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RÉSUMÉ 
Université de Sherbrooke 

Implication des prostaglandines dans l'accumulation d' OPG dans le 
surnageant d'ostéoblastes et dans un modèle d'ostéoclastogénèse 

Par 
Rana Samadfam 

Département de Pharmacologie 
Thèse présentée à la Faculté de Médecine en 

vue de l'obtention du grade de Philosophiae Doctor (Ph.D.) 
Janvier 2004 

Au cours des dernières années, nos connaissances sur le remodelage de l'os se sont 
grandement améliorées, surtout suite à la découverte de deux éléments majeurs impliqués 
dans la régulation de ce processus : le RANKL (Receptor Activator of Nuclear Factor :is;B 
1igand) et l'OPG (Osteo12rotégérine). Le RANKL, qui fait parti de la superfamille des 
protéines du TNF, est essentiel à la différenciation et l'activation des ostéoclastes. L'OPG 
est un récepteur leurre pour le RANKL et de cette façon il inhibe l'action de celui-ci. Les 
résultats que nous avons obtenus pour les ostéoblastes humains (hOB) et des lignées de 
cellùles immortalisées indiquent que le niveau basal d'OPG accumulé dans le surnageant 
des cellules Saos-2 est beaucoup plus faible que celui des cellules MG-63 ou des hOB. De 
plus, la réaction de ces deux lignées en réponse à un traitement à la VD3 et la 
dexamethasone diffère de celle des Saos-2. Cette stimulation a provoqué une diminution 
de l'accumulation d'OPG dans le surnageant des hOB et des MG-63, mais n'a pas eu 
d'effet chez les Saos-2. De plus, le niveau basal d'OPG des hOB et des lignées 
immortalisées n'a pas changé suite au traitement avec un inhibiteur de COX-1 (valeroyl 
salicylate), un inhibiteur de COX-2 (NS 398), ni avec des inhibiteurs non spécifiques des 
COX ( diclofenac, naproxen, indomethacine ). Dans la présente étude, la PGE2 ainsi que la 
PGD2 ajoutées de façon exogène, ont fait diminuer la concentration d'OPG dans le 
surnageant des hOB mais pas des deux autres lignées. Des essais supplémentaires avec des 
agonistes et antagonistes des récepteurs des prostaglandines ont confirmé que ces réponses 
se produisent par l'entremise des récepteurs EP4 et DP. Nos résultats suggèrent que le 
ciblage du récepteur EP4 ou DP avec des antagonistes pourrait empêcher de diminuer le 
niveau d'OPG, en conséquence, réduire le taux d'ostéoclastogénèse et de résorption. Nous 
avons aussi évalué l'implication des récepteurs FP, IP et TP sur l'accumulation de OPG 
dans le surnageant des trois types cellulaires. Parmi les récepteurs étudiés, seulement 
l'activation de FP a eu un effet (augmentation de l'accumulation de OPG) et ce uniquement 
chez les MG-63. 

Dans la présente étude, nous avons aussi investigué le rôle joué par les COXs et les 
PGs sur l'accumulation d'OPG dans notre nouveau modèle d'ostéoclastogénèse. Les 
résultats obtenus pour cette partie de l'étude ont révélé que le niveau basal d'OPG n'est pas 
affecté par des inhibiteurs de COX-1 ou -2. Parmi les agonistes aux PGs utilisés, seuls la 
carbaprostacycline et le U46619 ont induit un effet : la carbaprostacycline a diminué le 
niveau d'OPG accumulé dans le surnageant de la culture cellulaire, et le U46619 l'a 
augmenté. Nos résultats sont résumés dans les Tableaux 6 et 7 la page suivante. 

Donc le ciblage des récepteurs aux prostaglandines pourrait représenter une 
démarche thérapeutique intéressante pour les maladies osseuses. 
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INTRODUCTION 

Without the skeletal system we would be a shapeless bag of soft organs 

collapsed on the floor. We would not be able to perform movements such as walking or 

grasping. The slightest bump to our head or chest could damage the brain or heart. It 

would even be impossible to chew food. The framework of bones and cartilage that 

protects vital organs and allows movement is called the skeletal system. The skeleton 

also serves as a source of calcium. There are 206 bones in the human body. Bone 

makes up the largest portion of the body's connective tissue mass. It consists of 

extracellular matrix proteins (largely collagen type 1 ), minerais, and bone cells 

(including osteoblasts and osteoclasts). Bone matrix is unique among connective tissues 

in that it is constantly regenerated throughout life as a consequence of bone turn-over. 

Bone tum-over (bone remodeling) is a mechanism by which old bone is replaced by 

new bone. During the past few decades, intensive efforts have been made by 

investigators to explore and understand the mechanism of bone tum-over. Although 

their findings have considerably improved our knowledge of bone remodeling, and 

therefore the pathophysiology of bone diseases, this process still has unresolved 

problems. The aim of the present project was to study the molecular basis of bone 

remodeling, particularly the role that prostaglandins (PGs) play in this process. 

In this thesis, we will have a brief review on bone and bone remodeling 

including osteoblastogenesis, osteoclastogenesis, and also the OPG/ RANKL/ RANK 

system. Then, we will focus on the complicated role of PGs in bone turnover. We will 

finish the report with some results, a discussion and some perspectives on the subject. 
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1.BONE 

1.lBONESTRUCTURE 

Anatomically, two types ofbones can be distinguished in the skeleton: fiat bones 

(calvaria, scapula, mandible, ilium, etc) and long bones (humerus, femur, tibia, etc). 

The fiat and long bones are formed by two distinct types of histogenesis, 

intramembranous and endochondral, respectively. The difference between these two is 

that endochondral ossification requires a cartilage model which is eventually replaced 

by bone. In intramembranous ossification mesenchymal cells directly arrange 

themselves in loose connective tissue and start secreting bone matrix without the need 

for a cartilage model. Extemal examination of a long bone shows two wider 

extremities, a more or less cylindrical portion in the middle and a developmental zone 

between: epiphysis, diaphysis, and metaphysis, respectively. The extemal part ofbone is 

termed cortical or compact bone. In the diaphysis, the cortex surrounds the medullary 

cavity where hematopoietic marrow is housed. Toward the metaphysis and epiphysis, 

the compact bone becomes progressively thinner and a network of thin, calcified 

trabeculae fills the internai space. This is termed trabecular or cancellous bone. The 

spaces enclosed by trabeculae are filled with bone marrow and are in continuity with the 

medullary cavity of the diaphysis. Figure 1 shows the different parts of a long bone. 

The outside of the bone is covered by a layer of dense connective tissue, called 

periosteum, and the inner spaces are covered by a thin layer of cell-rich connective 

tissue, the endosteum. Both the periosteum and the endosteum possess osteogenic 
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potency. Following injury, cells in these layers may differentiate into osteoblasts (borie 

forming cells), which become involved in the repair ofbone. 

· EPfPHYSCS 
GROWTH PLATE 
. ETAPHYS•IS 

Figure 1: Diagrammatic representation of a long bone (http://www.bartleby.com/107 /). 
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1.2 BONE AS A TISSUE 

1.2.1 Bone matrix and minerai 

Bone matrix consists of about 90% collagen fibres and 10 % ground substance. 

Collagen type I is the dominant form of collagen in bone and is usually oriented in a 

preferential direction. The ground substance is primarily composed of glycoproteins 

and proteoglycans. Since these proteins are highly anionic and have an ion binding site, 

they may play an important role in the calcification process and the fixation of 

hydroxyapatite crystals to the collagen fibers. The solidity of the matrix is due to its 

content of inorganic spindle or plate-shaped hydroxyapatite crystals. These crystals 

make up about 75% of the dry weight of bone and tend to be deposited between and 

parallel to collagen fibres. The orientation of the collagen fibers altemates in adult bone 

from layer to layer, giving a typical lamellar structure to bone. This organization allows 

the highest density of collagen per unit volume of tissue. The lamellae can be parallel to 

each other if deposited along a fiat surface (trabecular bone) or concentric if deposited 

on a surface surrounding a channel centered on a blood vessel (harvesting system in 

cortical bone ). 

1.2.2 Bone cells 

There are four special types of cells that are found only in boue. The prefix for 

each, osteo, is from the Greek word for bone. Figure 2 shows the different cell types in 

a section of bone. 
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1.2.2.1 Osteoprogenitor cells 

Osteoprogenitor or mesenchymal stem cells are located in the periosteum and 

endosteum. They are very difficult to distinguish from the surrounding connective 

tissue cells. Human mesenchymal stem cells are multipotent cells and have the potential 

to differentiate into osteoblasts, chondrocytes, or adipocytes (PIERRE, 2001). The 

differentiation toward each cell type depends on the expression of specific 

transcriptional factors. Expression of Sox-9 induces the differentiation of chondrocytes, 

and the presence of cbf/a/Runx induces the osteoblastic pathway. PPARy-2 

(peroxisome proliferator-activated receptor gamma-2) is the transcriptional factor 

necessary for differentiation of adipocytes (PIERRE, 2001). 

1.2.2.2 Osteoblasts 

All osteoblasts are mononuclear and the nucleus is usually positioned on the 

opposite side of the rough endoplasmic reticulum. A mature, functioning osteoblast 

does not proliferate. If mitotic forms are observed, the cell is considered a progenitor 

form of an osteoblast or a preosteoblast. Osteoblasts are very metabolically active cells. 

It is interesting to point out that the predominant genes expressed in these cells are those 

dealing with the synthesis of extracellular matrix. Nearly one fifth of the total protein 

produced by osteoblasts is type I collagen. Considering the number of genes that a cell 

needs to express to maintain function, to devote one fifth of its activity to a single gene 

is surprising. The predominant noncollagen protein secreted by osteoblasts is 

osteocalcin. Osteocalcin forms approximately 1 % of extracellular matrix proteins and 
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is an important marker for characterizing osteoblasts. It has also been shown that it 

inhibits osteoblast function (DUCY et al., 1996). Another characteristic of osteoblast is 

the presence of a substantial amount of the alkaline phosphatase. Bone specific alkaline 

phosphatase has been localized on the plasma membrane of osteoblasts, and, although it 

is present in large amount, its true function has not yet been determined. It is clear that 

alkaline phosphatase activity correlates with bone formation, and elevated level of it 

indicates excessive osteoblast activity. 

Osteoblasts never appear or function individually but are always found in 

clusters of cubical cells along the bone surface. Osteoblasts are always found lining the 

layer of bone matrix that they are producing, before it is calcified ( called, until this 

point, osteoid). In culture, osteoblasts are nearly indistinguishable from fibroblasts. All 

the genes expressed in fibroblasts are also expressed in osteoblasts except the two 

osteoblast-specific transcripts, one encoding Cbfal, a transcription factor (DUCY et al., 

1997), and the other encoding osteocalcin (DUCY et al., 1996). As previously 

mentioned, mesenchymal stem cells in the present of cbf/a/Runx differentiate into 

osteoblasts. Cbfal-dificient mice develop a normally pattemed skeleton, which is 

exclusively made of cartilage (KOMORI et al., 1997). In culture, Cbfal induces 

osteoblast-specific genes in fibroblasts (DUCY et al., 1997). Severa! growth factors 

such as BMPs (bone morphogenetic proteins) and TGF beta (transforming growth 

factor) have also been implicated in osteoblast differentiation (LAI et al., 2002). Figure 

3A shows the differentiation of osteoblasts and the different markers expressed in 

osteoblastogenesis. 
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Figure 2: Bone cells (http://www.cytochemistry.net/microanatomy/ ) 

1.2.2.3 Osteocytes 

Osteocytes are the most abundant cell in bone tissue. An osteocyte is an 

osteoblast that has become trapped in calcified bone. Approximately 15% of osteoblasts 

eventually become osteocytes. Once an osteoblast has differentiated into an osteocyte, 

its metabolic activity significantly decreases due to the lack of nutrient diffusion. 

Osteocytes communicate with one another via gap junctions and receive nutrition 

through canaliculi, thin channels that penetrate the matrix. The canalicular system 

provides a regulatory mechanism for the exchange of minerai ions between the 
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extracellular fluid and bone. Osteocytes appear to be essential to the maintenance of 

bone, since when the cell dies, the matrix around it is eventually removed. 

1.2.2.4 Osteoclasts 

Osteoclasts are the major bone resorbing cell type. They are large (up to 100 

µm) multinucleated cells, containing four to 20 nuclei. At first glance, an osteoclast 

resembles its relative the macrophage polykaryon, which is formed in response to 

infection. An active osteoclast is a polar cell composed of a basolateral membrane 

facing the bone microenvironment and a ruffled membrane facing the bone surface 

(TEITELBAUM SL, 2000). OCs differentiate from the monocyte/macrophage lineage. 

Genes such as PU .1 that regulates the maturation of monocytes also modulate OC 

formation (TEITELBAUM SL, 2000). Severa! markers exist for osteoclasts including 

Tartrate-Resistant Acid Phosphatase (the enzyme responsible for processing of non-

collagenous proteins in bone resorption), Cathepsin K (the proteinase for collagen type 

1 ), Calcitonin receptor . ( calcitonin is a polypeptide hormone that inhibits bone 

resorption) and av~3 integrins (the receptors involved in the adhesion of osteoclasts). 

Osteoclasts are often seen within the indentations of the bone matrix that are formed by 

their activity (resorption pits). Figure 3B demonstrates osteoclastogenesis and the 

important regulatory factors involved in this process. 
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Figure 3: Osteoblasts (A) and osteoclasts (B) differentiation and their markers. 



10 

1.3 BONE REMODELING 

Although the reorganisation of bone may not result in macroscopically visible 

changes of bone structure, it continues throughout life to mend damage to bone ( e.g. 

microfractures) and to counteract the wear and tear occurring in bone. The process of 

bone reorganization and repair is called bone remodeling. Osteoclasts and osteoblasts 

are the key players in this process. Osteoclasts "drill" holes within existing bone matrix. 

Osteoblasts deposit newly synthesised bone matrix on the walls of these holes resulting 

in the formation of a new bone. The sequence of events in bone remodeling also referred 

as ARF (activation-resorption-formation) is shown in figure 4. In bone remodeling 

there is a delicate balance between bone formation and resorption. When this balance is 

disrupted such that one or the other dominates, a pathological state will be created. 

Resorption 

Activation Formation 

/ 
Resting 

Figure 4: Sequence of events in bone remodeling. Phase 
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1.3.l Role of osteoblasts in boue remodeling 

1.3.1.1 Boue formation 

Bone formation is the responsibility of osteoblasts. One of the first steps in bone 

formation is the migration of mesenchymal stem cells, osteoprogenitor cells, and 

osteoblasts to the area. These cells respond to chemical signais that are normally 

released in response to bone injury. The process of migration is believed to be regulated 

in part by growth factors stored within the bone matrix and released by bone resorption. 

Human platelet derived growth factor bb (rhPDGF-bb), human bone morphogenetic 

protein-2 (rhBMP-2), and recombinant bone morphogenetic protein-4 of Xenopus laevis 

(rxBMP-4) can contribute to this influx of cells since they have been shown in vitro to 

have chemotactic properties for stromal osteoblasts and mature osteoblasts (FIEDLER J 

et al., 2002). Calcification begins a few days after the deposition of organic bone 

substance ( or osteoid) by osteoblasts. Osteoblasts are capable of producing high local 

concentrations of calcium phosphate in the extracellular space, which precipitates on the 

collagen molecules. About 75% of the hydroxyapatite is deposited in the first few days 

of the process, but complete calcification may take several months. 

1.3.1.2 Regulation of osteoclast differentiation and activity by osteoblasts 

Osteoblasts play a key role in the regulation of osteoclast activity and thus in 

bone resorption. Osteoblasts and preosteoblasts are the primary targets for a number of 

bone-resorbing stimulatory factors, such as parathyroid hormone, vitamin D, 
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prostaglandins, interleukins, TGF p, and leptin (LEE et al., 2002; TEITELBAUM et al., 

2000). As noted for the first time in 1990, in order for osteoblasts to process bone 

resorbing signals induced by bone regulatory factors, cell-to-cell contact between 

osteoclast precursors and osteoblasts is necessary in vitro (GRAND et al., 1990). This 

finding suggested the existence of intramembranal molecules, which are expressed by 

osteoblasts and act on osteoclast precursors, thus mediating their differentiation to 

osteoclasts. This piece of the puzzle was explained by the discovery of RANKL 

(Receptor Activator ofNF-KB Ligand) and RANK (Receptor Activator ofNF-KB). As 

we shall see in following sections, whenever RANKL expression on osteoblasts is 

elevated, osteoclast precursors differentiate toward osteoclasts and start resorbing bone. 

Evidence suggests that osteoblasts also play a pivotal role in directing where bone 

resorption will occur. The findings of ZAMBONIN-ZALLONE et al. (1984) 

demonstrated that osteoclasts do not resorb bone that is lined by intact osteoblasts or 

stromal cells. 

1.3.2 Role of osteoclasts in boue remodeling 

When initiating bone resorption, osteoclasts become polarized, and three distinct 

membrane domains appear: a ruffled border, sealing zone and basolateral membrane. 

Simultaneously, the actin cytoskeleton undergoes extensive re-organization and forms 

an actin ring at the attachment site, which anchors the resorbing cell to bone matrix. 

Evidence suggests that integrins particularly, avPJ, are responsible for the recognition of 

bone by osteoclasts and therefore the attachment of osteoclasts to the bone surface 
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(ENGLEMAN et al., 1997). The ruffled border appears inside the sealing zone and is 

likely created by the transport of acidifying vesicles along microtubules and their 

insertion into the plasma membrane (TEITELBAUM, et al., 2000). This ruffled 

membrane also maximizes the surface of contact with bone. Osteoclasts empty the 

contents of lysosomes into the extracellular space between the ruffled border and the 

bone matrix. In this extracellular compartment, crystalline hydroxyapatite is first 

dissolved by acid, then a mixture of proteases (particularly matrix metalloproteases, 

MMPs) degrades the organic matrix creating a resorption lacuna. The degradation 

products of collagen and other matrix components are endocytosed, transported through 

the cell and exocytosed through a functional secretory domain on the opposite side of 

the cell. The signal that arrests bone resorption is not clear, however, it has been 

suggested that the high calcium level in the lacuna may activate a membranal receptor 

sensitive to calcium which initiates the withdrawal of osteoclasts from the bone surface 

(TEITELBAUM et al., 2000). 

1.3.3 Regulation of bone remodeling 

Like any other homeostatic function, bone remodeling may also be controlled 

by the endocrine system. Severa! hormones, including PTH and sex hormones, control 

bone remodeling. It is well known that continuous injection of PTH in vivo leads to 

bone formation, yet a single injection of PTH leads to bone resorption (MA YL et al., 

2001 & !IDA-KLEIN et al., 2002). The reason for the opposite effects of PTH on bone 

remodeling still is unknown. However, it may be related to down or up-regulation of its 

two receptors, which have different signaling pathways, on osteoblasts. Sex hormones, 
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such as oestradiol, inhibit osteoclast differentiation and thereby bone resorption. The 

best evidence for the involvement of sex hormones in bone remodeling is the 

accelerated bone loss and osteoporosis seen in women after the onset of menopause. 

These hormones directly or indirectly affect the expression of cytokines or growth 

factors involved in osteoclastogenesis such as IL-1, transforming growth factor (TGF)-

beta, TGF-alpha, tumor-necrosis factor (TNF)-alpha, TNF-beta, IL-6, and prostaglandin 

E2 (ARRON et al., 2000). In addition, estrogen directly induces apoptosis of osteoclasts 

and thereby decreases bone resorption (KAMEDA et al., 1997). 

A recent hypothesis on endocrine regulation of bone remodeling is that the 

reproductive system, body weight and bone mass may be regulated by the same 

hormone or hormones. The following clinical observations are in agreement with this 

hypothesis: A) obesity protects against bone loss B) menopause favors bone loss, C) 

pregnancy increases the likelihood of obesity and D) gastric banding surgery on obese 

postmenopausal women leads to bone loss (PUGNALE et al., 2003). Furthermore, 

menopause is linked to an increase in fat mass, and hormone replacement therapy 

(HRT) seems to reverse menopause-related obesity and decrease the rate ofbone loss in 

aged women (SORENSEN et al., 2001). A promising candidate for the regulation of 

these phenomena is Leptin. It is expressed by adipocytes and activation of its receptor 

on the hypothalamus leads to hunger. Individuals with a deficiency in the leptin 

signaling pathway are sterile and severely obese. In these individuals, sterility is caused 

by hypogonadism, which in tum results in bone loss. Like humans, mice deficient in 

leptin (ob/ob) or its receptor (db/db) are obese and suffer from hypogonadism. 

However, hypogonadism in these mice does not result in bone loss and, on the contrary, 
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they have higher bone density compared to their wild-type littermates. Subsequent 

analysis of the mechanism leading to this high bone mass revealed that it was due to an 

increase in bone formation. It seems that, in vivo, leptin does not act directly on 

osteoblasts but rather through a central pathway following binding to its specific 

receptors located within the hypothalamus. These results indicate that bone remodeling, 

like most other homeostatic functions, is under hypothalamic control (KARSENTY, 

2001). In contrast to these findings, in vitro studies indicate that continuous leptin 

exposure of iliac crest osteoblasts promotes collagen synthesis and mineralization, as 

well as cell survival, differentiation and transition into preosteocytes (GORDELADZE et 

al., 2002). Leptin may also facilitate osteoblastic signaling to the osteoclast 

(GORDELADZE et al., 2002). 

Experiments with transgenic mice have provided functional evidence that Cbfal, 

a transcriptional factor which is involved in the differentiation of osteoblasts, is also 

implicated in bone formation by mature osteoblasts (DUCY P., et al., 1999). Cbfal, by 

controlling the expression of bone matrix proteins such as osteocalcin, may regulate 

bone formation. 

Other than endocrine regulation, local factors such as bone morphogenetic 

proteins (BMPs), transforming growth factors (TGFs), insulin like growth factor (IGFs), 

platelet-derived growth factor (PDGFs), and basic fibroblast growth factors (bFGF) may 

also contribute in bone remodeling by paracrine or autocrine fashion (PIERRE 2001). 
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1.4 RANKL/RANK/OPG SYSTEM 

1.4.1 RANKL 

RANKL (Receptor Activator of NF-KB Ligand), ODF (Osteoclast 

Differentiation Factor), OPGL (Osteoprotegerin Ligand) and TRANCE (TNF-Related 

Activation induced Cytokine) are different names for the same protein (YASUDA et al, 

1998, TSUKII et al., 1998, LACEY et al., 1998). RANKL is a member of the TNF 

superfamily proteins. It is a type II transmembranal glycoprotein containing a 

membrane-anchoring domain, a long extracellular stalk region, and a receptor binding 

core domain. RANKL is essential for osteoclast differentiation, survival and activation 

(YASUDA et al, 1998). Most osteotropic factors that induce osteoclast formation act 

indirectly by binding to marrow stroma! cells, which in tum express increased levels of 

RANKL on their surface (HOFBAUER & HEUFELDER, 2000). RANK.L then binds 

the RANK receptor on osteoclast precursors and induces osteoclast formation. RANKL 

also plays an important role in the immune system. It mediates the differentiation of 

lymphocytes, as well as the survival of dendritic cells (WONG et al., 1997). 

Metalloproteases can cleave RANKL and release the soluble protein. Soluble RANKL 

(sRANKL) is an active protein and it induces osteoclastogenesis in monocytes in the 

absence of osteoblasts. Subcutaneous injections of sRANKL into mice, twice a day, 

dose dependently induces hypercalcemia seen as early as the first day. The 

histomorphometric and radiographie analysis of bone in these mice after 3 days reveal a 

significant bone loss (LACEY et al., 1998). 
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RANKL is also expressed on osteoblasts, chondrocytes, T cells and endothelial 

cells. Coculture of monocytes with these cell types induces osteoclastogenesis, but the 

question of how much each one of these cell types contributes to osteoclastogenesis in 

vivo rernains to be answered. Mice lacking RANKL show severe osteopetrosis 

(alteration of osteoclastic bone resorption and thickening of the bone) and a failure in 

tooth eruption due to the absence of osteoclasts. The growth of RANKL deficient mice 

is severely retarded presumably because of poor nutrition secondary to failure of tooth 

eruption. Osteoblasts from RANKL K.O. mice are not able to support osteoclast 

formation in cell culture (WONG et al., 1997). IKEDA and his colleagues have 

identified three different isomers for RANKL in the bone marrow stroma! cell line ST2 

and preosteoblastic cell line MC3T3-El and named them RANKLl, RANKL2 and 

RANKL3 (IKEDA et al., 2001). These isomers also exist in lung, calvaria, thymus, 

testis and thymocytes of mice. The extracellular part of these isorners is identical and 

suggests that they are produced by alternative splicing of the sarne gene. RANKL 3 is 

the shortest one and is identical with the previously reported soluble RANKL from T-

cells. The structural diff erences cause the diff erent distribution of these proteins and 

may also cause functional differences too. The presence of multiple RANKL-RANK 

pathways adds to the complexity of the already complex system of osteoclastogenesis. 

1.4.2 RANK 

RANK (receptor activator of NF-kB) is the RANKL receptor. According to its 

sequence hornology, RANK has been categorized as member of the TNF superfamily of 

receptors (DOUGAL! et al., 1999). It is expressed as a type I transmernbrane protein 



18 

and it is thought to form an elongated structure that projects from the cell membrane. 

RANK is expressed on preosteoclasts, osteoclasts, T cells and dendritic cells. Ligation 

of RANK by its cognate ligand allows, via adaptor molecules such as TRAFs, the 

activation of downstream effector pathways including JNK, cSrc, c-Fos and NF-kB 

(WONG et al., 1999). RANK-deficient mice manifest the same phenotype as RANKL-

deficient mice. These mice also have severe osteopetrosis and hypocalcemia 

(DOUGALL et al., 1999 & WONG et al., 1997). Immonohistochemical analysis has 

shown that RANK and RANKL are both expressed on human chondrocytes, however 

RANK is not able to trigger the activation of NF-KB in these cells (KOMURO et al., 

2001). In inflammation, activated T-cells express RANKL (soluble or transmembranal) 

which in tum induces bone destruction at inflamed sites (ARRON et al., 2000). 

TAKAYANAGI et al. (2000) have suggested a regulatory system for T-cell induced 

RANK activation and subsequent bone loss. They proposed that interferon-[gamma] 

secreted from T-cells activates the ubiquitin-proteasome pathway, involved in protein 

degradation, within osteoclasts, resulting specifically in the degradation of the adapter 

protein TRAF6, thereby preventing massive bone destruction during inflammation. In 

addition, a recent article has shown that RANKL induces the interferon-beta (IFN-beta) 

gene in osteoclast precursor cells, and that IFN-beta inhibits osteoclast differentiation by 

interfering with the RANKL-induced expression of c-Fos, an essential transcription 

factor for the formation of osteoclasts (TAKAYANAGI et al., 2002). 
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1.4.3 OPG 

Osteoblast differentiation factor or osteoprotegerin is a decoy receptor of 

RANKL. OPG contains four cystein-rich domains and two death domain homologous 

reg10ns. Like RANK, this receptor also belongs to the TNF receptor superfamily 

although it has some characteristics that not all of the TNF receptor family proteins 

possess: A) it is a secretory protein with no transmembranal domain, B) it interacts with 

heparin and C) it is present in two forms, monomer and <limer. A disulfide bridge links 

the <limer form of OPG. Since OPG is a soluble receptor, it does not have access to 

intracellular adaptor molecules (such as TRADD, RIB, etc) meaning that the interaction 

between RANKL and OPG cannot trigger the signaling pathway and cellular response 

(YAMAGUCHI et al., 1998). OPG, by competing for RANKL with RANK, inhibits the 

RANKL action and subsequent bone loss. YAMAGUCHI et al. (1998) by analyzing 

the C-terminal deleted proteins, have shown that the N-terminal portion of the OPG 

protein containing four cystein-rich domains is sufficient to inhibit osteoclastogenesis in 

vitro. The death domains of OPG are able to trigger a cytotoxic effect when fused to 

FAS (the fusion creates a protein which contains a death domain of OPG and the 

transmembranal and extracellular portion of FAS). FAS (CD95 or APO-1) is a member 

of TNF receptor family and its signaling leads to cell apoptosis. 

As previously mentioned, OPG is a heparin binding protein. It is not yet known 

whether or not binding of heparin to OPG has any effect on its activity. However, 

GRIFFITH et al. (1965) have 1965 established a relationship between 

thromboembolism therapy with unfractionated heparin m pregnant woman and 
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osteoporosis. Furthermore, the concentration of circulating OPG in mice markedly 

increased during pregnancy. This indicated that circulating OPG plays an important role 

in the protection of bone from excess resorption during pregnancy in mammals (Y ANO 

et al., 2001 a). These findings raise the suspicion that the binding of OPG to heparin 

may inhibit the action of OPG in pregnant women with thromboembolism, which in tum 

results in an increase in RANKL-RANK interaction and a subsequent increase in 

osteoclastogenesis and osteoporosis. OPG also acts as a decoy receptor for TNF-related 

apoptosis-inducing ligand (TRAIL) which is another member of the TNF ligand 

superfamily (EMERY et al., 1998). These findings suggest that OPG and TRAIL may 

function to inhibit each other. One study suggests that OPG may also exist as a 

membrane bound protein on the surface of the FDC-1 (follicular dendritic cell) cell line 

(YUN et al., 1998). OPG is expressed by a variety of tissues and cell lines including 

osteoblasts, endothelial cells and hepatocytes (YAMAGUCHI et al., 1998). OPG knock-

out mice display severe osteoporosis with a markedly increased number of osteoclasts. 

These mice lack any trabecular bone. Furthermore, these mice have shown spontaneous 

vascular calcification indicating a protective role for OPG in the vascular system. On the 

other hand, over-expression of OPG in mice results in a profound yet non lethal 

osteopetrosis, coinciding with a decrease in later stages of osteoclast differentiation 

similar to that of RANKL or RANK deficiency (SIMONET et al., 1997). The same 

effects are observed upon administration of recombinant OPG into normal mice. OPG 

is well tolerated in humans and may be effective in the treatment of bone diseases 

characterized by increased bone resorption such as osteoporosis (BEKKER et al., 2001). 
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Figure 5 shows the RANK, RANKL and OPG system m physiological and 

pathophysiological conditions. 
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Figure 5: RANKL/RANK/OPG system. (A) Osteoclastogenesis in physiological 

bone remodeling. Physiological bone remodeling is a contact-dependent process 

controlled by stromal-osteoblastic cells via expression of RANKL and OPG. Bone 

regulating factors [ e.g., PTH, estrogen, and TGF] show their effects by changing the 

basal expression of RANKL and OPG. (B) Osteoclastogenesis in pathophysiological 

bone remodeling. Pathophysiological conditions occur when normal function of 

osteoblasts is disrupted or other cell types beside osteoblast are also contributing in bone 

remodeling (ROMAS et al., 2002). 
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1.5 BONE DISEASES & RANKL/RANK/OPG SYSTEM 

In this part we will have a brief review on bone diseases including osteoporosis, 

Paget's disease, bone diseases due to cancer, inflammatory bone diseases and 

periodontitis. The regulation of bone remodeling in these diseases somehow is 

disrupted. 

1.5.1 Osteoporosis 

Osteoporosis is a disease characterized by low bone mass and structural 

deterioration of bone tissue, leading to bone fragility and an increased susceptibility to 

fractures of the hip, spine, and wrist. As mentioned, a decrease in estrogen is the 

primary cause of osteoporosis. It has been shown that estrogen increases the expression 

of OPG and suppresses RANKL-induced osteoclastogenesis. It also induces apoptosis 

in osteoclasts (HOFBAUER & HEUFELDER 2000). 

1.5.2 Paget's disease 

Paget's disease is a disorder of bone remodeling in which excessive bone 

resorption is followed by excessive bone formation, resulting in bone that 1s 

architecturally unsound. The disease occurs in both males and females, affecting 1.5 to 

8% of the population over 50 years of age in many countries. Paget's disease may cause 

the enlargement and deformation of a single bone or multiple bones. As a result, bone 

pain, arthritis, skeletal deformities and fractures can occur. Enhanced production of 

RANKL and also enhanced sensitivity of its receptor (RANK) have been suggested in 
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Paget's disease (MENAA et al., 2000 a & b). Furthermore, it has been reported that 

mutation of RANK results in constitutive activation of this receptor in familial Paget's 

disease (HUGHES et al., 2000). 

1.5.3 Boue diseases due to cancer 

Severa! cancers, both solid tumors and hematopoietic malignancies, have 

profound effects on the skeleton, causing an increase in osteoclast formation and 

activity, either systemically, as in humera! hypercalcemia of malignancy (HHM), or 

locally, as with bone metastases. HHM is caused most commonly by the hormonal 

action of parathyroid hormone-related protein (PTHrP), which greatly stimulates 

resorption and overrides normal calcium homeostasis. It has been demonstrated that the 

catabolic effects of continuous human PTH in vivo is associated with sustained 

stimulation of RANKL and inhibition of osteoprotegerin and gene-associated bone 

formation (MA et al., 2001). Recent publications from clinical studies show that a 

single sub-cutaneous dose of AMGN-0007 (recombinant OPG) suppressed bone 

resorption as indicated by a rapid, sustained, and profound decrease of urinary 

NTX/creatinine (bone resorption marker) in multiple myeloma and breast carcinoma 

patients (BODY et al., 2003). 

1.5.4 lnflammatory boue disease 

Rheumatoid arthritis is characterized by the destruction of articular cartilage and 

by excessive subchondral osteoclastic bone resorption. In the inflammatory state, 
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macrophages accumulate in the rheumatoid synovial membrane. RANKL mRNA is 

highly expressed in the synovial cell infiltrate in arthritic joints (ROMAS et al., 2000). 

There is also presence of many osteoclastogenic cytokines, including IL-1, IL-6, IL-11, 

IL-13, IL-17 (KOTAKE et al., 1999), and PTHrP. Rheumatoid synovial fibroblasts and 

T-cells produce RANKL and have been shown to promote osteoclast formation 

(ROMAS et al., 2000; KONG et al., 1999; HORWOOD et al., 1999). There is probably 

no single cytokine responsible for osteoclast formation and activity and the ensuing 

bone erosions in rheumatoid arthritis. It is more likely that a large number of 

stimulators and inhibitors of osteoclast formation converge on the OPG/RANKL/RANK 

pathway. This pathway or the downstream activated osteoclast could become possible 

targets for therapeutic intervention. 

1.5.5 Periodontal disease 

One of the most common bone diseases is periodontal disease, in which the 

accumulation of bacteria that cause dental plaque results in the destruction of cellular 

and structural components of the periodontium (the gum). The cellular and molecular 

processes in periodontal disease, and therefore possible therapeutic targets, are likely to 

be similar to those operating in rheumatoid arthritis. Periodontal ligament cells express 

both RANKL and OPG mRNA and their expression can be up-regulated by exogenous 

PGE2 (ANDERSON et al., 1997). Furthermore, periodontal ligament cells under 

mechanical stress induce osteoclastogenesis by up-regulation of RANKL. This up-

regulation is mediated by increased levels of PGE2 (KANZAKI et al., 2002). 
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2. PROSTAGLANDINS 

Prostaglandins contain a cyclopentane ring and two side chains ( a & p chains) 

attached to the ring. Based on the modification of the cyclopentane ring, they are 

classified into types A to I. It seems that only types E, F, D, G, and H occur naturally in 

cells, and that types A, B, and C are produced artificially during extraction procedures 

(WRIGHT et al., 2001). In this section we will focus on the biosynthesis, mechanism of 

action and receptor subtypes of prostaglandins, and on their implication in bone 

remodeling. 

2.1 BIOSYNTHESIS OF PROSTAGLANDINS 

Prostaglandins (PGs) along with thromboxanes (Tx) are termed prostanoids and 

are formed from the same precursor. These precursors are in fact polyunsaturated fatty 

acids with 18-20 carbon skeletons. Among these fatty acids, arachidonic acid is the 

most important precursor of prostaglandins. Twenty-carbon arachidonic acid, along with 

two 18-carbon fatty acids (linoleic & alpha linolenic acid), are the only essential fatty 

acids necessary for the complete nutrition of many species including human (KATZUNG 

199 5). Arachidonic acid is used in the structure of membranal lipids and released from 

them by the action of phospholipases (PLA2 or PLC). The biosynthesis of 

prostaglandins is limited by the availability of arachidonic acid. The synthesis of 

prostaglandins begins with the oxygenation and cyclization of a pentane ring m 

arachidonic acid, leading to release of PGG2. The cyclooxygenases mediate this part of 

biosynthesis. This compound is highly unstable and immediately couverts to PGH2 
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(KATZUNG 1995). Thereafter, each prostaglandin is synthesized by way of individual 

enzymes. The synthesis of PGE2, PGD2, PGF2, PGI2 and TxA2 are respectively 

catalyzed by PGE, PGD, PGF, PGI and TXA synthase. Different isoforms for each one 

of these enzymes may exist. For instance, two cytosolic glutathione (GSH)-dependent 

human isoforms and two microsomal isoforms ( one of which one is GSH dependent and 

the other possibly independent) exist for PGE synthase (OGOROCHI et al., 1987; 

WATANABE et al., 1997). Furthermore three different isoforms exist for PGD synthase 

(PGDS): brain-type PGDS (SHIMIZU et al., 1982), spleen-type PGDS (CHRIST-

HAZELHOF et al., 1979), and GSH S-transferase (GST) (UJIHARA et al., 1988). It 

appears that different isoforms differentially couple to COX-1 and COX-2. It has been 

shown that the GSH-dependent microsomal form of PGES is mainly coupled to COX-2 

and the cytosolic form to COX-1 (JAKOBSSON et al., 1999; MURAKAMI et al., 2000). 

These differences may play an important role in the pathophysiology of many 

inflammatory diseases. Among the enzymes implicated in prostaglandin synthesis, 

COXs and their inhibitors have been the center of attention for many scientists for many 

years. In the next section we will review the new finding and hypothesis conceming 

COXs. 

2.1.1 COX 

Humans have been using non-steroid anti-inflammatory drugs (NSAIDS) in 

various forms for more than 3500 years. They are still the most commonly used 

medication. The real breakthrough in understanding their mechanism of action came 30 

years ago, when it was revealed that these chemically varied drugs all inhibit the activity 
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of COXs (PARENTE & PERRETTI 2003, WARNER; MITCHELL., 2002). Findings in 

the early 1990s demonstrate that there are two isoforms of COX expressed from two 

different genes: COX-1, which is constitutively expressed, and COX-2, which is 

inducible. The two isoforms of COX have 60% amino acid homology and both 

metabolize arachidonic acid to PGH2• However, they have important differences in 

their 3-dimentional protein structure. COX-2 has a site-pocket which has allowed the 

development of specific inhibitors for COX-2. COX-2 selective inhibitors seem to 

occupy this site pocket in a time-dependent way (KURUMBAIL et al., 1996). With the 

exception of aspirin, the COX-1 inhibition is largely competitive (LORA et al., 1998). 

The widely accepted hypothesis is that COX-1 is a house-keeping gene expressed in 

almost all cell types and is responsible for production of physiologically relevant 

prostanoids. COX-2, on the other hand, is believed to be inducible and mostly 

expressed after the stimulation of cells in pathophysiological conditions. However, this 

is an oversimplified statment, because COX-2 is expressed constitutively in brain tissue 

(YAMAGATA et al., 1993), testes (EVETT et al., 1993), tracheal epithelia (WALENGA et 

al., 1996), and osteoclasts (SARRAZIN et al., Submitted article). In addition, COX-1 

levels change during development (BRANNON et al., 1994). Its expression can also be 

down-regulated in endothelial cells in response to acidic fibroblast growth factor (HLA 

et al., 1991). Furthermore, it has been reported that osteoblasts do not express 

detectable levels ofCOX-1 (de BRUM-FERNANDES et al., 1994). 

Although discovery of two isoforms and the hypothesis of "good" and "bad" 

COX greatly improved our understanding of NSAID action, there are still missing 

pieces of the puzzle. Pharmacological findings on the actions of NSAIDs in different 
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organs and tissues suggest the existence of other isoforms for COX (WARNER & 

MITCHELL., 2003). SIMMONS et al. (1999) suggested the existence of an isoform for 

COX-2, termed COX-2b. A recent publication from Simmons's group 

(CHANDRASEKHARAN et al., 2002) characterizes another isoform of COX-1, termed 

as COX-3. COX-3 is an alternative splicing of the COXI gene which retains intron 1 in 

its mRNA. This isoform of COX is most abundant in the cerebral cortex and the heart. 

COX-3 is selectively inhibited by analgesic drugs such as acetaminophen and is potently 

inhibited by some NSAIDs. Thus, inhibition of COX3 could represent a primary central 

mechanism by which these drugs decrease pam and possibly fever 

(CHANDRASEKHARAN et al., 2002). The same group also reported the existence of 

pCOXl which is much smaller than COX-3 and has less activity. The discovery of 

different isoforms of COX-1 has provided a significant step forward and has paved the 

way for finding answers for unanswered questions conceming the COXs and their 

inhibitors. The new findings and hypothesis on COX inhibitors and the biological 

activity ofprostaglandins affected by them is summarized in figure 6. 
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Figure 6: COX isoforms and the new hypothesis on COX inhibitors and 

their site of action (Warner & Mitchell, 2002 ) . 
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2.2 BIOLOGICAL ACTIVITY OF PROSTAGLANDINS 

Prostaglandins are highly potent local mediators that produce an astonishing 

array of biological effects. The most typical actions are the relaxation or contraction of 

various types of smooth muscles (WRIGHT et al., 2001). They also modulate neuronal 

activity by either inhibiting or stimulating neurotransmitter release, sensitizing sensory 

fibers to noxious stimuli, or inducing central actions such as fever and sleep (WRIGHT 

et al., 2001). Prostaglandins also regulate secretion and motility in the gastrointestinal 

tract, as well as the transport of ions and water in the kidney (WRIGHT et al., 2001). 

They are involved in apoptosis, cell differentiation, and oncogenesis. Prostanoids also 

regulate the activity of blood platelets both positively and negatively, and are involved 

in vascular homeostasis (WRIGHT, et al., 2001). The vasomotor effects of PGs vary 

depending on their nature and also on the type of tissue. PGD2 and PGiz are for the 

most part vasorelaxant while PGF2 and TxA2 are vasoconstrictors (WRIGHT et al., 

2001). PGE2, depending on the type of tissue, has opposite effects on smooth muscle 

cells. These seemingly opposing effects are due to the existence of multiple receptor 

subtypes (KATZUNG, 1995) as we shall see in following sections. 

2.3 PROSTAGLANDIN RECEPTORS 

PGs trigger their effects by binding to specific cell surface receptors. All these 

receptors are G-protein coupled receptors. However, their pharmacologie specificity is 

not determined by a particular second messenger or by diff erent intracellular effector 

molecules, but by the distribution and number of receptors on different cell types 
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(WRIGHT et al., 2001). These receptors are classified into five basic types, termed DP, 

EP, FP, 1P, and TP on the basis of their sensitivity to the five primary prostanoids, 

PGD2, PGE2, PGF2, PGiz, and TxA2, respectively. The EP receptor has four different 

subtypes, EPI, EP2, EP3, and EP4 (WRIGHT et al., 2001). In addition, there are several 

splice variants of the EP3, FP, and TP receptors, which differ only in their c-terminal 

reg10ns. Furthermore, a new receptor named CRTH2 (chemoattractant receptor-

homologous molecule on TH2 cells) that binds PGD2 has been identified (HIRAI et al., 

2001). In the following sections distribution, function and pharmacological property of 

each prostaglandin receptor will be discussed. 

2.3.1 EP receptors 

2.3.1.1 EPl 

The EPI receptor had originally been described as a smooth muscle constrictor. 

This receptor signais via increased inositol-3-phosphate (IP3) generation and increased 

intracellular Ca2+ (FUNK et al., 1993). EPI mRNA predominates in the kidney and in 

the gastric muscularis mucosae (BREYER et al., 2001; MOR/MOTO et al., 1997). EPI 

in the papillary collecting ducts of kidney is implicated in water reabsorption (HEBERT 

et al., 1993) and in the gastrointestinal tract it may be involved in the local movement 

and folding of the mucosa (FUJINUMA et al., 1985). The small neurons of dorsal root 

ganglia (which are implicated in hyperalgesia) also express EPI receptors, suggesting a 

role for EPI in the perception of pain (OJDA et al., 1995; SUGIMOTO et al., 1994b). 

Over the years, several agonists have been developed for the EPI receptor. However 
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none of them is selective. The order of ligand binding affinity for these agonists is 17-

phenyl trinor PGE2 = PGE2 > sulprostone > misoprostol. Studies of EP 1 receptor-related 

functions may utilize one of several relatively selective antagonists that black their 

activation, such as SC51322 or SC19220 (HOSOI et al., 1999). EPI gene disruption 

results in the significant reduction of systolic blood pressure, compensatory stimulation 

of heart rate and activation of the renin-angiotensin system in male mice, but has no 

effect on female mice. 

2.3.1.2 EP2 

The literature describing the nomenclature of EP2 is confusing, because, prior to 

1995, the EP4 receptor was thought to be an EP2 receptor (NISHIGAKI et al., 1995). 

EP2 is present mostly in the lung, placenta, endometrium, renal tubules, brain 

synaptosomes, heart and smooth muscle cells (LI et al., 1993; REGAN et al., 1994a). 

This receptor signais through an increase in cAMP (REGAN et al., 1994a). Functional 

studies suggest that the EP2 receptor is implicated in ovulation and fertilization 

(KENNEDY et al., 1999; HIZAKI et al., 1999; KATSUYAMA et al., 1998). Disruption 

of the EP2 gene gives rise to mice with a slightly elevated baseline blood pressure but 

the most significant effect has been seen in female mice. Female mice lacking the gene 

encoding the EP2 receptor become pregnant and deliver their pups at term, but with a 

much reduced litter size. A decrease in ovulation number and a much reduced 

fertilization rate were observed in these mice, but without a difference in the uterus to 

support implantation of wild-type embryos (HIZAKI et al., 1999). The EP2 receptor is 

selectively activated by butaprost. 11-deoxy PGE1 is also a strong agonist of the EP2 
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receptor (MILNE et al., 1995). Presently no antagonist exists for EP2. Alternative gene 

splicing generates multiple isoforms of the EP2 receptor in rabbits (BREYER et al., 

1994). However multiple splicing ofthis receptor in humans has not been reported yet. 

2.3.1.3 EP3 

EP3 receptor expression has been reported in several tissues, including kidney, 

uterus, adrenal gland, and gastric nervous system (WRIGHT et al., 2001; SUGIMOTO et 

al., 1994 a). This receptor is unique in that it has multiple altematively spliced variants. 

Currently nine known subtypes of the human EP3 receptor have been reported: EP3-1 a, 

EP3-lb, EP3-II, EP3-III, EP3-N, EP3-V, EP3-VI, EP3-e, and EP3-f (SUGIMOTO et 

al., 1993; YANG et al., 1994; REGAN et al., 1994b; SCHMID et al., 1995; KOTANI et 

al., 1997; ADAM et al., 1999). These variants bind PGE2 and the EP3 agonist 

sulprostone with similar affinities, although the c-terminal regions may recroit different 

effector molecules and signaling pathways (NAMBA et al., 1993; SAVAGE et al., 1993; 

NARUMIYA et al., 1999). Evidence suggests that some of these variants may have 

constitutive activity and may play a role in constitutive regulation of cellular events 

(NARUMIYA et al., 1999; NAMBA et al., 1993). Depending on the variant of EP3, this 

subtype can signal through Gi, Gs or Gq (WRIGHT et al., 2001; AN et al., 1994; !RIE et 

al., 1993; NAMBA et al., 1993). The best-known function for EP3 is in the kidney 

where it inhibits water reabsorption in the thick ascending limb (TAL) (BREYER et al., 

2001; AUDOLY et al., 1999). However, studies with EP3 knockout mice do not 

confirm this function. These K.O. mice continue to concentrate or dilute their urine 

normally in response to stimuli (USHIKUBI et al., 1998). These contradictory results 



34 

may be explained by the fact that in the kidneys of K.O. mice, actions of PGE2 that are 

normally mediated by the EP3 receptor have been co-opted by other receptors such as 

EPl. Disruption of the EP3 gene results in resistance to the febrile response induced by 

IL-1 or LPS, suggesting an important role for this receptor as a mediator of fever 

(USHIKUBI et al., 1998). Sulprostone acts as relatively selective agonist for the EP3 

receptor. 

2.3.1.4 EP4 receptor 

EP4 is the most widely distributed receptor among the PGE2 receptor subtypes 

and is detected in almost every tissue including thymus, ileum, lung, spleen, adrenal 

gland, and kidney (BASTIEN et al., 1994). Like the EP2 receptor, EP4 signais through 

increased cAMP (WRIGHT et al., 2001). The EP4 receptor may be pharmacologically 

distinguished from the EPl and EP3 receptors by its insensitivity to sulprostone. It can 

also be distinguished from EP2 receptors by its insensitivity to butaprost and relatively 

selective activation by 11- deoxy PGE1 (BOIE et al., 1997; KIRIYAMA et al., 1997). A 

critical role for the EP4 receptor is the regulation of the perinatal closure of the 

pulmonary ductus arteriosus (NGUYEN et al., 1997). EP4 knockout mice often die due 

to persistent patent ductus arteriosus (NGUYEN et al., 1997; SEGI et al., 1998). EP4 

also mediates the vasodilatory effect of PGE2 in venous and arterial beds (AUDOLY et 

al., 1998). 
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2.3.2 DP receptors 

2.3.2.1 DPl receptor 

Among the prostanoid receptors, DP is the least abundant. In mice, it is 

expressed moderately only in the ileum and veryweakly in the lung, stomach, and uterus 

(HIRATA et al., 1994). Consistently, only low levels of expression have been detected 

in humans (BOIE et al., 1995). DP has been implicated in many physiological events 

both in the central nervous system and peripheral tissues. In the central nervous system, 

PGD2 has been shown to affect the induction of sleep (MATSUMURA et al., 1994), body 

temperature (SRI KANTHA et al., 1994) and nociception (URADE & HAYAISHI 2000). 

Since PGD2 is the major prostanoid released from human mast cells upon 

immunological challenge (URADE & HAYAISHI, 2000), it is also considered to be an 

important mediator in allergie disorders. Findings from DP knockout mice are in 

agreement with this assumption. Disruption of the DP receptor results in a marked 

reduction in airway inflammation, obstruction, and hypersensitivity (MATSUOKA et 

al., 2000). Activation of the hDP receptor with PGD2 results in an elevation of 

intracellular cAMP and in mobilization of ca2+, but does not lead to the generation of 

inositol 1,4,5-trisphosphate (BOIE et al., 1995). BW 245C is a widely used agonist for 

the DP receptor. In mice, PGD2 has a higher affinity for the DP receptor compared to 

BW245C. Nonetheless, they bath act as full agonists for the DP receptor and they have 

the same potency in generating cAMP (BOIE et al., 1995). PGD2 binds to the mouse FP 

receptor with an affinity comparable to that for the mouse DP receptor, indicating that 

PGD2 may act on the FP receptor (NARUMIYA et al., 1999). 



36 

2.3.2.2 CRTH2 

CRTH2 (chemoattractant receptor-homologous molecule on TH2 cells) 

functions as a selective PGD2 receptor, but it sharply differs from DP in signaling 

pathways (HIRAI et al., 2001; MONNERET et al., 2003). CRTH2 induces intracellular 

Ca2+ mobilization in Th2 cells in a Gt:Xi-dependent manner. Furthermore, CRTH2 but 

not DP in duces migration of Th2 cells, eosinophils, and basophils in response to PGD2. 

Thus, PGD2 is likely involved in multiple aspects of allergie inflammation through its 

dual receptor system, DP and CRTH2. CRTH2 is the first receptor that directly and 

selectively connects a major lipid mediator of activated mast cells with Th2 cells, 

eosinophils, and basophils (HIRAI et al., 2001). DK-PGD2, a metabolic product of 

PGD2, is an endogenous agonist of CRTH2. Interestingly, indomethacin, a widely used 

inhibitor of COX, is also a potent agonist of CRTH2 receptor (EC50, 50-500nM). This 

finding suggests that some of the therapeutic effects and/or sicle effects of indomethacin 

may be mediated by CRTH2 (HIRAI et al., 2002). CRTH2 is expressed in human 

osteoblasts and, in agreement with previous findings, it signais through increased Ca2+ 

(unpublished data from our lab ). 

2.3.3 FP receptor 

Expression of FP receptors is highest in the ovarian corpus luteum, followed by 

the kidney, with lower-level expression in the lung, stomach, and heart (SUGIMOTO et 

al., 1997; SUGIMOTO et al., 1994 b). Activation of the FP receptor results in an 

increased intracellular Ca2+ concentration. Evidence also suggests the existence of 
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protein kinase C-dependent and protein kinase C-independent rha-mediated signaling 

pathways (PIERCE et al., 1997). FP is a potent constrictor of smooth muscle in the 

uterus, bronchi, and blood vessels (GRIFFIN et al., 1998; CHEN et al., 1998). The FP 

receptor also appears to have an important role in the eye, where it increases uveoscleral 

outflow and reduces ocular pressure (LINDEN & ALM, 1999). A selective agonist of 

the FP receptor, latanoprost, has been used clinically for treatment of glaucoma 

(LINDEN & ALM, 1999). The most important function for the FP receptor is its role in 

parturition. Studies in FP knockout mice have demonstrated that the expression of the 

FP receptor in the corpus luteum is critical for normal birth, and disruption of its gene 

results in failure of parturition in females, apparently due to the failure of the normal 

preterm decline in progesterone levels (SUGIMOTO et al., 1997). The order of receptor 

binding affinity for FP agonists is PGF2::r = fluprostenol > PGD2 > PGE2 > U46619 > 

iloprost (ABRAMOVITZ et al., 1994). In functional studies PGF2u dimethyl amide or 

PGF2u dimethyl amine are used as weak selective antagonists for the FP receptor. 

2.3.4 IP Receptor 

IP receptor mRNA is most abundant in the neuron of dorsal root ganglia in 

which it colocalizes with the precursor of substance P (preprotachykinin A), indicating 

that IP may be involved in the mediation of pain (BLEY et al 1998). PGii, the primary 

endogenous agonist for the 1P receptor, is rapidly produced following tissue injury or 

inflammation; thus, it may be of equal or greater importance than PGE2 during episodes 

of inflammatory pain (BLEY et al 1998). Coexpression of the 1P receptor with EP 

receptor subtypes in some sensory neurons is in agreement with this hypothesis (OIDA 
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et al., 1995). IP has a relaxant effect on human arterial smooth muscle while it mediates 

contraction in smooth muscle cells of the gastrointestinal tract and respiratory system. 

The IP receptor is best known for its inhibitory action on platelet aggregation (BLEY et 

al 1998). No expression of this receptor is detected in veins. In the kidney, the IP 

receptor is expressed by afferent arterioles of the glomerulus, indicating its role in the 

regulation of the glomerular filtration rate (BLEY et al 1998; NASRALLAH et al., 2001). 

IP signais through increased cAMP. However, several independent reports have shown 

that endogenously produced PGI2 activates PP AR8 in vivo, indicating that a novel 

signaling mechanism for this abundant eicosanoid exists in certain systems (LIM & 

DEYK 2002). Carbaprostacyclin and iloprost are selective agonists of the IP receptor 

(SMITH et al., 1998). 

2.3.5 TP Receptor 

TP causes contraction of vascular smooth muscle and aggregation of platelets; 

paradoxically, it also induces formation of the vasodilator and anti-aggregant 

prostacyclin by human endothelium (RAYCHOWDHURY et al., 1994). The highest 

level of TP mRNA is found in the thymus, followed by the spleen, lung and kidney. 

Existence of this receptor has also been reported in the heart, uterus and brain (NAMBA 

et al., 1992). Similar to the EP3 receptor, human splice variants for the TP receptor also 

exist which are termed TPa and TPf3 (RAYCHOWDHURY et al., 1994). This receptor 

signais via IP3 dependent Ca2+ influx (ABE et al., 1995). Findings by AUDOLY et al. 

(2000) suggest that non-enzymatically derived iso-PGF2a and iso-PGE2 exhibit their 

biological effects ( contraction of vascular smooth muscle and aggregation of platelets) 
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through the activation of TP receptors. Both variants of the TP receptor are able to 

signal via Gq. In addition to Gq, TP is also able to signal through Gh (a novel high-

molecular-weight G protein expressed in platelets and vascular cells) (VEZZA et al., 

1999). U46619, U46609 & SQ 26655 are among the selective agonists, and SQ 29548 

and AH 23848 are selective antagonists of the TP receptor. TP receptor knockout mice 

manifest a reduction in platelet aggregation and also prolonged bleeding time (THOMAS 

et al., 1998). 

2.4 PROSTAGLANDINS AND BONE REMODELING 

Prostagiandins have a wide spectrum of effects on bone and have been shown, in 

different experimental models and situations, to influence both bone anabolism and 

catabolism. Increases in bone resorption induced by PGE2 were described in bone organ 

culture and in animais receiving systemic or local injection of PGE2 (KLEIN & RAISZ, 

1970; SANTORO, et al., 1977). The anaboiic effects of PGE2 in vivo have also been 

reported by several groups using different models (JEE et al., 1987; MOR! et al., 1992; 

YOSHIDA et al., 2002). Efforts have been made to characterize the prostagiandin 

receptor subtypes and their bioiogical functions in osteobiastogenesis and 

osteoclastogenesis. It has been demonstrated that the MC3T3-EI osteoblastic cell line 

expresses EPI, EP2, EP4, and FP receptors (KASUGAI et al., 1995; NEMOTO et al, 

1995; SUDA et al., 2000; SUDA et al., 1996.), whereas osteoblasts from rat calvaria 

express EPI, EP2 and EP3 (KASUGAI et al. 1995). ln osteoblast-like cells isolated 

from young rat caivaria, EPI agonists exert a stimulatory effect on differentiation, as 

shown by an increase in bone nodule formation and alkaline phosphatase activity, and 
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an inhibitory effect on proliferation, as shown by a decrease in thymidine incorporation 

(FUJIEDA et al, 1999). This pathway becomes inactive in aged rats. In the same 

model, however, 11-deoxy PGE1, an agonist of EP2 and EP4 receptor subtypes, inhibits 

differentiation and stimulates proliferation regardless of age (FUJIEDA et al, 1999). The 

opposite effect has been shown in MC3T3-El, a mouse osteoblastic cell line, where 

activation of the EP 1 receptor stimulated proliferation and decreased alkaline 

phosphatase expression, while EP2 and EP4 receptors mediated a decrease in 

proliferation and an increase in differentiation (SUDA et a., 2000; SUDA et al., 1996). 

These results indicate that the expression and the biological effect mediated by PG 

receptors may vary according to the species tested and, in the same species, according to 

the age. 

In our lab we have characterized prostaglandin receptor subtypes in human 

osteoblasts and two widely used immortalized human osteoblastic cell lines, MG-63 and 

Saos-2. The mRNAs of EP4, TP, FP, DP and CRTH2 receptors have been detected in 

MG-63 and human osteoblasts, whereas Saos-2 displayed all the receptors above with 

the exception of 1P and CRTH2 (SARRAZIN et al.,2000; SAMADFAM et al., Submitted 

article). The effects of these receptors on bone formation are currently being 

investigated in our lab. FERNANDES et al. (1994) showed that in confluent and non-

stimulated human osteoblast cultures, PGE2 is not detectable in the supernatant, 

however, stimulation with IL-1 or TNF-a significantly increases the production of 

PGE2. Furthermore, they have shown that the increase in the level of PGE2 is due to the 

induction of COX-2. PTH also increases the expression of COX-2 in hOB (MA CIEL & 

FERNANDES, 1997). 
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As previously mentioned, PGs are also implicated in osteoclastogenesis. Recent 

studies indicate that activation of EP4 in mice resulted in the stimulation of bone 

formation and prevention of bone loss (YOSHIDA et al 2002). It has been also shown 

that EP4 antagonists significantly decreases the number of TRAP positive cells in a 

model of osteoclastogenesis from murine bone marrow cells stimulated with PGE2. EP4 

antagonists also decreased the number of TRAP positive cells in cultures stimulated 

with vitamin D3 or parathyroid hormone (TOMITA et al., 2002). Furthermore, PGE2 

directly inhibits bone-resorbing activity of functionally mature osteoclasts by activation 

of the adenylate cyclase system, mainly through EP4 (MANO et al., 2000). LORA 

(unpublished data) has developed a model of osteoclastogenesis from marrow obtained 

from human fetal liver that does not require glucocorticoids or 1,25(0H)z vitamin D3 

(VD3), as other models described in the literature. By using this model, he has 

demonstrated that COX inhibitors increase osteoclastogenesis via the EP4 receptor. The 

anabolic effects of PGE2 in vivo have also been reported by several groups using 

different models (JEE et al., 1985; MOR! et al., 1992; YOSHIDA et al., 2002). It 

remains to be seen in what physiological conditions PGE2 acts as an anabolic agent and 

in what physiological condition it acts as a catabolic agent. 

2.5 PROSTAGLANDIN TRANSPORTE (PGT) 

The mechanisms involved in the transport of PGs across cells and tissues 

particularly in bone are poorly documented, which constitutes a major limitation for the 

understanding of the endocrine, autocrine, and paracrine actions of PGs in the bone 

system. PGs predominate as charged anions and diffuse poorly through plasma 
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membranes despite their lipid nature (SCHUSTER 1998; SCHUSTER, 2002). It has been 

shown that although anions (PGs) cross the membrane by simple diffusion, the 

estimated flow rate is too low to maintain a biological function (SCHUSTER 1998; 

SCHUSTER, 2002). Therefore, a carrier-mediated transport mechanism is needed for 

organic anions such as PGs to cross the biological membranes. Prostaglandin transporter 

(PGT) was identified for the first time by Kanai et al. (1995). Following studies 

indicated that PGT belongs to the super family of 12-transmembrane organic anion 

transporting polypeptides (OATPs) (SCHUSTER 1998; SCHUSTER, 2002). The OATP 

family recognizes various compounds and transports bile acid (taurocholate, cholate, 

bromosulfophthalein); thyroid hormones, conjugated steroid hormones, PGD2, PGE1, 

PGE2, PGF2c-r, TXB2 and pravastatin (a potent hydroxymethylglutaryl-CoA reductase 

inhibitor), etc. Compared with the broad substrate specificity of the OATP family, the 

prostaglandin transporter PGT exclusively transports eicosanoids (PGD2, PGE1, PGE2, 

PGF2rx, TXB2). It has been proposed that PGT mediates both the efflux of newly 

synthesized PGs to effect their biological actions through their cell surface receptors and 

influx of PGs from the extracellular milieu for their inactivation (SCHUSTER 1998; 

SCHUSTER, 2002) or action through specific nuclear receptors (GOBEIL et al., 2002). 

PGT was found to be highly expressed in cells producing more PGs (SCHUSTER, 

2002). Identification of PGT in lung, liver, and kidney suggests its role in PG transport 

in metabolic clearance of PGs (SCHUSTER, 2002). However, PGT is also expressed in 

other tissues such as brain, stomach, intestine, prostate, testis, ovary, and uterus (KANA! 

et al., 1995; LU et al., 1996). The overwhelming evidence of the importance of 

paracrine or endocrine action of PGs in biological processes indirectly suggests that 
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PGT may also involve m physiological and/or pathological processes of bone 

remodeling. 

2.6 ISOPROSTANE 

Like prostanoids, isoprostanes are chemically stable lipid-oxidation products 

(LIU et al., 1998; LA WSON et al., 1999). However, their synthesis is catalyzed by free 

radicals and is independent of COX (MORROWet al. 1992). The two most extensively 

studied isoprostanes produced from arachidonic acid are 8-isoprostaglandin F2oc (8-

isoPGF2oc) and 8-isoprostaglandin E2 (8-isoPGE2) (LIU et al., 1998; LAWSON et al., 

1999). These compounds are biologically active; for instance 8-isoPGE2 inhibits 

osteoblastogenesis and enhances osteoclastogenesis (TINTUT et al., 2002; PARHAMI et 

al., 1999). 
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RATIONAL OF THE STUDY 

Bone disease, such as osteoporosis and multiple myeloma, affect women, men, 

and children of all ages. These diseases profoundly alter the quality of life for millions 

of people around the world. Each year these diseases strike 3 million Canadians and 

cause disability, pain, loss of independence and death. The annual cost of acute and 

long-term care is estimated to be $2 billion. As the population ages, these costs are 

expected to increase to more than $6 to $8 billion by the year 2020. Without 

intervention now, any effort to contain health care costs for chronic bone diseases in the_ 

next century will be overwhelmed. As explained in the introduction, the underlying 

pathophysiology ofthese diseases is disrupted bone remodeling. In order to improve the 

current therapies for these diseases, more research needs to be done on the mechanisms 

involved in the process of bone remodeling. Although the findings of the 

OPG/RANK/RANKL system have greatly improved our knowledge, many pieces of 

this complex puzzle are still missing. W e are hoping that the present study will answer 

some questions conceming bone remodeling and will be a small step forward in finding 

a cure for bone diseases. 



45 

OBJECTIVES OF STUDY 

The OPG/RANK/RANKL system plays an important role m the 

pathophysiology of bone and has the potential to be an important direct or indirect 

pharmacological target for the treatment of bone diseases. Understanding the 

mechanisms implicated in the control of the expression of these proteins is necessary to 

attain this goal. Prostaglandins are important mediators in the control of bone 

metabolism and may be implicated in the expression and/or accumulation of these 

factors (KRIEGER et al., 2003; OHSHIBA et al., 2003; & BRANDSTROM et al., 1998; 

MURAKAMI et al., 1998; WANG et al., 2002; SAKATA et al., 2002). The objective of 

the present study was, to determine the role of endogenous and exogenous PGs in the 

accumulation of OPG in the supematants of human osteoblasts and in immortalized 

osteoblastic cell lines in culture. 

We also investigated the role of prostaglandins on the expression of OPG in a 

more complex system, a model of human osteoclastogenesis. 
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MATERIAL & METHODS 

1. CELL CULTURE 

1.1 MG-63 & SAOS-2. 

The osteosarcoma cell lines MG-63 and Saos-2 were purchased from American 

Type Culture Collection (Manassas USA) and were cultured in Dulbecco's Modified 

Eagle's Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10 

% fetal bovine serum (FBS, Collect Gold ICN, Montreal, QC) and 1 % 

penicillin/streptomycin (pen/strep, Sigma-Aldrich). 

To measure the concentration of OPG in the supernatant of immortalized cells 

(MG-63, Saos-2) by sandwich ELISA, these cells were passed into 6-well plates at a 

concentration of 1 600 000 cells/well. At confluence, the cells were stimulated with 

different compounds including prostaglandins (1 o-6 M) in the presence of indicated 

COX inhibitors. The volume of medium per well was 3 ml. After stimulation, the 

supernatants were collected at different time points (day 1, 2 and 3) and were stored at -

80°C. Table 1 shows the agonists and antagonists of the prostaglandin receptor subtypes 

used in the present study and also the name of the companies from which they have 

been purchased. The other stimuli and used NSAIDs along with their respective 

concentrations are listed in table 2. 

The same protocol with small modifications was used to detect OPG by western 

blot in the supernatant of immortalized cells. For western blot the volume of medium 



47 

used was 1 ml/well (instead of 3 ml/well). This modification was done in order to 

increase the concentration of OPG in the supematant. 

Table 1: Agonists and antagonists of the prostaglandin receptor subtypes. 
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Table 2: NSAIDs and other stimuli used in the present study 

Compounds Concentrations Companies 

Indomethacin 10-5 M Sigma Chemicals 

Diclofenac 10-5 M Sigma Chemicals 

Naproxen 10-5 M Sigma Chemicals 

Valeryl Salicylate 10-4 M Cayman Chemical 

NS-398 10-5 M Cayman Chemical 

IL-la 10 ng/ml Sigma Chemicals 

VD3 10-8 M Calbiochem 

Dexamethasone 10-1 M Sigma Chemicals 

1.2 PRIMARY HUMAN OSTEOBLASTS 

Human osteoblasts were obtained with informed consent from femoral heads of 

patients undergoing total hip arthroplasty as previously described elsewhere (SARRAZIN 

et al., 2001). Briefly, after removing the cartilage and a layer of cortical bone, the 

trabecular bone was eut into fragments of approximately 4x4 mm. The fragments of 

bone were trypsinized for 1 hour at 37°C and washed with 500 ml of PBS containing 5% 

pen/strep. Five to 10 fragments of bone were then transferred into 10 cm Petri dishes 

containing 8 ml of DMEM completed with 10% FBS and were cultured at 37°C in an 



Figure 9: Effects of IL-1 (positive control) and VD3 + dexamethasone (negative 

control) on the accumulation of OPG in the supematants of hOB (A), MG-63 (B), 

and Saos-2 (C) cells at different time points. IL-1 (lOng/ml) significantly 

increased the accumulation of OPG in all three cell types. VD3+ dexamethasone 

(10-8 and 10-7 M respectively) sharply decreased the accumulation of OPG in MG-

63 and hOB but had no effect on Saos-2 cells. * P < 0.05 compared to control at 

the same time point. N = 3-5 (in immortalized cell lines, N is the number of 

different experiments and in human osteoblasts represent the number of different 

donors used to obtain osteoblasts). 
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atmosphere containing 5 % CO2 and 95 % humidified air. The medium was changed 

twice a week up to the point when the cells were confluent. 

To measure OPG, confluent hOB were passed into 6-well plates at a 

concentration of 390000 cells/well and after 4 days the cells were stimulated similarly to 

the immortalized cell lines. 

1.3 MODEL OF OSTEOCLASTOGENESIS 

Livers were obtained from legally aborted fetuses (15 to 20 weeks gestation). 

The livers were minced and plated in 10 cm culture dishes (Falcon 3003) with 10 ml of 

a-MEM (Sigma-Aldrich) supplemented with 10 % fetal bovine serum and 1 % pen/strep. 

After three days, the supematant was replaced with fresh medium. On the fifth day, the 

cells were rinsed twice with phosphate buffered saline (PBS) to remove all non-adhering 

cells. The adherent cells were then suspended in medium after a short incubation with a 

trypsin solution. The cell suspension was filtered through a 0.5 mm sterile mesh to 

rem ove all fragments and clumps. The cells were then counted and diluted at 100 000 

cells/ml of medium. One hundred µl of this preparation was added per well in 96-well 

plates. The plates were incubated for two and a half hours in at 37°C, in a humidified 

incubator containing 5 % CO2. The compounds to be studied were diluted to twice the 

final concentrations in the same medium and 100 µl were added per well of the 96-well 

plates. The medium was changed on the ninth day with all the compounds studied at the 

proper concentrations. On the twelfth day, the medium was collected and stored at -

80°C for ELISA. The cells were rinsed twice with PBS and fixed with a solution of 
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ethanol and acetone 1: 1 for two minutes. TRAP coloration was performed immediately 

after fixation. 

2. QUANTIFICATION OF OSTEOCLAST-LIKE CELLS 

After fixing the cells with a solution of ethanol and acetone 1: 1 for two minutes 

the wells were rinsed twice with water and then colored for tartrate resistant acid 

phosphatase (TRAP) with the leukocyte-acid-phosphatase kit 307-A (Sigma-Aldrich). 

Twenty minutes of incubation were sufficient to color the TRAP positive cells in our 

culture although the kit's protocol indicates 60 minutes of incubation. The cells were 

then rinsed twice with water and air dried. The TRAP positive cells will be colored in 

violet. The number of TRAP positive cells per field of view was counted. A field of 

view was equal to a circle with a 1 mm diameter. Five fields of view were counted per 

well with a minimum of three wells per compound tested per fetus. 

3. QUANTIFICATION OF MULTINUCLEATED OSTEOCLASTS 

After TRAP coloration the cells were incubated with the Hoechst 34580 nuclear 

stain for 30 min. This dye usually used for DNA and nuclei staining (SHAPIRO et al., 

2001). The DNA and nuclei will be seen in blue color under florescence microscope. 

By changing the light from florescence to the normal and vise versa TRAP positive 

mono and multinuclear cells were counted and the percentage of multinucleated TRAP 

positive cells was calculated. 
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4. BONE RESORPTION ASSAY 

Bone resorption assays were performed in 48-well plates using bovine dentine 

disks (prepared in our lab ). Before transferring the dentine disks in the wells, they were 

washed with ethanol and then incubated with the medium for 3 hours. The liver cell 

culture was prepared as we described in section 1.3. Once filtered through the mesh, the 

cells were then counted and diluted at 100 000 cells/ml of medium. Three hundred µl of 

this preparation was gently added on the dentine disk in each well. The plates were 

incubated for two and a halfhours in an incubator at 37°C containing CO2 5 % and 95 % 

humidified air. RANKL and MCSF were both diluted to twice the final concentrations 

(50 ng/ml) in the same medium and 300 µlare added per well of the 48-well plates. The 

medium was changed with fresh medium containing RANKL and MCSF (both at the 

concentration of 50ng/ml) twice a week. On day 17 the dentine disks were incubated 

with sodium hypochlorite (bleaching liquid) for 5-10 minutes to lyse the cells. After 

rinsing with water, the disks were sonicated for 1-3 minutes. The disks were colored 

with Toluidin blue (0.05%) for a few seconds and then washed with water several times. 

Finally the dried dentine disks were examined under microscope. 

S. RT-PCR ANALYSIS 

Reverse transcription was performed as described elsewhere (SARRAZIN et al., 

2001). Briefly, total RNA was purified from cultures of osteoblastic cells at confluence 

using Trizol reagent following the manufacturer' s protocol. Reverse transcription was 

performed using 5 µg of total RNA in 30 µl of SuperScript reverse transcriptase buffer 
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containing 50 pmoles oligonucleotide poly-d(t), 6 mM DTT, 0.3 mM dNTPs and 400 

units of SuperScript reverse transcriptase. The reaction was performed at 37°C for one 

hour and then treated with DNAse-free RN Ase for 30 minutes at 3 7°C followed by a 20 

minute incubation at 70°C to deactivate the enzymes. The RNA was then stored at -

80°C. The PCR reaction was performed using specific pair of primers for OPG (5'-

CCT TTG CCC TGA CCA CTA C-3', 5'-CCT GAA GAA TGC CTC CTC-3') and 

GAPDH (5'-GGT GGA GGT CGG AGT CAA CG-3'; 5'-TCA TGA GGT CCA CCA 

CCC TG-3 '). The reactions were performed in a total volume of 30 µl containing the 

following reagents: cDNA corresponding to 2 µg of RNA, 1 µM of each primer, 1 mM 

dNTPs, TAQ polymerase, and PCR buffer. The reaction conditions were 35 cycles, 

denaturation at 94 °c for 50 sec, annealing at 65 °c for 50 sec, and extension at 70 °c 

for 60 sec. Ten µl of the PCR product were electrophoresed on 1.2 % agarose gel 

containing 1 µg/ml of ethidium bromide. Table 3 illustrated the reagents used in RT-

PCR. 

Table 3: reagents used in RT-PCR analysis 

Materials Companies 

TRIZOL GibcoBR Grand Island, NY 

SuperSript reverse transcriptase & its buff er GibcoBR Grand Island, NY 

poly-d(t) oligonucleotide GibcoBR Grand Island, NY 

DTT GibcoBR Grand Island, NY 

dNTP GibcoBR Grand Island, NY 

DNAse-free RNAse Amersham Pharmacia Biotech inc 

TAQ polymerase Amersham Pharmacia Biotech inc 
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6. WESTERN BLOT 

A monoclonal antibody against OPG was used to detect OPG. Thirty µl of 

sample buffer 2X (1.5% Tris, 20% glycerol, 4.6% SDS, 10% mercaptoethanol, pH 6.8) 

were added into 30 µl of supematant and heated at 95°C for 5 min. After separation by 

SDS-PAGE (separating gel 15% & stacking gel 5%), proteins were electrophoretically 

blotted onto a Hybond™-C membrane by using a transfer buffer (0.3% Tris, 1.44% 

glycine, 20% methanol). Membranes were blocked with 10% dry milk, (pH 7.3) for 

ovemight. The next day they were rinsed with PBS and incubated with the primary 

antibody (a monoclonal anti human OPG) diluted in PBS for 1 hour. The membrane 

was then rinsed three times with washing buffer (PBS 0.5% milk, pH 7.3), 15 min per 

rinse each time. After rinsing, the membrane was incubated with the secondary 

antibody (horseradish peroxidase-labeled secondary antibody) for another 1 hour. Once 

again the membrane was rinsed 3 times with washing buffer and the immunoreactive 

signal was detected by the enhanced chemiluminescence system (ECL). 

Table 4: Material used in western blot analysis. 

products Companies 

Monoclonal anti- human OPG antibody R & D Systems (# cat. MAB805 l) 

Anti-mouse Ig, Horseradish Peroxidase Amersham Biosciences, cat.#: NA931 V 

ECL TM detection reagent Amersham Biosciences, cat.#: RPN 2106 

Hybond'lV'-C extra (Membrane for protein transfer) Amersham Life Science, cat: #RPN303E 
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7. SANDWICH ELISA FOR OPG 

Sixty µ1/well of capture OPG Ab (monoclonal antibody) was transferred to an 

ELISA plate and incubated ovemight at room temperature. The next day each well was 

aspirated and washed 3 times with PBS containing 0.05 % Tween 20 (washing buffer). 

Non-specific binding sites were blocked for 1 hr with PBS containing 1 % bovine serum 

albumin, 5% sucrose, and 0.05% NaN3 (blocking buffer). The blocking buffer was 

removed and each well was washed 3 times with washing buffer. The samples or 

standards for OPG (diluted in PBS) were added in a final volume of 60µ1 and incubated 

at room temperature for 2 hours. After washing, the detection Ab (800 ng/ml, diluted in 

blocking buffer) was added to each well and incubated for an additional 2 hr. Once 

again the wells were washed and then incubated with 60 µl of streptavidin HRP ( diluted 

1/200 in PBS) for 35min. The bound enzyrne-protein conjugate was assayed with a 

substrate purchased from R&D Systems and the reaction was stopped by phosphoric 

acid. The optical density was measured at 450 nm. The inter-assay and intra-assay of 

ELISA were 10, 9% respectively. The detection limit for this ELISA is 0.03 ng/ml. 

The samples from MG-63 and hOB were diluted 20 and 2 times respectively. The 

samples from Saos-2 cells were used without any dilution. 

Table 5 shows the antibodies, enzymes, standard proteins and substrates used in 

ELISA assay to measure OPG. 
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Table 5: Materials used in ELISA assays. 

Products Companies 

Monoclonal anti- human OPG antibody R & D Systems(# cat. MAB8051) 

Biotinylated polyclonal anti-human OPG antibody R & D Systems (# cat. BAF805) 

Streptavidin HRP (Horse Radish Peroxidase) R & D Systems (# cat. DY998) 

Substrate solution R & D Systems (# cat. DY999) 

Recombinant human osteoprotegerin R & D Systems (# cat.DY999) 

8. STATISTICS ANALYSIS 

Data were analyzed with the repeated measures analysis of variance (ANOV A) 

usmg InStat 3 statistical software (GraphPad Software, Inc.,San Diego, CA). In 

immortalized cell lines N corresponds to the number of different experiments; in human 

osteoblasts it represents the number of different donors used to obtain osteoblasts. 

9. ETHICS 

Fetal Livers were obtained from legal abortions after the donor signed an 

informed consent, as required under Québec's civil law. In order to obtain femoral 

heads, patients also signed an informed consent before surgery. Each project was 

approved by the local ethics review board. 
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RESULTS 

1. OPG EXPRESSION IN IMMORTALIZED HUMAN OSTEOBLASTIC CELL 

LINES (MG-63 & Saos-2) AND PRIMARY HUMAN OSTEOBLASTS (hOB) 

1.1 EXPRESSION OF mRNA AND PROTEIN OF OPG IN MG-63, Saos-2 AND 

HUMAN OSTEOBLASTS 

1.1.1 Reverse Transcription-Polymerase Chain Reaction (RT-PCR) analysis 

The RT-PCR using specific primers for OPG, recognized expression of mRNA 

in MG-63 and Saos-2 cell lines at the basal level (figure 7 A). 

1.1. 2 Western blot analysis 

Western blot using a monoclonal antibody specific for OPG protein recognized 

two bands, one of 60 and the other 120 kDa, in the supematants ofMG-63 cells cultured 

for three days in medium. These bands may represent the monomer and <limer forms of 

OPG as it has been demonstrated previously by WADA et al (2001). No band was 

recognized in the supematants of human osteoblasts or of Saos-2 cells. Treating the 

MG-63 cells with VD3 + dexamethasone for three days decreased the intensity of the 

bands as compared to the control. The intensity of bands was measured by Mocha 

program. The figure7B is representative of 3 separate experiments. No significant 

difference was detected between control and COX inhibitor (indomethacin or ibuprofen 

(IBU)) treated cells (Figure 7 B). 



A 
OPG 

GAPDH 

B 

120 kDa OPG dimer 

60 kDa OPG monomer 

VD3+Dex IBU IND Control 

Figure 7: RT-PCR and Western blot analysis of OPG expression. A) RT-PCR 

analysis of OPG mRNA expression in MG-63 Saos-2 and hOB cells. B) Western 

blot analysis of OPG in supernatants of MG-63 cells after three days of incubation 

with Indomethacin (IND, 10-6 M), Ibuprofen (IBU, 10-6 M) or VD3 + 

dexamethasone (VD3+Dex, 10-8 M and 10-7 M respectively). The band at 120 kDa 

represents the dimer form of OPG and the band at 60 kDa represents the monomer 

form ofOPG. Three independent experiments showed similar results. 
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1.1.3 Sandwich ELISA 

1.1.3.1 Basal level of OPG measured by sandwich ELISA in the supernatants of 

hOB, MG-63 and Saos-2 cell lines. 

In the present study we used a highly sensitive sandwich ELISA to measure the 

level of OPG in the supernatants of hOB, MG-63 and Saos-2 cell lines. Figure 8 shows 

the accumulation of OPG in the supernatants of these three cell types, up to three days. 

After 24 hours, the concentration of OPG was highest in the supernatants of MG-63 

cells (48 ± 7.4 ng/ml) and it was lowest in the supernatants of Saos-2 cells (5.9 ± 0.75 

ng/ml). At the same time-point the level of OPG in the supematants of hOB was 12.52 

± 1.9 ng/ml. The level of OPG on the second and the third days was still highest in MG-

63 cells compared to Saos-2 and hOB. By the time the level of OPG increases in all 

three cell types but this increase in MG-63 is more significant. 

1.1.3.2 Effects of negative and positive controls on the accumulation of OPG in the 

supernatants of MG-63 and Saos-2 cells 

The results indicate that the negative control (VD3 + dexamethasone) sharply 

decreased the accumulation of OPG in the supematants of hOB and MG-63 cells at all 

tested time points by at least 80 % (figure 9 A & B). However it had no significant 

effect on the Saos-2 cell line (figure 9 C). In all three cell types, IL-la as a positive 

control significantly increased the accumulation of OPG (figure 9 A, B & C). 
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Figure 8: Basal accumulation of OPG in the supematants of hOB and 

immortalized cell lines measured at the first, second and third day of cell culture. 

OPG accumulation is significantly different between these three cell types. The 

supematants MG-63 and Saos-2 cells have the highest and the lowest 

concentration of OPG respectively. * P< 0.05 compared to control at the same 

time point. N = 3-5 (in immortalized cell lines, N is the number of different 

experiments and in human osteoblasts represent the number of different donors 

used to obtain osteoblasts). 
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1.2 EFFECT OF COX INHIBITORS ON THE ACCUMULATION OF OPG 

Figure JO clearly shows that the basal concentration of OPG was not affected in 

any of the cell types following treatment with a COX-1 inhibitor (valeryl salicylate, 10-4 

M), COX-2 inhibitor (NS 398, 10-5 M) or non-specific COX inhibitors ( diclofenac 10-5 

M, naproxen 10-5 Mor indomethacin, 10-6 M). 

1.3 EFFECT OF EXOGENOUS PGE2 ON THE ACCUMULATION OF OPG 

In the present study, we tested the effect of exogenous PGE2 (10-6 M) on the 

accumulation of OPG. All the experiments were performed in the presence of 

indomethacin (1 o-6M) or diclofenac (1 o-5M). PGE2 induced a marked decrease in OPG 

accumulation only in hOB and not in the immortalized cell lines (Figure 11). 



Figure 10: Effects of COX inhibitors on the accumulation of OPG in the 

supematants of hOB (A), MG-63 (B), and Saos-2 (C) cells at different time 

points. Valeryl Salicylate (Valeryl, 10-4 M), NS-398 (NS, 10-5 M), Indomethacin 

(IND, 10-6 M), Naproxen (NAP, 10-5 M), Diclofenac (DIC, 10-5 M) are NSAIDs. 

OPG levels at the same time point in NSAIDs treated groups were not 

statistically different from control. N =3-5 (in immortalized cell lines, N is the 

number of different experiments and in human osteoblasts represent the number 

of different donors used to obtain osteoblasts). 
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Figure 11: Effect of exogenous PGE2 on the accumulation of OPG in the 

supematants of MG-63, Saos-2 and hOB in the presence of COX inhibitors. 

PGE2 (10-6 M) significantly decreased the accumulation of OPG in the 

supematants of hOB but not in immortalized cell lines. * P< 0.05 

compared to contrai at the same time point. N = 3-5 (in immortalized cell 

lines, N is the number of different experiments and in human osteoblasts 

represent the number of different donors used to obtain osteoblasts). 

Indomethacin and Diclofenac were used at the concentrations of 10-6 M and 

10-5 M respectively. 

A) Human osteoblasts in the presence ofIND 

B) Human osteoblasts in the presence ofDIC 

C) MG-63 cells in the presence of IND 

D) MG-63 cells in the presence of DIC 

E) Saos-2 cell line in the presence of IND 

F) Saos-2 cell line in the presence of DIC 
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1.3.1 Effect of EP Receptor Agonists 

To investigate the EP receptor subtype(s) involved in the response to PGE2, we 

tested the effect of EP receptor agonists on the accumulation of OPG after 24 hours of 

stimulation. We used sulprostone as agonist ofEP3, 17-phenyl trinor PGE2 as agonist of 

EPI and EP3, 11-deoxy PGE1 as agonist of EP4 and EP2 and butaprost as agonist for 

EP2. Of all the EP receptor agonists tested (at 10-6 M), only 11-deoxy PGE1, 

significantly decreased the concentration of OPG in the supematant of hOB cells 

(Figure 12). Butaprost had no effect, suggesting that the response is being mediated 

only by the EP4 receptor (Figure 12). None of tested agonists had significant effects on 

the production of OPG in either MG-63 or Saos-2 cell lines (data not shown). 

1.3.2 Dose-dependent response to 11-deoxy PGE1 

Figure 13 shows that 11-deoxy PGE1 decreases the concentration of OPG in a 

dose-dependent manner (10-9, 10-8, 10-7, 10-6 M). The maximum response to 11-deoxy 

PGE1 is at 10-6 M. Once again the tested time point was 24 hours after stimulation. 

1.3.3 Effect of a specific EP4 receptor antagonist, L-161982, on the response to ll-

deoxy PGE1 

To confirm the involvement of EP4 in 11-deoxy PGE1 induced OPG reduction, 

we tested the effect of a specific EP4 antagonist, L-161982. This antagonist dose-
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dependently diminished the response to 11-deoxy PGE1 (10-6 M) and completely 

blocked it at 10-6 M (Figure 14). 
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Figure 12: Screening of PGE2 receptor agonists and their eff ects on the 

accumulation of OPG in the supematants of hOB. Sulprostone is an agonist of 

EP3 and EPI. 17-phenyl trinor PGE2 is agonist of EPI & EP3. 11-deoxy PGE1 is 

agonist of EP4 & EP2 and butaprost is agonist for EP2. Indomethacin (1 o-6 M) 

was present in all experiments. All agonists were tested at 1 µM. The incubation 

time was 24 hours. * P < 0.05 compared to indomethacin. N = 3-7 (N represents 

the number of different donors used to obtain osteoblasts). 
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Figure 13: Effect of 11-deoxy PGE1 at diff erent concentrations on the accumulation 

of OPG in the supematants of hOB in the presence of indomethacin. The incubation 

time was 24 hours. * P< 0.05 compared to indomethacin. N = 3-7 (N represents 

the number of different donors used to obtain osteoblasts ). 
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Figure 14: Effect of EP4 receptor antagonist, L-161982 on the response induced 

by 11-deoxy PGE1 in hOB. The antagonist and the agonist were added 

concornitantly and the incubation tirne was 24 hours. * P< 0.05 cornpared to 

indomethacin. N = 3-7 (N represents the number of different donors used to obtain 

osteoblasts ). 
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1.4 EFFECT OF EXOGENOUS PGD2 ON THE ACCUMULATION OF OPG 

In the next series of study, we tested the effects of exogenous PGD2 at the 

concentration of 1 o-6 M on the accumulation of OPG in the presence of indomethacin 

(10-6M) or diclofenac (10-5M). Exogenous PGD2 decreased the concentration of OPG in 

the supematant of hOB by 65%. PGD2 had no effect in immortalized cell lines (MG-63 

& Saos-2). Figure 15 demonstrates the results of this section. 

1.4.1 Effects of DP and CRTH2 receptor agonists on the accumulation of OPG 

To investigate which receptor subtype is mediating the response in hOB, we 

tested the effects of DK-PGD2, a specific agonist of CRTH2, and BW 245C, a specific 

agonist of the DP receptor, on the accumulation of OPG. The chosen time point was 24 

hours after stimulation. The experiments were performed in the presence of non-

specific COX inhibitors ( diclofenac at 10-5 M and indomethacin at 1 o-6 M). BW 245C 

(10-6 M) diminished OPG accumulation in the supematants of hOB (Figure 16). No 

significant effect was observed by using these agonists in MG-63 and Saos-2 cell lines 

( data not shown). 

1.4.2 Dose dependent response to BW 245C in hOB 

BW 245C decreased the concentration of OPG in a dose-dependent manner (1 o-s 
, 10-7, 10-6 M) (Figure 17). This compound at the concentration of 10-7 M significantly 

decreased the accumulation of OPG in the supematant of hOB. We observed the 
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maximum response at 1 o-6 M. These results suggest that the response is mediated by the 

DP receptor. 

1.4.3 The effect of DP antagonist on the BW 245C induced response in hOB 

To confirm that the response to BW 245C is mediated by the DP receptor, we 

used a specific DP antagonist, BW A868. This antagonist at the concentration of 10-6 M 

completely reversed the effect of BW 245C on the accumulation of OPG in the 

supematant ofhOB (Figure 18). 



Figure 15: Effect of exogenous PGD2 on the accumulation of OPG in the 

supematants of MG-63, Saos-2 and hOB in the presence of COX inhibitors. 

PGD2 (10-6 M) significantly decreased the accumulation of OPG in the 

supematants of hOB but not in immortalized cell lines. * P< 0.05 

compared to control at the same time point. N = 3-7 (in immortalized cell 

lines, N is the number of different experiments and in human osteoblasts 

represents the number of different donors used to obtain osteoblasts). 

Indomethacin and Diclofenac were used at the concentrations of 1 o-6 M and 

10-5 M respectively. 

A) Human osteoblasts in the presence of IND 

B) Human osteoblasts in the presence ofDIC 

C) MG-63 cells in the presence of IND 

D) MG-63 cells in the presence ofDIC 

E) Saos-2 cell line in the presence of IND 

F) Saos-2 cell line in the presence ofDIC 
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Figure 16: Effects of BW 245C, a DP receptor agonist, and DKPGD2, a CRTH2 receptor 

agonist on the accumulation of OPG in the supematant ofhOB. The incubation time was 

24 hours. * P< 0.05 compared to indomethacin. N == 3-7 (N represents the number of 

different donors used to obtain osteoblasts ). 
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Figure 17: Effect of BW 245C at different concentrations on the accumulation of OPG 

in the presence of indornethacin in the supematants of hOB. The incubation tirne was 

24 hours. * P< 0.05 cornpared to indornethacin. N = 3-7 (N represents the nurnber of 

different donors used to obtain osteoblasts). 
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Figure 18: Effect of DP receptor antagonist, BW A868C on the response induced 

by BW 245C in hOB. The antagonist and the agonist were added concomitantly and 

the incubation tüne was 24 hours. * P< 0.05 compared to indomethacin. N = 3-7 

(N represents the number of different donors used to obtain osteoblasts). 
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1.5 EFFECT OF AN IP RECEPTOR AGONIST ON THE ACCUMULATION OF 

OPG 

Figure 19 (A,B, C,D,E,F) shows that carbaprostacyclin, an agonist of the 1P 

receptor at 1 o-6 M had no effect on the concentration of OPG in the supernatant of any 

of the cell types (hOB, MG-63 or Saos-2) 

1.6 EFFECT OF A TP RECEPTOR AGONIST ON THE ACCUMULATION OF 

OPG 

None of tested cell types responded to the U46619, an agonist of the TP 

receptor, at the concentration of 1 o-6 M (Figure 20 A, B, C, D, E, and F). 



Figure 19: Effect of carbaprostacyclin, an agonist of IP receptor on the 

accumulation of OPG in the supematants of MG-63, Saos-2 and hOB in the 

presence of COX inhibitors. Carbaprostacyclin (1 o-6 M) had no significant 

effect on the accumulation of OPG in the supematants of hOB or 

immortalized cell lines. N = 3-5 (in immortalized cell lines, N is the number 

of different experiments and in human osteoblasts represents the number of 

different donors used to obtain osteoblasts ). lndomethacin and Diclofenac 

were used at the concentrations of 1 o-6 M and 10-5 M respectively. 

A) Human osteoblasts in the presence of IND 

B) Human osteoblasts in the presence ofDIC 

C) MG-63 cells in the presence of IND 

D) MG-63 cells in the presence ofDIC 

E) Saos-2 cell line in the presence of IND 

F) Saos-2 cell line in the presence of DIC 
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Figure 20: Effect ofU46619 an agonist of TP receptor on the accumulation 

of OPG in the supematants of MG-63, Saos-2 and hOB in the presence of 

COX inhibitors. The TP (1 Q-6 M) agonist had no effect on the accumulation 

of OPG. N = 3-5 (in immortalized cell lines, N is the number of different 

experiments and in human osteoblasts it represents the number of different 

donors used to obtain osteoblasts). Indomethacin and Diclofenac were used 

at the concentrations of 10-6 M and 10-5 M respectively. 

A) Human osteoblasts in the presence of IND 

B) Human osteoblasts in the presence ofDIC 

C) MG-63 cells in the presence of IND 

D) MG-63 cells in the presence ofDIC 

E) Saos-2 cell line in the presence of IND 

F) Saos-2 cell line in the presence of DIC 
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1.7 EFFECT OF AN FP RECEPTOR AGONIST ON THE ACCUMULATION OF 

OPG 

Fluprostenol (10-6 M), an agonist of FP, significantly increased the concentration 

of OPG in the supematant of MG-63 cells on the first and second day of stimulation 

(Figure 21 C, D). On the third day, the effect of fluprostenol was no longer significant. 

Fluprostenol at the same concentration had no effect on Saos-2 or hOB (Figure 21 A, B, 

C, D, E, and F). 

1. 7 .1 Dose response curve for FP receptor agonist 

We tested the effect of fluprostenol at different doses (10-9, 10-8, and 10-7 M) on 

the production of OPG in the MG-63 cell line. The tested time point was 24 hours 

after stimulation. The results indicate that Fluprostenol increases the production of 

OPG in a dose-dependent manner (Figure 22). 

1.7.5 Effect of a FP receptor antagonist, PGF2a dimethyl amine, on increased OPG 

production by fluprostenol 

The effect of PGF2a dimethyl amine, an antagonist of the FP receptor, was tested 

against the fluprostenol-increased OPG accumulation in MG-63 cells. The cells were 

incubated with fluprostenol (10-7 M) and/or PGF2a dimethyl amine (2*10-5 M) for 24 

hours before collecting the samples. This antagonist reversed the effect of FP agonist in 

MG-63 cells. The results ofthis section are summarized infigure 23. 



Figure 21: Effect of fluprostenol an agonist of FP receptor on the 

accumulation of OPG in the supematants of MG-63, Saos-2 and hOB in the 

presence of COX inhibitors. The FP (1 o-6 M) agonist had no effect on the 

accumulation of OPG. * P< 0.05 compared to control at the same time 

point. N = 3-6 (in immortalized cell lines, N is the number of different 

experiments and in human osteoblasts it represents the number of different 

donors used to obtain osteoblasts ). Indomethacin and Diclofenac were used 

at the concentration of 1 o-6 M and 10-5 M respectively. 

A) Human osteoblasts in the presence of IND 

B) Human osteoblasts in the presence ofDIC 

C) MG-63 cells in the presence of IND 

D) MG-63 cells in the presence ofDIC 

E) Saos-2 cell line in the presence of IND 

F) Saos-2 cell line in the presence ofDIC 
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Figure 22: Effect of fluprostenol at different concentrations on the accumulation of 

OPG in the supematants ofhOB in the presence of indomethacin. The incubation time 

was 24 hours. * P< 0.05 compared to indomethacin. N = 4-6 (N is the number of 

different experiments). 
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Figure 23: Effect of FP receptor antagonist, PGF2a dimethyl amine on the 

response induced by fluprostenol in hOB. The antagonist and the agonist were 

added concomitantly and the incubation time was 24 hours. * P< 0.05 compared 

to indomethacin. N = 4-6 (N is the number of different experiments). 
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2. A NEW MODEL OF HUMAN OSTEOCLASTOGENESIS 

2.1 CHARACTERIZATION OF THE MODEL 

2.1.1 Tartrate resistant acid phosphatase (TRAP) coloration 

As we mentioned in the introduction section, TRAP expression is an important 

marker of osteoclasts. For the fist time by using TRAP coloration we were able to 

obtain human osteoclasts from liver cells in the absence of dexamethasone or 

exogenously added RANKL. This new model yields a high number of cells expressing 

TRAP. In each field of view we were able to count 15±3 TRAP positive cell. Figure 

24 shows a picture of our cell culture after TRAP coloration. 

2.1.2 The percentage of mature osteoclasts in the model 

In the present study the osteoclasts with at least three nuclei were considered as 

multinucleated. As it is shown in figure 25, only 5% of TRAP positive cells in the 

culture are multinucleated (Figure 25). 

2.1.3 Effects of exogenous RANKL + M-CSF on the number of TRAP positive cells 

Exogenously added RANKL (50ng/ml) and/or M-CSF (5ng/ml) significantly 

increased the number of TRAP positive cells after 12 days of culture (Figure 26). As 

we stated in the material and methods section, all the compounds were added on day 5. 



Figure 24: TRAP coloration on the cell culture of the osteoclastogenesis model. 

This figure is an example of a TRAP coloration. 
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Figure 25: Percentage of multinucleated TRAP positive in the cell culture. The cells 

in a known field of view are counted and analysed. Five fields of view per well was 

counted and a minimum of 5 foetuses were tested. 
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Figure 26: Effects of exogenous RANKL + M-CSF on the number of TRAP 

positive cells in the li ver . cell culture. The cells in a known field of view are 

counted and analysed. Five fields of view per well was counted and a minimum 

of 5 foetuses were tested. * P< 0.05 compared to control. 
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2.1.4 Effects of exogenous RANKL + M-CSF on bone resorption 

After 12 days of culture we did not observe any bone resorption in this model. 

The tested conditions included control, indomethacin (COX-1 and COX-2 inhibitor 10-4 

M), valeryl salicylate (COX-1 inhibitor 10-4 M), NS 398 (COX-2 inhibitor 10-5 M), PGs 

(10-6 M)+indomethacin (10-4 M) and RANKL+M-CSF (50 & 5 ng/ml respectively). 

After 19 days of culture, large resorption pits were observed only in the presence of 

exogenous RANKL and M-CSF (Figure 27). 

2.2 INVOLVEMENT OF OPG IN THE MODEL OF OSTEOCLASTOGENESIS 

To investigate the implication of OPG in this system, we added a polyclonal 

anti-OPG (R&D system, AF 805) in, the culture. According to the manufactures, this 

antibody is able to neutralize the bioactivity of human OPG. As mentioned in the 

material and methods section, all the compounds were added on day 5 and the TRAP 

colorations were performed on day 12 of culture. Figure 28 shows that anti-OPG at the 

concentration of 1 µg/ml significantly increased the number of TRAP positive cells. 



12oum 1 

Figure 27: Effects of exogenous RANKL + M-CSF on bone resorption. The 

arrows point to the resorption pits. The figure is representative of 3 separate 

experiments. The concentrations of RANKL and M-CSF were 50 and 5 ng/ml 

respectively. 
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Figure 28: Effect of polyclonal anti-OPG antibody on the number of TRAP 

positive cells in the liver cell culture. Control (DMSO), indomethacin (100 µM), 

polyclonal anti-OPG (2.5 µg/ml). * P< 0.05 compared to control. 
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2.3 THE ROLE OF PG RECEPTOR SUBTYPES ON THE ACCUMULATION 

OF OPG IN THE MODEL OF OSTEOCLASTOGENESIS 

2.3.1 Effects of COX inhibitors on the accumulation of OPG 

We determined the amount of OPG in the medium of our cells at the end of the 

culture period. The basal concentration of OPG in the culture supematant on day 12 

was 60 ng/ml, and it was not affected by treatment with the COX-1 inhibitor (valeryl 

salicylate 10-4 M), COX-2 inhibitor (NS 10-5 M) or non-specific COX inhibitors 

(indomethacin 10-4, ibuprofen 10-5 M) (Figure 29). 

2.3.2 Eff ects of exogenous PGE2 and other EP receptor agonists on the 

accumulation of OPG 

We also tested the effects of EP receptor subtype agonists on the accumulation of 

OPG in the supematants of the liver cell cultures. None of the tested agonists, namely 

PGE2 (EPI, EP2, EP3 and EP4 agonist), butaprost (EP2 agonist) and sulprostone, (EP3 

agonist), 17-phenyl PGE2 (EPI agonist) and 11 deoxy PGE1 (EP2 and EP4 agonist), had 

any statistically significant effect on the accumulation of OPG. Figure 30 summarizes 

these results. 
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Figure 29: Effects of COX inhibitors on the accumulation of OPG in the 

supematants of the liver cell culture. Valeryl Salicylate (Valeryl., 104 M), NS-

398 (10-5 M), lndornethacin (IND, 10-6 M), Ibuprofen (Ibu., 10-5 M), are NSAIDs. 

OPG levels in NSAIDs treated groups were not statistically different frorn 

control. 
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Figure 30: Screening of PGE2 receptor agonists and their effect on the 

accumulation of OPG in the supernatants of the li ver cell cultures. Indomethacin 

(104 M) was present in ail experiments but the control. Ail agonists were tested 

at 1 µM. 
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2.3.3 Effects of CRTH2, DP, FP, IP and TP agonists 

We then investigated if OPG might be involved in the decrease of the number of 

TRAP positive cells observed in the liver cell culture. BW245c and fluprostenol had no 

effect on the accumulation of OPG in the medium. On the other hand, carbaprostacyclin 

decreased the accumulation of OPG significantly. In addition, U46619 caused a very 

important increase in the amount of OPG in the medium of our cells. The results are 

shown in the figure 31. 
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Figure 31: Screening of DP, CRTH2, FP,TP, and 1P receptor agonists and their 

effect on the accumulation of OPG in the supematants of the liver cell cultures. 

Indomethacin (10-4 M) was present in all experiments but the control. All 

agonists were tested at l µM. * P< 0.05 compared to indomethacin. 
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DISCUSSION 

RANKL and OPG are produced by osteoblasts and play a central role in the 

control of osteoclastogenesis, osteoclast activity and bone remodeling. Severa! studies 

have shown the involvement of prostaglandins in the expression of RANKL and OPG 

(KRIEGER et al., 2003; OHSHIBA et al., 2003; RANDSTROM et al., 1998; 

MURAKAMI et al., 1998; WANG et al., 2002; SAKATA et al., 2002), but the receptors 

and enzymes mediating these effects have not been studied. In the present study, we 

investigated the roles of cyclooxygenases and prostaglandin receptors on the expression 

of OPG in human osteoblasts, immortalized human osteoblastic cell lines and also in a 

new model of osteoclastogenesis. We chose to study the protein expression of OPG 

rather than its mRNA expression. This is because the physiological effects are mediated 

by proteins and sometimes the changes in mRNA expression cannot be translated in the 

changes of protein level. In addition, PGs may theoretically affect the stability of 

mRNA and change the rate of translation instead of transcription of OPG. By Western 

blot analysis we were able to detect OPG only in the supematant of MG-63 cells but not 

in the supematants of Saos-2 or hOB. A very sensitive sandwich ELISA assay helped 

us to overcome this limitation and allowed us not only to detect OPG in supematants of 

all three cell types but also enabled us to more accurately measure the changes in the 

level of OPG induced by different PGs. In this section first we will discuss the results 

obtained by sandwich ELISA in hOB and immortalized cell lines, and then we will 

focus on the results of the osteoclastogenesis mode! obtained by the same method. 
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1. PROSTAGLANDINS & OSTEOBLASTS 

1.1 THE ABSENCE OF RESPONSE TO COX INHIBITORS 

To determine whether endogenous prostaglandins affect the accumulation of 

human OPG in the supematants of primary hOB, MG-63 and Saos-2, we used valeryl 

salicylate as a COX-1 inhibitor, NS-398 as a COX-2 inhibitor, and ibuprofen, 

diclofenac, naproxen and indomethacin as non-specific COX inhibitors. Our results 

showed that there were no statistically significant differences in OPG accumulation 

between the controls and the cells treated with COX-1 inhibitor, COX-2 inhibitors or 

non-specific COX inhibitors. This could be explained by the absence of endogenous 

PGs in non-stimulated conditions. In fact, our previous findings had shown that COX-1 

and COX-2 are not expressed in confluent and non-stimulated human osteoblasts. In 

addition, the level of endogenous PGE2 measured by RIA was under the detection limit 

of the assay in these conditions (DE BRUM-FERNANDES et al., 1994: MACIEL et al., 

1997) although stimulation with IL-1, TNF-a (DE BRUM-FERNANDES et al., 1994) or 

PTH (MA CIEL et al., 1997) increased the expression of COX-2 and the rele_ase of PGE2. 

Under the light of these previous findings, the absence of an effect of cyclooxygenase 

inhibitors on OPG expression found in the present study could be explained by a lack of 

endogenous PGs produced by the non-stimulated cells in culture. 
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1.2 THE EFFECT OF EXOGENOUS PROSTAGLANDINS 

1.2.1 The eff ect of exogenous EP receptor agonists 

To test the effect of exogenous PGE2 on the accumulation of OPG in the 

supematant of human osteoblasts and immortalized cell lines we used natural and 

synthetic agonists. PGE2, an agonist of EPI, EP2, EP3, and EP4 receptors, decreased 

the expression of OPG in human osteoblasts but not in MG-63 or Saos-2 cells. Of all 

the agonists tested, only 11-deoxy PGE1, an EP2 and EP4 agonist, reproduced the effect 

of PGE2 in a concentration-dependent fashion. Butaprost, a specific EP2 agonist, as 

well as the EP 1 and EP3 agonists failed to produce an effect in concentrations known to 

elicit a maximal response of their specific receptors, suggesting that the effect of PGE2 

was mediated by the EP4 receptor. This interpretation was confirmed by a specific EP4 

receptor antagonist, compound L-161982, which reversed the reduction induced by the 

EP4 agonist in a concentration dependent manner. Other studies have shown that PGE2 

decreases the expression of OPG by osteoblasts and/or bone marrow stroma! cells 

(BRANDSTROM et al., 1998; MURAKAMI et al., 1998; WANG et al., 2002; SAKATA et 

al., 2002) and calvaria (O'BRIEN et al., 2001), possibly through activation of the 

protein kinase A pathway (BRANDSTROM et al., 2001). In addition, EP4 antagonists 

have been shown to significantly reduce the osteoclastogenesis induced by PGE2 in 

different animal models (TOM/TA et al., 2002; ONO et al., 1998; OHSHIBA et al., 

2003). Although this effect was associated with a decreased level of RANKL (LI et al., 

2002; TOMITA et al., 2002) a concomitant effect on OPG cannot be excluded. Our 

study is the first to demonstrate that PGE2 reduces OPG production by human 
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osteoblasts specifically by activation of the EP4 receptor. It is thus possible that the 

interaction of PGE2 with the EP4 receptor may both increase RANKL and decrease 

OPG, having a major positive impact on osteoclastogenesis. These results suggest that 

blocking the EP4 receptor may be an attractive pharmacological approach in reducing 

bone resorption and subsequent bone loss. However, we should take into consideration 

the fact that EP4 is widely distributed in different tissues and targeting this receptor may 

result in unwanted side effects. In hOB the absence of significant responses to EP2, 

EPl or EP3 agonists is in agreement with the findings of Sarrazin et al, (2001) who had 

shown that these receptors (EPl, EP2, and EP3) were not expressed by hOB. 

1.2.2 The effect of exogenous DP and CRTH2 receptor agonists 

Similarly to EP4, the activation of the DP receptor by a specific agonist, 

compound BW 245C, also dose dependently decreased the OPG accumulation in hOB 

culture supernatants. This effect was not observed in MG-63 and Saos-2 cultures. The 

use of a specific DP antagonist, compound BW A868C, confirmed that this action was 

due to interaction with the DP receptor. Previous studies suggest that decrease in the 

level of OPG expression is cAMP dependent (BRANDSTROM et al., 2001; 

KANEMATSU, et al., 2002; BRANDSTROM et al., 1998). As with EP4, the DP 

receptor is also coupled to adenylate cyclase through a Gs protein, and its activation 

leads to an increase in intracellular cAMP in most cell types including hOB 

(unpublished data from our lab ). Although it is tempting to hypothesize that the cAMP 

pathway is involved in the effects of both EP4 and DP activation, further studies will 

need to be done to confirm it. As we mentioned in the introduction section, compared to 
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the EP4 receptor, the DP receptor has a limited distribution, which makes it a more 

interesting pharmacological target than the EP4 receptor because of the lower risk of 

interfering with other physiological systems and causing side effects. 

1.2.3 The eff ect of the FP receptor agonist fluprostenol 

To investigate a possible role of FP in the regulation of OPG, we exposed MG-

63, Saos-2 and primary hOB with 10-6 M of fluprostenol, a specific agonist of the FP 

receptor. Fluprostenol had no significant effect on the accumulation of OPG in primary 

hOB cells. The absence of a significant effect may suggest the low expression of FP in 

primary hOB. In the present study, the osteoblasts obtained from only 40% of the 

donors were able to respond upon stimulation by fluprostenol. There is evidence that 

the expression of PG receptor subtypes is not only dependent on the stage of 

osteoblastic differentiation, but also on the age of the donor. In rat calvarial osteoblasts, 

the EPI subtype stimulates differentiation in cells isolated from young rats whereas it is 

inactive in cells isolated from old rats (FUJIEDA et al, 1999). Contrary to hOB, 

fluprostenol was able to increase significantly the accumulation of OPG in the 

supematant of MG-63 cells at very low doses. The effect of fluprostenol on the 

accumulation of OPG was reversible by an antagonist against the FP receptor. As with 

MG-63 and primary hOB cells, a functional FP receptor is also expressed by Saos-2 

cells (SAMADF AM et al., Submitted article) however, fluprostenol had no effect on the 

accumulation of OPG in the supematant of these cells. This may be explained by a 

defect in the coupling of this receptor in the Saos-2 cell line. 
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1.2.4 The eff ect of the IP receptor agonist carbaprostacyclin 

The concentration of OPG in the supernatants of MG-63, Saos-2 and hOB was 

not altered by treatment with carbaprostacyclin at the concentration known to elicit a 

maximal response. Our previous findings showed that a functional IP receptor is 

expressed in MG-63 and hOB, but not in Saos-2 cells (SARRAZIN et al., 2001, 

SAMADF AM et al., Submitted article). These studies also show that stimulation with 

carbaprostacyclin in MG-63 and hOB cells results in increased cAMP. This increase 

was much less than the increase in cAMP induced by PGE2 or BW 245C. In other 

words, PGE2 and BW 245C were more potent than carbaprostacyclin in increasing the 

level of cAMP in hOB (SARRAZIN et al., 2001, SAMADFAM et al., submitted article). 

This may explain the reason why in hOB we are able to respond to EP4 and DP receptor 

activation and not to IP. We could hyptohesize that the increased level of intracellular 

cAMP in hOB by the IP agonist was not sufficient to reach the threshold level needed to 

influence OPG production or secretion. 

1.2.5 The effect of the TP receptor agonist 046619 

Although a functional TP receptor is present in all the tested cell types (hOB 

MG-63 & Saos-2) (SARRAZIN et al., 2001; SAMADFAM et al., submitted article), the 

basal level of OPG in the supernatants of these cells was not affected by U46619, 

suggesting that the TP receptor was not involved in the regulation of OPG. 
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1.3 THE PHENOTYPE DIFFERENCES REGARDING THE BASAL 

EXPRESSION OF OPG AND THE RESPONSE TO VD3 + 

DEXAMETHASONE 

The study of human osteoblasts has been facilitated by the use of immortalized 

osteoblastic cell lines like MG-63 and Saos-2. However, some important differences 

have been described between immortalized cell lines and human primary osteoblasts: 

different expression of IGF-1 (OKAZAKI et al., 1995), different responses to hPTH-(1-

34) (FUKAYAMA et al., 1990) and heterogeneity in the type and mRNA abundance of 

calcium channel isoforms (BARRY et al., 2000). Differences in the expression of IL-6, 

IL-11, glucocorticoid receptors and the level of alkaline phosphatase activity have also 

been reported (DOVIO et al., 2003). Furthermore, previous data from our lab clearly 

indicate that the immortalized cell lines do not express the same prostaglandin receptors 

found in primary cultures of human osteoblasts. EP4, TP, IP, FP, DP and CRTH2 

receptors were detected in MG-63 and human osteoblasts, whereas Saos-2 displayed all 

the receptors above except for IP and CRTH2 (SARRAZIN et al., 2001; SAMADFAM et 

al., submitted article; GALLANT et al., submitted article). Due to these differences, the 

results obtained from one immortalized cell line may not apply for primary human 

osteoblasts. This is the reason why choosing the right model for study requires such 

demanding attention. 

In the present study we also encountered some other differences between the 

three cell types. First, the capacity for releasing OPG in non-stimulated conditions was 

clearly different in theses cell types (the rank of these cells for accumulation of OPG in 
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supematants is MG-63> hOB> Saos-2). Secondly, the cells responded differently when 

exposed to VD3+dexamethasone. The treatment with VD3 + dexamethasone (at the 

concentrations of 10-8 M & 10-7 M respectively) significantly decreased the expression 

of OPG in MG-63 and human osteoblasts, but not in the Saos-2 cell line. 

To explain these differences, one should take into consideration that MG-63 and 

Saos-2 cells are immortalized cell lines with a modified proliferation rate compared to 

normal osteoblasts, and maybe this modification contributes to the phenotype 

differences between cell types. Cytogenic investigations of human osteosarcoma cells 

(including MG-63 and Saos-2) reveal a variety of chromosomal abnormalities, 

including, a loss of heterozygosity localized on a specific region of chromosome 17. 

This particular abnormality results in the deletion and rearrangement of p53, a tumor 

suppressor gene (MILLER et al., 1990). It has been shown that p53 is involved in 

differentiation of mouse calvarial osteoblasts (CHANDAR et al., 1992; CHANDAR et 

al., 2000). Perhaps the lack of p53 or other tumor suppressors alters the way that 

immortalized cells respond to different stimuli. 

The stage of osteoblastic differentiation may also play role in the phenotype 

differences between hOB and immortalized cell lines. The expression of different 

transcriptional factors at different stages of osteoblastogenesis may directly or indirectly 

control specific gene expression, including OPG, and perhaps also alter the way that 

osteoblasts respond to PGs. Cbfa-1, which is involved in osteoblast differentiation, 

could be a good example of such a transcriptional factor (DUCY et al., 1997). It has 

been shown that Cbfa-1 regulates the expression of genes that characterize the osteoblast 

phenotype, including osteocalcin, osteopontin, type I collagen and bone sialoprotein 
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(DUCY et al., 1997; SATO et al., 1999). This effect is mediated by binding to DNA 

sequence elements called osteoblast-specific elements 2 (OSE-2) that are present in the 

control regions of these genes. Cloning and computer analysis of the human OPG 

promoter sequence revealed the presence of 12 putative Cbfa-1 binding elements (OSE-

2), suggesting a possible regulation of OPG by Cbfa-1 (THIRUNAVUKKARASU et al., 

2000). In the same study, over-expression of Cbfal led to a 54% increase in OPG 

protein levels in the supematant of U2OS cells (a human osteoblast-like osteosarcoma 

cell line). 

To explain the differences in the basal expression of OPG and also the response 

to the treatment with VD3+dexamethasone, we propose the existence of a mediator, 

which has high expression in MG-63 and hOB and very low expression, if any, in the 

Saos-2 cell line. The level of the putative mediator may dictate the basal expression of 

OPG in different cell types. Higher expression in MG-63 and hOB would result in the 

elevated level of basal OPG and its lower expression or absence in Saos-2 cells would 

result in much lower production of OPG. VD3 + dexamethasone may down-regulate 

this mediator in MG-63 and hOB and that way decrease the basal expression of OPG. 

Since the putative mediator would already have a very low expression in Saos-2 cells, 

treatment with VD3 + dexamethasone cannot have further effects. This may explain 

why the Saos-2 cells do not respond to a treatment with VD3 + dexamethasone. IL-6 or 

its soluble receptor seems a good candidate for such a mediator. It has been reported 

that spontaneous activation of Cbfa-1 may lead to the increased constitutive 

transcription of the IL-6 gene (MIYAZAWA et al., 1998). This cytokine is produced, in 

nanomolar quantities, by many cell types including osteoblasts, endothelial cells, 
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monocyte-macrophages, fibroblasts and T-cells (ER/CES et al., 2002). In IL-6 

responding cells, signal transduction requires binding of the cytokine to its membrane-

bound receptor (IL-6 receptor) and subsequent recruitment of the signal-transducing 

molecule glycoprotein 130 (gp 130) (ER/CES et al., 2002). A recent study done by 

Vermes et al., (2002) indicates a high expression of this receptor on the membrane of 

MG-63, Saos-2 and hOB cells. A key feature in the regulation of IL-6 induced 

responses is a shedding of the trans-membranal receptor and the release of the soluble 

IL-6 receptor (sIL-6R). The complex of IL-6/sIL-6R is more potent than IL-6 alone in 

recruitment and homodimerization of gp 130. 

IL-6 positively correlates with the concentration of OPG in these cell types. 

MG-63 cells constitutively display a very high concentration (1874 ± 729 pg/10-6 cells) 

of this cytokine in comparison with Saos-2 cells ( 4.6 ± 1.2 pg/10-6 cells ). Although the 

concentration reported for IL-6 in hOB varies depending on the study, all are in 

agreement that like MG-63 cells, the concentration of IL-6 in hOB is much higher than 

that of Saos-2 cells (PETERSSON et al. 2002; ENGEL et al., 2003). Glucocorticoids, 

including dexamethasone, inhibit the production of IL-6 in osteoblastic cell lines 

(MASERA et al., 2000). IL-6 alone slightly increases the expression of OPG in MG-63 

and Saos-2 cell (DOVIO et al., 2003). Soluble IL-6 receptor in combination with IL-6 

sharply increases the accumulation of OPG in the supematant of fibroblast-like cells 

(YANO et al., 2001 b). This combination also increased OPG expression in neonatal 

mouse calvaria (PALMQVIST et al., 2002). All these findings are in agreement with our 

hypothesis that the level of IL-6 and/or its soluble receptor determines the basal 



114 

expression of OPG in osteoblasts and also the magnitude of the response to VD3 + 

dexamethasone. 

The number of glucocorticoid receptors expressed in osteoblasts g1ves yet 

another explanation for different responses regarding the treatment with VD3 + 

dexamethasone. Basal expression of glucocorticoid receptors in MG-63 cells is much 

higher than in Saos-2 cells. It is possible that simply the expressed number of 

glucocorticoid receptors in Saos-2 is not sufficient to trigger the response upon 

stimulation with dexamethasone. It is interesting to point out that, like OPG, the level 

of IL-6 also positively correlates with the number of glucocorticoid receptors expressed 

on MG-63 and Saos-2 cells. In addition, IL-6 is able to up-regulate the expression of 

glucocorticoid receptors in osteoblasts (DOVIO et al., 2003; MASERA et al., 2000). 

These studies suggest that IL-6 may also determine the basal level of glucocorticoid 

receptors and by that indirectly regulate how the cells respond to dexamethasone. 

1.4 THE EFFECT OF IL-1 ON THE ACCUMULATION OF OPG 

Il-la is a key regulatory factor influencing bone metabolism. The existing 

evidence suggests that the effect of IL-1 a in osteoclastogenesis may pass by the 

regulation of OPG and/or RANKL. It has been demonstrated that IL-la increases the 

mRNA of OPG in MG-63 and primary hOB cells (VIDAL et al., 1998). Treatment with 

IL-1 a stimulated OPG secretion to 500% of control in primary culture of human bone 

marrow stroma! cells (BRANDSTROM et al., 2001). Based on these studies we chose 

IL-la as our positive control. IL-la significantly increased the accumulation of OPG in 

the all tested cell types. The study of Vidal and his colleagues (1998) suggests that IL-
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la may directly regulate the expression of OPG. Time-course studies show that IL-la 

causes a transient increase of OPG mRNA levels in MG-63 cells, peaking after 4 h of 

treatment. 

2. PROSTAGLANDINS AND A NEW MODEL OF OSTEOCLASTOGENESIS 

In the pages above we discussed the effects of cycloxygenase inhibitors and 

exogenous PGs on the accumulation of OPG in the supematants of osteoblasts which is 

a simple system containing only one cell type. The following pages are allocated to the 

effects of PGs and COX inhibitors on OPG expression in a more complex system, an 

osteoclastogenesis model. 

2.1 CHARACTERIZATION OF THE MODEL OF OSTEOCLASTOGENESIS 

Characterization of the osteoclastogenesis model was necessary since the model 

for the first time was developed in our lab. Our first priority was to demonstrate that the 

cells from human fetal livers had the potential to differentiate into osteoclast-like cells. 

As demonstrated in the results section, in this new model of osteoclastogenesis we had 

enough endogenously produced RANKL to make it possible to have a high number of 

cells expressing TRAP. We were even able to see a few multinucleated TRAP positive 

cells (5% of all TRAP positive cells). We were surprised to be able to obtain these cells 

without any addition of cytokines or hormones such as M-CSF, l,25(OH)z D3, soluble 

RANKL, or co-culture with stromal/osteobh1st cells. Furthermore, we had no need of 

dexamethasone or hydrocortisone to stimulate the differentiation into osteoclast-like 
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cells. The use of such compounds inhibits the expression of COX-2 and therefore 

would have prevented this study. This new protocol, with a high number of cells 

expressing TRAP even in control conditions allows us to identify compounds capable of 

inhibiting as well as increasing osteoclastogenesis in non-inflammatory conditions when 

compared to the control. RT-PCR assays revealed the existence of osteoclast markers 

other than TRAP in our model, including, MMP-9 (a macrophage marker), p3 integrin 

(subunit of the vitronectin receptor), calcitonin receptor and cathepsin (LORA, 

unpublished data). After 12 or 19 days of culture at control and non-stimulated 

conditions, the TRAP positive cells in our system were unable to resorb bone. However 

when the system was stimulated with exogenous RANKL + M-CSF for 19 days, very 

large resorption, pits are formed. Taken together, these results suggest that endogenous 

RANKL and M-CSF are at a sufficient concentration for the formation of TRAP 

positive cells but not for the formation of resorption pits. 

2.2 EFFECT OF A POLYCLONAL ANTI OPG ANTIBODY ON THE NUMBER 

OF TRAP POSITIVE CELLS 

The levels of OPG and/or RANKL influence the rate of osteoclastogenesis in 

physiological and pathophysiological conditions. We therefore investigated whether 

OPG is involved in this system by using an antibody which supposedly neutralizes the 

bioactivity of human OPG. The polyclonal anti-OPG serum should prevent the soluble 

OPG from attaching to the endogenous RANKL and lead to an increase in the number 

of TRAP positive cells due to the increased availability of RANKL. This is what 

happened, as shown in the results section. 



117 

2.3 EFFECT OF COX INHIBITORS ON THE ACCUMULATION OF OPG IN 

CULTURESUPERNATANTS 

The study done by LORA (unpublished data) in our laboratory demonstrates that 

endogenously produced PGE2, by acting on the EP4 receptor, decreases the number of 

TRAP positive cells in this system. The effect of PGE2 was blocked by COX-2 

inhibitors. Since prostaglandins are known to act on osteoclastogenesis by influencing 

the OPG/RANKL pathway, we assume PGE2 may act by changing the concentration of 

OPG and/or RANKL. To confirm our hypothesis, we investigated the effects of 

NSAIDs on the concentration of OPG. Since we had obtained increases in the number 

of TRAP positive cells when COX-2 was inhibited, we were expecting to see a decrease 

in the concentration of OPG in the supematant if OPG was implicated. However, we 

were unable to observe a significant decrease of the OPG concentration in the presence 

of indomethacin, ibuprofen, DFU, NS-398 or valeryl salicylate when compared to the 

control. We should point out that our cell culture is a heterogeneous system and 

contains a mixture of different cell types and probably each one of them has a different 

distribution of PG receptors. In addition, the pattern of OPG expression in different cell 

types may not be the same and it may be regulated differently by PGs. It has been 

demonstrated that in fibroblast-like synovial cells PGE2 increases the expression of OPG 

(YANO et al., 2001b) and in the present study we have shown that PGE2 decreases it. 

Even in the same cells, more than one type of receptor may be involved in the regulation 

of OPG. Sorne of these receptors might increase the expression of OPG and some have 

the opposite effect. Therefore, the lack of significant differences in OPG concentration 
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in the culture supematants when applying COX inhibitors does not necessarily rule out 

the implication of PGs in the regulation of OPG. These data only indicate that the 

overall effect of COX-inhibitors on the accumulation of OPG in our system is not 

significant. 

2.4 EFFECT OF PG RECEPTOR AGONISTS ON THE ACCUMULATION OF 

OPG IN CULTURE SUPERNATANTS IN THE PRESENCE OF COX 

INHIBITORS 

To investigate the role of each PG receptor subtype separately, in our system we 

blocked all the endogenous prostaglandins and stimulated the culture with exogenously 

added PG agonists. Then the culture supematants were assessed for the concentration of 

OPG. Of all the agonists tested (PGE2, 11-deoxy PGEl, sulprostone, butaprost, BW 

245C, DKPGD2, U46619 and carbaprostacyclin), only carbaprostacyclin, an IP agonist, 

and U46619, a TP agonist, had significant but opposite effects. U46619 increased the 

OPG concentration in our supematant and carbaprostacyclin decreased it. These data 

support our statement that in the regulation of OPG, different receptors, expressed on 

the same cells or on different cells, are involved. Our results correlate well with those 

of LORA et al which demonstrate that activation of TP by U46619 decreases the number 

of TRAP positive cells in culture. The ability of TP to induce such a remarkable 

increase in OPG highlights it as a receptor with a great deal of potential for the 

treatment of osteoporosis. 

As we mentioned before, it has been demonstrated that EP4 agonists decrease 

the number of TRAP positive cells in our culture by LORA (unpublished data). 
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However, since these agonists did not increase OPG accumulation in our culture 

supematant we conclude that the decreased osteoclastogenesis by EP4 agonists is not 

accomplished by an increased level of OPG. There is a strong possibility that 

prostaglandins, by altering the level of RANKL and/or M-CSF in our culture, regulate 

osteoclastogenesis. Unfortunately in the present study the levels of sRANKL or 

transrnernbranal RANKL were not in our detection lirnit of the developed sandwich 

ELISA assay. 
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CONCLUSION 

Our results show that the basal level of OPG in hOB and immortalized cell lines was 

not changed by the treatment with inhibitors of COX-1 (valeryl salicylate), COX-2 (NS 

398) or non-specific COX inhibitors (diclofenac, naproxen and indomethacin) 

suggesting the absence of endogenous PGs in non-stimulated conditions. Exogenously 

added PGE2 and PGD2 decreased the concentration of OPG in the supematants of hOB 

but not in immortalized cell lines. Further experiments with specific receptor agonists 

and antagonists confirmed that these responses are mediated by EP4 and DP receptors. 

Our results suggest that targeting EP4 or DP receptors with antagonists might increase 

OPG levels and decrease osteoclastogenesis and bone resorption. Thus targeting one or 

both receptors may represent an interesting therapeutic approach for bone diseases. We 

also tested the involvement ofFP, IP, and TP receptors on the expression of OPG in the 

supematants of hOB and immortalized cell lines. Our results indicate that among the 

receptors tested, only activation of the FP receptor increased the expression of OPG and 

only in MG-63 cells. Activation of FP had no significant effect on the accumulation of 

OPG in hOB or Saos-2 cell line. Our results from hOB and immortalized cell lines also 

indicate that the basal level of accumulated OPG in Saos-2 supematants is sharply lower 

than that of MG-63 cells and hOB. In addition these cell types respond differently upon 

stimulation with VD3 + dexamethasone. VD3 + dexamethasone significantly decreased 

the accumulation of OPG in hOB and MG-63 cells but had no effect on the Saos-2 cell 

line. Taken together our results and our previous findings reveal important differences 

in the distribution and function of the PG receptors in hOB and the immortalized cell 
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lines and suggest that caution should be taken in the interpretation of studies using MG-

63 and Saos-2 cells. 

In the present study we also investigated the role of COXs and PGs in our new 

model of osteoclastogenesis. Results obtained from this part of the study indicate that 

the basal level of OPG was not affected by COX-1 or COX-2 inhibitors. Of all the 

prostaglandin agonists tested, only carbaprostacyclin and U46619 were able change the 

basal level of OPG in the supematants of cell cultures. Carbaprostacyclin decreased the 

accumulation of OPG and U46619 had the opposite effect and increased it. Our results 

are summarized in the tables 6 and 7. 
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Table 6: Effects of PG receptor subtypes on the accumulation of OPG in the 

supematants of hOB and immortalized cell lines. The boxes indicated with a blue 

colors are not expressed in these cell types. The green box represents the receptors 

which are expressed in these cell types and the blue box represents those which are 

absent. ( ft ), ( U ) and (-) respectively indicate increase, decrease and no effect. 

EP DP FP IP TP 
Receptor 
Subtypes 

EPI EP2 EP3 EP4 CRTH-2 DP FP IP TP 

Saos-2 - - - - - - - -

MG-63 - - - - - - fr -

hOB - - - JJ - JJ - -

Table 7: Effects of PG receptor subtypes on the accumulation of OPG in the 

supematant of the osteoclastogenesis model. ( ft ), ( U ) and (-) respectively indicate 

increase, decrease and no effect. 

EP DP FP IP TP 
Receptor 
Subtypes 

EPI EP2 EP3 EP4 CRTH-2 DP FP 1P TP 

Osteoclast- - - - - - - - JJ fr 
genesis 

-

-

-
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PERSPECTIVES 

We investigated the effects of PGs in osteoblasts and in a relatively complex 

system of osteoclastogenesis. However, bone is a much more complex system 

containing several cell types including endothelial cells, fibroblasts, osteoclasts, 

adipocytes, mesenchemal cells and osteoblasts. As we also mentioned in the 

introduction, osteobla~ts are not the only cell type expressing RANKL and OPG 

proteins; fibroblasts, endothelial cells, and chondrocytes also express them. PGs may 

regulate the expression of these proteins differently depending on the cell types. Since 

the OPG secreted from small fragments ofbone is in the detection limit of our ELISA, it 

will be interesting to investigate the overall effect of PGs on the expression of OPG by 

different cell types present in complete bone. By this method, we already demonstrated 

that VD3 + dexamethasone decrease secretion of OPG in the supematant. 

Our results show that blocking EP4 and DP receptor activation by their 

respective antagonists is in favor of OPG accumulation in the supematants of human 

osteoblasts. Long term in vivo studies must be design to determine if EP4 or DP 

antagonists have a potential to become a new and a better treatment for bone diseases 

including osteoporosis. 

VD3 + dexamethasone decreased the accumulation of OPG in the supematants 

of MG-63 and hOB but not in Saos-2 cells. The gene micro array method could be used 

to investigate the differences in the gene expression upon stimulation with VD3 + 

dexamethasone in hOB, MG-63 & Saos-2 cells. A different gene expression may help 

to explain different response to VD3 + dexamethasone. 
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As we explained in the discussion, IL-1 or its soluble receptor may regulate the 

basal level of OPG expression. It would be interesting to investigate the possible role of 

IL-6 and/or its soluble receptor in dictating the basal level of OPG in different cell 

types. 

In the present study we demonstrated that the activation of the FP receptor 

significantly increased the accumulation of OPG in the supematants of MG-63 cells. 

Agonists of this receptor are currently being used for the treatment of ocular 

hypertension and glaucoma (WHITSON, 2002). It would be interesting to study the 

possible correlation between these agonists and the level of OPG in the blood system of 

patients taking them. 
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