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ABSTRACT 
 
Osteotropic Cytokines:  
Expression in Human Gingival Fibroblasts and Effects on Bone. 

 
Py Palmqvist, Department of Oral Cell Biology, Umeå University, SE-901 87 Umeå, 
Sweden 
 
Bone metabolism is regulated by endocrine and paracrine signalling molecules influencing 
bone cells in the continuously remodelling bone tissue. These molecules include a variety of 
osteotropic stimulatory and inhibitory cytokines. Degradation of alveolar bone in periodontal 
disease is believed to be a result of local release of such osteotropic cytokines, although the 
relative importance of particular cytokines and their cellular origin is currently unknown. 
  
The aim of the present project was to study if, and how, pro-inflammatory cytokines in the 
interleukin-6 (IL-6) family of cytokines, and anti-inflammatory IL-4 and IL-13 type of 
cytokines, can affect osteoclast differentiation and bone resorption. Additionally, the objective 
was to study if gingival fibroblasts may influence alveolar bone resorption through secretion 
of IL-6 type cytokine release and if the secretion is regulated by pro-inflammatory as well as 
anti-inflammatory mediators such as IL-4 and IL-13. 
 
IL-6 in combination with its soluble receptor (sIL-6R) was found to stimulate mouse calvarial 
bone resorption. Similarly, two other IL-6 family members, leukemia inhibitory factor (LIF) 
and oncostatin M (OSM) were found to stimulate bone resorption. The stimulatory effect on 
bone resorption induced by the three cytokines was associated with increased expression of 
receptor activator of NF- κB ligand (RANKL), a cytokine which is essential in osteoclast 
formation and activation through binding to receptor activator of NF- κB (RANK) on 
osteoclastic cells. The interaction between RANKL and RANK can be inhibited by binding of 
the decoy receptor osteoprotegerin (OPG) to RANKL, and the expression of OPG was also 
regulated by IL-6, LIF and OSM (Paper I). The two related cytokines IL-4 and IL-13 were 
found to inhibit osteoclastogenesis and mouse calvarial bone resorption by mechanisms 
involving a decreased RANKL/OPG ratio in osteoblasts and decreased RANK expression in 
osteoclastic cells. The results further demonstrated that IL-4 and IL-13 exert their effects on 
both osteoblasts and osteoclasts by a mechanism involving the transcription factor signal 
transducer and activator of transcription 6 (STAT6) (Paper II). Constitutional expression of 
IL-6, LIF and another member of the IL-6 family of cytokines, IL-11, was demonstrated in 
human gingival fibroblasts. IL-6 type cytokine expression levels were found to be enhanced 
by IL-1β and tumour necrosis factor-α (TNF-α) (Paper III), whereas IL-4 and IL-13 inhibited 
IL-11 and LIF release from gingival fibroblasts (Paper IV). 
 
In conclusion, IL-6 type cytokines were found to be stimulators and IL-4 and IL-13 inhibitors 
of bone resorption in vitro via mechanisms involving RANK/RANKL/OPG interactions. 
Additionally, gingival fibroblasts were able to secrete several cytokines in the IL-6 family. 
Secretion was further enhanced by pro-inflammatory mediators and inhibited by IL-4 and IL-
13. These findings support the view that resident cells may influence the pathogenesis of 
periodontal disease through osteotropic cytokine production. 
 
Key words: osteoblasts, osteoclasts, fibroblasts, cytokines, IL-6, LIF, OSM, IL-4, IL-13, bone 
resorption 
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ABBREVIATIONS 
 
 
α(1)- coll. I α(1)- collagen I 
ALP alkaline phosphatase 
α-MEM    α-modification of Minimum Essential Medium 
BCA bicinchoninic acid 
BSA    bovine serum albumin 
BMM  bone marrow macrophage 
BMP-2 bone morphogenetic protein-2 
BSP  bone sialoprotein 
cDNA  complementary deoxyribonucleic acid 
CNTF  ciliary neurotrophic factor 
CT-1  cardiotrophin-1  
CTR  calcitonin receptor 
D3  1,25(OH)2 vitamin D3
ELISA  enzyme-linked immunosorbent assay 
ERK extracellular signal-regulated protein kinase 
FACS  fluorescence-activated cell sorting 
FCS    fetal calf serum 
FITC  fluorescein isothiocyanate 
GAPDH  glyceraldehyde-3-phosphate dehydrogenase 
IκB    inhibitor of NF-κB 
IKK  IκB kinase 
IL interleukin 
IL-1R1 interleukin-1 receptor 1 
IL-1R2  interleukin-1 receptor 2 
IL-1α   interleukin-1α 
IL-1β   interleukin-1β 
JAK Janus kinase 
JNK  c-Jun N-terminal kinase 
LIF  leukemia inhibitory factor 
MAPK  mitogen-activated protein kinase 
M-CSF  macrophage colony-stimulating factor 
MMP  matrix metalloproteinase 
mRNA messenger ribonucleic acid 
NFAT  nuclear factor of activated T-cells 
NF-κB  nuclear factor κB 
NNT-1/BSF-3  novel neutrophin-1/B-cell stimulatory factor-3 
OC  osteocalcin 
OPG  osteoprotegerin 
OSM  oncostatin M 
PBS  phosphate-buffered saline 
PCR  polymerase chain reaction 
PGE2  prostaglandin E2 
PTH  parathyroid hormone 
RANK  receptor activator of nuclear factor κB 
RANKL  RANK ligand 
RIA  radioimmunoassay 
RPL13A ribosomal protein L13A 
sIL-6R  soluble IL-6 receptor 
STAT  signal transducer and activator of transcription 
TGF-β  transforming growth factor-β 
TNF  tumor necrosis factor 
TNFR I tumor necrosis factor receptor I 
TNFR II tumor necrosis factor receptor II 
TRAF  TNF receptor-associated factor 
TRAP  tartrate-resistant acid phosphatase 
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INTRODUCTION 
 
 
Periodontium 
 
General introduction 
The supportive tissues surrounding the teeth are collectively termed the periodontium 
and comprise the root cementum, the periodontal ligament, the gingival tissue and the 
alveolar bone. Together, the components of the periodontium provide attachment and 
stability to the teeth as well as mobility and mechanical force adaptation. Moreover, it 
offers nutrition and regenerative capacities. The anatomical vicinity of the major 
components of the periodontium, the connective tissue and the alveolar bone, makes 
cellular and molecular cross-talk possible. The objective of this thesis was to further 
explore the putative interactions between molecules expressed by master cells of the 
gingival connective tissue, the fibroblasts, and inflammatory cells and bone. 
 
Gingival connective tissue  
The gingival tissue is composed of a network of fibrous connective tissue covered by 
gingival epithelium. The underlining connective tissue occupies the area between the 
tooth, the alveolar bone and the basal membrane and attaches to the tooth and the 
aveolar bone trough fibrous attachments, thus providing tooth attachment to bone as 
well as epithelial support. The connective tissue offers tissue architecture and 
maintenance of the extracellular matrix (ECM). Mast cells, macrophages and 
occational lymphocytes are present in healthy gingival connective tissue, although 
fibroblasts are the most abundant cells, making up 10% of the tissue volume. 
 
Gingival fibroblasts 
Fibroblasts are stellate or spindle-shaped cells with an oval-shaped nucleus whose 
main function is remodelling of the ECM, which is undertaken through production and 
degradation of ECM components. Fibroblasts, similar to cementoblasts and 
osteoblasts, produce ECM, including fibers such as collagen, reticulin, oxytalan and 
elastic fibers, of which collagen is predominant in gingival tissue. ECM also contains 
proteoglycans, including glycosaminoglycans, and glycoproteins. Glycosaminoglycans 
are large and negatively charged molecules which serve as a filter, thus, smaller 
molecules such as water and electrolytes are incorporated into the ECM whereas larger 
molecules are prevented from entering the tissue. Other components of ECM are 
minerals, lipids, water and tissue-bound growth factors (Bartold et al., 2000). 
Maintenance requires degradation of ECM components, and fibroblasts also produce 
proteolytic enzymes, a group of zink-and calcium-dependent endopeptidases, so called 
matrix metalloproteases (MMPs) and their controlling inhibitors, tissue inhibitors of 
matrix metalloproteases (TIMPs) (Birkedal-Hansen, 1993). The fibroblasts also rid the 
tissue from degraded collagen through phagocytosis (Deporter and ten Cate, 1980; 
Everts et al., 1996). Fibroblasts secrete and are responsive to growth factors and 
inflammatory mediators such as cytokines, thus interacting with other cells such as 
leukocytes. Bacterial components and products also evoke responses in fibroblasts, 
reflecting the meshwork of reactions needed to maintain normal tissue homeostasis 
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and offer protection of host cells to infectious or injurious agents. The tissue remains 
healthy as long as formation and degradation of connective tissue are in balance 
(Lindhe et al., 2003). 
 
Alveolar bone 
The alveolar bone refers to the maxillar and mandibular bone parts surrounding and 
supporting the teeth.The remodelling rate of the alveolar bone is high due to the 
adaptive demands made by e.g. tooth eruption and mastication (Sodek and McKee, 
2000). The alveolar bone is structurally comparable to other bone tissues in the body, 
which will be described below. 
 
 
Bone tissue 
 
Function 
The skeleton is a large organ composed of bone tissue and cartilage. The strong and 
rigid skeleton supports the soft parts of the body making an upright posture possible. 
Skeletal bones also provide sites for muscle attachment, thus enabling movement. 
Moreover, the skeleton protects inner organs, encapsules bone marrow and serves as a 
mineral supply which is essential for maintenance of the mineral homeostasis in the 
body.  
 
Composition 
Bone tissue is a mineralized form of connective tissue in which mineral salts are 
incorporated into an organic extracellular matrix mainly made up of a network of 
collagen type I fibers. Approximately 25% of the bone tissue is made up of organic 
matrix, of which 90-95% is collagen type I. The collagen type I fibers provide 
architecture, strength and elasticity to the bone tissue, as it does in other types of 
connective tissues in the body. The remaining five percent of the organic matrix 
contains proteoglycans (e.g. decorin, osteoadherin and biglycan), glycoproteins (e.g. 
osteopontin, osteonectin, vitronectin and bone sialoprotein), GLA-containing proteins, 
such as osteocalcin, as well as a vast number of non-collagenous proteins (e.g. insulin 
growth factor I and II, transforming growth factor-β and bone morphogenetic proteins) 
and bone cells. Five percent of the bone tissue is water and the major part, 70%, is 
inorganic and mainly composed of calcium and phosphate in the form of 
hydroxyapatite crystals [Ca10(PO4)6(OH)2]. These are dispersed along the collagen 
fibers and contribute to the compressive strength of bone as well as serving as a 
mineral supply. All non-resorbing bone surfaces are covered by a layer of 
unmineralized bone called osteoid and bone tissue is nutriated via blood vessels in 
Haversian and Volkmanns channels and via canaliculi (Buckwalter et al., 1996; Robey 
et al., 1993; Weiner and Traub, 1992). 
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Structure 
Differences in morphology divide bone into two distinct forms, i.e. the cortical and the 
trabecular bone. Although the composition is similar, the two types of bone differ in 
both structure and function. Cortical bone has a protective (bone marrow) and 
mechanical role whereas the role of trabecular bone is mainly metabolic. 
Cortical bone makes up 80% of the skeleton and is formed by dense apposition of 
layers forming lamellae, which contributes to the organized and compact structure of 
this bone type. The cortical bone forms the outer bone layer which surrounds the bones 
in the body. Its high density offers high resistance to compressive strength whereas, in 
contrast, trabecular bone forms a network of bone trabeculae surrounded by bone 
marrow. This structure offers a greater surface area per unit of bone (Buckwalter et al., 
1996) and bone remodelling rate and metabolic activity is greater in trabecular than in 
cortical bone, since bone remodelling is a surface dependent mechanism. Outer 
surfaces of the cortical bone are covered by the periosteum, separating the bone from 
the surrounding tissues. The periosteum is made up of two layers of which the outer 
collagen-rich layer contains fibroblasts, nerves and blood vessels and the inner cellular 
layer includes bone cells, fibroblasts and nerve cells (Allen et al., 2004). The inner 
surfaces of the cortical bone as well as the trabecular bone surfaces are covered by the 
endosteum, which separates the bone from the bone marrow. 
 
Bone cells 
Similar to other tissues in the body, bone tissue is maintained through continuous 
formation and degradation. Regulators of these processes are the bone forming 
osteoblasts, the bone lining cells and the bone resorbing osteoclasts, all of which are 
present on bone surfaces, and the osteocytes, which are located in the bone matrix. 
 
Osteoblasts  
Active osteoblasts are the cuboidal, polarized bone forming cells which are aligned on 
bone surfaces undergoing bone formation. Similar to fibroblasts, myoblasts, 
chondrocytes and adipocytes, these cells originate from mesenchymal stem cells 
located in the bone marrow, endosteum or periosteum. During differentiation of 
multipotent mesenchymal cells into different lineages, the progenitors of the different 
lineages acquire specific phenotypes under the control of regulatory factors of the 
restricted lineages. Two transcription factors have been identified as essential in 
osteoblast differentiation, the runt-related transcription factor 2 (Runx2) and Osterix 
(Osx). Although necessary, Runx2 is not solely sufficient for obl differentiation. Osx 
is a downstream target for Runx2 and is also essential for osteoblast differentiation 
(Nakashima et al., 2002). The expression of Runx2 is regulated by many factors, 
including bone morphogenetic proteins and wnt signalling (Ryoo et al., 2006; Canalis 
et al., 2005; Ducy et al., 2000; Leboy, 2006; Westendorf et al., 2004). Mesenchymal 
cells can differentiate into either osteoblasts, as is the case in intramembranous 
ossification, or into chondrocytes, as is the case in the indirect endochondral 
ossification, both resulting in formation of bone. In similarity to fibroblasts, the 
osteoblasts produce extracellular matrix. However, the two different cell types differ in 
the way that matrix secretion is undertaken. Whereas the fibroblastic secretion is 
pericellular, the osteoblastic secretion is usually polarized towards the bone surface. 
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Initially, the organic extracellular matrix of collagen type I and various 
noncollagenous proteins, called the osteoid, is secreted by the osteoblasts, and in a 
second event of action the osteoblasts mineralize the matrix (Aubin, 2001; Bilezikian 
et al., 2002). Osteoblasts are also responsible for degradation of the osteoid, and many 
of the agents known to regulate osteoclast formation and activity act via osteoblasts, 
thus regulating the osteoclasts. Consequently, receptors for the calcium-regulating 
hormones parathyroid hormone (PTH) and 1,25 (OH)2 vitamin D3 (D3) as well as 
receptors for various osteotropic cytokines are expressed by osteoblasts. The 
expression of a number of bone-related extracellular marix proteins, high activity of 
the mineralization-associated enzyme alkaline phosphatase as well as responses to 
osteotropic hormones and cytokines are regarded as characteristics of osteoblasts 
(Katagiri and Takahashi, 2002; Mundlos and Olsen, 1997; Rodan and Martin, 1981). 
 
Bone lining cells are inactive, flat and elongated osteoblastic cells covering bone 
surfaces which are not being remodelled. Little is known about the function of these 
cells, but they have been suggested to be precursors for osteoblasts and are the cells 
which have been proposed to be responsible for guidance of osteoclast precursor cells 
to the bone surface (Bilezikian et al., 2002). 
 
Osteocytes  
The osteocytes are the most abundant bone cells, representing 90% of the cells in 
bone. In contrast to osteoblasts, bone lining cells and osteoclasts, which are located on 
bone surfaces, osteocytes are located in the bone matrix. Osteocytes are osteoblasts 
which have become imbedded in the bone matrix during bone formation. As 
mentioned previously, osteoblastic matrix secretion is normally polarized, but 
pericellular secretion sometimes occurs. The latter event encapsules the matrix 
secreting osteoblasts, which become osteocytes eventually making up the next 
osteocyte layer. Osteocytes establish cytoplasmic connections to other cells before the 
matrix is mineralized. Osteocytes are small, stellate and terminally differentiated 
osteoblasts (Franz-Odendaal et al., 2006) whose cell bodies reside in lacunae and 
whose cytolasmic processes extend trough canaliculi in the bone matrix towards other 
osteocytes, osteoblasts at the cell surface as well as blood vessels. The cytoplasmic 
processes enable communication with other cells through gap junctions, and as 
diffusion through the bone matrix is limited the canaliculi provide the osteocytes with 
nutrients. The functions of the osteocytes remain partly unclear but they have been 
suggested to serve as mechanosensors responding to mechanical stimuli, such as load, 
thus regulating bone metabolism together with osteoblasts and osteoclasts (Buckwalter 
et al., 1996; Ducy et al., 2000; Klein-Nulend et al., 2003; Knothe Tate et al., 2004).  
 
Osteoclasts 
Osteoclasts, like leukocytes, arise from hematopoietic stem cells of the 
monocyte/macrophage lineage, and sequential expression of different sets of genes at 
different stages of differentiation determines lineage commitment. The RANK-
RANKL-OPG pathway plays a crucial role in osteoclast differentiation and the process 
is also influenced by several cytokines and growth factors. In hematopioetic tissues, 
such as the bone marrow, osteoclast progenitor cells proliferate and differentiate into 
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mononuclear osteoclast precursor cells. Aspects of time and place as well as regulating 
mechanisms for fusion of mononuclear preosteoclasts into multinuclear osteoclasts are 
not known. Similarly, the actions regulating late stages of differentiation are not fully 
understood. In the bone marrow, however, fusion takes place in the vicinity of bone 
surfaces of resorptive sites. Osteoclast precursors are recruited to peripheral bone 
surfaces of forthcoming resorption via the circulation and are guided by a so called 
homing process, of which the mechanisms are currently unknown.The identity of the 
cell type responsible for osteoclast precursor recruitment is not known. At the bone 
surfaces of the marrow cavities, fusion of mononuclear preosteoclasts leads to 
formation of multinucleated osteoclasts. Active osteoclasts are giant, multinucleated 
cells located on bone surfaces, and it is generally accepted that the osteoclasts are the 
only cells capable of resorption of mineralized bone, dentin, cementum and 
mineralized cartilage. Osteoclasts share many similarities with macrophages, but 
unlike the intracellular mechanism of phagocytosis utilized by macrophages, the 
osteoclasts degrade tissue components extracellularly. Multinucleation, tartrate 
resistant acid phosphatase (TRAP)-activity, calcitonin receptor (CTR) and cathepsin K 
expression as well as bone resorbing activity are considered as characteristics for 
osteoclasts (Boyle et al., 2003; Lerner, 2000). Further details of osteoclastogenesis are 
discussed below. 
 
Bone metabolism 
Embryonic development of the skeleton is followed by two postnatal decades of 
modelling, where bone formation exceeds bone resorption, i.e. the two processes are 
uncoupled. During this period the bones reach their final length and shape and peak 
bone mass is reached. The first two decades are followed by three decades where 
formation equals resorption, i.e. the processes are coupled, and localized resorption is 
followed by equal deposition of bone at the same site. Hence, bone is remodelled and 
through this process maintained and renewed. Anabolic and cathabolic processes in the 
skeleton are coupled in order to maintain homeostasis. If the equilibrium is altered, as 
is the case in diseases such as osteoporosis, osteopetrosis, rheumatoid arthritis or 
periodontitis, general or local loss of bone or altered bone composition may be the 
result.  
 
The remodelling cycle 
Continuous formation and resorption of bone is a prerequisite for normal skeletal 
development, growth and maintenance, and bone is remodelled in so-called bone 
multi-cellular units (BMU). These units are temporary structures of osteoblasts and 
osteoclasts, whose role it is to maintain the skeleton trough degradation of old bone 
and formation of new bone. The number and activity of these cell units are regulated 
by systemic hormones such as PTH and D3 as well as growth hormone, sex hormones, 
steroids and local factors such as growth factors, cytokines and prostaglandins. 
Mechanical load also regulates the BMUs. (Bilezikian et al., 2002; Harada and Rodan, 
2003). 
 
Osteoblastic cells are covering all bone surfaces in the body, and when bone 
remodelling is not taking place these cells remain in a quiescent state. Hence, 
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activation of quiescent osteoblasts initiates the remodelling cycle, and this event is 
regulated by a vast number of factors such as systemic hormones and local agents. By 
the use of proteolytic enzymes, the osteoblasts degrade the osteoid (Vaes, 1988) which 
in turn exposes the bone surface to the bone resorbing osteoclasts. Osteoclast 
progenitor cells are recruited to the resorptive site by a homing process, a mechanism 
of which the regulation is still unknown. In the field of osteoclastogenesis, however, 
much progress in the understanding of regulating mechanisms has been made in the 
past decades. Initially, stromal cells were shown to be essentially required for 
induction of osteoclastogenesis in hematopoietic cell cultures (Takahashi et al., 1988) 
and the same group later revealed that the reason for their previous findings was the 
necessity of cell-to-cell contact between stromal cells and osteoclastic cells for 
osteoclast differentiation (Udagawa et al., 1989). The ground for this observation was 
later demonstrated to be two proteins produced by osteoblasts /stromal cells. The 
proteins which were shown to be crucial factors for osteoclastogenesis were 
macrophage colony-stimulating factor (M-CSF) (Felix et al., 1994; Tanaka et al., 
1993) and receptor activator of nuclear factor κB ligand (RANKL) (Kong et al., 1999; 
Lacey et al., 1998). M-CSF is secreted from osteoblasts/stromal cells and binds to its 
receptor c-Fms on osteoclast progenitor cells, thus stimulating proliferation and 
survival of the osteoclast progenitor cells as well as contributing to their differentiation 
(Teitelbaum, 2000; Teitelbaum and Ross, 2003). The second protein discovered, 
RANKL, is expressed on the surface of osteoblasts/stromal cells and binds to its 
cognate receptor termed receptor activator of nuclear factor κB (RANK) (Hsu et al., 
1999) on osteoclast precursors and multinuclear osteoclasts. RANKL binding to 
RANK stimulates differentiation of mononuclear osteoclast progenitor cells, fusion of 
preosteoclasts and activation of multinucleated osteoclasts, resulting in bone-resorbing 
mature osteoclasts. The interaction between RANKL and RANK can be blocked by 
the soluble glycoprotein osteoprotegerin (OPG), which is secreted by 
osteoblasts/stromal cells (Simonet et al., 1997; Yasuda et al., 1998a). OPG is a decoy 
receptor acting as an inhibitor of osteoclasogenesis and bone resorption. In vivo data in 
mice have demonstrated the importance of these factors since rankl -/- and rank -/- mice 
lack osteoclasts and exhibit an osteopetrotic phenotype, whereas opg -/- mice show 
increased numbers of osteoclasts resulting in osteoporosis (Lerner, 2000; Suda et al., 
1999; Boyle et al., 2003; Hofbauer et al., 2000; Teitelbaum, 2000). 
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Fig. 1. Osteoclast proliferation, differentiation, fusion and activation.  
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In addition, activation of RANK has been shown to induce osteoclastogenesis in 
cooperation with immunoreceptor tyrosine-based activation motif (ITAM) signalling, 
and the co-stimulatory immunoglobulin-like receptors/Fc receptor common γ subunit 
(FcRγ)/DNAX-activating protein 12 (DAP12) pathway has been shown to be essential 
in osteoclastogenesis (Asagiri and Takayanagi, 2006; Koga et al., 2004). 
Moreover, tumour necrosis factor-α (TNF-α) has been suggested to stimulate 
osteoclastogenesis by mechanisms independent of the RANK/RANKL interaction. 
However, recent reports suggest that the effect of TNF-α is partly dependent on 
permissive RANKL levels to induce osteoclastogenesis (Lam et al., 2000). 
RANKL is not only expressed by osteoblasts/stromal cells, but also by T-lymphocytes 
(Takayanagi et al., 2000b), synovial fibroblasts (Takayanagi et al., 2000a) and, 
interestingly, periodontal ligament (PDL) cells (Belibasakis et al., 2005a). RANKL 
expression by T-lymphocytes and synovial fibroblasts has been demonstrated to 
stimulate osteoclastogenesis and has been suggested to influence bone turnover in 
inflammation induced bone resorption (Takayanagi et al., 2000a; Takayanagi et al., 
2000b; Teng et al., 2000).  
 
How resorption sites are determined is currently unknown, but the first sign is 
retraction of the bone-lining cells which exposes the osteoid, allowing for degradation 
of osteoid by adjacent osteoblasts. These actions uncover the mineralized bone surface 
to the osteoclasts, making it possible for these cells to attach. Resorbing osteoclasts 
express adhesion receptors on their cell membranes, so called integrins, including the 
αvβ3 integrin (vitronectin receptor). These adhesion receptors bind to several different 
extracellular matrix proteins in bone which serve as adhesion proteins, including 
vitronectin, collagen, osteopontin and bone sialoprotein, which offers attachment to 
bone (Nesbitt et al., 1993). The active osteoclast is polarized through reorganization of 
cytoskeletal components such as microtubules and actin filaments as well as lysosomal 
vesicles, and the polarized cell exhibits different plasma membrane domains, i.e. the 
sealing zone, the ruffled border and the basolateral domain, including the functional 
secretory domain. In the periphery of the osteoclast cell membrane, the firm 
attachment to bone creates a tight sealing zone which functions as a barrier, isolating 
the resorption pit area from the surrounding tissues. Osteoclast attachment initiates 
signalling, which results in transport of vesicles containing vacuolar type electrogenic 
proton pumps, H+ATPases, to the resorption site, referred to as Howship´s lacuna. 
Fusion of the proton pump containing acidic intracellular vesicles with the cell 
membrane facing the lacuna creates a second specialized membrane domain of the 
osteoclast, termed the ruffled border. This domain shares many common proteins with 
endosomal or lysosomal membranes, including the vacuolar proton pump (Zhao 2000). 
The enzyme carbonic anhydrase II transforms hydrogen carbonate into H atoms which 
are released by the H+ATPase proton pumps into the lacuna via exocytosis. To 
maintain electroneutral balance in the osteoclast, chloride anions are transported via 
chloride channels in the ruffled border into the lacuna. Hence, hydrochloric acid is 
formed in the lacuna resulting in a local decrease of pH to approximately 4.5. At this 
pH, hydroxyapatite crystals are dissolved. Furthermore, various proteolytic enzymes 
are released via exocytosis, including matrix metalloproteinases (MMPs) and cysteine 
proteinases such as cathepsin K, thus degrading the organic components of bone 
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including collagen fibers, extracellular matrix components and bone cells. Although 
several mechanisms have been suggested, including a role in degradation of bone 
matrix components, the function of the TRAP enzyme in osteoclasts is not completely 
understood. TRAP deficient mice, however, exhibit disrupted ossification and mild 
osteopetrosis whereas transgenic mice overexpressing TRAP show decreased 
trabecular density and mild osteoporosis (Angel et al., 2000; Hayman et al., 1996)  
The resorption lacuna is cleared from degraded components by the osteoclast which, 
through endocytosis, engulfs the components which are transported through the 
osteoclast in transcytotic vesicles and released at the opposite side of the cell in the 
functional secretory domain of the basolateral membrane. Osteoclasts undergo several 
resorption cycles during their life span and after a number of weeks, when the 
resorption process is terminated, the osteoclasts detach from the bone surface. Non-
collagenous proteins, including osteoblastic growth factors such as insulin-like growth 
factor I (IGF-1), IGF II and cytokines of the transforming growth factor β superfamily 
such TGF-β and BMPs, are produced by osteoblasts and incorporated in the bone 
matrix during bone formation. These factors are released in the resorptive process and 
are believed to activate osteoblasts in the vicinity of the resorbed area, thus recruiting 
osteoblasts to the resorption site where new bone formation is initiated. This process is 
called coupling. In contrast to bone resorption, bone formation takes several months  
(Bilezikian et al., 2002; Lerner, 2000; Rousselle and Heymann, 2002; Teitelbaum, 
2000; Vaananen et al., 2000). 
 
 
Regulators of osteoclastogenesis 
 
The network of factors required to regulate bone formation and bone resorption 
include systemical and local factors, and local regulation of bone cells by paracrine 
factors is performed by bone cells. However, other cell types such as leukocytes can 
also influence bone cells. Locally produced osteotropic agents include growth factors 
and prostaglandins, but also pro-inflammatory cytokines such as interleukin-1 (IL-1), 
TNF-α and IL-6 type cytokines as well as anti-inflammatory cytokines such as IL-4 
and IL-13. Below, osteotropic agents of particular interest for this thesis will be 
introduced. 
 
M-CSF 
Macrophage colony stimulating factor (M-CSF), or colony stimulating fator -1 (CSF-
1), is a protein which is secreted by osteoblasts/stromal cells but also by several other 
cell types such as fibroblasts, endothelial cells, granulocytes and monocytes. 
M-CSF exists in several forms, both secreted and membrane bound, due to differential 
splicing (Stanley et al., 1997), and it stimulates survival, proliferation and 
differentiation of monocytes and macrophages in addition to its crucial role for 
osteoclast progenitor survival and proliferation. Observations in the op/op mouse, 
exhibiting a natural genetic mutation causing defect M-CSF protein (Yoshida et al., 
1990), demonstrated the essential role of M-CSF in osteoclastogenesis, as the mice 
lacked osteoclasts and were osteopetrotic (Wiktor-Jedrzejczak et al., 1990). M-CSF 
was later shown to play a role in both proliferation and differentiation of osteoclasts 
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(Felix et al., 1994; Tanaka et al., 1993). Recent studies have indicated that secreted 
forms of M-CSF are necessary for stimulation of osteoclastogenesis (Dai et al., 2004). 
 
In osteoclast progenitor cells, the interaction between M-CSF and its membrane bound 
receptor c-Fms on osteoclast progenitor cells induces intracellular signalling cascades 
including phosphoinositide 3-kinase (PI3K) and mitogen-activated protein kinase 
(MAPK) cascades (Bourette and Rohrschneider, 2000) resulting in promotion of cell 
survival and proliferation. c-Fms has, similar to M-CSF, been demonstrated to be 
necessary for osteoclastogenesis, as c-Fms deficient mice develop osteopetrosis (Dai et 
al., 2002). 
 
RANK 
Receptor activator of NF-κB (RANK) is a transmembrane protein which is expressed 
by osteoclast precursors (Li et al., 2000). RANK was detected on osteoclasts as the 
receptor for RANKL (Hsu et al., 1999),  and it is the sole signalling receptor for 
RANKL in stimulation of differentiation and activation of osteoclasts. RANK contains 
an N-terminal extracellular portion including 4 cysteine-rich domains, similar to OPG 
and other members of the TNF receptor superfamily. The extracellular ligand-binding 
portion is connected via a transmembrane domain to a cytoplasmic portion of the 
receptor which mediates signals through interaction with several signalling pathways. 
RANK signalling, similar to other TNF receptor family members, involves adaptor 
proteins, so called TNF receptor-associated factors (TRAFs). An important adaptor 
protein in RANK signalling is TRAF6, which binds to the cytoplasmic tail, closely to 
the membrane (Darnay and Aggarwal, 1999; Darnay et al., 1999; Galibert et al., 
1998). Activation of TRAF6 mediates intracellular signallig by several pathways, 
including nuclear factor κB (NF-κB), c-Src, kinases including p38, extracellular 
signal-regulated protein kinases (ERKs) and c-Jun-N-terminal kinase (JNK) (Lerner, 
2004). Eventually, signalling by the various pathways leads to translocation of a 
number of transcription factors to the nucleus, among them NF-κB, activator protein-1 
(AP-1) and nuclear factor of activated t-cells 2 (NFAT2). These transcription factors 
regulate transcription of genes which are necessary for osteoclastogenesis. Genetically 
modified mice have revealed the essential roles of both RANK and TRAF6 in 
osteoclastogenesis and bone resorption. RANK deficient mice demonstrated total 
absence of multinucleated osteoclasts and developed severe osteopetrosis (Dougall et 
al., 1999; Li et al., 2000) and similar to the rank  -/- mice the traf6 -/- mice developed 
osteopetrosis (Lomaga et al., 1999; Naito et al., 1999). 
 
RANKL 
Receptor activator of NF-kB ligand (RANKL) is a protein which is a member of the 
TNF ligand superfamily. The protein is present in a transmembrane form, but also in a 
soluble form produced by proteolytic cleavage of the extracellular domain of RANKL 
by the enzyme metalloprotease-disintegrin TNF-α convertase (TACE) (Lum et al., 
1999). Both forms are metabolically active but the membrane bound form has been 
suggested to more efficiently induce osteoclastogenesis in vitro (Nakashima et al., 
2000). RANKL, like OPG, was simultaneously discovered by different groups. In 
studies of T cells, a TNF-related protein which bound to TNF receptors was found and 
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termed TNF-related activation-induced cytokine (TRANCE) (Wong et al., 1997), 
while another group reported a protein which was found to stimulate T cell growth and 
named it RANKL (Anderson et al., 1997). Yet two additional groups reported the 
discovery of a protein which stimulated osteoclast differentiation and named it 
osteoprotegerin ligand (OPGL) (Lacey et al., 1998) and osteoclast differentiation 
factor (ODF) (Yasuda et al., 1998b). RANKL is expressed by osteoblasts/stromal cells 
in bone but is also expressed by lymphocytes (Takayanagi et al., 2000b), PDL cells 
(Belibasakis et al., 2005a), synovial fibroblasts (Takayanagi et al., 2000a) and several 
other cell types (Kartsogiannis et al., 1999) and has an important role in the 
development and function of T cells, dendritic cells and osteoclasts. RANKL binds to 
the extracellular domain of RANK in form of a homotrimer, thus activating RANK 
signalling (Ito et al., 2002; Lam et al., 2001). Gene deletion studies in mice have 
shown the importance of RANKL in osteoclastogenesis and rankl -/- mice have been 
demonstrated to, similar to the rank -/- mice, be osteopetrotic due to absence of 
osteoclasts (Kong et al., 1999). Mice overexpressing soluble RANKL, however, 
showed an osteoporotic phenotype with increased number of osteoclasts and decreased 
bone mineral density (Mizuno et al., 2002). Additionally, many osteotropic factors 
(PTH, D3, PGE2) stimulate RANKL expression in mouse osteoblasts and OPG 
expression is simultaneously decreased by these factors (O'Brien et al., 1999). 
 
OPG 
Osteoprotegerin (OPG) is a soluble glycoprotein without transmembrane and 
cytoplasmic domains serving as a soluble receptor. Similar to RANK, it belongs to the 
TNF receptor superfamily and like the other members it has four cysteine-rich 
domains in the N-terminal which are essential for inhibition of osteoclast 
differentiation and function. OPG was observed as a protein which was released from 
human fibroblasts and inhibited bone resorption, and it was termed osteoclastogenesis 
inhibitory factor (OCIF) (Tsuda et al., 1997), while at the same time another group 
reported a protein, termed OPG, with actions similar to those of OCIF (Simonet et al., 
1997). A third group showed a protein which inhibited osteoclast formation and was 
termed TNF receptor-like molecule (TR1) (Tan et al., 1997). Later, OCIF, TR 1 and 
OPG were found to be the same protein (Kwon et al., 1998; Yasuda et al., 1998a). 
Morover, a TNF-related receptor in lymphoid cells named follicular dendritic cell-
derived receptor-1 (FDCR-1) was also found to be identical to OPG (Yun et al., 1998). 
OPG is produced by osteoblasts/stromal cells as well as fibroblasts and a vast number 
of different cell types, and is thus widely expressed in the body (Lerner, 2004). Gene-
modified mice have been used to map out the functions of OPG in bone tissue. opg  -/- 
mice exhibit severe osteoporosis due to strongly enhanced osteoclast formation (Bucay 
et al., 1998; Mizuno et al., 1998) and overexpression of OPG in mice results in 
osteopetrotic animals with increased bone mineral density and a decreased number of 
osteoclasts (Simonet et al., 1997), together showing that OPG produced by  
osteoblasts /stromal cells is an important suppressing regulator of osteoclast 
differentiation and activation. 
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Osteopathological conditions 
 
At physiological conditions, the processes of bone formation by osteoblasts and bone 
resorption by osteoclasts are in balance, i.e. the processes are coupled. In pathological 
conditions, however, these two processes are uncoupled, which normally means that 
bone resorption exceeds bone formation. This results in bone loss, as is the case in 
hyperparathyroidism or post-menopausal osteoporosis. Bone formation sometimes 
exceeds bone resorption, however, resulting in sclerosis. Inflammatory processes in 
bone or in the vicinity of bone tissue usually cause bone loss, as is the case in 
rheumatoid arthritis (RA), marginal periodontitis, apical periodontitis, osteomyelitis 
and most malignant tumors that metastasize to bone. However, inflammatory diseases 
or malignant tumours in the vicinity of bone tissue may also induce increased bone 
formation compared to resorption resulting in local sclerosis, which can be observed in 
apical periodontitis and adjacent to certain malignant tumour metastases in bone. 
Inflammatory conditions resulting in either loss of bone or gain of bone both display 
increased bone formation as well as bone resorption. It is the relative proportions of the 
two processes which determine the outcome. The central role of the osteoblast as a 
regulator of both bone formation and bone resorption may be a possible explanation 
for this situation. 
 
Periodontal inflammation 
Microbial colonization of the dental surfaces in a few days leads to signs of 
inflammation of the gingival tissues, i.e. gingivitis. Microorganisms contain and 
release compounds (e.g. LPS, bacterial toxins) which induce signs of inflammation 
such as increased vascularisation and increased amounts of leukocytes, in particular 
neutrophils, which are recruited to the area for the purpose of antigen clearance and 
tissue healing. Pro-inflammatory cytokines, e.g. IL-1 and TNF-α, enhance the 
expression of adhesion molecules on endothelial cells (including intercellular adhesion 
molecule-1 (ICAM-1), endothelial leukocyte adhesion molecule-1 (ELAM-1) and P 
selectin) which promotes leukocyte migration through venule walls. Leukocytes 
migrate along a chemoattractant gradient towards the dental crevice. Numerous 
neutrophils migrate through the junctional epithelium and into the oral cavity but 
lymphocytes are retained in the connective tissue where B- and T-cells maintain the 
local cell-mediated and humoral immune response. Only a few plasma cells are 
present at an early stage of inflammation but as the lesion becomes more advanced the 
plasma cells become increasingly dominant. Local macrophages which are activated 
by the invading leukocytes release IL-1, TNF-α and IL-6 which mediate many local 
responses. Components of microorganisms, such as LPS, also interact with epithelial 
cells, leukocytes and fibroblasts thus inducing cytokine production, e.g. Il-1β, TNF-α 
and IL-6. These cytokines act on fibroblasts and endothelial cells and induce 
coagulation, increased vascular permeability and production of MMPs, among many 
functions. The MMP production of fibroblasts, and other gingival cell types, cause 
degradation of the ECM components to permit leukocyte infiltration, and fibroblasts 
degenerate, probably by apoptosis. Although host-defence is essential for elimination 
of infectious agents it may lead to excessive tissue destruction. MMP production may 
lead to loss of connective tissue and tooth attachment, and as many of the locally 
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released cytokines have osteotropic effects, e.g. IL-1, TNF-α and IL-6, degradation of 
alveolar bone may occur (Kinane, 2001; Kinane and Lappin, 2001). The gingival 
inflammation may remain in an unaltered state but if the persistence of antigen is 
prolonged or if the net effect of the host response is proinflammatory enough in 
intensity or duration the production of lytic enzymes and osteotropic mediators may 
lead to tissue destruction (Graves and Cochran, 2003). A chronic inflammation may 
follow as a consequence of persistant antigen exposure, which is the case in chronic 
infectious diseases such as periodontitis or in autoimmune diseases such as rheumatoid 
arthritis (RA). 
 
Periodontitis is a common infectuous disease among adults and 10-15% of the 
population develop the disease. It is a multifactorial disease which is influenced by 
microorganisms present in the subgingival lesion, systemic diseases, which have 
negative effects on the efficacy of the hosts´ resistance to infection, as well as 
environmental factors such as smoking. Certain genetic disorders are also related to 
periodontitis in certain populations. Increasing evidence suggests that certain 
individuals are susceptible to periodontitis, exhibiting an imbalance between microbial 
load and host response. Moreover, an overreaktive immune response has been 
suggested to be a contributing factor and antibodies produced by plasma cells of 
successfully compared to unsuccessfully treated periodontitis patients have been 
suggested to differ in efficacy (Gemmell and Seymour, 2004; Kumar et al., 2005; 
Lindhe et al., 2003; Madianos et al., 2005; Mooney et al., 1995). 
 
 
Osteotropic cytokines 
 
A number of cytokines which were initially discovered as regulators of immune and 
hematopoietic cells have later been shown to be produced in bone and to be of 
osteotropic importance. Cytokines are small (molecular weight < 30 kDa), soluble 
messenger or regulatory proteins or glycoproteins secreted by various cell types, 
mainly by Th cells and macrophages but also by other cell types such as osteoblasts, 
fibroblasts and epithelial cells. They serve as messenger molecules and the local 
signals are mainly autocrine or paracrine. Binding of cytokines to specific receptors on 
target cells induces certain biological responses. Cytokines have numerous functions 
in different cell types and tissues, including their functions in initiation and 
maintenance of immune and inflammatory responses and hematopoiesis as well as 
regulation of cell growth and differentiation. Cytokines also regulate the production of 
other cytokines. The number of cytokines is vast and many of them have overlapping 
functions (Okada and Murakami, 1998). In vivo, cytokines are expressed together with 
other cytokines leading to synergistic and antagonistic effects and cascades of cytokine 
release. The non-specific character of cytokines requires a careful regulation of 
expression of cytokine receptors, and cell-to-cell contact ensures that effective 
concentration of cytokine is achieved. Furthermore, the half-life of cytokines in 
circulation is very short in order to ensure limitation of cytokine activities. 
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Interleukins 
One group of cytokines is the interleukins and a major function of these messenger 
molecules, as their name implies, is communication between leukocytes. However, 
interleukins are also messengers between numerous other cells types, e.g. fibroblasts, 
osteoblasts, epithelial and endothelial cells. Interleukins are released in small amounts 
and induce responses in cells expressing the specific interleukin receptors. A network 
of cytokines is controlling the release and actions of cytokines, and modulation is also 
governed by cytokine receptors and their inhibitors. Cytokines such as IL-1, TNF-α 
and IL-6 are often expressed together and induce the expression of each other, thus 
being important cytokines promoting the inflammatory response. Such cytokines are 
referred to as pro-inflammatory cytokines. Furthermore, cytokines need to be carefully 
regulated and negative regulators of cytokines include IL-4, IL-13 and IL-10. These 
cytokines are referred to as anti-inflammatory cytokines (Graves and Cochran, 2003; 
Madianos et al., 2005). 
 
Interleukin receptors  
Interleukin receptors are expressed by various cell types. These receptors are generally 
di-or trimeric molecules consisting of subunits where one subunit is generally 
cytokine-specific whereas other subunits are required for high affinity binding of 
cytokine and/or signal transduction. Interleukins bind to the extracellular ligand 
binding domains of transmembrane cytokine-specific ligand binding receptors. These 
contain an N-terminal extracellular domain including four cysteine residues and a site 
which participates in ligand binding. The extracellular part of the receptor is connected 
by a transmembrane domain to a cytoplasmic domain exhibiting sites participating in 
intracellular signalling. The cytoplasmic tails of many cytokine receptors are 
associated to intracellular protein kinases which induce tyrosine phosphorylation and 
subsequent propagation of intracellular signalling by intracellular signalling cascades. 
The signal transduction cascade is thus initiated by binding of the cytokine to its 
receptor and finally results in production of DNA-binding proteins which affect 
transcription of various genes through binding to promoter and enhancer sequences in 
genes. 
 
IL-6 family of cytokines 
The members of the IL-6 family of cytokines have pleiotropic functions and exert 
widespread effects in various tissues in the body. They are known to have pro-
inflammatory properties and to be regulators of bone metabolism (Bilezikian et al., 
2002; Martin et al., 1998). Within the frame of this project IL-6, IL-11, leukemia 
inhibitory factor (LIF) and oncostatin M (OSM) have been studied. 
The IL-6 family of cytokines has 7 members: IL-6, IL-11, LIF, OSM, cardiotrophin-1 
(CT-1), ciliary neurotrophic factor (CNTF) and novel neutrophin-1/B cell stimulating 
factor-3 (NNT-1/BSF-3) (Heinrich et al., 2003; Sehgal et al., 1995; Senaldi et al., 
1999). The members have overlapping biological functions, among others modulation 
of inflammatory and immune responses as well as regulation of the acute phase 
response. Functional similarities are partly related to sequence homology and binding 
to common receptors, but also to a common transmembrane receptor subunit, the 
glycoprotein 130 (gp130), which is used by all members for signal transduction 
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(Kishimoto et al., 1995b; Taga et al., 1992). The IL-6 type cytokines bind to their 
ligand-binding receptor subunits which homo dimerize (LIF, OSM) or heterodimerize 
(IL-6, IL-11) with gp130, which in turn initiates intracellular signalling cascades 
involving Janus kinases (JAKs), a family of tyrosine kinases binding close to the 
membrane of many cytokine receptor complexes. A chain of events subsequently leads 
to dimerization of signal transducers and activators of transcription (STATs) which 
translocate to the nucleus where they regulate gene expression (Levy and Darnell, 
2002). Several other intracellular signalling pathways have been suggested to be 
involved in IL-6 family signalling, including the Ras pathway (a MAP kinase 
signalling cascade) and the PI3K (Heinrich et al., 2003; Muller-Newen, 2003).  
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Fig. 2. Ligand-receptor interactions of IL-6, mouse (m) and human (h) LIF and  
m and h OSM and their receptors in mouse osteoblasts/stromal cells. 
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IL-6 family of cytokines and bone 
IL-6 type cytokines, including IL-6, IL-11, LIF and OSM, are produced by bone cells, 
and osteoblasts are the primary source of these cytokines in bone. Osteoblasts also 
express receptors for IL-6, IL-11, LIF and OSM (Bellido et al., 1996; Heymann and 
Rousselle, 2000). 
 
IL-6 
IL-6 is a pleiotropic cytokine produced by osteoblasts/stromal cells but also by other 
cell types including monocytes, macrophages, Th2 cells and fibroblasts. IL-6 is an 
important regulator of bone metabolism as well as a regulator of immune and 
hematopoietic cells. It is also an acute phase mediator. The IL-6 receptor exists in two 
forms, a membrane bound form, IL-6 receptor (IL-6R, gp80), and a soluble form, the 
soluble IL-6 receptor (sIL-6R) (Kishimoto et al., 1992; Kishimoto et al., 1995a) which 
are both active and binding to IL-6. The soluble form is produced through proteolytic 
cleavage of the IL-6R or through differential splicing (Jones et al., 2001). Since 
synthesis of the membrane bound IL-6R is relatively sparse the presence of sIL-6R is 
necessary to evoke a response in many cells. The latter receptor induces biological 
resonses in target cells as long as gp130 is present, and gp130 has been shown to be 
more widely expressed than IL-6R (Saito et al., 1992). Ligand-binding to IL-6R or 
sIL-6R results in homodimerization of gp130 which initiates signalling via activation 
of members of the Janus kinase (JAKs) family and subsequent activation of STATs, 
including STAT3 (Heinrich et al., 1998; O'Brien et al., 1999; Takeda et al., 1998). 
Other intracellular signalling pathways are also activated, such as MAP kinase 
(MAPK) cascades.  
 
IL-6 and bone 
The reports on the effects of IL-6 in bone were initially diverging. IL-6 was reported to 
be a stimulator of osteoclastogenesis in human bone marrow cultures as well as being 
a stimulator of bone resorption in mouse calvariae (Ishimi et al., 1990; Kurihara et al., 
1990). In contrast to these results, however, were reports demonstrating no effects of 
IL-6 on bone resorption in mouse calvariae (al-Humidan et al., 1991; Holt et al., 
1994). IL-6 was suggested to mediate the stimulatory effects of PTH on bone 
resorption in vivo (Grey et al., 1999) and moreover, osteoclast formation in mouse 
bone marrow cultures stimulated by IL-6 + sIL-6R was abolished by the 
cyclooxygenase inhibitor indomethacin, suggesting that the effects by IL-6 + sIL-6R 
were prostaglandin-dependent (Tai et al., 1997). Results showed that in some systems 
the presence of sIL-6R was required for IL-6 to exert its effects, as neither IL-6 nor 
sIL-6R alone induced osteoclastogenesis in mouse bone marrow cultures, but when 
combined, osteoclast formation was noted (Tamura et al., 1993). It was later 
demonstrated that the effects of IL-6 on osteoclast differentiation and bone resorption 
were indirect, by IL-6 binding to receptors on osteoblasts (Udagawa et al., 1995). 
These findings were later confirmed as both expression of membrane bound and sIL-
6R were found in human osteoblasts (Vermes et al., 2002). 
 
Surprisingly, gp130 -/- fetal mice exhibited increased number of osteoclasts (Kawasaki 
et al., 1997) and, moreover, the role of IL-6 in bone metabolism has been suggested to 
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be more evident in conditions of increased bone turnover than in physiological 
conditions (Kotake et al., 1996; Manolagas, 1998), which is supported by the not 
obviously pathological bone phenotype of il-6 -/- mice (Kopf et al., 1994). 
 
IL-6 has been suggested to be a mediator of bone resorption in pathological systemic 
conditions such as osteoporosis, hyperparathyroidism and Paget´s disease (Grey et al., 
1996; Manolagas and Jilka, 1995; Roodman and Windle, 2005). Moreover, IL-6 serves 
as an important mediator of bone loss in postmenopausal osteoporosis. The decreased 
estrogen levels in this condition cause bone loss since estrogen limits the synthesis of 
IL-6 in osteoblasts/stromal cells (Girasole et al., 1992), and ovariectomy induced bone 
loss in mice has been shown to be prevented by infusion of neutralising IL-6 
antibodies (Jilka et al., 1992). Further supporting these findings were results from 
ovariectomized il-6  -/- mice where bone loss was decreased (Poli et al., 1994).   
 
In local inflammation-induced bone loss it is plausible that local bone cells, infiltrating 
immune cells as well as local cells such as fibroblasts participate in regulation of bone 
metabolism through IL-6 production. IL-6 has been suggested to be a mediator of bone 
resorption in inflammatory conditions such as periodontitis (Loos et al., 2000; Okada 
and Murakami, 1998) and rheumatoid arthritis (Kotake et al., 1996). Different arthritis 
models have shown the importance of IL-6 in bone and joint degeneration in 
rheumatoid arthritis (Alonzi et al., 1998; Ohshima et al., 1998) and studies on the  
il-6  -/- mice have shown delayed onset and reduced severity of arthritis in these mice 
(Sasai et al., 1999). The convincing data have lead to the production of an anti-IL-6R 
antibody which is given to arthritis patients and currently tested in clinical trials 
(Maini et al., 2006; Naka et al., 2002). 
 
LIF 
LIF is a pleiotropic cytokine which, among other cell types, is produced by stromal 
cells/osteoblasts and fibroblasts. Although LIF is widely expressed by many cell types 
the constitutive expression levels are usually low (Brown et al., 1994). Similar to IL-6, 
LIF has various physiologic functions in the body including being a mediator in the 
acute phase response, stem cell proliferation and hematopoiesis (Auernhammer and 
Melmed, 2000). The LIF receptor (LIFR, gp190) has a ligand-binding extra cellular 
domain, a transmembrane domain and a cytoplasmic domain, similar in structure to 
gp130, and is involved in signal transduction. Differential splicing results in two forms 
of LIFR, a membrane bound (LIFR) and a soluble form (sLIFR) (Owczarek et al., 
1996; Zhang et al., 1998). sLIFR is detected in serum and has been suggested to serve 
as an inhibitor of LIF (Gearing et al., 1993; Layton et al., 1992). When LIF binds to 
the membrane bound LIFR the receptor heterodimerizes with gp130. Similar to IL-6, 
activation of JAKs is initiated by ligand-binding to the receptor complex, and 
subsequent activation of transcription factors including STATs (Baumann et al., 1994; 
Stahl and Yancopoulos, 1994), of which STAT3 in the JAK/STAT pathway is 
involved, similar to IL-6. MAP kinase (MAPK) cascades are also activated (Heinrich 
et al., 2003; Lowe et al., 1995; O'Brien et al., 1999; Schiemann and Nathanson, 1998).  
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LIF and bone 
Observations in mice have indicated that LIF is involved in regulation of bone 
turnover and bone cell functions (Auernhammer and Melmed, 2000; Heymann and 
Rousselle, 2000) and like IL-6, LIF is produced by osteoblasts in response to PTH 
(Greenfield et al., 1993; Pollock et al., 1996). LIF has demonstrated variable effects on 
bone resorption in vitro depending on model system used. LIF stimulated 
osteoclastogenesis and bone resorption in mouse calvariae both in vitro and in vivo 
(Cornish et al., 1993; Reid et al., 1990) and increased osteoclast formation in mouse 
bone marrow cultures was noted upon LIF stimulation (O'Brien et al., 2000; Richards 
et al., 2000). In line with these findings were reports where increased osteoclastic bone 
resorption was noted in mice engrafted with cells overexpressing LIF (Metcalf and 
Gearing, 1989). In contrast, bone resorption in fetal rat and mouse long bones 
(Lorenzo et al., 1990) and in fetal mouse metacarpals (Van Beek et al., 1993) was 
inhibited by LIF in vitro, and in addition lifr -/- knockout mice show increased number 
of osteoclasts resulting in decreased bone mass (Ware et al., 1995). 
 
OSM 
OSM, similar to other IL-6 family members, exerts biological functions involving 
roles in the acute phase response, inflammation and hematopoiesis. Although produced 
by many different cell types, it is mainly produced by monocytes, macrophages and T-
cells (Tanaka and Miyajima, 2003). OSM is structurally similar to LIF, and the two 
cytokines have overlapping functions. One reason for this is the common use of the 
receptor subunit gp130 for signalling. In murine cells, human OSM does not bind to 
the mouse OSMR but to the mouse LIFR, which also binds murine and human LIF, 
whereas murine OSM uniquely binds to the murine OSM receptor β (OSMRβ), an 
additional OSM receptor, and not to the LIFR  (Ichihara et al., 1997; Lindberg et al., 
1998; Tanaka et al., 1999). OSMRβ only binds OSM, not LIF (Mosley et al., 1996). 
Intracellular signalling pathways initiated by OSM binding to OSMRβ are similar to 
those mediated through the LIFR, thus evoking similar biological responses. OSM 
signalling, similar to LIF, involves heterodimerization of gp130 and activation of 
JAKs and STATs, including STAT3 (Levy et al., 1996; O'Brien et al., 1999). 
 
OSM and bone 
OSM has, similar to LIF, been suggested to be involved in regulation of bone turnover 
and bone cell functions (Auernhammer and Melmed, 2000; Heymann and Rousselle, 
2000), although it is unclear whether OSM is expressed in bone. OSM has been 
suggested to be a potent stimulator of IL-6 (Jay et al., 1996) and similar to LIF, OSM 
has been shown to stimulate osteoclast formation in mouse bone marrow cultures 
(Richards et al., 2000) but in contrast to these findings, and similar to LIF, was a 
report demonstrating inhibition of bone resorption in fetal mouse long bones treated 
with OSM (Jay et al., 1996). The latter report is supported by observations in mice 
overexpressing OSM which exhibit an osteopetrotic phenotype (Malik et al., 1995).  
Interestingly, a neutralizing OSM-antibody showed inhibition of disease progression in 
a mouse model of experimental arthritis (Plater-Zyberk et al., 2001). 
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IL-6 type cytokines and gingival fibroblasts 
Cytokines play important roles not only in tissue homeostasis but also in the 
pathogenesis of many infectious diseases. Excessive and/or continuous production of 
cytokines in inflamed periodontal tissues has been suggested to partly account for the 
progress of periodontitis and periodontal tissue destruction. Inflammatory cytokines 
such as IL-1, TNF-α and IL-6 are present in the diseased periodontal tissues, and 
enhanced production of these cytokines seems to influence chronic leukocyte 
recruitment and tissue destruction (Okada and Murakami, 1998). Bacterial components 
(e.g. LPS) and cytokines released from mononuclear leukocytes has been shown to 
evoke responses and induce phenotypical changes in resident gingival fibroblasts 
(Murakami et al., 1999) and in addition to cytokines produced by leukocytes, resident 
cells such as epithelial cells, fibroblasts and periodontal ligament cells also express 
various cytokines.  
 
Osteoclasts are stimulated by cytokines produced by infiltrating immune cells (Graves 
and Cochran, 2003; Lerner, 2006) and, moreover, direct interactions between gingival 
fibroblasts and osteoclast progenitor cells have been shown in co-cultures of human 
cells (de Vries et al., 2006). Thus, additional cytokine release from resident cells may 
contribute to the stimulation of osteoclasts, or exert modulatory actions. In analogy, 
resident synovial fibroblasts have been suggested to play central roles in tissue 
remodelling in rheumatoid arthritis, not only by production of MMPs but also by 
possible osteotropic effects (Ritchlin, 2000). Inflammatory leukocytes and resident 
cells may interact in a similar way resulting in osteotropic actions by cytokines 
released from inflammatory gingiva.  
 
IL-6 type cytokines stimulate osteoclastogenesis and bone resorption, as described 
previously, and IL-6 has been suggested to play a regulatory role in periodontal 
disease (Okada and Murakami, 1998). Elevated IL-6 expression levels in human 
gingival fibroblasts and gingival crevicular fluid have been associated with 
periodontitis (Graves and Cochran, 2003; Kent et al., 1999; Lin et al., 2005; Mogi et 
al., 1999; Wang et al., 2003). IL-6  has been reported to be expressed in human 
gingival fibroblasts (Belibasakis et al., 2005b; Kent et al., 1998; Modeer et al., 1998) 
and, interestingly, enhanced IL-6 mRNA expression levels were demonstrated in 
fibroblasts from inflammatory gingiva compared to cells from healthy tissue (Kent et 
al., 1999; Wang et al., 2003). Single nucleotide polymorphisms in the human IL-6 
promoter have also been shown to be associated with periodontal disease (Holla et al., 
2004; Trevilatto et al., 2003).  
 
IL-11, similar to other IL-6 type cytokines, has been reported to stimulate 
osteoclastogenesis and bone resorption in mice (Ahlen et al., 2002; Girasole et al., 
1994; Morinaga et al., 1998), and IL-11 mRNA and protein expression in gingival 
fibroblasts of healthy patients has been reported (Yashiro et al., 2006). However, no 
reports have demonstrated LIF or OSM expression in human gingival fibroblasts, 
although elevated levels of LIF and OSM have been noted in GCFs of diseased 
periodontal pockets (Lin et al., 2005; Sakai et al., 2006).  
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IL-4 and IL-13 
IL-4 and IL-13 are cytokines which are secreted by activated Th2 cells and mast cells 
(Howard and Paul, 1982). The major functions of these cytokines include regulatory 
actions on Th-cells and B-cells as well as inhibition of macrophage function (Hart et 
al., 1989; Stuart et al., 1988), thus being important regulators of inflammatory 
responses. The two cytokines are referred to as inhibitory cytokines as these two 
proteins are capable of modulating the effects of pro-inflammatory cytokines by 
regulating the synthesis of these cytokines or their antagonists as well as interfering 
with binding of these cytokines to their soluble receptors (Burger and Dayer, 1995). 
Although sharing only 25% homology, the two proteins have many overlapping 
functions and they use closely related receptors.  
 
IL-4 signalling can occur in two alternative ways. One alternative is binding of IL-4 to 
IL-4 receptor α (IL-4Rα), which is a receptor providing both ligand-binding 
specificity and signal transduction (Idzerda et al., 1990). The IL-4Rα heterodimerizes 
with the γ common chain (γc) (which is also a receptor component of receptors for IL-
2, IL-7, IL-9, IL-15 and IL-21), together making up the complete receptor assembly of 
the type 1 IL-4 receptor (Russell et al., 1993). The IL-4Rα can also heterodimerize 
with IL-13 receptor α1 (IL-13Rα1), making up the type 2 IL-4 receptor, and thus 
induce signalling (Kelly-Welch et al., 2003). IL-13 signalling is achieved by binding 
of IL-13 to IL-13Rα1, which heterodimerizes with IL-4Rα (Hershey, 2003). Binding 
of either IL-4 to IL-4Rα in type 1 or type 2 receptors or binding of IL-13 to IL-13Rα1 
initiates binding of JAK-1 in the Janus kinase (JAK) family to the cytoplasmic tail of 
IL-4Rα where tyrosine residues are phosphorylated. Tyrosine residues in IL-4Rα act 
as docking sites binding the transcription factor STAT6, which after tyrosine 
phosphorylation detaches from the docking sites, homodimerizes and translocates to 
the nucleus. Ligand binding to IL-4 and IL-13 receptors also initiates binding of Tyk2, 
which is another member of the JAK family, to the cytoplasmic tail of IL-13Rα. 
Moreover, activation of IL-4Rα induces phosphorylation of another tyrosine residue of 
the IL-4Rα tail, which serves as a docking site for insulin receptor substrate 1 (IRS-1) 
and IRS-2, which subsequently become phosphorylated leading to activation of the 
Ras/mitogen-activated protein kinase and phosphatidylinositol 3 kinase pathways. IL-
13 signalling, however, is less well known than IL-4 signalling, and although IL-13 is 
known to bind to IL-13Rα2 with high affinity, the function of this receptor is poorly 
understood. It has been suggested to function as a decoy receptor (Hershey, 2003; 
Kelly-Welch et al., 2003). 
 
IL-4 and IL-13 and bone 
IL-4 has been shown to inhibit in vitro bone resorption in mouse long bones induced 
by several stimulators, e.g.PTH, D3, IL-1 and PGE2, (Watanabe et al., 1990) and in 
neonatal mouse calvarial bones stimulated by IL-11 (Ahlen et al., 2002). 
The inhibitory effect of IL-4 on bone resorption in vitro is thought to involve 
decreased osteoclastogenesis. Il-4 inhibited osteoclastogenesis in bone marrow 
cultures (Kasono et al., 1993; Shioi et al., 1991) as well as osteoclastogenesis induced 
by PTH, PTHrP, D3, IL-1 and PGE2 in co-cultures of bone marrow macrophages and 
stromal cells (Lacey et al., 1995) and osteoclast formation in co-cultures of mouse 
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spleen cells and ST-2 stromal cells stimulated by D3 (Riancho et al., 1993). Similar 
effects of IL-4 noted in bone marrow macrophage (BMM) cultures suggested that 
osteoclast precursors were the target cells for Il-4. However, as osteoblasts have been 
shown to express IL-4 receptors (Riancho et al., 1993; Ueno et al., 1992) and IL-4 
induces M-CSF release in the murine osteoblast-like cell line MCT3T3-E1 as well as 
in primary osteoblasts (Lacey et al., 1994), both osteoblasts and osteoclasts appear to 
be target cells for IL-4. 
 
In vivo, PTHrP and IL-1 secreting transplanted tumors in mice stimulated bone 
resorption which was inhibited by infusions of IL-4 (Nakano et al., 1994), and  
hypercalcemia induced by parathyroid hormone-related peptide (PTHrP) in mice was 
inhibited by IL-4 administration in vivo (Nagasaki et al., 1991). Bone loss caused by 
ovariectomy was similarly inhibited by IL-4 (Okada et al., 1998).   
 
In an in vivo model of collagen induced arthritis, an adenovirus vector producing IL-4 
decreased RANKL production and decreased bone resorption (Lubberts et al., 2000). 
Similar results were observed following intraperitoneal injection of IL-4 (Joosten et 
al., 1999) and bone resorption in adjuvant-induced arthritis in rats can be decreased by 
injection of an adenovirus producing IL-4 (Woods et al., 2001). Moreover, an ex vivo 
model of bone resorption in rheumatoid arthritis showed that IL-4 inhibited the 
appearance of osteoclasts (Miossec et al., 1994). IL-4 expression has been shown in 
arthritic joints, although expression levels were suggested to be too low to prevent 
actions of proinflammatory cytokines in progressive RA (Isomaki and Punnonen, 
1997). Part of the inhibitory effects of IL-4 and IL-13 has been suggested to be related 
to an IL-4 induced decrease in prostaglandin production by the bone cells (Kawaguchi 
et al., 1996; Onoe et al., 1996) and in line are organ culture studies where inhibition 
exerted by IL-4 of the IL-1 induced stimulation of bone resorption was suggested to be 
due to inhibition of COX-2 expression (Kawaguchi et al., 1996; Onoe et al., 1996). 
 
Additionally, one study has demonstrated that IL-4 can inhibit osteoclast formation not 
uniquely by direct actions on cells of the myelomonocytic lineage but also by indirect 
actions on T-cells, which induce the expression of an unknown membrane-associated 
inhibitor (Mirosavljevic et al., 2003).  
 
IL-4 transgenic mice overexpressing IL-4, surprisingly, showed cortical thinning in 
long bones and vertebrae (Lewis et al., 1993). These mice had normal osteoclast 
numbers but the osteoclasts had altered function, as measured by a decrease in TRAP 
activity. A marked decrease in bone formation was also noted in these mice, as well as 
decreased number and function of cells lining the bone surface, possibly explaining the 
phenotype. 
 
Several molecular mechanisms have been suggested for the inhibition of osteoclast 
formation by IL-4, including inhibition of phosphorylation of inhibitor of κB (IκB) 
and decreased NF-κB nuclear translocation (Abu-Amer, 2001), decreased RANK 
stimulation of osteoclast progenitor cells by activation of peroxisome proliferator-
activated receptor γ1 (PPAR γ1) (Bendixen et al., 2001), and inhibitory effects on 
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signalling through c-Jun N-terminal kinase (JNK), p38 and extracellular signal-
regulated kinase (ERK) (Wei et al., 2002).  
 
IL-4 and IL-13 and gingival fibroblasts 
IL-4 and IL-13 have anti-inflammatory properties as well as being inhibitors of 
osteoclastogenesis and bone resorption, as previously described. There is a possibility 
that tissue remodelling, anti-inflammatory cytokines may be expressed by resident 
cells, and not only by leukocytes. Reports have demonstrated the presence of Th2 
lymphocytes expressing IL-4 in gingival biopsies from patients with periodontitis 
(Berglundh et al., 2002; Ito et al., 2005). One study demonstrated a higher number of 
samples positive for IL-4 protein in healthy gingiva compared to samples from 
periodontitis patients (Gorska et al., 2003) and, similarly, IL-4 protein levels have 
been reported to be lower in crevicular fluid of periodontitis patients compared to 
healthy controls (Bozkurt et al., 2006). However, another study reported no difference 
in IL-4 mRNA expression between the gingiva of patients with gingivitis compared to 
patients with periodontitis (Honda et al., 2006) and an additional study reported that 
IL-4 protein levels were more elevated in the gingiva of periodontal sites in the 
vicinity of deep periodontal pockets compared to those from healthy gingiva (Johnson 
and Serio, 2005). Furthermore, gingival fibroblasts have been shown to express 
receptors for IL-4 (Kunii et al., 2005). 
 
Although reports on IL-4 levels in gingiva in correlation to periodontal disease are 
diverging, IL-4 and IL-13 may be of importance in regulation of inflammation induced 
bone remodelling. This notion is supported by studies in several models of 
experimental arthritis where bone loss has been shown to be prevented by IL-4 
(Joosten et al., 1999; Lubberts et al., 2000). Interestingly, in a similar study, IL-4 
reduced both pro-inflammatory cytokine levels and bone resorption, further supporting 
the possible potential of the inhibitory effects of IL-4 and IL-13 (Woods et al., 2001). 
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AIMS 
 
 
The general aim of the thesis was to study the effects of IL-6 type cytokines as well as 
IL-4 and IL-13 on osteoclastogenesis and bone resorption. Furthermore, the objective 
was to determine if human gingival fibroblasts expressed these cytokines and, in 
addition, if IL-6 type cytokine expression by gingival fibroblasts was modulated by 
inflammatory mediators as well as by IL-4 and IL-13, mechanisms of possible 
importance for alveolar bone resorption in periodontal disease. The specific purposes 
of the individual papers were: 
 
 
Paper I 

 
To investigate if the IL-6 type cytokines IL-6, LIF and OSM were stimulators of bone 
resorption in neonatal mouse calvarial bones in vitro and to determine the possible 
involvement of RANK, RANKL and OPG interactions in the putative calvarial effects 
of these cytokines. 
 
 
Paper II 

 
To study if IL-4 and IL-13 were inhibitors of osteoclastogenesis and bone resorption 
and if the two cytokines induced effects in both stromal cells/osteoblasts and osteoclast 
progenitor cells through mechanisms involving RANK, RANKL and OPG 
interactions, and, furthermore, to determine whether possible effects exerted by IL-4 
and IL-13 were STAT6 dependent.  
 
 
Paper III 

 
To determine if IL-6 type cytokines were expressed in human gingival fibroblasts and 
if their expression was regulated by IL-1β and TNF-α. 
 
 
Paper IV 

 
To study if IL-4 and IL-13 regulated the expression of IL-6 type cytokines in human 
gingival fibroblasts stimulated by IL-1β and TNF-α. 
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METHODS 
 
 
Humans  
Gingival fibroblasts were isolated from gingival papillar explants/biopsies obtained 
from clinically and systemically healthy voluntary donors. 
 
Mice  
CsA mice from our own inbred colony were used in most experiments. Additionally, 
Balb/c mice homozygous for the STAT4 tm1Gru mutation (C.129S2-Stat4 tm1Gru/J; stock 
no. 002826), mice homozygous for the STAT6 tm1Gru mutation (C.129S2-Stat6 tm1Gru/J; 
stock no. 002828) and their corresponding wild type mice (stock no. 000651) were 
used. These mice were purchased from JAX®MICE, The Jackson Laboratory and bred 
in our animal facility unit. Calvarial bones and spleen cells from STAT6 deficient mice 
were confirmed not to express STAT6 mRNA as assessed by reverse transcriptase 
polymerase chain reaction (RT-PCR) analyses.  
 
Ethical evaluation  
Humans: Donors´ rights were protected by the Swedish Ethical Committee for Human 
Research (99 03 29) and informed consent was granted. 
Mice: Animal care and experiments were approved and conducted in accordance with 
accepted standards of humane animal care and use as deemed appropriate by the 
Animal Care and Use Committee of Umeå University, Umeå, Sweden. 
 
Isolation and culture of primary human fibroblast cultures  
Explants were dissected into 0.5 cm2 pieces and placed at the bottom of 25 cm2 culture 
flasks containing α-MEM (α modification of Minimum Essential Medium) 
supplemented with 10% foetal calf serum (FCS), L-glutamine and antibiotics 
(bensylpenicillin, gentamycin sulphate, streptomycin) (basic medium) followed by 
incubation at 37°C in humidified air containing 5% CO2. The flasks were left 
untouched for 7-10 days until outgrowth of fibroblasts from the explants was 
observed. Medium was changed 3 times per week. Fibroblasts were seeded at a density 
of 3.5 x 104 cells/cm2 in basic medium and cultured until cells were 80-90% confluent.  
Media were changed and cells were incubated in the absence (controls) or presence of 
test substances for 24 h (mRNA) and 48 h (protein). Fibroblasts from passages 4-7 
were used in the experiments. For mRNA analyses, cells were lysed in TRIzol LS 
Reagent (Applied Biosystems, Warrington, UK) or the lysis buffer supplied with the 
RNAqueous 4-PCR kit (Ambion Inc., Austin, TX, USA), after which samples were 
stored at -80 °C until RNA extraction and PCR analyses were performed. For protein 
analyses, culture media were collected and cells were washed thoroughly in serum-free 
medium followed by lysis in 0.2% Triton X-100 for 24 h. The cell cultures used in the 
experiments were confirmed to be free of mycoplasma-infection by DAPI fluorescent 
staining.  
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Isolation and culture of primary mouse calvarial osteoblasts  
Primary mouse osteoblasts were isolated from calvariae of 2-3 day-old CsA mice. 
Calvariae were dissected in phosphate-buffered saline (PBS) substituted with10% fetal 
calf serum (FCS) using a modified time sequential enzyme-digestion technique 
described by Boonecamp et al. in 1984. Cells from populations 6 to 10 were used in 
the experiments. The isolated cells demonstrated an osteoblastic phenotype as assessed 
by their cyclic AMP-responsiveness to PTH, expression of alkaline phosphatase 
(ALP), osteocalcin (OC) and bone sialoprotein (BSP) as well as their capacity to form 
mineralized bone noduli. The cells were seeded in culture flasks containing α-MEM 
supplemented with 10% FCS, L-glutamine and antibiotics (basic medium) at 37°C in 
humidified air containing 5% CO2. After four days in flasks, the cells were seeded at a 
density of 104 cells/cm2 in culture dishes containing basic medium. After attachment 
overnight, medium was changed and cells were cultured in basic medium in the 
absence or presence of test substances. Each group contained four dishes and cells 
were cultured for 8 h (mRNA) and 48 h (mRNA, protein). Cells were collected and, 
following RNA extraction, used for subsequent PCR analyses. For protein analyses, 
cells were treated with Triton X-100 for 24 h and lysates were subsequently analyzed 
by ELISA.  
 
Mouse spleen cell cultures  
Spleen cells were isolated from 5-7 week-old mice (CsA, stat6 -/-, stat4 -/-, Balb/cJ) and 
seeded in basic medium on cover slips in 24 well plates at a density of 1 x 106 
cells/cm2. After attachment overnight, the medium was changed and the cells cultured 
in the absence and presence of M-CSF (25 ng/ml) and RANKL (100 ng/ml), with and 
without test substances, for 4-5 days and medium was changed after three days. At the 
end of the experiments, the cells were stained for tartrate resistant acid phosphatase 
(TRAP) using the Sigma Diagnostics Acid Phosphatase kit by following the 
manufacturer´s instructions. Cells which were positive for TRAP and exhibiting three 
or more nuclei were considered osteoclasts, and the number of multinucleated 
osteoclasts was counted. Osteoclasts formed in the spleen cell cultures stimulated by 
M-CSF and RANKL were able to form pits when cultured on slices of bovine bone. 
Osteoclast formation was associated with increased mRNA expression of calcitonin 
receptor (CTR), TRAP and cathepsin K. No osteoclasts were formed when cells were 
treated with M-CSF or RANKL alone. Neither were osteoclasts formed in the presence 
of PTH or D3, demonstrating the lack of stromal cells in the spleen cell cultures. 
Osteoclast formation caused by M-CSF and RANKL was abolished by OPG. For 
semi-quantitative RT-PCR and quantitative real-time RT-PCR analyses, spleen cells 
were seeded at a density of 1 x 106 cells/cm2 in culture dishes. After attachment 
overnight, cells were incubated in basic medium in the absence and presence of M-
CSF (25 ng/ml) and RANKL (100 ng/ml), with or without test substances, for 4-5 days 
after which RNA was extracted and used for PCR analyses. 4 wells per group were 
used in the experiments. 
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Bone marrow macrophage cultures (BMM) 
The femurs and tibiae from 5-7 week-old male CsA mice were dissected and cleaned 
from adhering tissues. The cartilage ends were cut off and the cells in the marrow 
cavity were flushed out using α-MEM in a syringe with a sterile needle. The marrow 
cells were collected in basic medium and the erythrocytes lysed in red blood cell lysis 
buffer (0.16 M NH4Cl, 0.17 M Tris, pH 7.65). The remaining bone marrow cells were 
washed and suspended in basic medium containing M-CSF (100 ng/ml), in order to 
stimulate proliferation of cells of the macrophage lineage. The cells were seeded at a 
density of 8 x 104cells/cm2 in culture dishes, to which stromal cells and lymphoid cells 
cannot adhere. After 3 days, the cultures were vigorously washed with PBS and cells 
attached to the bottom were detached using 0.002% EDTA in PBS. These cells were 
resuspended in basic medium containing M-CSF (100 ng/ml) and seeded at a density 
of 0.5 x 104 cells/cm2 in culture dishes. After another 3 days, the cells were washed 
and detached as described above after which cells were used as bone marrow 
macrophages (BMM). These cells did not express alkaline phosphatase, RANKL, 
OPG or CTR mRNA, but mRNA for RANK, c-Fms, cathepsin K and TRAP, as 
assessed by quantitative real-time PCR. Using flow cytometry, cell surface expression 
of the typical macrophage markers F4/80 and c-Fms, but not the lymphoid cell 
markers CD3 and B 220, was demonstrated (Granholm et al., submitted). 
For osteoclastogenesis experiments, BMM were seeded on 0.8 cm2 glass chamber 
slides at a density of 104 cells/cm2 in basic medium containing either M-CSF (100 
ng/ml, controls) or of M-CSF (100 ng/ml) and RANKL (50 ng/ml), with and without 
test substances. After 4 days, with a change of medium after 3 days, the cultures were 
harvested and the cells fixed with acetone in citrate buffer. Cells stained positively for 
TRAP and having three or more nuclei were considered osteoclasts, and the number of 
multinucleated osteoclasts were counted. Osteoclasts formed in these cultures 
stimulated by M-CSF and RANKL were able to form pits when cultured on slices of 
bovine bone, and osteoclast formation was associated with increased mRNA 
expression of CTR, TRAP and cathepsin K. Osteoclasts were not formed in the 
presence of M-CSF and either PTH or D3, indicating the lack of stromal cells in the 
cultures. Osteoclast formation caused by M-CSF and RANKL was abolished by OPG. 
 
For quantitative real-time PCR analyses, BMM were seeded at a density of 104 
cells/cm2 in culture dishes and incubated in basic medium in the presence of M-CSF 
(100 ng/ml; control), M-CSF (100 ng/ml) and RANKL (50 ng/ml), with or without test 
substances, for three days after which RNA was extracted and used for subsequent 
PCR analyses. 4 wells per group were used in the experiments. 
 
Raw 264.7 cell cultures  
For PCR analysis, the murine macrophage cell line RAW 264.7 was seeded at a 
density of 103 cells/cm2 in culture dishes containing basic medium. After attachment 
overnight, cells were incubated in basic medium containing RANKL (100 ng/ml) and 
with or without test substances. In addition, cells were cultured in basic medium 
without test substances as a control group. After 2, 4 and 6 days, RNA was extracted 
and used for semi-quantitative RT-PCR analyses. 
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For FACS analysis, RAW 264.7 cells were seeded in culture dishes at a density of 2 x 
105 cells/dish and preincubated in basic medium for 24 h, followed by incubation for 
48 h in basic medium with or without test substance (50 ng/ml IL-4). After the 
incubation cells were used for FACS analysis. 4 wells per group were used in the 
experiments. 
 
Mouse bone organ culture  
Calvarial bones were dissected from 6-7 day-old mice (CsA, stat4 -/-, stat6 -/-, Balb/cJ) 
which were killed by cervical dislocation. The bones were divided into halves (PCR, 
ELISA) or quarters (45Ca) and preincubated for 18-24 h in α-MEM supplemented with 
0.1% bovine serum albumin (BSA), 1 μg/mL Fe(NO3)3, 0.1 mg/ml ascorbic acid, L-
glutamine and antibiotics (basic calvarial medium) and 1 μM indomethacin. 
Preincubation was performed in order to prevent initial bone resorption due to PGE2 
release induced by dissection trauma. Following preincubation, the bones were 
extensively washed and subsequently cultured for 24-96 h in multiwell culture dishes 
containing indomethacin free basic calvarial medium in the absence or presence of test 
substances. The bones were incubated in the presence of 5% CO2 in humidified air at 
37°C (Lerner, 1987).  
 
For bone mineral release analysis, a total of 6 prelabelled calvarial bone quarters per 
group were preincubated, followed by individual incubation in 24 well plates in the 
absence or presence of test substances for 24-96 h. At the end of culture, culture media 
and bones were collected and used for subsequent 45Ca analysis.  
 
For bone matrix degradation analysis, a total of 6 prelabelled calvarial bone quarters 
per group were preincubated, followed by individual incubation in 24 well plates in the 
absence or presence of test substances for 96 h. At the end of culture, culture media 
and bones were collected and used for subsequent 3H analysis. 
 
For mRNA analysis, a total of 5 calvarial bone halves per group were preincubated, 
followed by individual incubation in the absence or presence of test substances in 24 
well plates in the absence or presence of test substances for 24 h prior to RNA 
extraction. For semi-quantitative RT-PCR, bones were homogenized and RNA was 
extracted from bones and pooled for subsequent analyses, whereas for quantitative 
real-time RT-PCR, bones were homogenized and RNA was extracted from individual 
bones and used for PCR analyses.  
 
For protein analysis, a total of 8 calvarial halves per group were preincubated, 
followed by individual incubation in 24 well plates in the absence or presence of test 
substances for 48 h. Following treatment with 0.2% Triton-X 100 for 24 h, extracted 
bone samples were analyzed by ELISA. 
 
For PGE2 analysis, bone culture media were collected at the end of culture and used 
for RIA analysis. 
 
 

 32



RNA extraction and cDNA synthesis  
Total RNA was extracted from mouse calvarial bones, mouse calvarial osteoblasts, 
mouse RAW 264.7 cells, mouse spleen cells, mouse BMM and human gingival 
fibroblasts by TRIzol LS reagent or by the RNAqueous-4PCR kit by following the 
manufacturer’s protocols. Extracted total RNA was treated with DNase I to eliminate 
genomic DNA according to the instructions supplied by the manufacturer. The RNA 
was quantified spectrophotometrically and the integrity of the RNA preparations was 
examined by agarose gel electrophoresis. Only RNA preparations showing intact 
species were used for subsequent cDNA synthesis. 
 
One microgram of total RNA was reverse transcribed into single-stranded cDNA with 
a 1st Strand cDNA Synthesis Kit using AMV reverse transcriptase and oligo-p(dT)15 
primers. After incubation at 25oC for 10 min and at 42oC for 60 min, the AMV reverse 
transcriptase was denaturated at 99oC for 5 min, followed by cooling to +4oC for 5 
min. The cDNA was kept at -20oC until used for PCR analysis. 
 
Semi-quantitative Reverse Transcription Polymerase Chain Reactions (RT-PCR) 
First-strand cDNA mixture was amplified by RT-PCR using a PCR Core Kit, a PC-
960G Gradient Thermal Cycler (Corbett Research, Australia) or a Mastercycler 
Gradient (Eppendorf), oligonucleotide primers and Taq DNA polymerase or HotStar 
Taq DNA polymerase. The PCR analyses were performed using a PCR Core Kit 
standard protocol using 1 μl template, 0.2 μM of each primer, 2.5 U Taq DNA 
polymerase or Hot Star Taq DNA polymerase, 1x PCR buffer, 0.2 mM dNTPs and 1.5 
mM MgCl2 (100 μl total volume). For some primers, MgCl2 concentration was altered 
to 1 or 2 mM and the PCR reactions were initiated using either Taq DNA polymerase 
or HotStar Taq Polymerase. The conditions for PCR were denaturing at 94°C for 2 
min (Taq DNA polymerase) or 15 min (Hot Star Taq DNA polymerase), annealing for 
35 s at temperatures optimized for the individual primer pairs, followed by elongation 
at 72°C for 45 s; in subsequent cycles denaturing was performed at 94°C for 35 s. 
Some PCRs were performed using a step down technique in which, after the initial 10 
cycles with the annealing temperature set to 65°C, the primer annealing temperature 
was decreased stepwise by 5oC every 5 cycles down to 45oC. The specific PCR 
conditions, sequences of primers, GenBank accession numbers, positions for the 5’ 
and 3’ ends of the nucleotides for the predicted PCR products and the estimated size of 
the PCR products are given in the individual papers. mRNA expressions of target 
genes were compared at the logarithmic phase of the PCR reaction and normalized to 
those of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which was used as an 
internal standard. No amplification was detected in samples in which the RT reaction 
had been omitted. The PCR products were electrophoretically size fractionated in 
1.5% agarose gel and visualized using ethidium bromide. The identities of the PCR 
products were confirmed using a QIAquick purification kit and a Thermo Sequenase-
TM II DYEnamic ET terminator cycle sequencing kit with sequences analysed on an 
ABI 377 XL DNA Sequencer. Densities of electrophoretic gel bands were calculated 
using the 1D Image Analysis software from Kodak. 
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Quantitative real-time RT-PCR  
Quantitative real-time RT-PCR analyses were performed using Taqman kinetics with 
fluorescence labeled probes (reporter fluorescent dye VIC at the 5’ end and quencher 
fluorescent dye TAMRA at the 3’ end). Oligonucleotide primers and TaqMan probes 
for most genes were designed using Primer Express (Applied Biosystems), based on 
sequences from the GenBank database (http://www.ncbi.nlm.nih.gov). For some genes 
Assay on Demand kits or TaqMan Inventoried Gene Expression assays (Applied 
Biosystems) were used. The sequences of primers and probes are listed in the 
individual papers. In each reaction, cDNA was diluted 20-fold with nuclease-free 
water and amplified using the TaqMan Universal PCR Master Mix, 300 nM of each 
primer and 100 nM of probe. The reaction conditions were an initial step of 2 min at 
50oC and 10 min at 95oC, followed by 40 cycles of denaturation at 95oC for 15 s and 
annealing/extension at 60oC for 1 min. The amplifications were performed using the 
ABI PRISM 7900 HT Sequence Detections System and software (Applied 
Biosystems). No amplifications were detected in samples where the RT reaction had 
been omitted. To control for variability in amplification due to differences in starting 
mRNA concentrations, β-actin (mouse) or ribosomal protein L13A (RPL13A) 
(human) were used as internal standards. The relative expressions of target mRNAs 
were computed from the target Ct values and β-actin or RPL13A Ct values using the 
standard curve method. Ct values for β-actin and RPL13A were confirmed not to vary 
over time or due to treatment. In some experiments, the data were recalculated and the 
results expressed as percent of control, which was set at 100%, allowing for 
accumulation of data from several experiments. 
 
Protein analysis by ELISA  
Protein synthesis in cultures of mouse calvarial osteoblasts, calvarial bones and 
gingival fibroblasts was assessed using commercially available enzyme-linked 
immunosorbent assay (ELISA) kits. Protein release from cells was analyzed in culture 
media and intracellular protein content in cells or calvariae was analyzed in cell or 
calvarial lysates according to the manufacturer’s protocols for the ELISAs. In gingival 
fibroblasts, cytokine protein expression was normalized to total protein concentration 
in cell lysates, determined by the bicinchoninic acid (BCA) method. The sensitivities 
of the RANKL and OPG immunoassays were 5 pg/ml, respectively, those for IL-11 
and LIF were both 8.0 pg/ml and the sensitivity for the IL-6 immunoassay was 0.7 
pg/ml. In some experiments, the data were recalculated and the results expressed as 
percent of control, which was set at 100%, allowing for accumulation of data from 
several experiments. 
 
FACS analysis  
The expression of RANK protein was assessed by analyzing cell surface expression of 
RANK in RAW 264.7 cells by the use of fluorescein isothiocyanate (FITC)-labelled 
anti-RANK antibodies. After incubation, the adherent RAW 264.7 cells were treated 
with 0.2% EDTA and detached with a rubber cell scraper, followed by fixation with 
2% paraformaldehyde in PBS, pH 7.2, for 10 min at room temperature. The cells were 
subsequently washed once with PBS containing 1% bovine serum albumin (PBS-BSA) 
and harvested by centrifugation at 300 x g for 5 min. Cell pellets were re-suspended in 
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PBS-BSA containing goat RANK specific IgG (5 µg/ml) and incubated at room 
temperature for 1 h under gentle agitation. Thereafter, the cells were washed once in 
PBS-BSA and re-suspended in PBS-BSA containing FITC-labelled rabbit antibodies 
to goat IgG (2 µg/ml). Following incubation in the dark, the cells were washed once in 
PBS-BSA and suspended in PBS to a final concentration of 106 cells/ml before being 
analyzed using a fluorescence-activated cell sorter (Facstar) equipped with LYSIS II 
software (Becton Dickinson Immunocytometry Systems). The effect of IL-4 on the 
expression of RANK was calculated in relation to the control cells that had not been 
exposed to IL-4. The mean fluorescence of each cell population was compared and 
expressed in relation to fluorescence of control cultures. 
 
Bone mineral release assay  
Bone resorption was determined by analyzing mineral release from cultured mouse 
calvarial bones, as assessed by the release of 45Ca from bones from mice prelabelled in 
vivo. 2-3 day-old mice (CsA, stat6 -/-, stat4 -/-, Balb/cJ) were injected with 1.5 μCi 45Ca 
3 days prior to dissection. Following culture, the amounts of 45Ca in bones and culture 
media were analyzed by liquid scintillation. For time course experiments, mice were 
injected with 12.5 μCi 45Ca and radioactivity was analyzed at different time points by 
withdrawal of small amounts of culture media at the stated time points. Release of 
isotope was expressed as the percentage release of the initial amount of isotope, 
calculated as the sum of radioactivity in medium and bone after culture (Lerner, 1987). 
In some experiments, the data were recalculated and the results expressed as percent of 
control, which was set at 100%, allowing for accumulation of data from several 
experiments. 
 
Bone matrix degradation assay 
Bone matrix degradation was assessed by analyzing the release of 3H from bones 
dissected from CsA mice prelabelled in vivo with 10 μCi of [3H]-proline four days 
prior to dissection. Following culture, bones were hydrolyzed and the radioactivity 
(3H) in the hydrolysates and culture media was analysed by liquid scintillation. The 
release of 3H ([3H]-proline + [3H]-hydroxyproline) parallels the release of [3H]-
hydroxyproline and thus is a reliable indicator of collagen breakdown (Brand and 
Raisz, 1972). 
 
Measurements of prostaglandin synthesis  
Prostaglandin formation in calvarial bones was assessed by analyzing the PGE2 
concentration in culture media at the end of the cultures. PGE2 was determined using a 
commercially available radioimmunoassay (RIA) according to the instructions 
supplied by the manufacturer. 
 
Statistical analysis  
Statistical analysis was performed using one-way analysis of variance (ANOVA) with 
Levene´s homogenecity test and subsequent Bonferroni´s, Dunnett’s 2-sided or 
Dunnett´s T3 post hoc test. In addition, the non-parametric Kruskal-Wallis and Mann-
Whitney tests were used.  
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RESULTS AND DISCUSSION 
 
 
Effects of IL-6 type cytokines on mouse calvarial bone resorption and RANK, 
RANKL and OPG interactions 
The first task of the project was to elucidate the effects of IL-6 on bone resorption, 
since previous reports had demonstrated conflicting results where IL-6, LIF and OSM 
had been reported to exert both inhibitory and stimulatory effects on 
osteoclastogenesis and bone resorption. Initially, the effect of IL-6 on neonatal mouse 
calvarial bone resorption was studied. However, neither human nor mouse IL-6 
induced bone resorption in this system, as assessed by the release of 45Ca, reflecting 
mineral release, or 3H, reflecting matrix degradation, from prelabelled bones. The 
results were in line with previous reports (al-Humidan et al., 1991; Holt et al., 1994). 
When IL-6 was combined with its soluble receptor (sIL-6R), however, both 45Ca and 
3H release from calvarial bones were stimulated. The enhanced mineral release from 
bones was concentration-dependent with respect to concentration of both IL-6 and sIL-
6R, and increased over time up to 72 h. Previous reports have similarly shown that  
IL-6 stimulated osteoclast formation in bone marrow cultures only when combined 
with sIL-6R (Tamura et al., 1993). RT-PCR-analysis revealed low IL-6R mRNA 
expression levels in both calvarial bones and calvarial osteoblasts, which probably 
explains the absent effects on bone resorption by IL-6 alone (Hofbauer et al., 1999; 
Naruishi et al., 1999). 
 
The enhanced 45Ca release induced by IL-6 + sIL-6R was abolished by three 
mechanistically different inhibitors of osteoclast activity (calcitonin, acetazolamide 
and AHPrBP) and mRNA expression of the osteoclastic marker TRAP was induced in 
calvarial bones stimulated by IL-6 + IL-6R. Taken together these results indicate that 
the bone resorptive effects of IL-6 + sIL-6R were mediated by osteoclasts.  
 
Since IL-6 has been suggested to be a mediator of excessive bone resorption in 
hyperparathyroidism (Grey et al., 1996) and both IL-1β and PTH have been shown to 
stimulate IL-6 release in mouse calvarial bones (own unpublished observations) 
(Lacey et al., 1993) there was a possibility that the effects of these agents were 
mediated by IL-6. However, the effects of IL-1 β and PTH on 45Ca release were 
unaffected by the presence of sIL-6R and similarly unaffected by the presence of a 
neutralizing gp130 antibody, indicating that the effects of IL-1 β and PTH on 45Ca 
release in this model were not mediated by IL-6 release in bones. 
 
The fact that an antibody neutralizing gp130 inhibited 45Ca-release induced by IL-6 + 
sIL-6R and has also been shown to inhibit 45Ca-release stimulated by IL-11 (Ahlen et 
al., 2002), whereas no effect on 45Ca-release induced by human OSM, mouse OSM or 
human LIF was noted, may be explained by interference of the antibody with 
homodimerization in IL-6 and IL-11 signalling compared to heterodimerization in LIF 
and OSM signalling. 
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Moreover, IL-6 + sIL-6R treatment of mouse calvariae resulted in significantly, 4-fold, 
increased PGE2 formation, and two different inhibitors of cyclo xygenase activity, 
indomethacin and flurbiprofen, inhibited 45Ca release by 40%, suggesting that part of 
the bone resorptive effect induced by IL-6 + sIL-6R was prostaglandin independent. 
 
We further evaluated if the stimulatory effects of IL-6 + sIL-6R on bone resoreption 
act via RANK, RANKL, OPG interactions. IL-6 + sIL-6R increased both RANKL and 
OPG mRNA and protein expressions in calvarial bones whereas RANK mRNA 
expression was decreased. The fact that the induced effects on both RANKL mRNA 
and protein expression were more efficient than those on OPG probably explains the 
demonstrated stimulatory effect on bone resorption induced by IL-6 + sIL-6R in this 
system. Moreover, the dual stimulatory effects of IL-6 + sIL-6R on both RANKL and 
OPG most likely explain why IL-6 + sIL-6R less efficiently stimulate bone resorption 
compared to PTH or D3 since the latter two increase RANKL whereas OPG is 
decreased. OPG concentration-dependently inhibited 45Ca release induced by IL-6 + 
sIL-6R which brings further support to the view that RANK, RANKL, OPG 
interactions are involved in IL-6 + sIL-6R stimulated bone resorption. These 
observations are supported by a study demonstrating enhanced RANKL expression in 
osteoblasts/stromal cells stimulated by IL-6 type cytokines (O'Brien et al., 1999). 
 
Similar to IL-6 + sIL-6R, the two other IL-6 family members studied, leukemia 
inhibitory factor (LIF) and oncostatin M (OSM), were found to concentration-
dependently stimulate calvarial bone resorption, effects which were inhibited by OPG. 
Moreover, in similarity to the effects induced by IL-6 + sIL-6R, enhanced mRNA 
expressions of RANKL and OPG were noted in mouse calvarial bones following 
treatment with human OSM, mouse OSM and human LIF. Mouse OSM was also 
shown to stimulate RANKL and OPG protein synthesis in calvarial bones. In contrast 
to the inhibitory effects induced by IL-6 + sIL-6R, none of the latter three cytokines 
altered RANK mRNA expression.  
 
Human OSM and human LIF showed similar efficiency in inducing 45Ca-release and 
mRNA expression of RANKL and OPG in calvariae while the efficiency in inducing 
45Ca-release exerted by mouse OSM appeared to be slightly higher. The explanation 
may be the fact that human OSM and mouse OSM activate different receptors in mice. 
Thus, murine and human LIF, as well as human OSM, bind to the mouse LIF receptor 
in mice, whereas mouse OSM binds to the mouse OSM receptor (OSMRβ). The 
observation that mouse OSM more efficiently stimulated 45Ca-release, compared to the 
effect by human OSM, may be explained by the more abundant mRNA expression of 
OSMR than LIFR in both calvariae and osteoblasts isolated from calvarial bones. 
Later studies in our group have further explored the different effects of m LIF and m 
OSM, and m OSM was confirmed to be a more efficient stimulator of 45Ca-release 
than m LIF. One explanation for the more efficient signalling through the OSMRβ 
appears to be OSMRβ autostimulation by m OSM in osteoblasts, and another may be 
the use of different intracellular signalling pathways, as m OSM more prominently 
induced STAT3 activation compared to LIF and in addition activated ERK1/2, in 
contrast to m LIF. 
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To conclude the first paper, IL-6, in combination with sIL-6R, LIF and OSM were all 
stimulators of bone resorption in mouse calvarial bones in vitro. The stimulatory 
effects on bone resorption involved regulation of RANKL and OPG in osteoblasts.  
 
 
Effects of IL-4 and IL-13 on osteoclastogenesis and mouse calvarial bone 
resorption - regulation of RANK, RANKL, OPG and STAT6 dependency 
The anti-inflammatory cytokine IL-4 has previously been shown to inhibit bone 
resorption in neonatal mouse calvariae stimulated by IL-11 (Ahlen et al., 2002) and in 
mouse long bones stimulated by PTH, D3, IL-1 and PGE2 (Watanabe et al., 1990), and 
initially the effects of these two cytokines on bone resorption, as assessed by 45Ca-
release from cultured neonatal mouse calvarial bones, were examined. Results showed 
that bone resorption stimulated by several cytokines, peptides and steroid hormones, 
i.e. PTH, D3, IL-1β, TNF-α, IL-6 + sIL-6R, OSM and RANKL, was inhibited by both 
IL-4 and IL-13. Il-4 and IL-13 were more efficient inhibitors of cytokine-stimulated 
bone resorption than resorption stimulated by peptide and steroid hormones. 
Furthermore, the inhibitory effects of IL-4 and IL-13 were concentration-dependent 
and the two cytokines were equipotent in D3 as well as RANKL stimulated bones.  
 
In organ culture studies, the inhibitory effect of IL-4 on bone resorption has been 
suggested to be due to inhibition of cyclo oxygenase-2 expression in osteoblasts, thus 
decreasing prostaglandin synthesis in these cells (Kawaguchi et al., 1996; Onoe et al., 
1996). Our results revealed that bone resorption stimulated by IL-1β, IL-6 + sIL-6R 
and OSM was partly affected by the cyclo oxygenase inhibitor indomethacin. In 
contrast, bone resorption stimulated by PTH, D3, TNF-α and RANKL was unaffected 
by the cycloxygenase inhibitor indomethacin, whereas inhibition was noted by IL-4 
and IL-13. Our observations suggest that the inhibitory effects of IL-4 and IL-13 on 
bone resorption are both dependent and independent of cyclo oxygenase-2 inhibition. 
 
The inhibitory effects of IL-4 on bone resorption in vitro are believed to involve 
decreased osteoclastogenesis and IL-4 has been shown to inhibit osteoclast formation 
in mouse bone marrow cultures as well as co-cultures of mouse spleen cells and ST-2 
stromal cells (Kasono et al., 1993; Riancho et al., 1993; Shioi et al., 1991). One study 
has demonstrated inhibition of mature osteoclast activity in cell cultures by IL-4, but 
not by IL-13 (Mangashetti et al., 2005). In our study, the inhibitory effect of calcitonin 
(CT) on bone resorption was lost over time, whereas the inhibitory effect of IL-4 
persisted in long term cultures up to 120 hours. Unlike CT, IL-4 failed to inhibit bone 
resorption in bones where resorption was prestimulated by D3, suggesting that IL-4 
does not affect the activity of mature osteoclasts but inhibits differentiation of 
mononuclear osteoclast progenitor cells. The reasons for the different findings in our 
study and the study of Mangashetti et al. are not clear, although one possible 
explanation may be differential receptor expression in the different systems. In support 
of the notion that IL-4 inhibits differentiation of mononuclear osteoclast progenitor 
cells were results demonstrating decreased mRNA expression levels of TRAP and 
CTR in unstimulated and D3 stimulated calvariae treated with IL-4 and IL-13. Similar 
inhibitions were observed in RANKL-stimulated monocytic/macrophage RAW 264.7 
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cells and M-CSF/RANKL stimulated spleen cells. In addition, mRNA expression 
levels of the osteoclast marker cathepsin K in spleen cell cultures and BMM were 
decreased by IL-4 and IL-13, and the increased formation of TRAP+ OCL in M-
CSF/RANKL stimulated mouse spleen cells and BMM was inhibited by IL-4 and IL-
13.  
 
The fact that IL-4 and IL-13 inhibited bone resorption induced by many different 
stimulators, together with data indicating inhibitory effects by IL-4 and IL-13 on 
osteoclast progenitor cell differentiation suggested that the two cytokines could be 
interfering with a commonly used, essential mechanism in osteoclast differentiation 
and bone resorption. RANK, RANKL, OPG interactions were plausible targets, which 
made us study the effects of IL-4 and IL-13 on the expression levels of RANK, 
RANKL and OPG in calvarial bones. 
 
RANK mRNA expression in both unstimulated calvarial bones and bones stimulated 
by D3 was inhibited by IL-4 and IL-13, and similar inhibitory effects were noted in 
mouse spleen cells, BMM and RAW 264.7 cells. In RAW 264.7 cells, inhibition of 
RANK mRNA by IL-4 was shown to be concentration-dependent, and in addition IL-4 
was shown to inhibit cell surface expression of RANK protein. Together these results 
indicate that IL-4 and IL-13 receptors are present on osteoclast progenitor cells and 
that activation of these decrease RANK expression. 
 
In support of this view, IL-4 was reported to irreversibly inhibit osteoclast formation in 
mouse marrow cells, human CD14+ monocytes and RAW 264.7 cells by a mechanism 
involving decreased RANK mRNA expression. Interestingly, the study showed that 
IL-4 was unable to inhibit osteoclast formation in RAW 264.7 cells overexpressing 
RANK, controlled by a cytomegalovirus promoter (Moreno et al., 2003). The authors 
proposed that the mechanism by which IL-4 inhibits RANK may involve STAT6 
binding to the promoter of RANK. 
 
The inhibitory effects by IL-4 on RANK expression in osteoclast progenitor cells may 
be cell specific, since stimulatory effects by IL-4 on RANK expression in activated 
human peripheral blood T-lymphocytes has been reported (Anderson et al., 1997).  
 
Moreover, the effects on osteoclastogenesis exerted by IL-4 have been suggested to be 
indirect and mediated by T-cells (Mirosavljevic et al., 2003). However, our data show 
direct effects on RAW cells and the BMM cells used were shown to be free from T-
cells, which together suggest that IL-4 acted directly on osteoprogenitor cells. 
 
The stimulated osteoclastogenesis in spleen cell cultures and BMM was also 
associated with increased mRNA levels of the master transcription factor for 
osteoclastogenesis, nuclear factor of activated T-cells 2 (NFAT2), which was 
decreased by IL-4 and IL-13. These observations suggest that the ITAM-harbouring 
adaptor molecules FcRγ and DAP 12 may also be inhibited by the two cytokines, as 
these proteins are upstream regulators of ITAM mediated regulation of calcium 
signalling, which regulates NFAT2. In agreement with these findings, preliminary data 
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from our laboratory (Persson et al.) have revealed that osteoclast-associated receptor 
(OSCAR) and DAP12 mRNA in mouse spleen cells and BMM is inhibited by IL-4 
and IL-13, results indicating that IL-4 and IL-13 inhibit osteoclast differentiation not 
only by actions on RANK but also on the co-stimulatory immunoglobulin-like 
receptors/FcRγ/DAP12 pathway. Moreover, the latter mechanism was shown to be 
STAT6 dependent. 
 
Osteoclastogenesis and bone resorption are dependent on RANK expression by 
osteoclast progenitor cells but also on RANKL and OPG expression by stromal 
cells/osteoblasts (Lerner, 2000). In D3 stimulated calvarial bones the increased mRNA 
and protein expressions of RANKL were inhibited by IL-4 and IL-13 whereas the 
decreased mRNA and protein expressions of OPG were counteracted by IL-4 and IL-
13. Enhanced OPG protein levels were also noted in unstimulated bones treated with 
IL-4 and IL-13. In agreement with the calvarial data, results in D3 stimulated mouse 
calvarial osteoblasts showed inhibitory effects by IL-4 and IL-13 on the increased 
RANKL mRNA levels whereas the decreased OPG mRNA and protein expressions in 
the osteoblasts were reversed by IL-4 and IL-13. However, the protein levels of 
RANKL in both unstimulated and stimulated osteoblasts were beneath the detection 
limit of the ELISA method used. 
 
The observations suggest that IL-4 and IL-13 receptors are present on osteoblasts and 
that the two cytokines activate the receptors, thus decreasing the ability of 
osteoblasts/stromal cells to induce osteoclastogenesis. In line with these observations, 
IL-4 has been shown to decrease RANKL and increase OPG expression in human 
fibroblast-like synoviocytes in rheumatoid arthritis and to inhibit osteoclast formation 
in co-cultures of synoviocytes and human peripheral blood mononuclear cells (Lee et 
al., 2004). Interestingly, IL-4 and IL-13 also stimulate OPG mRNA expression in 
human gingival fibroblasts (own unpublished observations). 
 
The effects of IL-4 and IL13 on mRNA expression of RANKL, RANK and OPG 
suggested that IL-4 and IL-13 receptors were present in both osteoblasts and osteoclast 
progenitor cells. In agreement with this notion, constitutional mRNA expression of the 
four components of the IL-4 and IL-13 receptor subtypes, i.e. γc, IL-4Rα, IL-13Rα1 
and IL-13Rα2, was demonstrated in mouse calvarial osteoblasts, mouse spleen cells 
and in mouse BMM cells.  
 
IL-4 and IL-13 receptors have been demonstrated to regulate gene expression by 
mechanisms dependent on homodimerization of the transcription factor STAT6 
(Kelly-Welch et al., 2003). To explore the involvement of the transcription factor 
STAT6 in the effects of IL-4 and IL-13 on bone resorption, osteoclast formation and 
mRNA expression of RANKL and RANK, we compared the effects of IL-4 and IL-13 
in stat6 -/- mice, stat4 -/- mice, which were used as controls, and wt mice. Results 
showed that no inhibition of bone resorption by IL-4 and IL-13 occurred in D3 or  
IL-1β stimulated calvariae from stat6 -/- mice, in contrast to the inhibition noted in 
stat4 -/- and wt mice. Similarly, IL-4 and IL-13 failed to decrease D3 stimulated 
RANKL and RANK mRNA expression levels in calvariae from stat6 -/- mice in 
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contrast to wt mice. In M-CSF/RANKL stimulated spleen cell cultures, IL-4 and IL-13 
failed to inhibit osteoclast formation, mRNA expression levels of the osteoclastic 
markers CTR, TRAP (own unpublished observations) and cathepsin K as well as 
mRNA expression of RANK in stat6 -/-  mice, in contrast to the other two genotypes. 
The results suggest that STAT6 is an essential mediator of the inhibitory effects of IL-4
and IL-13 on osteoclast formation and bone resorption.  
 
Taken together, the results of the second paper indicate that IL-4 and IL-13 can inhibit 
osteoclast differentiation and bone resorption both by activating receptors on 
osteoclastic cells, leading to decreased RANK formation in osteoclast progenitor cells, 
and by activating receptors on osteoblasts, causing decreased RANKL formation and 
increased OPG formation. Both mechanisms are dependent on STAT6 activation by 
the two cytokines. 
 
 
Expression and regulation of IL-6 type cytokines in human gingival fibroblasts 
Since IL-6 type cytokines are stimulators of bone resorption and are expressed not 
only by mononuclear leukocytes but also by resident cells we hypothesized that 
gingival fibroblasts, being the most abundant cells in healthy gingival tissue, may 
influence the pathogenesis of periodontal disease by IL-6 type cytokine expression.  
Human gingival fibroblasts from non-inflammatory gingival explants from nine 
individuals demonstrated mRNA expression of α(1)-collagen I, alkaline phosphatase 
and bone morphogenetic protein-2, whereas no expression of osteocalcin or bone 
sialoprotein was noted. In contrast, these genes were all expressed in primary human 
osteoblasts, indicating that the cells used expressed a fibroblastic rather than a 
periodontal ligament cell or osteoblastic phenotype. Results also revealed 
constitutional mRNA expression of IL-6, LIF and another member of the IL-6 family 
of cytokines, IL-11, whereas no OSM expression was noted. Gingival fibroblasts 
stimulated by the pro-inflammatory cytokines IL-1β or TNF-α showed increased 
mRNA expression of IL-6 and LIF in isolates from five out of five individuals whereas 
increased IL-11 mRNA was noted in five out of five isolates treated with IL-1β. 
Furthermore, IL-1β and TNF-α were shown to concentration-dependently stimulate 
mRNA and protein expressions of IL-6 and LIF, whereas IL-1β, but not TNF-α, 
concentration-dependently stimulated IL-11 mRNA and protein expression. The 
observations that IL-6 and LIF were enhanced by IL-1β and TNF-α whereas IL-11 
was uniquely enhanced by IL-1β suggest that IL-1β and TNF-α regulate IL-6 type 
cytokine expression by different molecular mechanisms. The results of this study are 
in line with previous reports demonstrating enhanced IL-6 expression levels in human 
gingival fibroblasts stimulated by IL-1β and TNF-α (Kent et al., 1998; Modeer et al., 
1998). Moreover, mRNA expressions of IL-1R1, TNFRI and TNFRII were shown in 
the fibroblasts, which is in line with the cellular responses to the two cytokines.   
Expression of IL-11 in human gingival fibroblaststs has been demonstrated previously 
(Yashiro et al., 2006) and these reports were confirmed by the present study. In 
addition, IL-11 mRNA and protein expression was shown to be stimulated by IL-1β. 
LIF or OSM expression in human gingival fibroblasts has not been reported 
previously, although detected in gingival crevicular fluids (GCFs) from diseased 
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periodontal pockets of periodontitis patients (Lin et al., 2005; Sakai et al., 2006). Our 
observations suggest that LIF production by gingival fibroblasts may be one source of 
LIF detected in GCFs. 
 
In RA, resident cells such as fibroblast-like synovial cells have been suggested to 
influence bone destruction through their production of osteolytic factors (Walsh and 
Gravallese, 2004), and the noted expressions of IL-6, IL-11 and LIF, but not OSM, in 
the human gingival fibroblasts in this study are in line with similar observations in 
fibroblast cell lines derived from human synovium of RA patients (Okamoto et al., 
1997). 
Treatment strategies targeting locally produced inflammatory cytokines have been 
shown to successfully retard tissue degeneration in rheumatoid arthritis (Walsh and 
Gravallese, 2004) and anti-cytokine therapies targeting IL-6 have been proposed to be 
useful in treatment of inflammatory osteolytic conditions (Ancey et al., 2003). 
Interestingly, blocking of IL-6 signalling has been shown to prevent tissue erosion in 
animal models of arthritis (Gabay, 2006) and a randomized clinical trial of an IL-6 
receptor antagonist has shown successful results decreasing tissue destruction in 
rheumatoid arthritis (Maini et al., 2006).  
 
Taken together, the findings demonstrate osteotropic IL-6 type cytokine production by 
resident human gingival fibroblasts, a production which is further enhanced by pro-
inflammatory cytokines. These observations support the view that resident cells may 
influence tissue remodelling in periodontal disease.  
 
 
Regulation of IL-6 type cytokines in human gingival fibroblasts by IL-4 and IL-
13 
IL-4 and IL-13 are known to have anti-inflammatory properties and to be inhibitors of 
osteoclastogenesis and bone resorption. We studied the effects of IL-4 and IL-13 on 
osteotropic IL-6 type cytokine expression in human gingival fibroblasts, in order to 
study possible modulatory actions of these cytokines in periodontal tissues.  
In our study, no constitutional mRNA expression of IL-4 and IL-13 was noted in 
fibroblasts isolated from seven patients and none was observed in five fibroblast 
isolates stimulated by IL-1β and TNF-α. 
 
As shown in the previous study, mRNA and protein levels of IL-6 were induced by IL-
1β and TNF-α. However, the stimulated IL-6 mRNA and protein expressions 
remained unaffected by IL-4 and IL-13. In contrast, the LIF mRNA and protein 
expression levels stimulated by IL-1β and TNF-α were inhibited by IL-4 and IL-13. 
Similar results were demonstrated in MG-63 cells, a human osteoblastic osteosarcoma 
cell line (own unpublished observations). The increased expression of IL-11 mRNA 
and protein induced by IL-1β was reversed by IL-4 and IL-13. Results showed that the 
gingival fibroblasts were responsive to IL-4 and IL-13. Thus IL-11 and LIF secretion 
by human gingival fibroblasts is negatively regulated by IL-4 and IL-13, observations 
suggesting a modulatory role for IL-4 and IL-13 on osteotropic cytokine production by 
resident mesenchymal cells. In line with these results is a report demonstrating 
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increased production of intracellular IL-1α in human gingival fibroblasts stimulated 
with IL-1β or TNF-α, levels which are decreased by IL-4 (Kobayashi et al., 1999). 
Furthermore, IL-4 and IL-13 have been reported to inhibit IL-1β, TNF-α and IL-6 
production by synovial cells, and in addition IL-1 receptor antagonist was enhanced by 
IL-4 and IL-13 in this study (Morita et al., 2001). Interestingly, IL-4 and IL-13 have 
been shown to stimulate OPG mRNA expression in human gingival fibroblasts (own 
unpublished observations) and moreover, when studying the effects of IL-4 on 
extracellular matrix metabolism, IL-4 was reported to stimulate the production of 
proteoglycans (Hashimoto-Uoshima et al., 2002). The potential roles of IL-4 and IL-
13 in periodontal disease are not known but, as shown previously, IL-4 and IL-13 are 
inhibitors of osteoclastogenesis and bone resorption stimulated by several different 
mediators. Moreover, IL-4 inhibits the expression of matrix metalloproteinase-3 in 
human gingival fibroblasts (Kunii et al., 2005). Together these observations imply that 
IL-4 and IL-13 may function as inhibitors of degradation of both ECM of soft tissues 
and mineralized bone. In support of this notion, IL-4 expression in gingival tissue has 
been shown to decrease with severity of inflammation and collagen type I degradation 
(Ejeil et al., 2003), suggesting that progression of periodontal inflammation may be 
due to a lack of, or inappropriate response of, anti-inflammatory cytokines. 
 
The data presented in this study indicate that IL-4 and IL-13 may inhibit bone 
resorption not only by mechanisms involving direct effects on osteoblasts and 
osteoclastic cells affecting the RANK, RANKL, OPG system, as demonstrated in 
paper II, but also indirectly, by inhibition of osteotropic cytokines released from 
resident mesenchymal cells.  
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Fig. 3. IL-6 type cytokine release by gingival fibroblasts and regulation by IL-4 
and IL-13. 

 
 

 43



CONCLUSIONS 
 
 
The observations demonstrated in the present thesis show that IL-6, LIF and OSM, 
which are all members of the IL-6 family of cytokines, exert resorptive effects in 
calvarial bones primarily by effects on osteoblasts altering RANKL and OPG 
expression.  
 
Moreover, IL-4 and IL-13 inhibit bone resorption via receptors on both osteoblasts and 
osteoclast progenitor cells in turn regulating RANK, RANKL and OPG interactions. 
Both effects in osteoblasts and effects in osteoclast progenitor cells are mediated by 
STAT6. 
 
Furthermore, IL-6, IL-11 and LIF are expressed in gingival fibroblasts, and expression 
of these cytokines is further enhanced by the pro-inflammatory cytokines IL-1β and 
TNF-α and inhibited by IL-4 and IL-13. These findings provide further support to the 
notion that resident cells may influence the pathogenesis of periodontal disease 
through cytokine production. 
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