round, flattened, and elongated RAW cells in cells treated with 25µg C-PC 

(Figure 3.8, panels B, b, and c). Actin distribution was observed in the plasma 

membrane of these cells (Figure 3.8B). Magnified images of round and elongated 

RAW cells are shown in Figure 4.1 (panels b and c). As shown by others in primary 

human macrophages 168, some RAW cells demonstrated actin-rich podosomes 

throughout the cells (Figure 3.8, panel b). Flattened elongated cells demonstrated 

filopodia-like extensions from the periphery of the membrane (Figure 3.8, panel c). 

Furthermore, C-PC significantly reduced the resorption activity in osteoclasts 

plated on dentine slices (Figure 3.8D and D’), and only a few shallow pits were 

observed on the dentine matrix (Figure 4.1D’, indicated by arrows).  However, C-PC 

untreated cells (-) demonstrated multiple overlapping resorption pits (Figure 3.8C and 

C’), which is due to the migration of osteoclasts during bone resorption. These 
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observations suggest that C-PC attenuates the differentiation of RAW cells into 

mature osteoclasts, and C-PC treated cells have features of macrophages, and cannot 

resorb the dentine matrix.  

C-PC attenuates the generation of RANKL-induced ROS  

From the results shown in Figure 3.6, we identified that apoptosis is not a 

mechanism for the reduced differentiation of osteoclasts in C-PC treated cells (Figure 

3.6). To further evaluate the effect of C-PC on osteoclastogenesis, we semi-

quantitatively measured the changes in reactive oxygen species (ROS) levels using 

dichlorofluorescein diacetate (DCFDA) assay method (Figure 3.8, E-H). We show 

here that the fluorescence intensity observed in osteoclasts generated with RANKL 

(Figure 3.8, panel F) is significantly reduced in cells treated with C-PC in a dose-

dependent manner (Figure 3.8, panels G and H).  The bar graph shows the 

quantification of relative fluorescence intensity in cells treated with 25 and 50µg C-

PC and without C-PC from three different experiments (Figure 3.8, panel I). RAW 

cells not stimulated with any treatment were used as a negative control to detect the 

basal level of ROS (Figure 3.8E; (-) in Figure 3.8I). ROS components are essential in 

the regulation of differentiation of osteoclasts. ROS produced at more than one 

subcellular site of macrophages was shown to regulate osteoclast differentiation 169. 

Our results show that reactive oxygen species have a role in osteoclastogenesis. 

Future studies will focus on the subcellular target site of C-PC in RAW cells.  
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Figure 3.8 Analysis of the effect of C-PC on osteoclast-specific phenotype and 
function. 

 

(A) and (B): Actin staining of osteoclasts with rhodamine-phalloidine: RAW cells 
were seeded on coverslips and treated with and without C-PC (50 µg)  in the 
presence of RANKL. After 72 hours, cells in both groups were fixed and stained 
for rhodamine-phalloidine. Pictures on the right side (a, b, and c) represent 
magnified areas indicated in A and B. (C) and (D): Analysis of the resorption 
activity in osteoclasts treated with and without C-PC (50 µg) in the presence of 
RANKL.  Representative phase-contrast micrographs are shown. The rectangle in 
panels C and D represents the area of the image, which is magnified in C’ and D.’ 
Magnifications are X100 (C and D) and X400 (C’ and D’).   Arrows in D’ point to 
shallow pits.  E-I: Evaluate the effect of C-PC on the changes in reactive oxygen 
species (ROS) levels using dichlorofluorescein diacetate (DCFDA) assay method. 
Representative images of ROS (+) cells during RANKL-induced 
osteoclastogenesis are shown. Varying doses of C-PC (25,50) µg reduces the green 
fluorescence intensity. Staining represents the extent of ROS generation (I) 
Quantification of the number of ROS (+) cells in all groups is provided in the 
graph (n=3). C-PC reduced ROS levels induced by RANKL. One-way ANOVA 
was applied, and values were expressed as mean ± SD. **P < 0.01  
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C-PC suppressed the activation of NFATc1 and c-Fos  

We then sought to identify the underlying molecular mechanism for the 

inhibitory effect of C-PC on the differentiation of osteoclasts. Previous studies by 

others have shown that NFATc1 was shown as a master regulator of 

osteoclastogenesis and activation of c-Fos, NFAT-c, and NF-kB regulates the 

differentiation of osteoclasts 170–173. Also, the activation of NFATc1 by RANKL 

occurs via the signaling pathway mediated by NF-κB and c-Fos 174. Therefore, we 

analyzed the expression levels of NFATc1, c-Fos, and IκB-α in RANKL-treated cells 

for 0, 1, 2, and 3 days. The effect of C-PC (50 µg/ml) on the expression levels of these 

proteins were also analyzed under the same conditions. Immunoblotting analysis was 

performed to determine the protein levels of c-Fos (Figure 3.9A), NFATc1 (Figure 

3.9B), and IκB-α. (Figure 3.9C). The expression of c-Fos and NFATc1 was more on 

day 1 with 3.7-fold increase of c-Fos and 1.6-fold increase of NFATc1 relative to 

control D0 and then a gradual decrease on days 2 and 3 was observed in RAW cells 

treated with RANKL (Figure 3.9A and B; lanes 2-4). C-PC reduced significantly the 

RANKL-induced expression levels of NFATc1 and c-Fos (Figure 3.9A and B, lanes 

6-8) below the basal levels observed in RAW cells not treated with RANKL (Figure 

3.9A and B; lane 1). Treatment of cells with 50 µg/ml C-PC demonstrated a 

compelling decrease in the expression of both NFATc1 and c-Fos at indicated time 

points. The reduction was maximal at day 1 (lane 6 in A and B) as compared with the 

corresponding C-PC untreated control (lane 2 in A and B) (3.5-fold difference for c-

Fos and 2.0-fold difference for NFATc1).  

We then determined the expression levels of NFATc1 and c-Fos on day 1 by 

RT-PCR analysis. We chose day 1 because a significant increase in NFATc1 and c-

Fos was observed at this time point in response to RANKL (Figure 3.9A and B; lane 
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2), and that increase was significantly reduced by C-PC treatment (Figure 3.9A and B, 

lane 6).  There were no changes in the levels of mRNA of NFATc1 and c-Fos 

observed in both groups (Figure 3.10), which indicates that the expressions are not 

transcriptionally regulated.  

Others have shown that C-PC attenuated lipopolysaccharide-induced NF-κB 

activation by preventing cytosolic degradation of IκBα 156. Therefore, we tested 

whether a similar mechanism exists in RAW cells treated with RANKL and whether 

C-PC is capable of inhibiting RANKL-induced IκB-α degradation. Since the level of 

IκBα was very low and not seen on day 1 in our preliminary studies, we used lower 

time points (5mins – 30mins) to determine the expression levels of IκB-α (Figure 

3.9C). We observed a time-dependent decrease in IκBα expression in RANKL alone 

treated cells, which indicates a gradual degradation of IκB-α (Figure 3.9C, lanes 2-4). 

No degradation of IκB-α was detected in all-time points tested for the C-PC/RANKL 

treated groups. The level of IκB-α was equal to the basal level observed in RANKL 

and RANKL/C-PC untreated cells at 0 min (Figure 3.9C, lanes 1 and 5). Our results 

suggest that C-PC inhibits RANKL-mediated osteoclastogenesis by blocking the NF-

κB signaling and, hence, attenuates the expression of the downstream proteins 

NFATc1 and c-Fos at the early stage of osteoclast differentiation.  
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Figure 3.9 Immunoblotting analyses of the effect of C-PC on the expression levels 
of c-Fos (A), NFATc1 (B), and IκB-α (C). 

 

 

 

 

 

 

 

 

 

(A-C) An equal amount of lysate proteins were used for immunoblotting analyses 
with antibodies to c-Fos (~ 62 kDa), NFATc1 (~ 90 kDa), and IκB-α (~ 39 kDa) to 
detect the expression at protein levels. GAPDH was used as loading control. Each 
experiment was repeated three times and obtained comparable results. 
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Figure 3.10 RT-PCR analyses of the effect of C-PC on the expression levels of c-
Fos and NFATc1. 

 

 

 

 

 

 

 

 

 

 

RT-PCR analyses were done to evaluate the C-PC effect on the expression of 
NFATc1 (350 bp) and c-Fos (350 bp) at the mRNA level. Analyses were done in 
osteoclasts treated with C-PC for one day. Each experiment was repeated three times 
and obtained comparable results. 
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C-PC enhanced apoptosis of mature osteoclasts 

We have shown in Figure 3.6, that there were no changes in the levels of 

caspases-3 and -9 in cells treated with C-PC at the early stage of differentiation. Here 

we determined whether C-PC has any effect on the matured RANKL-induced 

osteoclasts. Mature osteoclasts were cultured in the absence or presence of C-PC (50 

µg/ml) for 12 hours. Then, osteoclasts were stained for TRAP, and a representative 

micrograph of untreated (Figure 3.11A) and C-PC treated (Figure 3.11B) osteoclasts 

is shown. C-PC treated mature osteoclasts demonstrated reduced viability (Figure 

3.11B) as compared with untreated osteoclasts (Figure 3.11A). The percent survival 

was decreased considerably in C-PC treated osteoclasts (Figure 3.11C). 

Immunoblotting analysis revealed that a decrease in the survival might be due to the 

activation of caspase-3 (13.0-fold increase) but, to a lesser extent, by caspase-9 (1.0-

fold increase) in response to C-PC (Figure 3.11D). The characteristic morphological 

changes in osteoclasts (dying osteoclasts) and the activation of caspase-3 suggest that 

C-PC induces apoptosis in mature osteoclasts and not at the early stage of 

differentiation (Figure 3.4, 3.5, and 3.6).  
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      Figure 3.11 Apoptotic effects of C-PC on mature osteoclasts. 

 

 

 

 

 

Terminally- differentiated osteoclasts were treated with RANKL (A) or RANKL 
+ 50 µg C-PC for 12 hours (B). Cells were then fixed and stained for TRAP. 
Asterisks indicate osteoclasts that are undergoing apoptosis. (C) TRAP-stained 
osteoclasts (survived) were quantitated, and statistical analysis was performed 
(n=3). * P < 0.05, t-test was applied. (D) Immunoblotting analyses were done 
with indicated antibodies to determine the protein levels of apoptotic markers: 
full caspase-3 (~35 kDa), cleaved caspase-3 (~19 kDa), full caspase-9 (~ 49 
kDa), and cleaved caspase-9 (~39 kDa). Equal loading was assessed by 
immunoblotting with a GAPDH (~37 kDa) antibody. 
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C-PC did not affect the differentiation and function of osteoblasts 

Bone remodeling relies on the coordinated action between osteoblasts and 

osteoclasts 4. We sought to determine whether C-PC has any effect on alkaline 

phosphatase (ALP) activity and mineralization processes mediated by mature 

osteoblasts. Mineralization was assessed by Alizarin Red S (ARS) staining (Figure 

3.12). A rat osteosarcoma cell line (UMR 106 cells) was used, and cells were grown 

in osteogenic medium (OM) containing ascorbic acid, and β-glycerophosphate for 7 

days. Some cultures were treated with 50 µg/ml of C-PC for 7 days in the presence of 

OM (OM/C-PC). UMR cells grown in the medium with no osteogenic factors failed 

to demonstrate the formation of minerals and hence did not stain red by Alizarin Red 

S staining ((-) in Figure 3.12). Cells grown in OM or OM/C-PC did not show any 

significant differences in the activity of the ALP or mineralization process (A and B 

in Figure 3.12) 
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Figure 3.12 C-PC interfered with neither osteoblast differentiation nor 
mineralization.  

 

 

 

 

 

 

 

 
 

UMR106 cells were stimulated with osteogenic media (OM) in the presence 
or absence of 50 µg C-PC for 7 days. (A) ALP activity for both groups was 
measured. (B) Alizarin Red Staining was performed to evaluate the effect of 
C-PC on the mineralization activity of osteoblast. Statistical analysis was 
performed to compare the ALP activity in the OM+C-PC group to the 
control group (OM). T-test was applied and the difference between groups is 
not statistically significant. 
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3.5 Discussion 

Bone resorption is a significant consequence of osteolytic inflammatory 

diseases. The increased differentiation and activity of the resorption-competent 

osteoclasts represent the essential mechanism underlying osteolysis 134. Osteoclast 

differentiation is regulated by RANKL/RANK signaling 23. LPS is also capable of 

regulating osteoclastogenesis by a different mechanism. In the present study, our data 

showed that C-PC efficiently suppressed RANKL- and LPS- mediated 

osteoclastogenesis in vitro. To our knowledge, this is the first study to explore the 

effect of C-PC on bone metabolism. At the molecular level, C-PC significantly 

suppresses multiple pathways downstream to RANK, including NF-κB, ROS, 

NFATc1, and c-Fos.  

In this study, the potential anti-osteoclastogenic effect of C-PC was explored 

using the RAW 264.7 cell line. RANKL and M-CSF are the primary cytokines 

responsible for osteoclastogenesis 111. After exposure to these cytokines, osteoclasts 

are differentiated following a multi-step process, including a proliferation of the 

hematopoietic-derived mononuclear precursors, TRAP expression, and fusion of cells. 

The TRAP-positive multinucleated cells are capable of inducing bone resorption 175. 

Based on these theories, a dose-dependent decrease in the number of TRAP +ve 

osteoclasts suggests a direct inhibitory effect of C-PC on RANKL-induced 

osteoclastogenesis. This assay is considered the primary tool to investigate whether a 

non-cytotoxic compound has anti-osteoclastogenic activity or not 164,176,177.   

Moreover, we tested the effect of C-PC during several time points throughout 

the differentiation process. Our results showed that there was no difference between 

the (early) and (early + late groups) in terms of a decrease in the number of 

osteoclasts. However, the (late) group was comparable to the control, which suggests 
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that C-PC may work exclusively in the early phases of osteoclastogenesis. 

In our previous observations, we showed that LPS could only mediate 

osteoclast differentiation in RANKL-primed cells. When C-PC inhibited RANKL 

signaling in the first 24h, LPS couldn’t induce osteoclastogenesis in these cells (LPS 

early group). However, when the RAW cells were normally primed with RANKL for 

the first 24h, LPS treatment induced osteoclastogenesis, whether C-PC was added or 

not (LPS control and late groups). This means C-PC inhibition of LPS-induced 

osteoclastogenesis was, in fact, due to the inhibition of RANKL-primed cells and not 

because of any direct effect of C-PC against LPS-related signaling. Moreover, our 

data showed that RANKL- and LPS- osteoclastogenesis shared the same early 

strategy of C-PC inhibition. Taken together, we used the early treatment of C-PC in 

RANKL cultures in all of our studies as a representative group for both RANKL- and 

LPS- induced osteoclastogenesis. 

SH3BP2 gene mutation often seen in patients with cherubism, a skeletal 

condition characterized by increased osteoclastic bone resorption within the 

mandibular and maxillary region. The knockdown of SH3BP2 was shown to reduce 

RANKL-induced osteoclast differentiation via decreasing the expression of osteoclast 

specific genes such as TRAP, integrin β3 subunit, and cathepsin K 178.  RANKL 

enhanced the expression of cathepsin K mRNA and protein in RAW cells associated 

with the induction of osteoclast differentiation 179. Integrin αvβ3 is a crucial receptor 

in osteoclasts for differentiation and function 180. It was shown that the uncommitted 

precursor cells (e.g., bone marrow macrophages (BMM)) express an abundance of 

integrin αvβ5 181. Upon exposure to RANKL, the differentiation process is enhanced 

with the expression of osteoclast lineage-specific proteins. At this time, cells ceased 

expressing BMM specific integrin αvβ5 and started showing integrin αvβ3 181,182. 
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Given that integrin αvβ3 and cathepsin K are progressively increasing during 

osteoclast differentiation, we believe that these proteins are excellent markers to 

determine the levels in response to treatment with C-PC. A decrease in the levels of 

cathepsin K and integrin αvβ3 also corroborates the observation of a reduction in 

osteoclast differentiation in osteoclasts treated with C-PC.  

In all the experimental groups, including the C-PC untreated control, there 

were no floating cells observed in the medium during the entire course of 

differentiation. Moreover, we optimized our conditions so that there are much fewer 

macrophages in the culture at the time of osteoclast differentiation.  Also, before 

applying EDTA for macrophages removal purposes, we can visually see the decrease 

in osteoclasts number in C-PC treated cells as compared to the control cells. The 

macrophages detachment solution was applied once and equally to all the groups and 

yields almost the same amount of macrophage removal. Overall, C-PC did not seem 

to affect the adhesion properties of neither osteoclasts nor macrophages in our model.   

We found that C-PC did not induce apoptosis in osteoclast precursors. The 

role of caspases in osteoclast differentiation is not definite 183. However, several 

studies established their roles in osteoclast apoptosis 184. We showed here no changes 

in the levels of caspase -3 and -9 in response to C-PC in RANKL-stimulated cells. 

These observations suggest that the decrease in the number of mature osteoclasts in 

C-PC treated RAW cells is not due to the activation of apoptosis-related mechanisms.  

Furthermore, C-PC did not affect the differentiation of osteoblasts or its activity 

towards the mineralization process. Although the specific target of C-PC needs further 

elucidation, based on our current observations, we believe that C-PC may have a 

specific effect on osteoclastogenesis and resorption, possibly via targeting the integrin 

αvβ3 signaling mechanism. We suggest this because integrin αvβ3 signaling is critical 
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for osteoclast adhesion, and the expression is increased in an osteoclast lineage-

specific manner  181,182. 

Podosomes are small adhesion structures that are mainly found in highly 

motile cells 185. Mature osteoclasts are distinctly characterized by the presence of a 

well-defined actin belt formed by podosomal organization 121,186. In this study, we 

demonstrated the ability of C-PC to inhibit the formation of mature osteoclasts and 

hence, the formation of the peripheral belt of these podosomal structures. Podosomes 

are present throughout the cells, as shown by others in macrophages 187. The presence 

of small diffuse podosome structures instead of a well-defined outer belt illustrates an 

abundance of macrophages or mononuclear precursors in C-PC treated cells. These 

cells failed to form mature resorption-competent osteoclasts. 

Moreover, we tested the ability of C-PC to attenuate the resorptive activity of 

mature osteoclasts by seeding osteoclasts on the dentin chips. Osteoclasts treated with  

RANKL alone after seeding demonstrated well-demarcated trails of the resorbed area, 

indicating the process of resorption induced by cell motility. Cell motility is due to the 

formation of podosomes. However, osteoclasts treated with  RANKL+ C-PC after 

seeding failed to exhibit any evidence of resorption. A few undifferentiated RAW 

cells demonstrated podosomes and were capable of movement. However, they are 

unable to resorb the dentine matrix, which may be due to a failure in the formation of 

the sealing zones or rings, which is critical for resorption.   

It was also shown that the extent of bone resorption is correlated with the rate 

of osteoclast apoptosis 176. C-PC accelerated the apoptosis of mature osteoclasts by 

activation of caspase-3.  From these results, it is clear that C-PC inhibits the 

differentiation, survival, and function of mature osteoclasts.   
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ROS is generated during cellular stresses, and some of the ROS products 

include hydrogen peroxide and superoxide radicals 188. The exposure to RANKL can 

markedly elevate ROS levels during osteoclastogenesis 189,190. Most importantly, ROS 

production can increase Ca 2+ signaling and activate NFATc1 191. Furthermore, C-PC 

is a known potent ROS scavenger 104.  In agreement with these observations, our 

results demonstrated the ability of C-PC to attenuate RANKL-induced generation of 

ROS. Therefore, the reduction of intracellular ROS levels caused by C-PC could 

account for the inhibited osteoclast differentiation. 

Accumulating evidence suggests that c-Fos and NFATc1 are essential 

regulators of RANKL-induced osteoclastogenesis 171,192,193. C-Fos is a significant 

component of the AP-1 complex, and it was shown that c-Fos-deficient mice 

developed osteopetrosis due to impaired osteoclastogenesis 193,194. That effect was 

ultimately rescued to normal by ectopic expression of c-Fos 194.  NFATc1, which is 

critical for osteoclastogenesis, is regulated by c-Fos. The binding of the AP-1 

transcription factor, which contains c-Fos, with the NFATc1 promoter, induces 

NFATc1 expression during osteoclastogenesis 171,192,193. Besides, costunolide, a 

sesquiterpene lactone with anti-inflammatory properties, was shown to suppress the 

transcriptional activity of c-Fos caused by RANK signaling, and therefore inhibited 

the following expression of NFATc1 195. The inhibition or absence of NFATc1 

completely abolished RANKL-induced osteoclastogenesis in vitro 196–198.  Also, mice 

deficient in NFATc1 exhibited defects in osteoclast differentiation and demonstrated 

symptoms of osteopetrosis 199.  In the present study, we showed that C-PC 

significantly inhibited RANKL-induced c-Fos expression at the protein level. 

Consequently, RANKL-induced NFATc1 expression is also suppressed. Thus, these 

results provided evidence that C-PC may represent an anti-osteoclastogenic agent for 
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use in the treatment of bone loss diseases. 

The canonical NF-κB signaling pathway is vital for osteoclastogenesis in 

response to RANKL199. NF-κB is constitutively present in the cytoplasm as a 

heterodimer that maintains its resting state by binding to the inhibitory subunit IκB-α 

200. RANKL treatment can induce the disintegration of IκB-α and therefore allows the 

NF-κB unit to translocate into the nucleus and activate transcription 201. Moreover, 

NF-κB can act as an upstream factor and mediate RANKL-induced c-Fos and 

NFATc1 expression 202. In line with these observations, our study showed that C-PC 

treatment prevents the RANKL-induced degradation of IκB-α at all time points tested, 

indicating the ability of C-PC to counteract the RANKL activation of NF-κB, c-Fos, 

and NFATc1. Moreover, it is essential to mention that NF-κB was shown to control 

the early phase of osteoclast differentiation 202. Therefore, we believe that early 

treatment of C-PC suppressed osteoclastogenesis by inhibiting NF-κB related 

pathway, while the late treatment does not have an effect. 

The study in this report focuses on the effect of C-PC on RANKL-induced 

osteoclast differentiation (Figure 3.13; schematic diagram). C-PC effect on 

differentiation was primarily measured by TRAP staining. A decrease in the 

expression of osteoclasts-specific markers such as cathepsin K and integrin β3 

corresponds with the reduced number of TRAP +ve   osteoclasts. C-PC significantly 

reduces RANKL-induced ROS generation. The underlying molecular mechanism of 

C-PC effect involves the inhibition of RANKL- induced NF-κB activation, which 

consequently reflects on the induction of c-Fos and NFATc1 (Figure 3.13; schematic 

diagram). Our results clearly show that C-PC has inhibitory effects on RANKL-

induced osteoclastogenesis via the suppression of NFATc1 and c-Fos activation. 

Hence, we suggest that C-PC could be a therapeutic candidate for the treatment of 
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bone loss observed in conditions that demonstrate osteoclast activation (E.g., 

osteoporosis, rheumatoid arthritis, and periodontitis). The significance of this 

compound is that it does not affect osteoblast differentiation or activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 Schematic illustration of the C-PC inhibitory mechanism on 
RANKL-induced osteoclast formation. 

 

 

 

 

NF-κB can act as an upstream factor and mediate RANKL-induced c-Fos and 
NFATc1 expression. C-PC significantly reduces RANKL-induced NF-κB 
activation, which therefore reflects not only on the induction of c-Fos and 
NFATc1 but also on osteoclastogenesis.  
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Chapter 4: Summary and General Discussion of Research 

4.1 General Discussion 

Inflammatory osteolytic disorders represent a significant threat to overall 

health. The abnormal increase in osteoclast differentiation and function is the 

principal mechanism underlying bone loss. Over the past years, our lab, in general, 

has focused on osteoclast studies. We studied the molecular mechanisms of osteoclast 

adhesion, migration, and function related to cytoskeletal organization and other 

aspects of bone metabolism. To this end, our lab has taken several steps forward and 

developed several techniques and protocols related to osteoclast function in vitro and 

in vivo. My overall objective focuses on the inhibition mechanisms of bone resorption 

associated with periodontal inflammations. My studies aimed to elucidate the possible 

mechanisms of osteoclastogenesis and determine whether C-PC could be used as a 

novel therapeutic compound to affect the differentiation of osteoclasts without 

affecting the function of osteoblasts. The summary presented in Chapter 1 is centered 

on this perspective. 

Porphyromonas gingivalis is the primary microorganism associated with 

chronic periodontitis 12. P.gingivalis was also found in 85.75% of subgingival plaque 

samples taken from patients with chronic periodontitis 203. Bacterial inoculation of 

P.gingivalis in mice resulted in the development of periodontitis and demonstrated 

significant alveolar bone resorption as compared to the control 204. More importantly, 

PG-derived LPS can stimulate osteoclastogenesis in vitro 50,75,129 and increase 

osteoclast differentiation and alveolar bone resorption in vivo 164,176. Therefore, we 

used PG-LPS in our experimental analysis in an attempt to further mimic the events 

that occur in periodontal inflammations. In our preliminary studies, we started with 

very low doses of PG-LPS, ranging between 10-500 ng/ml of medium. These 
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concentrations did not induce osteoclastogenesis in RANKL-primed cells. Several in 

vitro studies used different doses of PG-LPS, ranging from 2 µg/ml to 10 µg/ml in 

their analysis 50,75,129. Accordingly, we treated the cells with 2, 5, and 10 µg/ml of PG-

LPS. We observed a dose-dependent increase in osteoclasts number following 

treatment of 2 and 5 µg/ml of LPS. The number of osteoclasts remains the same in 

conditions treated with 5 and 10 ug/ml of LPS. Hence, we decided to use the dose of 5 

µg/ml in all of our LPS studies. For the in vivo analysis, the dosages are essentially 

different than in vitro systems. In mice, LPS dose typically ranges between 100 µg/kg 

– 5 mg/kg depending on the administration method 164,176,205. Furthermore, LPS serum 

levels were found higher in patients with clinical signs of localized aggressive 

periodontitis as compared to the control patients 206. Interestingly, these higher levels 

of LPS were gradually decreased upon application of the required periodontal therapy 

207, which indicates the positive role of LPS in mediating local periodontal 

inflammations. Although LPS concentrations fundamentally fluctuate between in 

vitro and in vivo models, that was entirely attributed to the natural differences and 

complexity between these two systems. Nonetheless, the major observation here is 

that LPS is potent enough to drive periodontal inflammation events in both models. 

This was consistent with the positive correlation observed between LPS levels and the 

incidence of local periodontal inflammations in humans. 

Over the last decade, the concept of RANKL-independent osteoclastogenesis 

has given rise to many scientific conflicts. Can LPS exclusively induce 

osteoclastogenesis without the involvement of RANKL? In a study conducted by Liu 

et al., freshly isolated bone marrow macrophages (BMMs) were stimulated with LPS 

alone but osteoclast differentiation failed. The osteoclastogenesis by LPS was 

reinstated when the BMMs were pre-treated with RANKL. In contrast, the LPS pre-
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treated BMMs failed to undergo osteoclast differentiation after treatment with 

increasing doses of RANKL. This was due to the ability of LPS to downregulate  

NFATc1 expression, a master regulator of osteoclastogenesis 136. Takami et al., 

demonstrated that almost all TLRs members are expressed on murine osteoclast 

precursors. Like the previous study, TLR4 activation by LPS reduced the RANKL-

mediated osteoclast differentiation of these precursors. The other interesting 

observation is that TLR4 is not the only TLR family member that could suppress the 

osteoclastogenic ability of the precursors upon ligand stimulation. When TLR2, 

TLR3, and TLR9 that are expressed on osteoclast precursors were stimulated with 

their respective microbial ligand, RANKL-induced osteoclast differentiation was 

inhibited 144.  

Furthermore, Porphyromonas gingivalis failed to induce osteoclast 

differentiation when cultured with BMMs from C57BL/6 mice. However, when these 

BMMs were pre-treated with RANKL and then incubated with PG, a dramatic 

increase in osteoclast differentiation was noticed. On the other hand, when BMMs co-

treated with PG and RANKL at the same time, PG completely suppressed the 

RANKL-induced osteoclastogenesis 137. This microorganism can further promote 

RANKL-induced osteoclastogenesis in an LPS-independent manner. A recent in vitro 

study demonstrated a unique property of PG to secrete cell-permeable ceramides 

called phosphoglycerol dihydroceramide, which stimulates osteoclast fusion 208.   In 

vivo, Lin et al. used a mouse model that utilized a PG-associated ligature to induce 

periodontal disease. They showed a significant reduction in alveolar bone resorption 

in mice treated with a RANKL antibody compared to the untreated group (both 

groups had been ligated and treated with PG) 209. Collectively, these observations rule 

out the possibility that LPS alone can induce osteoclastogenesis and instead confirm 
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the vital role of RANKL as a prerequisite for osteoclast differentiation. These 

observations are consistent with the results shown in Chapter 2.  

Many studies, however, used LPS alone to induce osteoclast differentiation 

117–119,146 . Although the purpose of these studies was not meant to investigate 

RANKL independent LPS-induced osteoclastogenesis specifically, nevertheless, their 

methodology, signaling mechanisms, as well as data in terms of osteoclast 

differentiation, were not sufficiently persuasive to support such a claim. Therefore, to 

address this matter, it would be useful in the future to use a RANK knock out animal 

model or RANK knockdown culture system combined with LPS treatment to discern 

this dichotomy. 

The study conducted by Liu et al.,136 generally describes the role of LPS on 

osteoclastogenesis without elucidating the critical effect mediated by TNF-α. 

Nevertheless, what distinguishes our studies from any other work is that we seek to 

determine the comprehensive mechanism of LPS- mediated osteoclastogenesis. That 

includes all the receptors and factors involved starting from LPS stimulation until 

osteoclast eventually formed (Figure 2.12). 

Osteolytic diseases affect the overall lifestyle. Countless researches have been 

made to find natural agents that could safely inhibit osteolysis. C-PC has been heavily 

studied in vitro and in vivo and demonstrated promising therapeutic effects against 

several pathological states.  

Bisphosphonates (BPs) are pharmacological agents commonly used against 

osteoclast-mediated bone resorption. BPs are prescribed to most people for bone loss 

92.  Prolia (aka denosumab) is also an anti-resorptive drug. Prolonged treatment has 

impacts on normal bone remodeling and results in several skeletal complications (e.g., 

osteonecrosis of the jaw and atypical fractures) 93,98–100. Although these targeted 
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therapies are currently available to treat and prevent osteoporosis by blocking the 

activity of osteoclasts, evidence shows that long-term treatments cause a reduction in 

osteoblast-mediated bone formation, resulting in atypical skeletal fractures.  Also, 

these drugs can induce structural modifications to the alveolar bone that can affect its 

normal remodeling processes 210. These modifications include a decrease in osteoclast 

differentiation, osteoclast attachment, and osteoclast apoptosis 94. Thus, the alveolar 

bone matrix loses its typical features and predisposes the bone to necrosis upon 

trauma 95. C-PC, on the other hand, is a naturally occurring non-toxic compound. Our 

observations demonstrate its specificity against osteoclast differentiation without 

interfering with the function of osteoblasts in vitro. This showed a possible 

advantageous and favorable quality of C-PC to act as a safe drug against osteolytic 

diseases. Indeed, more in vitro investigations are still required to determine the effect 

of C-PC against osteoblast differentiation and its impact against other bone cells. 

However, our studies here in Chapter 3 posed promising results and pave the way to 

take this compound further step to test its efficacy in animal models.   

4.2 Summary of Studies and Key Findings of Dissertation 

Bacterial LPS was of particular interest to us. It is one of the most critical 

virulent factors associated with the pathogenesis of periodontal diseases. Emerging 

evidence suggests a direct relationship between LPS and osteoclastogenesis 117–119,146. 

However, the exact mechanisms accounting for the effects of LPS on 

osteoclastogenesis is limited.   Therefore, my goals are A) to identify the direct role of 

bacterial LPS in osteoclastogenesis. This is addressed in Chapter 2. B) To test the 

effect of a promising anti-inflammatory compound named C-PC against RANKL and 

LPS-induced osteoclastogenesis and bone resorption in vitro. This is addressed in 

Chapter 3. I formulated my specific aims based on these objectives.  
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In Chapter 2, we illustrated the role of bacterial LPS on osteoclast 

differentiation. LPS effect on osteoclastogenesis was primarily measured by TRAP 

staining. RAW cells failed to differentiate into TRAP-positive multinucleated cells 

when exposed to LPS alone without RANKL. However, LPS treatment of RANKL-

primed cells significantly enhanced osteoclastogenesis. Our results clearly show that 

the RANKL/RANK/OPG axis was not activated during LPS-induced 

osteoclastogenesis. Instead, TLR4 signaling demonstrated a critical role in modulating 

such a process. Our results shed light on a potential osteoclastogenesis process that 

may occur during bacterial-mediated osteolytic infections.  

We have also shown that LPS/TLR4-induced TNF-α expression regulates 

osteoclast differentiation in RANKL-primed cells in an autocrine/paracrine manner. 

TNFR-2 seems to have a central role in transmitting the TNF-α mediated events that 

ultimately cause osteoclastogenesis. Age- and post-menopausal–related osteoporosis 

are also connected to chronic inflammation and the immune system remodeling. The 

inflammatory mediators (e.g., TNF-α)  are critical elements of the pathological 

conditions observed in periodontitis, age-related osteoporosis, and rheumatoid 

arthritis. Our present study provided pieces of evidence for the molecular 

consequences of the regulatory mechanism (s) mediated by TNF-α and its receptors. 

However, more studies are warranted as explained in the limitations below.  

In Chapter 3, we defined the effect of C-PC on the RANKL- and LPS- 

induced osteoclast differentiation. C-PC strongly inhibited the early stages of 

osteoclast differentiation mediated by RANKL or LPS in vitro with no cytotoxicity. 

Also, our data showed that C-PC did not activate any apoptosis-related mechanism in 

osteoclast precursors. C-PC did not affect the mineralization properties of osteoblasts. 

In addition, our experimental analysis showed a direct inhibition of osteoclast-specific 
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podosomal polarization as well as dentin matrix resorption by C-PC action. Also, C-

PC caused rapid apoptosis of mature osteoclasts by activating caspase-3 signaling. 

Our mechanistic studies elucidated the possible molecular mechanism that could 

mediate the inhibitory effect of  C-PC. RANKL-mediated ROS generation was 

suppressed by C-PC during osteoclastogenesis. We showed here that C-PC has the 

potential to target NF-κB signaling. It abrogated c-Fos and NFATc1 expression, thus 

abolished osteoclast formation. Taken together, the observations in Chapter 3 present 

C-PC as a potential inhibitor of osteoclastogenesis in vitro. 

Overall, this thesis not only explains the mechanism of LPS-mediated 

osteoclastogenesis but also presents a promising pharmacological agent that may 

target such a process. 

4.3 Strength and Limitation of Research 

Osteoclasts are distinctively characterized by multinucleation, bone-resorption 

qualities, and unique cytoskeletal organization. The generation of osteoclasts in the 

lab setting is a technique sensitive procedure that requires sophisticated manipulation 

of the progenitor cell line. Bench-side differentiation of osteoclasts is usually 

performed utilizing bone marrow macrophages (BMMs) or RAW 264.7 cell line 

(RAW cells). BMMs are primary cells that are directly flushed from the bone marrow. 

These cells must undergo a multi-step process to be viable for osteoclast formation, 

while RAW cells are readily available pure macrophage cell-line with inherent pre-

osteoclastic features. Unlike BMMs, RAW cells are cost-effective and differentiate 

well into mature osteoclasts within 3-4 days if conditions are correctly optimized. 

Also, RAW cells are easy to handle, culture, and manipulate. Most importantly, RAW 

cells-derived osteoclasts exhibit close correlation in characteristics, signaling 

pathways, functional behaviors, and gene expression to osteoclasts population 
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originating from BMMs or osteoclasts directly isolated from murine bones 211. 

Therefore, we used RAW cells and RAW cells-derived osteoclasts in all of our 

studies. Though these in vitro models provide significant insights and contributions, 

they also pose major limitations. The major limitation here is that the effect of C-PC 

has not been tested in any in vivo models to come to a firm conclusion that it has a 

very limited effect on osteoblast function.  

We initially presumed that TNFR-1 would be the principal receptor for TNF-α 

with regard to osteoclastogenesis in LPS-induced osteoclastogenesis. However, we 

found that TNFR-1 expression is significantly reduced. Also, TNFR-2 expression was 

also surprisingly upregulated in response to LPS-induced osteoclastogenesis. The 

second limitation is that the role of TNFR-2 signaling on osteoclastogenesis is not 

known. Our future studies will focus on these aspects. We will elucidate, a) the 

regulatory mechanisms of TNFR-2 on LPS-induced osteoclastogenesis; b) the 

regulatory mechanisms of down-regulation of TNFR-1 in LPS- treated cells; and c) 

the subcellular signaling pathway of TLR4 in the upregulation of TNFR-2.  

In the C-PC studies, we confirmed the inhibitory role of C-PC on osteoclast 

differentiation, function, and survival. Although we showed the molecular mechanism 

underlying such effect, there are some aspects that need to be elucidated. These 

aspects include a) the actual target site for ROS production, and b) the mechanism by 

which C-PC acts as an inhibitor of the NF-κB pathway, which involves NFATc1 and 

c-Fos. 

4.4 Future Directions 

Our study highlighted the osteoclastogenic role of LPS. We show for the first 

time the comprehensive picture of osteoclastogenesis mediated by bacterial LPS. 

Additionally, our study provides deep insights into the inhibitory effect of C-PC on 
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osteoclastogenesis. To our knowledge, this is the first study to explore the impact of 

C-PC on bone metabolism. As indicated above, our future studies will focus on the 

role of TNFR-2 in LPS-mediated osteoclastogenesis. We will use knockin or knock-

out strategies to determine the consequence of LPS/TNFR2 mediated signaling.  We 

will also focus on the subcellular target sites for ROS generation. Finally, we will 

conduct an in vivo study to corroborate our findings in a periodontitis animal model. 

The ligature-induced periodontitis mouse model is an appropriate one to study the 

LPS-induced osteoclastogenesis and also the influence of C-PC on LPS induced 

osteoclastogenesis and bone loss.  
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