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Dans le port d'Amsterdam 
Y a des marins qui chantent 

Les rêves qui les hantent 
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Bone remodeling 

Bone structure 

Bone is a dynamic tissue that consists of various structures. Cancellous or 

woven bone is a porous network of trabeculae that provides the flexibility to 

the tissue. It often changes into a dense bone structure during development. 

This compact bone is called cortical bone and ensures the bone’s rigidity. 

Into the cortical bone small tubular canals, the Haversian systems, are 

present. These canals contain blood vessels and provide the inner tissue 

with nutrients 1-3. 

Bone is in close contact with bone marrow, a tissue found in the 

centre of bones. A distinction can be made between red bone marrow and 

yellow bone marrow. The latter is almost exclusively made of fat tissue 

whereas the former is rich of blood cells 2,4,5. 

Adaptation of bone 

The main function of bone is to provide support for the body and protect the 

organs. To do so, this tissue is able to adapt its mass and structure to the 

mechanical loading that is exerted on it 6,7. When a high load is applied, 

bone mass will increase in order to be able to support the increased load 

whereas in situations of a reduced mechanical loading, e. g. in space, bone 

mass will be reduced. The mechanism behind this unique property is exerted 

at a cellular level and can be summarized as a close interplay between the 

different bone cells wherein the osteocyte plays a central role 8,9. 

Bone cells 

Bone contains four types of bone cells: the osteocyte, the bone lining cell, 

the osteoclast and the osteoblast. Osteocytes are the cells that are most 

abundantly present, about 90% of all bone cells are osteocytes. These cells 

develop from osteoblasts that become entrapped in the bone matrix and are 

characterized by their unique shape. When enclosed by matrix, osteocytes 

develop long, cytoplasmic extensions, the so called processes. With these 

processes they are in contact with each other, this way forming an extensive 

osteocyte network. 

The main function of osteocytes is to send signals to other bone 

cells in a response to changes in mechanical loading. The osteocyte is 
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surrounded by a small layer of interstitial fluid and when mechanical loading 

changes, small deformations in the fluid layer surrounding the osteocyte will 

result in intercellular signaling to alter the activity of osteoblasts and 

osteoclasts 8,10-12. 

Osteoblasts are cuboidal cells that are responsible for the 

formation of bone. When mechanical loading is increased, osteoblasts will 

start to synthesize bone matrix, the osteoid, and deposit the newly formed 

bone at places where extra support is needed. Osteoclasts, on the other 

hand, are the cells that degrade bone matrix. These flattened cells are 

characterized by their multinuclearity and a ruffled border at the site where 

resorption occurs 13. 

The bone lining cells are fibroblast/osteoblast-like cells that cover 

the bone surface. After bone resorption has taken place, these cells enter 

the Howship’s lacunae and clean the surface in order to make it possible for 

the osteoblasts to deposit new bone matrix. Furthermore, it has been shown 

that bone lining cells play an important, supporting role in the formation of 

osteoclasts. They are characterized as ICAM-1+ cells and osteoclast 

precursors adhere to these cells. After adhesion, bone lining cells are able to 

retract and create the space needed for the osteoclast precursors to migrate 

to the bone surface 14-18. 

Even when not subjected to changes in mechanical loading, bone 

is continuously remodeled. The interplay between osteocytes which send 

signals to osteoclasts to resorb bone, the bone lining cells that in turn clean 

the surface after bone resorption and osteoblasts that enter the lacunae to 

deposit new matrix makes bone a “young” and dynamic tissue. 

Osteoclasts: specialized bone resorbing cells 

Morphology and function 

Osteoclasts are large cells that can contain a high number of nuclei. These 

multinucleated cells have an apical and basolateral pole that differ both 

morphologically and functionally. The basolateral side faces the local cellular 

environment and has receptors for distinct hormones and growth factors. 

The apical pole is characterized by a clear zone that attaches to the bone 

matrix to isolate an extracellular microenvironment where bone has to be 

resorbed 13,19-21. In the center of the clear zone resorption takes place 

adjacent to the so-called ruffled border. This site is characterized by a high 
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expression of V-H+-ATPase, a protein that is required for the transportation 

of H+ to the extracellular environment. The secretion of H+-ions leads to an 

acidification of the ruffled border and a pH of 4-5 can be reached. 

Acidification causes solubilization of mineral crystallites from the bone matrix 
22-24. To ensure neutrality of ions in this compartment, the osteoclast is 

equipped with a chloride pump (ClC7) which transports Cl- ions to the H+-rich 

clear zone 25,26. 

The H+ ions are formed by conversion of carbon and water in 

bicarbonate and H+. This process is mediated by the enzyme carbonic 

anhydrase II, an isoform of carbonic anhydrase that is almost exclusively 

found in the osteoclast. The intracellular pH is kept neutral by specialized 

anion exchangers such as AE2 27,28. 

After calcium has been dissolved from the bone matrix, bone 

degrading enzymes will further degrade the non-mineralized substances by 

cleaving matrix molecules such as collagen type -1. Matrix 

metalloproteinases (MMPs) and cathepsins are two important groups of 

bone degrading enzymes with each a different optimal working pH 29-31. 

Cathepsins (such as cathepsin K) are active in an acidic milieu (pH 4-5) 

whereas MMPs (such as MMP-9, MMP-13) degrade collagen type I in a 

neutral environment (pH 7). The latter enzymes are thought to play a role in 

bone resorption at specific sites. It has been suggested that they are 

involved in calvarial bone resorption but not in the resorption of bone in long 

bones 32. 

In order to facilitate the high energy demands required in this 

process, mitochondria are abundantly present in osteoclasts 33-36.  A recent 

study has demonstrated the involvement of the peroxisome proliferator 

activator receptor- gamma co-activator PGC-1β in the formation of 

mitochondria during osteoclastogenesis 37. However, little is known about the 

expression of other mitochondria-related genes and how biogenesis of these 

organelles is regulated in these cells has not been elucidated yet. 

Osteoclast formation 

Sequence of events 

Osteoclast precursors are hematopoietic in origin and derive from the 

monocyte/macrophage lineage 38,39. Mononuclear cells are able to 

differentiate into cells that express tartrate resistant acid phosphatase 
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(TRACP), a marker enzyme for osteoclastogenesis. These mononuclear 

cells are present both in peripheral blood and in the marrow spaces 3. They 

can differentiate into functional osteoclasts when cultured in the presence of 

macrophage colony stimulating factor (M-CSF) 40-43. Also human 

granulocyte-macrophage progenitor cells can differentiate into osteoclast-

like, bone resorbing multinucleated cells when cultured with GM-CSF for a 

week and with 1,25(OH)2VitD3 for an additional two weeks. Since recently 

peripheral blood mononuclear cells (PBMCs) are a commonly used source 

for human osteoclast precursors. Stimulated with M-CSF and RANKL or co-

cultured with osteoblast-like cells, these mononuclear cells form TRACP-

positive, multinucleated cells that resorb bone 44. 

Osteoclast precursors are selected by the osteoblast-like bone 

lining cells and after selection the osteoclast precursors will adhere to these 

supporting bone lining cells 16,45-47. Adhesion between those two cell types 

will lead to a cascade of signals to stimulate the osteoclast precursor to 

further differentiate towards the osteoclast lineage. Following adhesion and 

partial differentiation, osteoclast precursors prepare to migrate to the bone 

surface. Simultaneously, bone lining cells retract to create a space in order 

to select the site were resorption has to occur and to facilitate the migration 

of osteoclast precursors 16. The latter cells migrate to the bone surface and 

finally fuse with fellow precursors 48. How fusion is regulated and how 

multinucleated cells interact with osteoclast precursors and other osteoclasts 

is not known yet. 

Osteoblast-osteoclast precursor interactions 

Osteoclast precursors derive from monocytes that are selected and recruited 

by bone lining cells at time points when bone resorption and thus osteoclast 

formation is required. To do so, bone lining cells release mediators, also 

called chemokines, which attract specific subpopulations of monocytes. 

Examples are CCL5 (or RANTES) and CCL2 (or MCP-1), the latter 

being hardly expressed in healthy tissue but being up-regulated on stromal 

cells under inflammatory conditions 49-52. 

After selection, adhesion of osteoclast precursors to the bone lining 

cells takes place. The ability of cells to recognize and adhere to one another 

has been widely described and several groups of adhesion molecules have 

been identified. In the perspective of osteoclast formation and adhesion 

between osteoclast precursors and bone lining cells, integrin- and cadherin-
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based adhesions have been identified 17,18,53-56. The heterotypic integrin 

interactions include two major members which have been found to play 

important roles during osteoclastogenesis. Vascular adhesion molecule-1 

(VCAM-1) was first found on endothelial cells and can bind to its receptor 

very late antigen-4 (VLA-4) on several cell types including leukocytes, T-and 

B-cells, eosinophils and monocytes. Next, VCAM-1 expression was also 

reported for bone lining cells and inhibition of VCAM-1 expression on these 

cells inhibited osteoclast formation in a co-culture of stromal cells and 

osteoclast precursors 45. However, the most described adhesion molecule 

involved in osteoclast precursor-bone lining cell interactions is intercellular 

adhesion molecule -1 (ICAM-1). ICAM-1 is a 90 kDa transmembrane 

glycoprotein that belongs to the immunoglobulin (Ig) superfamily. It consists 

of five extracellular IgG-like domains and a short cytoplasmic tail that 

associates with cytoskeletal proteins. 

The critical role of this molecule in the formation of osteoclasts has 

been shown by a study of Tanaka et al.; they distinguished ICAM-1+ and 

ICAM-1- osteoblasts and showed that osteoclasts were only formed in co-

cultures of osteoclast precursors and ICAM-1+ osteoblasts 18. The main 

ligands of ICAM-1 are leukocyte function-associated antigen-1 (LFA-1) and 

Mac-1, β2 integrins, and are expressed by osteoclast precursor cells 53-55. 

Shedding of membrane-bound ICAM-1 leads to the release of soluble ICAM-

1, sICAM-1, in the serum. Elevated levels of sICAM-1 have been found in 

patients suffering from e.g. multiple sclerosis and rheumatoid arthritis which 

could contribute to the increased bone resorption found in these patients 57. 

Endothelial cells release sICAM-1 upon stimulation in vitro and 

sICAM-1 is able to block lymphocyte attachment to endothelial cells which is 

normally regulated by membrane-bound ICAM-1. Knockout studies with mice 

genetically deficient for ICAM-1 resulted in attenuated myocardial necrosis 

and reductions in myocardial neutrophil infiltration. They showed impaired 

inflammatory and immune responses due to the lack of ICAM-1 58. Whether 

depletion of ICAM-1 also leads to a specific bone phenotype in these mice is 

not known. 

Besides heterotypic interactions also homotypic calcium-

dependent cadherin binding has been described during osteoclast 

differentiation. Cadherin-6 mediates the interaction between murine 

osteoclast precursors and stromal cells. Both cell types express cadherin-6 

isoforms and inhibition of the cadherin-mediated adhesion results in an 
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impairment of osteoclastogenesis. Besides cadherin-6, no involvement of 

cadherins has been reported with regard to the adhesion of osteoclast 

precursors to osteoblast-like bone lining cells 59. 

Adhesion between those two cell types induces a cascade of 

signals and it is plausible that this is associated with the release of the two 

critically important cytokines expressed by the bone lining cells; macrophage 

colony stimulating factor (M-CSF) and receptor activator of nuclear factor 

kappa-β (RANKL). 

M-CSF is a glycoprotein growth factor that induces the proliferation 

and differentiation of cells of the macrophage and monocyte lineages. It 

binds to its receptor c-fms, expressed by osteoclast precursors. The critical 

role of this differentiation factor in osteoclast biology has been elucidated by 

studies with osteopetrotic op/op mice. The bone defect was found to be 

associated with a mutation in the M-CSF gene which made the protein 

inactive. Due to the lack of activity of M-CSF in these mice, osteoclast 

formation was impaired and a reduced bone resorption led to osteopetrosis. 

In co-cultures of osteoblastic cells from the op/op mice and normal spleen 

cells, the inhibited osteoclast formation could be restored by the addition of 

recombinant M-CSF. Administration of this recombinant cytokine to op/op 

mice also rescued them from osteopetrosis, indicating that M-CSF plays a 

critical role in osteoclast formation in vitro as well as in vivo 42. 

The second crucial cytokine needed for osteoclast formation is 

RANKL, a membrane bound cytokine and member of the tumor necrosis 

factor (TNF) - family. RANKL binds to its receptor RANK on osteoclast 

precursors and the RANKL/RANK pathways in osteoclast biology were also 

confirmed by mouse genetic studies. Depletion of RANK or RANKL resulted 

in osteopetrotic mice due to reduced osteoclast formation and subsequent 

osteoclast activity 60. 

Besides the membrane bound form, RANKL also exists as a 

soluble factor. sRANKL can be formed by shedding of mRANKL by so called 

sheddases such as matrix metalloproteinase-14 (MMP-14). 

A decade ago, several studies reported the discovery of a soluble 

member of the tumor necrosis factor receptor superfamily which was able to 

bind to RANKL and suppress osteoclast formation both in vitro and in vivo. 

This decoy receptor was named osteoprotegerin (OPG) 61,62. The binding of 

OPG to RANKL blocked its activity by competitively suppressing the 

RANKL/RANK interaction. The ratio OPG/RANKL is therefore considered 
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crucial in the process of osteoclast formation. When an excess OPG is 

produced, osteoclastogenesis will be inhibited whereas a low OPG/RANKL 

ratio favors the formation of osteoclasts 62-64. 

Also after fusion of osteoclast precursors into a multinucleated cell, 

the interactions between osteoblast-like cells and osteoclasts seem to be 

important. The osteoblastic expression of M-CSF and RANKL has found to 

have an anti-apoptotic effect on osteoclasts 65. However, little is known about 

the interactions between multinucleated osteoclasts and the supporting bone 

lining cells. 

Osteoclast precursor-osteoclast precursor interacti ons 

Another important type of cell-cell interaction during osteoclast formation is 

the interaction among osteoclast precursors. Osteoclast precursors originate 

from a heterogeneous group of monocytic cells. It has been suggested that 

osteoclast precursors arise from a CD14+ CD16- subpopulation, but an 

exclusive cell marker has not been elucidated yet 39. Moreover, it is not 

known what the role is of the other monocytic cells during the differentiation 

of osteoclast precursors. 

A critical process that also involves cell-cell communication and 

that has been only limitedly studied so far is the trafficking of osteoclast 

precursors to and from the bone surface. A recent study shows the 

involvement of spingosine-1-phosphate (S1P), a molecule that had 

previously been found to control cell migration in other tissues 66. However, 

the migration dynamics during osteoclastogenesis are still not known yet, as 

well as the type of cell-cell interactions during migration. 

After migration, the osteoclast precursors prepare to fuse. To do 

so, they interact with each other and several molecules that are thought to 

be involved in cell fusion have been described. The first molecule identified 

was signal regulatory protein-α (SIRPα), a transmembrane protein that 

belongs to the immunoglobulin superfamily. SIRPα interacts with CD47 and 

SIRPα/CD47 interaction seems to play a role in cell-cell recognition prior to 

the actual cell fusion process 67,68. However, recent work from our group 

demonstrated that the SIRPα deficient mouse contains an equal number of 

multinucleated osteoclasts in vivo as the wild-type mouse. Also in vivo, 

osteoclastogenesis was comparable as in wild-type mice. SIRPα knock-out 

osteoclasts formed in vitro were more active as demonstrated with increased 

bone resorption and an increased number of actin rings per osteoclast 69. 
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Dendritic cell-specific transmembrane protein (DC-STAMP) on the 

other hand, has been identified as a key regulator of cell fusion between 

osteoclast precursors 70,71. DC-STAMP-/- mononuclear cells are largely 

impaired in their ability to fuse with each other. No multinucleated 

osteoclasts are formed in vivo in DC-STAMP-/- knockout mice. In addition, 

formation of multinucleated giant cells was severely hampered in an 

experimental model 71. Although this suggests an important role for DC-

stamp in cell fusion, the mechanisms by which DC-STAMP regulates 

osteoclast fusion still remain unclear. Other molecules that are suggested to 

be involved in the fusion of osteoclast precursors include the vo subunit of v-

ATPase (ATP6vo2), CD44, CD98, MCP-1 and E-cadherin 68. 

Recently, new light has been shed on the whole process of 

osteoclast fusion. Time-lapse analyses showed that large, already 

multinucleated cells were able to ‘catch’ mononuclear osteoclast precursors 

to subsequently being followed by fusion between those two cells 48. It thus 

seems that not only osteoclast precursors fuse, but that cell-cell interaction 

and fusion also play an important role between multinucleated osteoclasts 

and their precursors. 

Osteoclast formation and inflammation 

Diseases 

Periodontitis is a chronically inflammatory disease that affects the tissues 

surrounding the teeth and is hallmarked by alveolar bone loss. The 

pathogenesis of this disease starts with a bacterial infection that leads to 

inflammation of the gums. This in turn activates the innate immune system 

and proinflammatory factors are released. A failure in reducing the 

inflammation will lead to an expansion of the inflamed site and will drive the 

destruction of connective tissues and alveolar bone 72. 

Proinflammatory cytokines such as interleukin-1 (IL-1), IL-6, IL-11, 

IL-17 and tumor necrosis factor – α (TNF-α) have a stimulatory effect on the 

bone resorbing activity of osteoclasts 73. Moreover, these factors can induce 

RANKL expression by osteoblast-like cells which results in an increased 

formation of osteoclasts 73-75. Likewise, gram-negative bacteria and their 

products (such as lipopolysaccharide (LPS)) can also induce 

osteoclastogenesis 76. Inflammation-induced osteoclast formation can either 
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directly affect the number of osteoclast precursors, or indirectly, by affecting 

the bone lining cells. 

Periodontal ligament fibroblasts are known to act as bone lining 

cells and support osteoclastogenesis 61. Recent studies have reported a 

down-regulation of the OPG/RANKL ratio by P. gingivalis in these fibroblasts 

as well, denoting their stimulatory effect on osteoclastogenesis in 

periodontitis 63,77. 

Another chronic inflammatory disorder with effects on bone 

remodeling is rheumatoid arthritis (RA). This systemic disease primarily 

targets the joints and leads to pathological cartilage and bone loss 78,79. The 

synovial inflammatory tissues induce the local formation of bone-resorbing 

osteoclasts and the synovial membrane of RA contains many monocytes 

which can differentiate towards the osteoclast lineage. Similar to the 

pathogenesis in periodontitis, leads the invasion of proinflammatory factors 

in RA to an up-regulation of RANKL and an overall lowering of the 

OPG/RANKL ratio in the synovial joint 20,62,80. 

A third very common disease wherein osteoclast formation is 

affected is osteoporosis. Osteoporosis is, in contrast with periodontitis and 

rheumatoid arthritis, principally a bone disease. This bone disorder is 

characterized by a reduced bone mineral density (BMD) which increases the 

risk of fractures. The reduction in BMD is caused by an imbalance in bone 

formation and bone resorption, with a decrease in formation and an increase 

in resorption, respectively. 

Abnormalities in endocrine, metabolic and mechanical factors 

(such as insufficient vitamin D or calcium intake, changes in the level of 

parathyroid hormone, long term administration of glucocorticoids and 

menopausal changes in sex hormones) are attributing to the development of 

the disease 81-83. Recent observations showed a striking coincidence 

between the presence of osteoporosis and the occurrence of systemic 

inflammation. It has been recognized that T-lymphocyte subsets are altered 

in osteoporotic menopausal women, indicating a role for these cells in this 

process. T cell deficient nu/nu mice were found to be protected from 

ovariectomy-induced osteoporosis and can thus be considered as important 

modulators of bone remodeling 84,85. These findings raised the question 

whether osteoporosis could also be identified as an inflammatory process. 

Several epidemiological studies showed an increased risk of developing 

osteoporosis in inflammatory diseases such as HIV infections, rheumatoid 
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arthritis, and inflammatory bowel diseases. Moreover, bone loss induced by 

estrogen deficiency was strongly inhibited in knock-out mice deficient for 

TNF-α which could indicate a prominent role for this inflammatory factor in 

the disease 74,86. 

TNF-α, as well as IL-1, not only stimulates osteoclast formation but 

also promotes the bone resorbing activity of mature osteoclasts. RANKL 

expression is increased by the osteoblasts and OPG production is lowered in 

the absence of estrogen, leading to an increase in the number of osteoclasts 

formed 87. 

Inflammatory factors and bone 

Tumor necrosis factor-α (TNF-α) is a member of a large family of 

inflammatory cytokines and TNF-producing T-cells are thought to be the 

genuine source of TNF-α 84. However, TNF-α is expressed by a variety of 

cells including monocytes/macrophages. The synthesis of the cytokine is 

triggered by lipopolysaccharide (LPS), immune complexes, IL-1 and as an 

autoimmune regulator also by TNF-α itself. TNF-α is synthesized de novo 

after cell activation and this is regulated at a transcriptional or post-

transcriptional level. A pool of TNF-α mRNA that is not expressed as protein 

can be present in the cell, which will be translated after the cell gets 

activated; thus facilitating a rapid cellular response74. 

TNF-α binds to a TNF-α receptor and it functions mainly as a 

regulatory cytokine or as a mediator involved in inflammatory reactions 88. In 

an immune response this cytokine triggers the production of other cytokines 

such as IL-1, TGF-α and TGF-β. TNF-α also stimulates phagocytosis and 

favors adhesion to endothelial cells 89,90. The expression of the adhesion 

molecule ICAM-1 by the endothelial cells increases under influence of TNF-α 

which promotes the adherence of PMNs to the endothelium 91,92. 

TNF-α plays also a crucial role in osteoclast formation and activity. 

As already mentioned earlier, this cytokine promotes the expression of 

RANKL by osteoblast-like cells and is also capable of stimulating the 

expression of M-CSF by these cells. There are conflicting findings about 

whether its effect on osteoclastogenesis is dependent on RANKL/RANK 

signaling or not 93-97. Though, a recent study by Kim et al. provides evidence 

that bone marrow precursors from RANKL-, RANK or TRAF6-null mice can 

differentiate into functional osteoclasts in vitro after stimulation with TNF-α in 

the presence of cofactors such as TGF-β. This suggests that alternative 
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pathways, independent of the RANKL-RANK axis, can lead to osteoclast 

formation 98. 

Whereas TNF-α plays a favoring role in osteoclastogenesis, it 

impairs the activity of bone-forming osteoblasts and induces pathological 

bone loss in both ways. This cytokine blocks the differentiation of new 

osteoblasts and regulates the expression of several genes. The production 

of type I collagen is strongly inhibited as well as the mRNA expression of 

osteocalcin, another skeletal matrix protein. TNF-α also inhibited normal 

mineralization by affecting the regulation of alkaline phosphatase 99-102. 

Taken together, this inflammatory cytokine plays a central role in the 

pathophysiology of bone loss. 

Interleukin-1β (IL-1β) has often been compared with TNF-α 

because of similar actions on bone metabolism. It has been demonstrated 

that pro-inflammatory cytokines such as IL-1β and TNF-α can modulate the 

expression of ICAM-1 in several cell types 18,103,104 including osteoblast-like 

cells. Whether this results in an augmented adhesion of osteoclast 

precursors or whether a short stimulation with these factors can also affect 

the later stages of osteoclast formation is not known. 

Anti-inflammatory agents: glucocorticoids 

About half a century ago, Hench and colleagues discovered the 

anti-inflammatory action of glucocorticoid hormones 105. Although in the 

meantime serious side-effects of long term glucocorticoid administration 

have been found, synthetic glucocorticoids are still the gold standard for anti-

inflammatory and immunosuppressive therapy. These corticoids bind to a 

glucocorticoid receptor (GR) and inhibit the expression of cytokines, 

chemokines, adhesion molecules and many other genes involved in 

inflammatory and immune responses 106,107.  The most regularly used 

glucocorticoid agent is dexamethasone. High-dose treatment with 

dexamethasone is closely associated with severe bone loss, the most 

serious side effect of glucocorticoid-therapy 108-111. Dexamethasone-induced 

osteoporosis affects both bone formation and bone resorption. The complex 

mechanism by which glucorticoids induce a disturbed bone remodeling is still 

not fully understood. 
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Aim 

The aim of the studies in this thesis was to investigate the role of cell-cell 

interactions during the differentiation of osteoclasts. Different aspects of 

osteoclast formation were investigated and the following questions were 

addressed: 

(1) Does the expression of adhesion molecules change during 

osteoclast differentiation and what is the effect of cell-cell interaction here 

upon?  

(2) What is the effect of cell-cell interaction on the expression of 

other osteoclastogenesis-related genes and does this effect change the 

ultimate formation of osteoclasts? 

(3) What is the influence of inflammatory cytokines on cell-cell 

interactions during osteoclastogenesis?  

(4) How do the different cell types interact with each other in 

relation to their migratory dynamics?  

(5) Are the osteoblastic cytokines M-CSF and RANKL involved in 

the biogenesis of mitochondria during osteoclast differentiation? 

Thesis outline 

In this thesis I will describe our results on the effect of cell-cell interaction 

during osteoclastogenesis. In chapter 2  I will focus on its role in the 

expression of the adhesion molecule ICAM-1. Hereby I suggest a possible 

new function for this molecule on the osteoclast precursor. Next, the 

importance of direct cell-cell contact between osteoclast precursors and 

periodontal ligament fibroblasts is investigated in chapter 3 . mRNA and 

protein expression of osteoclastogenesis-related genes as well as the 

formation of bone resorbing multinucleated cells is investigated in the 

absence and presence of bone lining cells. Since osteoclastogenesis is 

highly susceptible to actions of inflammatory cytokines such as TNF-α and 

IL-1β, the study described in chapter 4  reports the effects of a short IL-1β 

stimulation of periodontal ligament fibroblasts and the implications for the 

ultimate formation of osteoclasts. Whereas in chapters 2-4  the focus was on 

heterotypic cell-cell interactions between bone lining cells and osteoclast 

precursors, chapter 5  touches upon the interactions between osteoclast 

precursors and osteoclasts in order to shed light on the migratory dynamics 

of these cells throughout the process of osteoclastogenesis. In chapter 6  I 
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have addressed the interesting though little studied biogenesis of 

mitochondria during osteoclast differentiation. The effects of the osteoclastic 

regulators M-CSF and RANKL on mitochondrial formation, activity and 

morphology were examined at different time points.  In the final chapter  7, I 

will discuss the role of cell-cell interaction during osteoclastogenesis from 

different points of view and I will propose a new model of how bone lining 

cells and osteoclast precursors interact with each other. 



General Introduction 

15 

References 

1  Buckwalter JA, Cooper RR. Bone structure and function. Instr. 

Course Lect. 1987; 36: 27-48. 

2  Clarke B. Normal bone anatomy and physiology. Clin. J. Am. Soc. 

Nephrol. 2008; 3 Suppl 3:  S131-S139. 

3  Taichman RS. Blood and bone: two tissues whose fates are 

intertwined to create the hematopoietic stem-cell niche. Blood 

2005; 105: 2631-9. 

4  Gulati GL, Ashton JK, Hyun BH. Structure and function of the bone 

marrow and hematopoiesis. Hematol. Oncol. Clin. North Am. 1988; 

2: 495-511. 

5  Parfitt AM. The cellular basis of bone remodeling: the quantum 

concept reexamined in light of recent advances in the cell biology 

of bone. Calcif. Tissue Int. 1984; 36 Suppl 1:  S37-S45. 

6  Bonewald LF, Johnson ML. Osteocytes, mechanosensing and Wnt 

signaling. Bone 2008; 42: 606-15. 

7  Klein-Nulend J, Bacabac RG, Mullender MG. Mechanobiology of 

bone tissue. Pathol. Biol. (Paris) 2005; 53: 576-80. 

8  Burger EH, Klein-Nulend J, van der PA, Nijweide PJ. Function of 

osteocytes in bone--their role in mechanotransduction. J. Nutr. 

1995; 125: 2020S-3S. 

9  Klein-Nulend J, Nijweide PJ, Burger EH. Osteocyte and bone 

structure. Curr. Osteoporos. Rep. 2003; 1: 5-10. 

10  Aarden EM, Burger EH, Nijweide PJ. Function of osteocytes in 

bone. J. Cell Biochem. 1994; 55: 287-99. 

11  Burger EH, Klein-Nulen J. Responses of bone cells to 

biomechanical forces in vitro. Adv. Dent. Res. 1999; 13: 93-8. 

12  Turner CH, Forwood MR. What role does the osteocyte network 

play in bone adaptation? Bone 1995; 16: 283-5. 

13  Pierce AM, Lindskog S, Hammarstrom L. Osteoclasts: structure 

and function. Electron Microsc. Rev. 1991; 4: 1-45. 



Chapter 1 

16 

14  Everts V, Delaisse JM, Korper W et al. The bone lining cell: its role 

in cleaning Howship's lacunae and initiating bone formation. J. 

Bone Miner. Res. 2002; 17: 77-90. 

15  Miller SC, de Saint-Georges L, Bowman BM, Jee WS. Bone lining 

cells: structure and function. Scanning Microsc. 1989; 3: 953-60. 

16  Perez-Amodio S, Beertsen W, Everts V. (Pre-)osteoclasts induce 

retraction of osteoblasts before their fusion to osteoclasts. J. Bone 

Miner. Res. 2004; 19: 1722-31. 

17  Tanaka Y, Morimoto I, Nakano Y et al. Osteoblasts are regulated 

by the cellular adhesion through ICAM-1 and VCAM-1. J. Bone 

Miner. Res. 1995; 10: 1462-9. 

18  Tanaka Y, Maruo A, Fujii K et al. Intercellular adhesion molecule 1 

discriminates functionally different populations of human 

osteoblasts: characteristic involvement of cell cycle regulators. J. 

Bone Miner. Res. 2000; 15: 1912-23. 

19  Blair HC. How the osteoclast degrades bone. Bioessays 1998; 20: 

837-46. 

20  Schett G. Cells of the synovium in rheumatoid arthritis. 

Osteoclasts. Arthritis Res. Ther. 2007; 9: 203. 

21  Vaananen HK, Horton M. The osteoclast clear zone is a 

specialized cell-extracellular matrix adhesion structure. J. Cell Sci. 

1995; 108 ( Pt 8):  2729-32. 

22  Arnett TR. Extracellular pH regulates bone cell function. J. Nutr. 

2008; 138: 415S-8S. 

23  Baron R, Neff L, Louvard D, Courtoy PJ. Cell-mediated 

extracellular acidification and bone resorption: evidence for a low 

pH in resorbing lacunae and localization of a 100-kD lysosomal 

membrane protein at the osteoclast ruffled border. J. Cell Biol. 

1985; 101: 2210-22. 

24  Kim JM, Min SK, Kim H et al. Vacuolar-type H+-ATPase-mediated 

acidosis promotes in vitro osteoclastogenesis via modulation of cell 

migration. Int. J. Mol. Med. 2007; 19: 393-400. 



General Introduction 

17 

25  Kajiya H, Okamoto F, Li JP, Nakao A, Okabe K. Expression of 

mouse osteoclast K-Cl Co-transporter-1 and its role during bone 

resorption. J. Bone Miner. Res. 2006; 21: 984-92. 

26  Kajiya H, Okamoto F, Ohgi K, Nakao A, Fukushima H, Okabe K. 

Characteristics of ClC7 Cl- channels and their inhibition in mutant 

(G215R) associated with autosomal dominant osteopetrosis type II 

in native osteoclasts and hClcn7 gene-expressing cells. Pflugers 

Arch. 2009; 458: 1049-59. 

27  Jansen ID, Mardones P, Lecanda F et al. Ae2(a,b)-deficient mice 

exhibit osteopetrosis of long bones but not of calvaria. FASEB J. 

2009; 23: 3470-81. 

28  Wu J, Glimcher LH, Aliprantis AO. HCO3-/Cl- anion exchanger 

SLC4A2 is required for proper osteoclast differentiation and 

function. Proc. Natl. Acad. Sci. U. S. A 2008; 105: 16934-9. 

29  Delaisse JM, Andersen TL, Engsig MT, Henriksen K, Troen T, 

Blavier L. Matrix metalloproteinases (MMP) and cathepsin K 

contribute differently to osteoclastic activities. Microsc. Res. Tech. 

2003; 61: 504-13. 

30  Saftig P, Hunziker E, Wehmeyer O et al. Impaired osteoclastic 

bone resorption leads to osteopetrosis in cathepsin-K-deficient 

mice. Proc. Natl. Acad. Sci. U. S. A 1998; 95: 13453-8. 

31  Troen BR. The role of cathepsin K in normal bone resorption. Drug 

News Perspect. 2004; 17: 19-28. 

32  Everts V, Korper W, Jansen DC et al. Functional heterogeneity of 

osteoclasts: matrix metalloproteinases participate in osteoclastic 

resorption of calvarial bone but not in resorption of long bone. 

FASEB J. 1999; 13: 1219-30. 

33  Brown D, Breton S. Mitochondria-rich, proton-secreting epithelial 

cells. J. Exp. Biol. 1996; 199: 2345-58. 

34  Chan DC. Mitochondria: dynamic organelles in disease, aging, and 

development. Cell 2006; 125: 1241-52. 



Chapter 1 

18 

35  Collins TJ, Berridge MJ, Lipp P, Bootman MD. Mitochondria are 

morphologically and functionally heterogeneous within cells. EMBO 

J. 2002; 21: 1616-27. 

36  Okamoto K, Shaw JM. Mitochondrial morphology and dynamics in 

yeast and multicellular eukaryotes. Annu. Rev. Genet. 2005; 39: 

503-36. 

37  Wu Z, Puigserver P, Andersson U et al. Mechanisms controlling 

mitochondrial biogenesis and respiration through the thermogenic 

coactivator PGC-1. Cell 1999; 98: 115-24. 

38  Baroukh B, Saffar JL. Identification of osteoclasts and their 

mononuclear precursors. A comparative histological and 

histochemical study in hamster periodontitis. J. Periodontal Res. 

1991; 26: 161-6. 

39  Ritchlin C. The quest for a biomarker of circulating osteoclast 

precursors. Arthritis Res. Ther. 2009; 11: 113. 

40  Douglass TG, Driggers L, Zhang JG et al. Macrophage colony 

stimulating factor: not just for macrophages anymore! A gateway 

into complex biologies. Int. Immunopharmacol. 2008; 8: 1354-76. 

41  Felix R, Cecchini MG, Hofstetter W, Elford PR, Stutzer A, Fleisch 

H. Impairment of macrophage colony-stimulating factor production 

and lack of resident bone marrow macrophages in the 

osteopetrotic op/op mouse. J. Bone Miner. Res. 1990; 5: 781-9. 

42  Felix R, Cecchini MG, Fleisch H. Macrophage colony stimulating 

factor restores in vivo bone resorption in the op/op osteopetrotic 

mouse. Endocrinology 1990; 127: 2592-4. 

43  Felix R, Hofstetter W, Wetterwald A, Cecchini MG, Fleisch H. Role 

of colony-stimulating factor-1 in bone metabolism. J. Cell Biochem. 

1994; 55: 340-9. 

44  Knowles HJ, Athanasou NA. Canonical and non-canonical 

pathways of osteoclast formation. Histol. Histopathol. 2009; 24: 

337-46. 



General Introduction 

19 

45  Feuerbach D, Feyen JH. Expression of the cell-adhesion molecule 

VCAM-1 by stromal cells is necessary for osteoclastogenesis. 

FEBS Lett. 1997; 402: 21-4. 

46  Kondo Y, Irie K, Ikegame M, Ejiri S, Hanada K, Ozawa H. Role of 

stromal cells in osteoclast differentiation in bone marrow. J. Bone 

Miner. Metab 2001; 19: 352-8. 

47  Takahashi N, Akatsu T, Udagawa N et al. Osteoblastic cells are 

involved in osteoclast formation. Endocrinology 1988; 123: 2600-2. 

48  Ishii M, Saeki Y. Osteoclast cell fusion: mechanisms and 

molecules. Mod. Rheumatol. 2008; 18: 220-7. 

49  Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte 

chemoattractant protein-1 (MCP-1): an overview. J. Interferon 

Cytokine Res. 2009; 29: 313-26. 

50  Graves DT, Jiang Y, Valente AJ. The expression of monocyte 

chemoattractant protein-1 and other chemokines by osteoblasts. 

Front Biosci. 1999; 4: D571-D580. 

51  Gronthos S, Zannettino AC. The role of the chemokine CXCL12 in 

osteoclastogenesis. Trends Endocrinol. Metab 2007; 18: 108-13. 

52  Kim MS, Day CJ, Morrison NA. MCP-1 is induced by receptor 

activator of nuclear factor-{kappa}B ligand, promotes human 

osteoclast fusion, and rescues granulocyte macrophage colony-

stimulating factor suppression of osteoclast formation. J. Biol. 

Chem. 2005; 280: 16163-9. 

53  Gao Y, Morita I, Kubota T, Murota S, Aso T. Expression of 

adhesion molecules LFA-I and ICAM-I on osteoclast precursors 

during osteoclast differentiation and involvement of estrogen 

deficiency. Climacteric. 2000; 3: 278-87. 

54  Harada H, Kukita T, Kukita A, Iwamoto Y, Iijima T. Involvement of 

lymphocyte function-associated antigen-1 and intercellular 

adhesion molecule-1 in osteoclastogenesis: a possible role in 

direct interaction between osteoclast precursors. Endocrinology 

1998; 139: 3967-75. 



Chapter 1 

20 

55  Kurachi T, Morita I, Murota S. Involvement of adhesion molecules 

LFA-1 and ICAM-1 in osteoclast development. Biochim. Biophys. 

Acta 1993; 1178: 259-66. 

56  Mbalaviele G, Chen H, Boyce BF, Mundy GR, Yoneda T. The role 

of cadherin in the generation of multinucleated osteoclasts from 

mononuclear precursors in murine marrow. J. Clin. Invest 1995; 

95: 2757-65. 

57  Rieckmann P, Michel U, Albrecht M, Bruck W, Wockel L, 

Felgenhauer K. Soluble forms of intercellular adhesion molecule-1 

(ICAM-1) block lymphocyte attachment to cerebral endothelial 

cells. J. Neuroimmunol. 1995; 60: 9-15. 

58  Sligh JE, Jr., Ballantyne CM, Rich SS et al. Inflammatory and 

immune responses are impaired in mice deficient in intercellular 

adhesion molecule 1. Proc. Natl. Acad. Sci. U. S. A 1993; 90: 

8529-33. 

59  Mbalaviele G, Nishimura R, Myoi A et al. Cadherin-6 mediates the 

heterotypic interactions between the hemopoietic osteoclast cell 

lineage and stromal cells in a murine model of osteoclast 

differentiation. J. Cell Biol. 1998; 141: 1467-76. 

60  Kim N, Odgren PR, Kim DK, Marks SC, Jr., Choi Y. Diverse roles 

of the tumor necrosis factor family member TRANCE in skeletal 

physiology revealed by TRANCE deficiency and partial rescue by a 

lymphocyte-expressed TRANCE transgene. Proc. Natl. Acad. Sci. 

U. S. A 2000; 97: 10905-10. 

61  Hasegawa T, Yoshimura Y, Kikuiri T et al. Expression of receptor 

activator of NF-kappa B ligand and osteoprotegerin in culture of 

human periodontal ligament cells. J. Periodontal Res. 2002; 37: 

405-11. 

62  Wright HL, McCarthy HS, Middleton J, Marshall MJ. RANK, 

RANKL and osteoprotegerin in bone biology and disease. Curr. 

Rev. Musculoskelet. Med. 2009; 2: 56-64. 

63  Belibasakis GN, Bostanci N, Hashim A et al. Regulation of RANKL 

and OPG gene expression in human gingival fibroblasts and 



General Introduction 

21 

periodontal ligament cells by Porphyromonas gingivalis: a putative 

role of the Arg-gingipains. Microb. Pathog. 2007; 43: 46-53. 

64  Tanaka S. Signaling axis in osteoclast biology and therapeutic 

targeting in the RANKL/RANK/OPG system. Am. J. Nephrol. 2007; 

27: 466-78. 

65  Lacey DL, Tan HL, Lu J et al. Osteoprotegerin ligand modulates 

murine osteoclast survival in vitro and in vivo. Am. J. Pathol. 2000; 

157: 435-48. 

66  Ishii M, Egen JG, Klauschen F et al. Sphingosine-1-phosphate 

mobilizes osteoclast precursors and regulates bone homeostasis. 

Nature 2009; 458: 524-8. 

67  Lundberg P, Koskinen C, Baldock PA et al. Osteoclast formation is 

strongly reduced both in vivo and in vitro in the absence of 

CD47/SIRPalpha-interaction. Biochem. Biophys. Res. Commun. 

2007; 352: 444-8. 

68  Vignery A. Osteoclasts and giant cells: macrophage-macrophage 

fusion mechanism. Int. J. Exp. Pathol. 2000; 81: 291-304. 

69  van Beek EM, de Vries TJ, Mulder L et al. Inhibitory regulation of 

osteoclast bone resorption by signal regulatory protein alpha. 

FASEB J. 2009; 23: 4081-90. 

70  Miyamoto T. The dendritic cell-specific transmembrane protein DC-

STAMP is essential for osteoclast fusion and osteoclast bone-

resorbing activity. Mod. Rheumatol. 2006; 16: 341-2. 

71  Yagi M, Miyamoto T, Toyama Y, Suda T. Role of DC-STAMP in 

cellular fusion of osteoclasts and macrophage giant cells. J. Bone 

Miner. Metab 2006; 24: 355-8. 

72  Cochran DL. Inflammation and bone loss in periodontal disease. J. 

Periodontol. 2008; 79: 1569-76. 

73  Caetano-Lopes J, Canhao H, Fonseca JE. Osteoimmunology--the 

hidden immune regulation of bone. Autoimmun. Rev. 2009; 8: 250-

5. 

74  Nanes MS. Tumor necrosis factor-alpha: molecular and cellular 

mechanisms in skeletal pathology. Gene 2003; 321: 1-15. 



Chapter 1 

22 

75  Pfeilschifter J, Chenu C, Bird A, Mundy GR, Roodman GD. 

Interleukin-1 and tumor necrosis factor stimulate the formation of 

human osteoclastlike cells in vitro. J. Bone Miner. Res. 1989; 4: 

113-8. 

76  Jiang Y, Mehta CK, Hsu TY, Alsulaimani FF. Bacteria induce 

osteoclastogenesis via an osteoblast-independent pathway. Infect. 

Immun. 2002; 70: 3143-8. 

77  Scheres N, Laine ML, de Vries TJ, Everts V, van Winkelhoff AJ. 

Gingival and periodontal ligament fibroblasts differ in their 

inflammatory response to viable Porphyromonas gingivalis. J. 

Periodontal Res. 2009. 

78  Goldring SR. Pathogenesis of bone and cartilage destruction in 

rheumatoid arthritis. Rheumatology. (Oxford) 2003; 42 Suppl 2:  

ii11-ii16. 

79  Gravallese EM. Bone destruction in arthritis. Ann. Rheum. Dis. 

2002; 61 Suppl 2:  ii84-ii86. 

80  Haynes DR. Inflammatory cells and bone loss in rheumatoid 

arthritis. Arthritis Res. Ther. 2007; 9: 104. 

81  Fitzpatrick LA. Estrogen therapy for postmenopausal osteoporosis. 

Arq Bras. Endocrinol. Metabol. 2006; 50: 705-19. 

82  Ginaldi L, Di Benedetto MC, De MM. Osteoporosis, inflammation 

and ageing. Immun. Ageing 2005; 2: 14. 

83  Lane NE, Yao W. Developments in the scientific understanding of 

osteoporosis. Arthritis Res. Ther. 2009; 11: 228. 

84  Cenci S, Weitzmann MN, Roggia C et al. Estrogen deficiency 

induces bone loss by enhancing T-cell production of TNF-alpha. J. 

Clin. Invest 2000; 106: 1229-37. 

85  Teitelbaum SL. Postmenopausal osteoporosis, T cells, and 

immune dysfunction. Proc. Natl. Acad. Sci. U. S. A 2004; 101: 

16711-2. 

86  Roggia C, Tamone C, Cenci S, Pacifici R, Isaia GC. Role of TNF-

alpha producing T-cells in bone loss induced by estrogen 

deficiency. Minerva Med. 2004; 95: 125-32. 



General Introduction 

23 

87  Boyce BF, Li P, Yao Z et al. TNF-alpha and pathologic bone 

resorption. Keio J. Med. 2005; 54: 127-31. 

88  Camussi G, Albano E, Tetta C, Bussolino F. The molecular action 

of tumor necrosis factor-alpha. Eur. J. Biochem. 1991; 202: 3-14. 

89  Chandrasekharan UM, Siemionow M, Unsal M et al. Tumor 

necrosis factor alpha (TNF-alpha) receptor-II is required for TNF-

alpha-induced leukocyte-endothelial interaction in vivo. Blood 

2007; 109: 1938-44. 

90  Ewart MA, Kohlhaas CF, Salt IP. Inhibition of tumor necrosis factor 

alpha-stimulated monocyte adhesion to human aortic endothelial 

cells by AMP-activated protein kinase. Arterioscler. Thromb. Vasc. 

Biol. 2008; 28: 2255-7. 

91  Sawa Y, Sugimoto Y, Ueki T et al. Effects of TNF-alpha on 

leukocyte adhesion molecule expressions in cultured human 

lymphatic endothelium. J. Histochem. Cytochem. 2007; 55: 721-

33. 

92  Yang L, Froio RM, Sciuto TE, Dvorak AM, Alon R, Luscinskas FW. 

ICAM-1 regulates neutrophil adhesion and transcellular migration 

of TNF-alpha-activated vascular endothelium under flow. Blood 

2005; 106: 584-92. 

93  Armstrong AP, Tometsko ME, Glaccum M, Sutherland CL, 

Cosman D, Dougall WC. A RANK/TRAF6-dependent signal 

transduction pathway is essential for osteoclast cytoskeletal 

organization and resorptive function. J. Biol. Chem. 2002; 277: 

44347-56. 

94  Fuller K, Murphy C, Kirstein B, Fox SW, Chambers TJ. TNFalpha 

potently activates osteoclasts, through a direct action independent 

of and strongly synergistic with RANKL. Endocrinology 2002; 143: 

1108-18. 

95  Li P, Schwarz EM, O'Keefe RJ, Ma L, Boyce BF, Xing L. RANK 

signaling is not required for TNFalpha-mediated increase in 

CD11(hi) osteoclast precursors but is essential for mature 

osteoclast formation in TNFalpha-mediated inflammatory arthritis. 

J. Bone Miner. Res. 2004; 19: 207-13. 



Chapter 1 

24 

96  Mochizuki A, Takami M, Kawawa T et al. Identification and 

characterization of the precursors committed to osteoclasts 

induced by TNF-related activation-induced cytokine/receptor 

activator of NF-kappa B ligand. J. Immunol. 2006; 177: 4360-8. 

97  Zheng H, Yu X, Collin-Osdoby P, Osdoby P. RANKL stimulates 

inducible nitric-oxide synthase expression and nitric oxide 

production in developing osteoclasts. An autocrine negative 

feedback mechanism triggered by RANKL-induced interferon-beta 

via NF-kappaB that restrains osteoclastogenesis and bone 

resorption. J. Biol. Chem. 2006; 281: 15809-20. 

98  Kim N, Kadono Y, Takami M et al. Osteoclast differentiation 

independent of the TRANCE-RANK-TRAF6 axis. J. Exp. Med. 

2005; 202: 589-95. 

99  Gilbert L, He X, Farmer P et al. Inhibition of osteoblast 

differentiation by tumor necrosis factor-alpha. Endocrinology 2000; 

141: 3956-64. 

100  Kuroki T, Shingu M, Koshihara Y, Nobunaga M. Effects of 

cytokines on alkaline phosphatase and osteocalcin production, 

calcification and calcium release by human osteoblastic cells. Br. J. 

Rheumatol. 1994; 33: 224-30. 

101  Li YP, Stashenko P. Proinflammatory cytokines tumor necrosis 

factor-alpha and IL-6, but not IL-1, down-regulate the osteocalcin 

gene promoter. J. Immunol. 1992; 148: 788-94. 

102  Yamazaki M, Fukushima H, Shin M et al. Tumor necrosis factor 

alpha represses bone morphogenetic protein (BMP) signaling by 

interfering with the DNA binding of Smads through the activation of 

NF-kappaB. J. Biol. Chem. 2009; 284: 35987-95. 

103  Caruso F, Pettinari C, Marchetti F et al. Inhibitory effect of beta-

diketones and their metal complexes on TNF-alpha induced 

expression of ICAM-1 on human endothelial cells. Bioorg. Med. 

Chem. 2009; 17: 6166-72. 

104  Kurokouchi K, Kambe F, Yasukawa K et al. TNF-alpha increases 

expression of IL-6 and ICAM-1 genes through activation of NF-



General Introduction 

25 

kappaB in osteoblast-like ROS17/2.8 cells. J. Bone Miner. Res. 

1998; 13: 1290-9. 

105 Ward LE, Polley HF, Power MH, Mason HL, Slocumb CH, Hench 

PS. Prednisone in rheumatoid arthritis: metabolic and clinical 

effects. Ann. Rheum. Dis. 1958; 17: 145-59. 

106 Adcock IM, Caramori G. Cross-talk between pro-inflammatory 

transcription factors and glucocorticoids. Immunol. Cell Biol. 2001; 

79: 376-84. 

107 Cooper MS, Hewison M, Stewart PM. Glucocorticoid activity, 

inactivity and the osteoblast. J. Endocrinol. 1999; 163: 159-64. 

108  Lidofsky S, Smith J. Glucocorticoid-induced osteoporosis in 

inflammatory bowel disease. Med. Health R. I. 2009; 92: 128-30. 

109  Lukert BP, Raisz LG. Glucocorticoid-induced osteoporosis: 

pathogenesis and management. Ann. Intern. Med. 1990; 112: 352-

64. 

110 Mazziotti G, Giustina A, Canalis E, Bilezikian JP. Glucocorticoid-

induced osteoporosis: clinical and therapeutic aspects. Arq Bras. 

Endocrinol. Metabol. 2007; 51: 1404-12. 

111 van Brussel MS, Bultink IE, Lems WF. Prevention of 

glucocorticoid-induced osteoporosis. Expert. Opin. Pharmacother. 

2009; 10: 997-1005. 



Chapter 1 

26 


