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ABSTRACT 
In clinical studies, fat mass is related to bone turnover and density, and low fat mass is a 

critical risk factor for osteoporotic fractures. Food ingestion reduces bone turnover and 

these effects are at least partially mediated by endocrine mechanisms, such as adipocyte-

derived hormones, including adiponectin and leptin, and it is possible that lipids act 

directly on bone. 

 

We therefore investigated the direct effects of adiponectin and saturated fatty acids on 

osteoblastic and osteoclastic cells in vitro and examined changes in gene expression using 

microarrays and real-time PCR. To determine the roles of adiponectin and leptin in vivo 

we have characterised the bone phenotypes of adiponectin-deficient mice and leptin-

receptor deficient (db/db) mice by micro-computed tomography. 

 

Adiponectin was mitogenic to primary osteoblasts and markedly inhibited 

osteoclastogenesis through an indirect mechanism. Adiponectin downregulated the gene 

expression of key osteoclastogenic factors and induced interferon-related genes in bone 

marrow cultures. In adiponectin knock-out mice, trabecular bone volume and trabecular 

number were increased at 14 weeks of age, with similar trends observed at 8 and 22 

weeks. Biomechanical testing showed lower bone fragility and reduced cortical hardness 

at 14 weeks. These results suggest that adiponectin negatively affects bone mass in vivo 

through secondary mechanisms not seen in vitro. On the other hand, leptin has anabolic 

effects on bone which were demonstrated in db/db mice that had dramatically reduced 

trabecular and cortical 

 

bone indices, by micro-computed tomography and biomechanical 

testing. The saturated fatty acids, palmitic and stearic acids, inhibited osteoclastogenesis 

while modestly increasing osteoblast proliferation, thus ruling out a non-specific toxic 

effect. Fatty acids did not change receptor activator of nuclear factor-κB ligand or 

osteoprotegerin expression in osteoblastic cells. However, the fatty acid binding GPR120 

receptor was expressed in osteoblastic and osteoclastic cells, and the anti-osteoclastogenic 

effects of fatty acids were mimicked by a synthetic GPR120 agonist.  

Adiponectin is inversely related to fat mass in clinical studies and appears to negatively 

influence bone based on the findings in the knockout mouse, whilst leptin and saturated 

fatty acids are positively associated with fat mass and are likely to act as anabolic bone 

factors. These findings suggest that adiponectin, leptin and saturated lipids contribute to 

the positive relationship between fat mass and bone mass in humans.  
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1 Chapter 1. Introduction  

1 1 

 

1.1. BONE BIOLOGY 
Bone serves several essential roles in the body that range from mechanical functions 

to hormonal signalling. The skeleton provides structural support and protection for 

internal organs as well as insertion points and levers for muscular contractions and 

movement of the body. Bone is a mineralised connective tissue, making it strong and 

hard for these mechanical functions (Rodan 1992), but crucially it is also rich with 

living cells which allow it adapt and change. The dynamic nature of the skeleton 

permits it to act as a mineral reservoir, storing and releasing calcium as well as 

phosphate, magnesium, potassium and bicarbonate. Bone is the principle mineral store 

in the body and its precise regulation is vital for maintaining mineral homeostasis 

(Rodan 1992).  

 

Any given bone in the human skeleton contains two distinct types of organisation; a 

dense outer shell called cortical bone and a spongy interior called cencellous or 

trabecular bone (Figure 1.1). This combination allows the tissue to compromise 

between being strong whilst also relatively light and flexible. The cortical bone forms 

a hollow tube, serving to support mechanical load as well as forming a cavity to house 

the bone marrow, the location of the bone cells and the principle site of 

haematopoiesis in the body (Rodan 1992; Sommerfeldt and Rubin 2001; Harada and 

Rodan 2003). The outside of the cortical bone is covered in a fibrous sheet known as 

the periosteum. Similarly at the interface between the marrow and the internal surface 

of the bone there is a membranous sheath known as the endosteum, covering both 

cortical and trabecular bone surfaces. The porous trabecular bone forms a network of 

thin struts and rods and creates a large surface area compared to the compact cortical 

bone. Consequently trabecular bone presents a greater surface for the cells in bone to 

attach to, making trabecular bone highly metabolically active and the predominant site 

of mineral homeostasis and bone turnover (Rodan 1992). 
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Figure 1.1. Schematic view of a longitudinal 

section through a growing long bone. (Baron 

1999) 

 

1.1.1. Bone Development and 

Growth 
The formation of bone begins during 

embryonic development when mesenchymal 

cells form condensations which will become 

the future skeleton. Within these 

condensations, cells differentiate into 

chondrocytes or osteoblasts which form 

cartilage and bone tissues respectively (Hall 

and Miyake 1992; Olsen, Reginato et al. 

2000). The formation of new bone during 

skeletal growth is known as bone modelling 

whilst reorganisation of existing bone is 

referred to as bone remodelling. In most of 

the skeleton the mesenchymal cells differentiate into chondrocytes and produce a 

cartilaginous framework or ‘anlagen’ of the future skeleton. However, in flat bones 

such as the craniofacial skeleton and clavicle, the bones develop in a process known 

as intramembranous ossification, in which case the mesenchymal stem cells 

differentiate directly into osteoblasts and form bone matrix, without formation of the 

cartilaginous anlagen (Olsen, Reginato et al. 2000). 

 

The process describing the subsequent replacement of the anlagen with bone and bone 

marrow is known as endochondral ossification (Olsen, Reginato et al. 2000). The 

chondrocytes in the central region of the cartilage differentiate into hypertrophic 

chondrocytes which produce angiogenic factors, inducing the invasion of blood 

vessels. Following on from this, osteoblasts and hematopoetic cells capable of 

forming osteoclasts migrate into the tissue via the newly formed the blood vessels 

(Olsen, Reginato et al. 2000). Osteoblasts initially deposit a disorganised woven bone 

matrix and potentiate the differentiation of hematopoietic stem cells into bone 



 

3 

resorbing osteoclast cells. The woven bone is then resorbed and replaced by strong, 

organised, lamellar bone (Mundlos and Olsen 1997). Simultaneously, osteoblasts 

surrounding the periphery of the anlagen produce a collar of compact cortical bone, 

forming a tube around the middle section, or diaphysis of the bone (Olsen, Reginato et 

al. 2000). The same process of ossification occurs at the ends or epiphyses of the 

bone, although a plate of cartilage persists between the epiphysis and diaphysis and 

serves to facilitate bone growth: this is the growth plate. 

 

In the growth plate, a coordinated sequence of chondrocyte proliferation, hypertrophy 

and apoptosis, results in the longitudinal growth of the bone (Hunziker 1994). At the 

same time, these processes are coordinated with growth of the epiphysis and radial 

growth of the diaphysis (Olsen, Reginato et al. 2000). On the periosteal surface of the 

diaphysis, where there is little resorption, new layers of bone increase the 

circumference of the bone. Concurrently the endosteal surface is resorbed to enlarge 

the marrow cavity and maintain the thickness of the cortex. 

 

1.1.2. Bone Remodelling  
Bone is a highly dynamic tissue, constantly being turned over and replaced. This 

process is known as bone remodelling. The ability to remodel bone ensures that old or 

damaged tissue is renewed and that the architecture of the skeleton can most 

efficiently adapt to mechanical demands (Rodan 1992).  Bone remodelling 

commences with the removal of old bone by osteoclast cells in a resorption phase 

lasting several weeks in duration. Osteoblasts then migrate to the erosion cavity and 

deposit new bone over three or four months (Rodan 1992). In the normal skeleton, 

bone remodelling couples the activities of the osteoclast and osteoblast cells such that 

the amount of new bone laid down is equal to the bone that was removed, maintaining 

a healthy bone mass. However, if bone resorption exceeds bone formation, there is a 

net loss of bone. This is the case in osteoporosis; a condition of aging characterised by 

excessive bone resorption and low bone mass with increased bone fragility. The 

removal of bone eventually perforates the trabeculae, creating a disconnected 

structure with dramatically diminished strength (Rodan 1992).  
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Remodelling is also the mechanism by which bone contributes to mineral homeostasis 

in the body. The formation of new mineralised bone integrates minerals into the 

skeleton, whilst bone resorption releases mineral back into the circulation. 

Hypercalcaemic hormones induce bone resorption and the mobilisation of skeletal 

calcium stores. This occurs in regions of bone that are under the least mechanical 

strain such that load bearing regions are preserved (Harada and Rodan 2003). Bone 

must balance many competing responsibilities and the remodelling of bone serves not 

only to repair damage but also to compensate for mechanical, nutritional and 

metabolic pressures on the body (Sommerfeldt and Rubin 2001). As well as systemic 

factors, the local factors of bone also play a considerable role in controlling bone 

turnover. A complex interaction exists between the osteoblast cells, the osteoclast 

cells and the surrounding stromal cells of the bone marrow. Each cell participates in a 

network of signalling that allows the harmonious coordination of the many different 

cellular elements in bone. 

 

1.1.3. The Bone Matrix and Mineralization  

1.1.3.1. Collagen  

Collagens I and II are the major protein constituents of bone and cartilage 

respectively, and serve essential mechanical roles in the skeleton. The less abundant 

collagens, such as collagens IX and XI have more regulatory roles (Olsen, Reginato et 

al. 2000). Collagen I is the predominant component of the extracellular bone matrix, 

comprising around 90% of the total protein in bone. Collagen I is a heteromeric 

protein with three chains forming a triple helix structure and assembles into long 

fibres with high tensile strength (Brodsky and Persikov 2005). The properties of the 

collagenous matrix are dependent on the organisation of the fibres. When osteoblast 

cells secrete collagen fibrils in a random or disorganised fashion, the result is weak 

‘woven’ bone. This commonly occurs during bone modelling and times of rapid bone 

deposition such as fracture callus formation and growth factor stimulation. However, 

osteoblasts can also deposit layers of collagen fibres with directional alignment, 

creating a laminar architecture where each layer of the structure has fibres aligned at 

an alternating orientation. This structure allows bone to resist forces acting on it from 

multiple directions. The critical role of collagen in bone is most obvious when the 
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protein is compromised by mutations in the genes coding for the collagen chains. The 

consequence of this is the disease osteogenesis imperfecta, a heterogeneous group of 

skeletal disorders characterised by a low bone mass phenotype, spontaneous fractures 

and short stature (Glorieux 2008). 

 

1.1.3.2. Non-Collagenous Proteins 

Although proteins other than collagen make up only a small proportion of bone, they 

are vital for the organisation, signalling properties and mineralisation of the matrix. 

The function of many of these proteins currently not fully understood, although 

through investigations with deletion mutations in mice it is clear that many are vital 

for a normal bone phenotype whilst others are still mysterious. Broadly, the non-

collagenous proteins of the bone matrix are either factors secreted by osteoblasts, or 

exogenous proteins bound to and entrapped within the matrix. Proteins deposited by 

osteoblasts function mainly as structural components of the matrix and proteins 

involved in matrix mineralisation. A large proportion of the non-collagenous proteins 

in bone are sequestered from the bone marrow fluid within the matrix as it is 

deposited. The proteins predominantly originate from the serum and can act as 

signalling factors to osteoblast cells when released by bone resorption, coupling bone 

formation to the sites of recent osteoclast activity.  

 

Noncollagenous matrix proteins predominantly fall into the following groups: 

proteoglycans, glycosylated proteins, gamma carboxylated proteins and cell 

attachment proteins. The function of most of these proteins is not clearly defined but 

many are multi-functional, affecting matrix mineralisation as well as the regulation of 

osteoblastic and osteoclastic cells (Robey and Boskey 2006). As previously 

mentioned the spatial organisation of collagen is important and endows bone with 

much of its strength. Proteoglycans such as perglycan and biglycan are required for 

the directional organisation of collagen fibrils and are necessary for the formation of 

lamellar bone but may also have signalling roles (reviewed by Sommerfeldt and 

Rubin 2001). 

 

Many of the aforementioned matrix proteins are highly expressed during osteogenesis 

and are useful markers for the osteoblast phenotype (Arnett and Henderson 1998). 
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However, only osteocalcin and bone sialoprotein are relatively osteoblast specific. 

Osteocalcin belongs to the gamma carboxylated protein family, also known as the 

GLA proteins. Proteins with the GLA motif undergo vitamin K-dependent post-

translational modifications which enhance calcium binding. Osteocalcin is secreted 

from osteoblasts during bone formation and is regarded as the most osteoblast specific 

protein. This protein is incorporated into the bone matrix where it has a role in 

mineralisation but a proportion of the newly synthesized protein also escapes into the 

serum (Peel and Eastell 1993). Raised serum levels of osteocalcin have been reported 

in diseases which are associated with increased bone turnover such as Paget’s disease 

(Gundberg, Lian et al. 1983), multiple myeloma (Bataille, Delmas et al. 1987) and 

primary hyperparathyroidism (Delmas, Malaval et al. 1985). Osteocalcin has recently 

been shown to influence insulin and glucose sensitivity in the body, indicating that 

bone is not only controlled by metabolic hormones but is also an endocrine organ in 

its own right (Fukumoto and Martin 2009). 

 

Although the function of bone sialoprotein is unclear, it may possibly act as a 

nucleator for crystal formation during mineralisation. Additionally, bone sialoprotein 

as well as osteopontin bind integrin proteins on cells and facilitate the adherence of 

osteoclasts to the matrix. Cell attachment proteins allow cells to interact with the 

matrix and are necessary for cell migration, proliferation, differentiation and 

specialised functions such as osteoblastic matrix deposition and osteoclastic bone 

resorption (Arnett and Henderson 1998). 

 

A number of phosphoproteins and glycoproteins are found in bone, the best 

characterized of which are osteonectin and alkaline phosphatase (ALP). Osteonectin 

binds to both collagen and hydroxyapatite and promotes assembly and mineralization 

of collagen fibrils (Liao, Ngiam et al. 2009).  ALP is an abundant glycoprotein 

enzyme expressed by many tissues but is highly expressed during bone formation and 

is used as a marker of the osteoblastic cell phenotype (Robey and Boskey 2006). ALP 

is localised to the plasma membrane in osteoblasts and can be cleaved from the 

membrane to be released into the bone marrow fluid and systemic circulation. Serum 

ALP levels correlate with the rate of bone formation and are used clinically as a 

marker of bone turnover (Eastell, Delmas et al. 1988). The role of ALP is still a matter 

of speculation but it is thought to increase local phosphate concentrations, enhancing 
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the rate of mineralisation (Robey and Boskey 2006). This is supported by deletions of 

the ALP gene in mice which result in low bone mineralization (Anderson, Sipe et al. 

2004). 

 

1.1.3.3. Bone Mineral 

Bones and teeth are the only tissues in the body that mineralise under physiological 

conditions, otherwise calcification of tissue is pathological. The inorganic mineral 

hydroxyapatite [Ca10(PO4)6(OH)2

 

] makes up about 70% of calcified bone 

(Sommerfeldt and Rubin 2001). The mineralisation process is orchestrated by the 

mature osteoblasts 10-15 days following the laying down of freshly deposited matrix 

or osteoid. It may take up to several months for the unmineralised osteoid to reach its 

absolute mineral content (Sommerfeldt and Rubin 2001).  

Bone mineral is initially deposited in discrete sites in the collagenous matrix. 

Components of the bone matrix such as collagen and noncollgenous proteins such as 

bone sialoprotein facilitate hydroxyapatite deposition, however there are also proteins 

which regulate the size, shape and rate of crystal growth (Robey and Boskey 2006). 

The size of bone mineral crystals influences both the mechanical properties and 

cellular activities of the bone. If there are too few crystals or the crystals are too small 

the mechanical strength is compromised (Robey and Boskey 2006). Likewise, if there 

are excessive numbers of crystals or they are too large the bone may become brittle 

and unable to bear load (Robey and Boskey 2006).  
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1.1.4. The Osteoclast 
Bone is the only organ with a cell type whose primary function is to destroy its host 

tissue (Karsenty 1999). Osteoclast cells eat away bone and it is this action which 

separates bone from inert structures, endowing it with the dynamic properties that 

make it so perfect for its biological function and exciting to study. The osteoclast is a 

giant multinucleated phagocytic cell formed in the bone marrow by the fusion of up to 

50 progenitor cells (Roodman 1996). These progenitor cells are derived from 

pluripotent hematopoietic stem cells which have differentiated towards the monocyte-

macrophage lineage (Roodman 1996). 

 

1.1.4.1. Osteoclast Formation 

The resorption of bone can be regulated by altering the differentiation of the precursor 

cells into osteoclasts and by affecting the survival, attachment, migration and 

resorption activity of mature osteoclast cells (reviewed by Bruzzaniti and Baron 

2006). The formation of osteoclast cells, known as osteoclastogenesis, is tightly 

regulated and dependent on signals from the osteoblast and bone marrow stromal 

cells. The most critical cytokines for osteoclastogenesis are macrophage colony 

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

(RANKL), which are essential and sufficient to induce osteoclast differentiation, 

activity and survival. M-CSF induces the expression of the receptor for RANKL, 

RANK on osteoclast precursors, priming them to differentiate in  response to RANKL 

(Bruzzaniti and Baron 2006). Mice lacking functional M-CSF or its receptor, colony 

stimulating factor 1 receptor (cFms) are severely osteopetrotic, with a high bone mass 

phenotype due to a complete absence of osteoclast cells (Bruzzaniti and Baron 2006). 

RANKL is expressed by osteoblasts, osteoblast progenitors and T-cells and can be 

found bound to the plasma membrane and to a lesser extent is secreted as soluble 

molecule (reviewed by Kholsa 2001) .  

 

For membrane bound RANKL/RANK interaction to occur, osteoblast cells must make 

physical contact with the osteoclast progenitors. Osteoblastic modulation of the 

RANKL/OPG ratio is another example of the intimate functional coupling between 

the forming and resorbing cells of bone. The RANKL/RANK interaction is blocked 
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by the soluble decoy receptor for RANKL, known as osteoprotegerin (OPG). OPG 

binds RANKL and thus inhibits osteoclast differentiation (Khosla 2001). OPG is 

secreted from the osteoblast and it is the relative expression of RANKL and OPG that 

controls osteoclast differentiation and the consequent population of bone resorbing 

cells. Binding of RANKL to its receptor, RANK, results in the expression of  

transcription 

 

factors including c-Fos, PU.1, and nuclear factor of activated T cells c1 

(NFATc1), all of which contribute to osteoclastogenesis (Kim, Jin et al. 2009). 

RANK signalling stimulates the tumour necrosis factor (TNF) receptor associated 

factor proteins (TRAF) and the subsequent expression of mature osteoclast markers 

such as tartrate resistant acid phosphatase (TRAP), cathepsin K and vitronectin 

(Bruzzaniti and Baron 2006). The RANK signalling pathway is the endpoint of action 

for many hormones and cytokines that regulate bone resorption (Sommerfeldt and 

Rubin 2001).  

 

In addition to the osteoblast, T-cells can also express these molecules and play a role 

in the process of osteoclastogenesis. Although RANKL and other pro-inflammatory 

cytokines such as TNFα and interleukin-1 are secreted by T-cells, they also negatively 

regulate osteoclast formation through the interferon pathways. Interferons play a wide 

range of roles in the innate and adaptive immune responses. Both interferon-β and -γ 

suppress osteoclastogenesis through inhibition of the RANK signalling pathway 

(Takayanagi, Sato et al. 2005). 

 

1.1.4.2. Bone Resorption 

In one day, osteoclasts are capable of resorbing the amount of bone formed by 10 

generations of osteoblasts (Sommerfeldt and Rubin 2001). For it to differentiate into 

such an efficient bone resorbing machine, a migrating osteoclast must undergo major 

changes in morphology and cellular organisation (Bruzzaniti and Baron 2006). 

Cytoskeletal reorganisation and cellular polarisation establish a distinct apical 

membrane, in close apposition to the mineralised surface of the bone. This specialised 

membrane domain is highly convoluted, is the main resorptive organelle of the 

osteoclast, and is known as the ruffled border (Rodan 1992; Bruzzaniti and Baron 

2006). At the edge of the ruffled border, a filamentous actin rich ring of membrane 
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known as the sealing zone forms attachment structures called podosomes  which 

adhere tightly to the bone and seal the resorption space (Bruzzaniti and Baron 2006). 

This membrane interacts closely with the bone matrix via integrin receptors. The 

vitronectin receptor, 

 

 is the major integrin expressed in osteoclasts and is critical for 

osteoclast bone resorption, migration and precursor cell fusion (Bruzzaniti and Baron 

2006). 

Once sealed, the osteoclast can then acidify the resorption space. This requires the 

proton ATPase pump to translocate protons across the ruffled border, lowering the pH 

to between 2 and 4. The secretion of protons is paralleled with that of chloride ions 

through the ClC-7 chloride channel, preventing hyperpolarisation of the cell 

(Bruzzaniti and Baron 2006). Bicarbonate in the cytosol is broken down by carbonic 

anhydrase to maintain the acid base balance of the cell as protons are secreted (Rodan 

1992). 

 

Acid-dependant lysosomal enzymes are secreted into the resorption space to degrade 

the matrix (Rodan 1992). Examples of these protease enzymes are matrix metallo-

protease-9, TRAP and Cathepsin K. TRAP is considered as the most osteoclast 

specific protein and TRAP-specific staining is the benchmark for histological 

osteoclast identification (Roodman 1996). These proteins cleave collagen and elastin 

and are just a few of many compounds secreted during resorption. Some resorption 

products are endocytosed and degraded within secondary lysosomes. Degraded 

products remaining at the site of resorption after osteoclast migration may play a role 

in the coupling of bone resorption to bone formation by osteoblasts (Bruzzaniti and 

Baron 2006). The degradation of type 1 collagen provides local survival signals to 

osteoblasts and osteocytes, most likely through release of growth factors locked in the 

bone matrix (Xing and Boyce 2005). This is yet another illustration of the complex 

coupling mechanisms present between bone cells coordinating bone resorption with 

formation.  

  

1.1.4.3. Hormonal Control of Bone Resorption 

The mobilisation of skeletal calcium stores overrides the mechanical functions of 

bone and hypercalcaemia hormones induce osteoclasts to resorb bone (Harada and 
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Rodan 2003). The chief calcium regulators are parathyroid hormone, vitamin D and 

calcitonin. Parathyroid hormone is a hypercalcaemic hormone which favours net bone 

resorption and the synthesis of vitamin D, another calcium regulator (Karsenty 1999). 

Parathyroid hormone controls circulating calcium levels by increasing intestinal and 

renal calcium absorption but also by bone mineral release (Harada and Rodan 2003). 

Osteoclasts do not have receptors for parathyroid hormone or vitamin D 

 

but are 

influenced by these factors through osteoblast cells (Baron 2003). By indirectly 

stimulating osteoclast activity through increasing RANKL and reducing OPG 

synthesis, parathyroid hormone is able to increase net bone resorption and release 

calcium and phosphate from bone into the bloodstream (Sommerfeldt and Rubin 

2001). However intermittent administration of parathyroid hormone increases the 

number and activity of osteoblasts which results in increased bone mass (Xing and 

Boyce 2005).   

1,25 dihydroxy Vitamin D3 (1,25(OH)2D3

 

) or calcitrol,  is a steroid hormone that 

enhances calcium absorption by the gut and kidney as well as stimulating osteoblast 

differentiation and osteocalcin expression (Karsenty 2001; Sommerfeldt and Rubin 

2001; Baron 2003). Deletion or inactivation of the vitamin D receptor leads to the 

bone disease rickets and hypophosphataemia in humans. Vitamin D’s effects in the 

body are complex and wide ranging and ultimately essential for bone health (Karsenty 

2001; Baron 2003). 

The osteoclast membrane expresses receptors for calcitonin, which acts as a potent 

inhibitor of mature osteoclast function (Bruzzaniti and Baron 2006). Calcitonin is 

synthesised from the thyroid in response to rises in circulating calcium levels and 

prevents further liberation of bone stores of calcium into the blood. 

 

The sex hormone estrogen also has potent effects both osteoblasts and osteoclasts. 

Estrogen upregulates the expression of vitamin D receptor in osteoblasts, thus 

increasing cell survival (Xing and Boyce 2005). Estrogen also increases OPG 

expression in osteoblasts, reducing osteoclastic bone resorption (Sommerfeldt and 

Rubin 2001). It also inhibits osteoblast apoptosis while promoting apoptosis in 

osteoclasts (Xing and Boyce 2005).  
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1.1.5. The Osteoblast  
The osteoblast cell is a mesenchymal-derived stromal cell of the bone marrow that is 

responsible for bone formation. Osteoblasts share common progenitors with 

chondrocytes, myocytes, tenocytes and adipocyte cells (Yamaguchi, Komori et al. 

2000; Harada and Rodan 2003). Mature osteoblasts are cuboidal cells with a single 

round nucleus, basophilic cytoplasm and high expression of matrix proteins such as 

type 1 collagen and osteocalcin as well as the membrane bound ALP (Yamaguchi, 

Komori et al. 2000; Baron 2003). Osteoblast progenitor cells are stimulated to 

differentiate into preosteoblasts and then mature osteoblasts capable of bone matrix 

deposition and mineralisation. Quite distinct from the cuboidal mature osteoblasts, 

preosteoblasts are spindle shaped (Robey and Boskey 2006), fibroblast-like cells, 

which enter a proliferative state and are capable of secreting factors such as RANKL 

and M-CSF to support osteoclastogenesis (Khosla 2001).  

  

The late stages of osteoblast differentiation involve matrix synthesis and 

mineralisation. Some osteoblasts become buried in the newly deposited and 

unmineralised collagenous osteoid and differentiate into osteocytes while others 

become flattened cells on the surface of the newly formed bone (Rodan 1992). The 

quiescent bone lining cells are thought to protect the mineralised bone surface from 

resorption and in communication with osteocytes within the bone, initiate the bone 

remodelling cycle in response to mechanical stimuli (Deng and Liu 2005). 

 

The signals which trigger differentiation towards the osteoblastic phenotype can be 

from local sources such as cells in the bone marrow and the bone matrix itself, or 

systemic hormones causing skeleton wide increases in bone formation, often in 

response to alterations in serum mineral levels. The most and potentially only 

osteoblast specific transcription factor, Runt homology domain protein 2 (Runx-2), is 

the chief gene that is expressed preceding osteoblast differentiation (Ducy, Zhang et 

al. 1997). Runx-2 is crucial for osteoblast differentiation in both the developing and 

mature skeleton. Runx-2 null mutant mice develop a cartilagenous skeleton comprised 

solely of chondrocytes with no bone or bone marrow and consequently perish 

prenatally (Komori, Yagi et al. 1997). Runx-2 binds to the promoter regions of many 

genes essential for the osteoblast phenotype, increasing the expression of bone matrix 
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deposition proteins such as osteocalcin, osteopontin and type 1 collagen(reviewed by 

Karsenty 2001). Downstream of Runx-2 are transcription factors such as osterix, 

Nfatc1 and c-Fos which are also essential for bone formation and development 

(Harada and Rodan 2003; Karsenty 2008). 

 

Runx-2 is regulated by secreted hedgehog signalling molecules such as sonic 

hedgehog and indian hedgehog as well as inhibitory factors such as noggin, chordin 

and gremlin. These factors are crucial for embryonic tissue patterning and skeletal 

development and interact with the bone morphogenic proteins (BMP) (Yamaguchi, 

Komori et al. 2000; Harada and Rodan 2003). BMPs are osteogenic factors belonging 

to the transforming growth factor β (TGF-β) superfamily that potently induce ectopic 

denovo bone formation when administered to non-bone tissues (Karsenty 1999). 

Similar to the effect of the BMPs, TGF-β induces osteoblasts to differentiate and 

upregulates synthesis of extracellular matrix (Karsenty 1999). Other growth factors 

such as fibroblast growth factor and insulin-like growth factor 1 have been shown to 

synergistically enhance osteoblast proliferation and differentiation caused by BMPs 

(Karsenty 1999; Sommerfeldt and Rubin 2001).  

 

Wnt proteins are secreted glycoproteins (Kubota, Michigami et al. 2009) which cause 

similar osteogenic effects to BMPs and also interact with the BMP/ TGF-β pathway. 

The canonical Wnt signalling pathway prevents the proteolytic degradation of β-

catenin, an activator of the osteoblast differentiation factors Tcf/Lef (Canalis 2003). 

This interaction is antagonised by the soluble molecule Dickkopf-1 and the 

transmembrane protein kremen. Dickkopf-1 triggers endocytosis of the Wnt co-

receptor LDL receptor-related protein 5 (LRP-5), inhibiting Wnt signalling (Harada 

and Rodan 2003). Human mutations that make LRP-5 resistant to Dickkopf-1 result in 

a high bone mass phenotype. Conversely mutations that inactivate or delete LRP-5 

result in bone loss (Canalis 2003). Further Wnt co-receptors include LRP6 and 

Frizzled. On the other hand, Wnts can also activate a β-catenin-independent, non-

canonical pathway. This pathway is important in embryonic morphogenesis but has 

also been shown to enhance osteoblast differentiation (Tu, Joeng et al. 2007).  
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Osteoblasts are highly anchorage dependant and rely on extensive cell-matrix and 

cell-cell connections through transmembrane proteins such as integrins, cadherins and 

gap junctions (Sommerfeldt and Rubin 2001). Cadherins stabilise the cell-cell 

contacts between groups of osteoblasts and cadherin junction mediated cell-cell 

interactions also direct the fate of osteoblast progenitor cells and are essential for the 

full elaboration of the osteoblast phenotype (Stains and Civitelli 2005). Furthermore, 

heterotypic interactions between osteocyte cells and osteoclast progenitor cell 

populations are also important. For example, cadherins allow engagement of RANK 

signalling proteins between osteoblasts and osteoclasts as well as gap junction channel 

formation (Stains and Civitelli 2005). In osteoblasts, gap junction channels are 

permeable to large molecules such as cyclic-AMP and inositol-derived second 

messenger molecules (Stains and Civitelli 2005), thus groups of cells can work in a 

coordinated and cooperative fashion in response to growth signals received by 

neighbouring cells. Gap junctions are important for similar communication processes 

in osteoclasts, specifically in the fusion of mononucleated progenitor cells into 

multinucleated mature osteoclasts (Ilvesaro and Tuukkanen 2003). Gap junction 

communication is especially typical of osteocyte cells which must predominantly 

communicate through cell-cell contact. 

 

In addition to the factors related to mineral homeostasis mentioned in chapter 1.1.4.3, 

many systemic hormones controlling energy homeostasis, metabolism and nutrition 

have powerful influences over bone turnover and cell behaviour.  Several hormones 

secreted from the adipocyte, the pancreas and nutritional gut hormones have 

important effects on osteoblasts and osteoclasts and serve to coordinate energy 

expenditure on bone formation with energy intake. The relationship between fat and 

bone will be discussed in detail in chapter 1.2.  
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1.1.6. The Osteocyte 
Osteocytes account for 90% of all the cells in bone (Sommerfeldt and Rubin 2001) 

and ostensibly originate merely as osteoblasts which have become embedded in the 

bone matrix. Despite this, osteocytes are phenotypically specialised with decreased 

cell volume and reduction in most of the organelles. Osteocytes show diminished 

levels of protein synthesis reflected by greatly reduced endoplasmic reticulum but are 

far from inactive and can synthesise bone matrix and may also be able to resorb bone 

(Baron 2003). Osteocytes have extensive fillopodia which make contact with surface 

lining cells and osteoblasts (Stains and Civitelli 2005). These thin processes exist in a 

reticulum of narrow passages within the bone called cannaliculi. The resultant 

network allows communication between cells within and the on the active resorptive 

surfaces of bone.  

 

Osteocytes may direct the spatial and temporal recruitment of bone cells during bone 

remodelling. In addition to producing bone active factors such as RANKL and TGF-β, 

osteocytes secrete the proteins MEP, DMP1 and most notably, sclerostin (reviewed by 

Nobel 2008). Sclerostin is secreted exclusively by osteocytes and inhibits bone 

formation by antagonising the Wnt signalling pathway. Sclerostin expression in 

osteocytes has been shown to decrease with mechanical stimulation and in 

conjunction with pro-osteoclastogenic factors is thought to promote osteoclast activity 

and suppress osteoblast activity (Noble 2008). Futhermore, Sclerostin is inhibited by 

PTH and may be in part responsible for PTH’s anabolic activities (Bellido, Ali et al. 

2005). It is likely that osteocytes play a mechanosensory role, relaying information 

about strain or microfractures to the remodelling cells to initiate bone turnover and 

repair (Sommerfeldt and Rubin 2001). Osteocyte apoptosis may serve as an indication 

of bone micro-damage and act as a stimulus for osteoclasts to commence bone 

resorption. The importance of the osteocyte is evident in the propensity for bone to 

structurally adapt to mechanical stress. This can be observed in the 35% increase of 

cortical thickness in the playing arm of professional tennis players and the bone 

atrophy caused by immobilisation or space flight (Sommerfeldt and Rubin 2001).  

 

The fate of the osteocyte is ultimately to be digested by osteoclasts during bone 

resorption or to apoptose from old age and mechanical damage (Baron 2003). 
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Although it is the most abundant cell in bone it is also the least characterised (Noble 

2008). It is becoming clear however, that the osteocyte is not merely a passive 

bystander in bone but is an important sensory cell communicating mechanical signals 

which allow bone to adapt and behave dynamically. 

 

1.1.7. Biomechanics of Bone 
As has been discussed previously, the mechanical strength of bone is provided by the 

material properties of the mineralised matrix, as well as its organisation and its 

architecture. Bone has a hierarchical structure with many levels of complexity which 

can be seen from the sub-microscopic scale through to the coarse shape of the whole 

bone. The primary material constituents of bone; collagenous organic matrix, 

inorganic mineral hydroxyapatite, non collagenous proteins and water are organised to 

form the basic building block of bone: the mineralised collagen fibril (Sharir, Barak et 

al. 2008). This has both the tensile strength and flexibility of the collagen with the 

toughness and hardness of the hydroxyapatite mineral. 

 

The mineralised collagen filaments are in turn arranged into layers, or lamella, of 

parallel fibres, several µm thick. In different layers the fibres are orientated in 

different directions, similar to the conformation found in plywood (Sharir, Barak et al. 

2008). The lamellae can be arranged into concentric layers called osteons or haversian 

systems which form hollow tubes around blood vessels and nerves. The collagen 

content and degree of mineralisation is variable between lamellae, altering the 

strength of each layer. Cracks tend to travel until they reach a weak interface, in this 

case a lamella with low collagen or mineral content, and will travel within that layer 

around the osteon rather than through it (Sharir, Barak et al. 2008). Consequently, this 

arrangement limits the propagation of cracks within the bone. 

 

The gross structure of a long bone resembles a hollow tube of dense cortical bone, 

surrounding a sponge-like network of trabecular bone. The trabecular network of plate 

and rod-like elements efficiently contributes to the strength of the bone whilst using a 

minimal amount of material. This allows bone to be porous and light, with room for 

the cellular bone marrow and surface area to interact with cells.  
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1.1.7.1. Loading of Bone 

When a sample of bone is incrementally loaded there is initially a linear relationship 

between stress (the load per unit area of bone) and strain (the percentage change in 

length). However, as the result of accumulated damage in the material, small increases 

in load begin to result in greater and greater changes in deformation. This will 

eventually lead to the failure of the material and the stress at which this occurs 

represents the ultimate strength of the tissue (Sharir, Barak et al. 2008). In a whole 

bone however, the story is much more complex. The strength of a bone is determined 

not only by its material properties, but also by the shape and architecture of the bone 

as well as the inherent flaws and inhomogeneity within the tissue (Sharir, Barak et al. 

2008). Much of the architecture is adapted to resist forces in the directions imposed by 

muscular contraction and gravity. Hence, bone strength is variable depending on the 

nature and orientation of the force loading the bone.  

 

A long bone is essentially a hollow tube, the strength of such a structure can be related 

to two factors; firstly the stiffness of the material and secondly the cross-sectional 

moment of inertia. The moment of inertia is a geometric description of the difference 

between inner and outer diameters to the 4th

 

 power. As a consequence of this, in a 

situation where the inner, endosteal radius of the bone increases more than the outer 

periosteal surface, the thickness and bone volume of the cortex will be reduced, but 

there may still be an increase in the moment of inertia and the overall strength of the 

bone (Sharir, Barak et al. 2008). During bending, the convex side is compressed 

whilst the concave side experiences tension. Physiologically, bone is subjected mainly 

to compressive loads, so more commonly fails first at the site of tension (Deng and 

Liu 2005).  

Three and four point bend testing is used to measure the strength and toughness of 

whole long bones. In three point testing the bone is supported at either end and a 

loading device is positioned to apply force to the middle of the bone. Four point 

bending is similar except there are two contact points on the loading device, 

positioned equi-distant from the centre of the bone. However the irregular geometry 

of most bones makes it difficult to have both of the contact points contacting the bone 

simultaneously (Sharir, Barak et al. 2008). Parameters obtained from these tests 
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include the stiffness (determined from the slope of the linear part of the load-

deformation curve), maximum load and load at fracture. The area beneath stress-strain 

curve is the “work done”, measured as the energy per unit volume. This is the energy 

required to break the material and is referred to as “toughness” (Deng and Liu 2005).  

 

Two other common whole bone tests are torsional and impact testing. In torsional 

testing, a twisting force is applied to the ends of the bone while the load and angular 

deformation are recorded. Meanwhile, impact loading simulates the trauma of falling. 

Impact is defined as a sudden application of a load to a local area of material. This test 

applies impact load to break the material, and gives an indication its relative 

toughness. A swinging pendulum strikes and breaks the specimen. The energy can be 

calculated by difference of the potential energy at the initial and final heights of the 

pendulum (Deng and Liu 2005). 

 

1.1.7.2. Indentation 

The material properties of bone can be measured using indentation tests. The hardness 

of a solid material is a measure of its resistance to penetration by another solid. 

Hardness is calculated using the force and the permanent deformation created on the 

bone by the penetrating indentation device (Deng and Liu 2005). There are several 

techniques available which utilise indenters with differing size or geometry; for 

example, the Vickers hardness test employs a diamond pyramid indenter. Depending 

on the size of indenter, indentations can be categorized into macro-, micro- and nano-

indentation.  

 

In macro-indentation, large regions of bone are tested at high loads using a cylindrical 

indenter. This technique is utilised mostly to test trabecular bone samples harvested 

with a uniform diameter and thickness (Deng and Liu 2005). Micro- and nano-

indentation are used to test the material properties of the bone matrix, such as its 

hardness and elastic modulus. Micro-indentations range from 20 to 150 µm in length, 

and with the guidance of a microscope can analyse microstructural features, even 

individual osteons. Several of the microstructural components of bone have 

dimensions of several microns or less. Here, nano-indentation is required and can 

determine the mechanical properties of bone lamellae. Nano-indentation records 
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force-indentation curves from the sub-microstructure, allowing the elastic modulus as 

well as the micro-hardness to be calculated (Deng and Liu 2005). 

 

1.1.8. Osteoporosis 

Osteoporosis is a disease or condition of aging characterised by the loss of bone and 

literally translates to mean ‘porous bone’. Osteoporosis is the consequence of reduced 

BMD, bone mineralisation and the architectural integrity of the bone, resulting in an 

increase in bone fragility and fracture risk (Holroyd, Cooper et al. 2008). The most 

common fractures associated with osteoporosis occur at the hip, spine and wrist. All 

osteoporotic fractures are associated with significant morbidity, but both hip and 

vertebral fractures are also associated with excess mortality. Vertebral fractures can 

result in loss of height, intense back pain and deformity, whilst hip fractures often 

require surgery and may result in loss of independent living. In the year 2000 there 

were an estimated 9 million new osteoporotic fractures worldwide (International 

Osteoporosis Foundation 2009) and an estimated 740,000 deaths per year are 

associated with hip fracture (Holroyd, Cooper et al. 2008). 

 

In New Zealand, there 

were approximately 84,000 osteoporotic fractures in 2007 and the total cost of 

osteoporosis is estimated to be over $1.15 billion per year (Osteoporosis New Zealand 

2007).  

1.1.8.1. Age 

Osteoporosis is predominantly a disease of the elderly, with age being the chief risk 

factor for the disease. Nearly half of women and a third of men over 60 years of age 

will develop osteoporosis. Both osteopenia and fracture risk increase with aging at 

nearly all skeletal sites, particularly at the hip and spine, in both men and women 

(International Osteoporosis Foundation 2009). 

 

Osteoporosis is thought to occur as part of the natural process of ageing and to be an 

inevitable fate of the skeleton. However, it can also arise as a result of impaired 

development of peak bone mass (caused by delayed puberty or under-nutrition) or 

through excessive bone loss during adulthood (caused by sex hormone deficiency, 

under-nutrition, or corticosteroid use) (World Health Organisation 2003). In older 
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individuals there is an uncoupling of the bone remodelling cycle which causes bone 

resorption to increase without a corresponding increase in bone formation, or even 

reduced bone formation rate (Rosen and Kiel 2006). Due to the aging population, it is 

estimated that both the number of osteoporotic fractures and the cost of healthcare 

associated with osteoporosis in New Zealand will increase by over 30% between 

2007-2020 (Osteoporosis New Zealand 2007). 

 

1.1.8.2. Menopause 

Menopause occurs around 50 years of age and leads to cessation of ovarian hormone 

production, with the decline of estrogen having the greatest impact on bone. This 

results in rapid bone loss, which continues for the rest of the lifetime (Reid 2006). The 

hypoestrogenic state of menopause stimulates bone remodelling. Since bone 

resorption is greater than bone formation, the accelerated bone turnover leads to the 

loss of bone mass (Ruiz, Abril et al. 2009). In severe cases, the osteoclast activity 

exceeds osteoblast activity such that the resorption pits are of sufficient depth to 

perforate trabeculae. The mechanical strength is profoundly compromised by the 

reduced trabecular connectivity and even increased bone formation cannot repair the 

lost trabecular elements (McNamara, Ederveen et al. 2006). 

 

Estrogen replacement therapy decreases the excessive bone resorption (McCarthy, Ji 

et al. 2000) and prevents the further loss of bone mass (Ruiz, Abril et al. 2009). The 

unfavourable risk/benefit balance of estrogens however, has led regulatory agencies to 

consider other alternatives when bone protection is the only indication (Ruiz, Abril et 

al. 2009). 

 

1.1.8.3. Osteoporosis Interventions 

Current research is exploring potential bone active factors that increase osteoblast 

bone formation to strengthen bones, rather than just slow their deterioration. With 

therapies that inhibit bone resorption, a substantial amount of bone has already been 

lost, inhibition of bone resorption may not be sufficient to remove the risk of fracture. 

It is therefore important to understand bone formation and repair in order to find ways 

to stimulate these processes (Rodan 1992). 
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PTH and its fragment teriparatide are anabolic to bone when administered 

intermittently and are available for clinical use in most of the world. Unfortunately 

there is uncertainty over the safety of teriparatide due to evidence in rats that it 

increases the risk of osteosarcoma (Ruiz, Abril et al. 2009). 

 

Salmon calcitonin and strontium ranelate, a trace element chemically related to 

calcium, have both been shown to exert anabolic effects on bone. They have been 

shown to work clinically at increasing BMD and reducing fracture risk (Ruiz, Abril et 

al. 2009). An advantage of calcitonin that is not shared by other antiresorptive 

therapies is its direct analgesic effect on bone pain (Mehta, Malootian et al. 2003). 

 

Bisphosphonates have been used for more than 25 years to inhibit pathologic bone 

resorption (Xing and Boyce 2005). Bisphosphonates are anabolic for bone, prolonging 

osteoblast survival through the ERK pathway (Xing and Boyce 2005). In addition to 

stimulating osteoblasts, bisphosphonates are toxic to osteoclasts, suppressing bone 

resorption and stimulating osteoclast apoptosis. Bisphosphonates bind avidly to 

hydroxyapatite crystals on the bone surface and are taken up into osteoclasts 

endocytotically during bone resorption (Canalis 2003).  
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1.2. FAT AND BONE 

1.2.1. The Relationships Between Fat and Bone 
The seemingly distinct organ systems of the body are highly integrated and 

interdependent. Bone and fat, two tissues previously believed to be relatively inert, are 

both important endocrine organs which not only react to but also orchestrate 

metabolic pathways in the body. It is now clear that there are links between energy 

metabolism and bone turnover and mineral metabolism. Fat compartments throughout 

the body secrete factors into the circulation and furthermore, fat found in the bone 

marrow has direct contact with bone cells and bathes in the bone marrow fluid, 

enabling rapid communication between these cell types. 

 

1.2.1.1. Body Weight is Related to Bone Mass 

Low body weight is a risk factor for bone fracture and is as important a determinant of 

bone integrity as age (De Laet, Kanis et al. 2005; Reid 2008). This is found in both 

genders, in all skeletal sites and (Reid, Ames et al. 1992; Reid, Plank et al. 1992; 

Felson, Zhang et al. 1993) throughout adulthood, though the relationship is less clear 

in children (Goulding, Taylor et al. 2002; Leonard, Shults et al. 2004; Rocher, 

Chappard et al. 2008). 

 

Body weight has been shown by dual-energy x-ray absorptiometry (DXA) to 

positively correlate with BMD (Reid, Ames et al. 1992; Reid, Plank et al. 1992). The 

two primary components of soft tissue mass are fat mass and lean mass, both of which 

associate with bone mass and fracture risk, but have variable contributions depending 

on the cohort, skeletal site and method of analysis used in the study.  

 

1.2.1.2. Association of Fat Mass and Bone Mass 

The relationship between fat mass and BMD is stronger in women than men, where it 

has been found both pre- (Reid, Plank et al. 1992) and post-menopause (Reid, Evans 

et al. 1994). In postmenopausal women, the demographic at highest risk for 

osteoporotic fracture, fat mass is a particularly strong protective factor for bone 

density and fracture risk. It is important to note here that cross-sectional studies show 
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association, not causation. For example, lean muscle mass correlates with bone 

mineral content and areal bone density; however in this case these variables are linked 

by skeletal size, a determinant of both (Reid 2008). The same caution must be taken 

when interpreting multivariate analysis to tease out the most important factors. 

Variables including height, weight, fat mass, muscle mass can be strongly collinear 

and cannot be treated as independent (Reid 2008).  

 

1.2.2. Mechanical Load and Bone 
Both lean and fat soft tissue mass contribute to the load imposing on bone by body 

weight. Mechanical load is anabolic for bone, dramatically illustrated in the humerus 

of professional tennis players. Cortical thickness is increased by 45% in the racquet 

playing arm compared to the non-playing arm (Haapasalo, Kannus et al. 1994). The 

mechanical impact of fat mass on bone is not the sole mechanism of their interaction. 

The positive association seen between fat and bone is present in total body DXA 

scans which include non-weight bearing sites such as the skull. Moreover the 

correlation between fat and bone was stronger in these scans than at the lumbar spine 

or proximal femur, regions which carry the mechanical burden of soft tissue weight. 

 

The positive relationship between fat and bone is seen in non weight bearing sites 

such as the forearm (radius and metacarpals) by densitometry, computerised 

tomography (Wapniarz, Lehmann et al. 1997)  and radiography  (Rico, Revilla et al. 

1994). Skeletal load is not the sole determinant linking fat mass to bone mass and the 

effect of fat is seen skeleton-wide, suggesting that circulating factors may 

communicate an anabolic signal from fat to the bone. 

 

1.2.3. Hormones Linking Fat and Bone  

1.2.3.1. 

The increased fat mass of obesity is associated with a resistance to the glucose 

lowering effects of insulin. To compensate for the resistance, insulin secretion is 

upregulated resulting in hyperinsulinemia. The receptors for insulin, the IGF-1 

receptor and the insulin receptor itself, are expressed on osteoblast cells (Pun, Lau et 

Insulin 
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al. 1989) but unlike in muscle and liver tissues, the sensitivity of these receptors and 

their downstream actions are unaffected by obesity. 

 

The high circulating insulin levels are anabolic to bone. Insulin stimulates osteoblast 

proliferation in vitro (Hickman and McElduff 1989) and high bone density is 

consistently shown in a wide range of hyperinsulinemic conditions (Reid 2008). 

Insulin is co-secreted from the beta cells of the pancreas with the proteins amylin and 

preptin which we have shown both to be anabolic bone agents and are likely to 

synergise with the effects of insulin (Cornish, Grey et al. 2004; Cornish, Callon et al. 

2007). In addition to the direct effect of insulin on bone, hyperinsulinemia increases 

the free concentrations of sex hormones resulting in reduced osteoclast activity and 

possibly increased osteoblast activity, which both increase bone mass (Reid 2008). 

 

1.2.3.2. 

Sex hormones are determinants of both bone mass and soft tissue composition. 

Puberty in boys is associated with increase in bone mass, loss of fat mass and gain of 

muscle mass, whilst menopause is associated with bone loss and increased fat mass 

(Reid 2008). Fat, in turn, modulates sex hormone levels through expression of 

aromatase which synthesises estrogen from androgens. In postmenopausal women, the 

adipocyte is the major source of this hormone which has a powerful anti-resorptive 

effect on bone. 

Sex Hormones 

 

1.2.3.3. Adipokines 

The adipocyte is an important endorcrine organ, secreting hormones referred to as 

adipokines. Adipose tissue is the principal source of these factors which, in many 

cases have potent effects on energy metabolism as well as bone. 

 

1.2.3.3.1. Leptin 

Leptin is a product of the adipocyte regulating fat mass and appetite. Leptin secretion 

is upregulated with increased adipose tissue mass (Maffei, Halaas et al. 1995), 

allowing the body to monitor fat and consequently energy stores. Leptin acts as a 



 

25 

satiety signal, acting via the hypothalamus to inhibit food intake when energy stores 

are plentiful and to stimulate feeding when low fat mass causes circulating leptin to 

drop (Flier 1998). 

 

It has now become clear that leptin receptors are much more widely distributed than 

just the hypothalamus, and the skeleton has emerged as an important site of action of 

leptin. The signalling form of the leptin receptor has been found in several cell types 

including bone marrow stromal progenitor cells (Thomas, Gori et al. 1999), 

osteoblasts (Cornish, Callon et al. 2002) and hematopoetic precursor cells (Bennett, 

Solar et al. 1996). In vitro we and others have shown leptin to be an anabolic factor, 

stimulating osteoblast proliferation and differentiation whilst inhibiting 

osteoclastogenesis (Thomas, Gori et al. 1999; Cornish, Callon et al. 2002; Holloway, 

Collier et al. 2002). 

 

There is, however, evidence suggesting that leptin can negatively influence bone via 

the central nervous system. Injection of leptin directly into the cerebral ventricles of 

mice induces bone loss in the spine, though this is accompanied by dramatic loss of 

body weight (Ducy, Amling et al. 2000). This signal is thought to be carried by 

sympathetic nerves to the bone marrow via adrenergic receptors on osteoblasts 

(Elefteriou, Ahn et al. 2005). In addition to this pathway, leptin stimulates the 

expression of the neuropeptide cocaine-and-amphetamine-regulated-transcript 

(Elefteriou, Ahn et al. 2005) reducing bone resorption through an as yet unknown 

mechanism. Although leptin can elicit powerful centrally mediated effects on bone, 

the fact that it is secreted from adipose tissue and adipocytes in the bone marrow 

means that it is likely the direct effect of circulating leptin on bone predominates. We 

found that leptin administered systemically, increased bone mass and mechanical 

strength in mice (Cornish, Callon et al. 2002). Leptin has also been shown to improve 

bone volume and BMD in leptin-deficient ob/ob mice (Steppan, Crawford et al. 

2000). Furthermore, intra-peritoneal injection of a low dose of leptin protected tail-

suspended mice from bone loss (Martin, de Vittoris et al. 2005) and leptin 

administration reduced bone loss in ovariectomised rats (Burguera, Hofbauer et al. 

2001). 
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Controversy also exists over the bone phenotype resulting from ablation of leptin 

signalling. Several rodent models exist with mutations in either the gene encoding 

leptin or its receptor. Like the leptin deficient ob/ob mouse, the phenotype of the 

leptin receptor-deficient db/db mouse is characterised by hyperphagia, obesity, 

hyperglycemia and hyperinsulinemia (Coleman and Hummel 1972). Although several 

groups have shown that ob/ob mice have decreased femoral BMD (Matsunuma, 

Kawane et al. 2004; Ealey, Fonseca et al. 2006) and bone mass in the femur and tibia 

(Hamrick, Pennington et al. 2004), a high trabecular bone mass phenotype has also 

been reported (Ducy, Amling et al. 2000; Baldock, Sainsbury et al. 2005). Like the 

ob/ob mouse, the db/db mouse has also been described as having both a low 

(Lorentzon, Alehagen et al. 1986; Hosokawa 1992) and high (Ducy, Amling et al. 

2000) bone mass and a definitive description of the db/db mouse skeleton has yet to 

be carried out.  

 

1.2.3.3.2. Adiponectin 

One of the most abundant adipokines is adiponectin, otherwise known as adipocyte 

complement-related protein of 30 kD (ACRP30) (Scherer, Williams et al. 1995) and 

adipoQ (Hu, Liang et al. 1996) in mice, and as adipose most abundant gene transcript 

1 (APM-1) (Maeda, Okubo et al. 1996) and gelatin binding protein of 28kD (GBP-28) 

(Nakano, Tobe et al. 1996) in humans. Adiponectin is a 28kD protein with close 

homology to compliment factor C1q and collagens X and VIII (Nakano, Tobe et al. 

1996). The amino acid sequence is conserved across many species with over 80% 

similarity (Wang, Xu et al. 2002) and the cDNA sequence has been determined in 

human, mouse, rat, cow, rhesus monkey, pig, dog and chicken. The structure of 

adiponectin has several distinct functional domains: a  C-terminal globular domain, a 

collagen-like domain, a variable N-terminal domain and a cleaved signalling sequence 

(Shapiro and Scherer 1998) (Figure 1.2). The C-terminal globular domain has close 

structural homology to TNFα (Shapiro and Scherer 1998) and is likely to be the 

functional signalling domain, binding to adiponectin receptors AdipoR1 and AdipoR2 

(Yamauchi, Kamon et al. 2003). Adiponectin can be proteolytically cleaved to 

produce a truncated C-terminal ‘globular adiponectin’ which has been detected at low 

levels in serum (Fruebis, Tsao et al. 2001). In the collagenous domain, adiponectin 

has  22 G-X-Y or G-X-X  amino acid repeats typical of collagen proteins (Scherer, 
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Williams et al. 1995). This sequence allows collagen-triple helix formation, facilitated 

by affinities between the globular domains which assemble adiponectin into homo-

trimers. Adiponectin trimers then dimerise through cysteine residues in the N-

terminus forming hexamers linked by disulfide bonds (Tsao, Tomas et al. 2003). The 

N-terminal domain has been less thoroughly described but is likely to participate in 

oligomerisation and may also have some biological activity itself potentially acting 

through an as yet undescribed receptor (Ujiie, Oritani et al. 2006).  
 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.2. The Domain Structure of Human Adiponectin (Whitehead 2006) 
 

Adiponectin undergoes post-translational hydroxylation and glycosylation of several 

conserved lysine and proline residues in the variable and collagenous domains (Wang, 

Lam et al. 2006). These facilitate the formation of high molecular weight (HMW) 

multimers made up of several hexamer subunits. The HMW oligomer of adiponectin 

is made up of up to 18 monomers, has altered binding affinity for adiponectin 

receptors and is essential for several of adiponectin’s actions (Wang, Lam et al. 2006). 

Despite being almost exclusively secreted by the adipocyte, plasma concentrations of 

adiponectin are inversely related to visceral fat mass and body mass index (Arita, 

Kihara et al. 1999). Adiponectin regulates energy homeostasis, glucose and lipid 

metabolism and inflammatory pathways (Ouchi and Walsh 2007). 

Hypoadiponectinemia in humans is associated with cardiovascular and metabolic 

disorders such as coronary artery disease and type 2 diabetes mellitus (Kumada, 

Kihara et al. 2003; Hara, Horikoshi et al. 2006). 
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The receptors for adiponectin, AdipoR1 and AdipoR2, have been identified on both 

osteoblasts and osteoclasts (Berner, Lyngstadaas et al. 2004; Shinoda, Yamaguchi et 

al. 2006), implying a potential direct influence of this hormone on bone. Adiponectin 

has been shown to increase osteoblast proliferation and differentiation while inhibiting 

osteoclastogenesis in vitro (Oshima, Nampei et al. 2005; Yamaguchi, Kukita et al. 

2007). These actions would be expected to result in a net increase in bone mass in 

vivo. In support of this possibility, transient overexpression of adiponectin in mice 

increased trabecular bone mass and inhibited 

 

osteoclast number and bone resorption 

(Oshima, Nampei et al. 2005). However, others have reported that adiponectin 

reduces osteoblast growth (Shinoda, Yamaguchi et al. 2006). A study of transgenic 

mice either over-expressing or deficient in the adiponectin gene showed no 

abnormality in bone phenotype at 8 weeks of age (Shinoda, Yamaguchi et al. 2006). 

Another study, reported only in abstract, found adiponectin-deficient AdKO) mice to 

have increased bone volume at 9 months of age but normal values at 3 months 

(Nampei, Hashimoto et al. 2004). 

In contrast to these contradictory findings in cell culture and animal studies, clinical 

studies demonstrate that circulating adiponectin concentrations are consistently 

inversely related to bone mineral density (Lenchik, Register et al. 2003; Jurimae, 

Rembel et al. 2005; Richards, Valdes et al. 2007). For example, Lenchik (Lenchik, 

Register et al. 2003) found that serum adiponectin was inversely associated with areal 

BMD (r = -0.20 to -0.3), volumetric BMD (r = -0.35 to -0.44) and visceral fat volume 

(r = -0.30) in 80 men and women, most of whom had diabetes. These associations 

remained significant after adjusting for whole body fat mass. Richards (Richards, 

Valdes et al. 2007) reported a similar study in 1735 non-diabetic women, and found 

that each doubling of serum adiponectin was associated with decreases in BMD of 

2.0-3.2%, at the sites assessed. This relationship persisted after adjustment for 

potential confounding factors, including body mass index, serum leptin, central fat 

mass and exercise.  

 

The mechanisms for adiponectin’s effects on bone in vivo are still unknown. Further 

in vitro research is required to elucidate the cellular pathways involved and detailed 

animal studies are needed to understand the complex secondary mechanisms, 
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including insulin sensitivity, growth factor binding and modulation of inflammatory 

pathways which either compliment or antagonise the direct effects on bone cells. 

 

1.2.3.3.3. Resistin 

Resistin was originally identified as an adipokine thought to play a role in type 2 

diabetes (Gomez-Ambrosi, Rodriguez et al. 2008). As well as being secreted from the 

adipocyte, it is expressed in osteoblasts and osteoclasts (Thommesein, Stunes et al. 

2006) and has mild stimulatory effects on both of these cells (Cornish, Callon et al. 

2006; Thommesein, Stunes et al. 2006). Serum resistin levels have been reported to 

inversely correlate with lumbar BMD in humans but uncertainty remains over the role 

of resistin on bone mass in vivo. 

 

1.2.3.3.4. Visfatin 

Visfatin is a hormone increasingly secreted from the adipocyte with the development 

of obesity. Visfatin binds to the insulin receptor and has insulin-like activities. There 

is little reported about the effects of this adipokine on bone but it has been shown to 

exert effects similar to insulin in human osteoblasts, stimulating their proliferation and 

type I collagen production (Gomez-Ambrosi, Rodriguez et al. 2008). 

 

1.2.3.4. Adipo-Cytokines 

Obesity is accompanied by increased levels of pro-inflammatory cytokines. An 

inflammatory state often supports osteoclastogenesis and increases bone erosion. 

Although it is difficult to reconcile this with the evidence that fat mass is beneficial 

for bone mass, it indicates that the mechanism behind the relationship between fat and 

bone is very complex, involving a melting pot of cell types and factors. TNF-alpha 

and IL-6 are proinflammatory cytokines secreted from the adipocyte as well as from 

immune cells. Circulating levels of these cytokines are proportional to fat mass and 

are upregulated in association with obesity and insulin resistance (Gomez-Ambrosi, 

Rodriguez et al. 2008). Both TNF-alpha and IL-6 promote bone resorption, and 

circulating IL-6 levels may be a predictor of reduced bone mass (Gomez-Ambrosi, 

Rodriguez et al. 2008). 
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1.2.3.5. Chemokines 

Chemokines are small molecules which act primarily as chemotactic signals to 

inflammatory cells but have also been shown to mediate many other processes, 

including bone remodelling. Chemokines secreted by adipocytes include IL-8, MCP-1 

and regulated upon activation normal T-cell express sequence (RANTES). These act 

as chemoattaractants to the monocyte precursors of osteoclasts, increase the motility 

of these cells and may also exert effects on committed osteoclast populations 

(Gronthos and Zannettino 2007). Chemokines such as CXCL-8 have also been shown 

to act as antiapoptotic and survival factors in monocytes and endothelial cells 

(Wanninger, Neumeier et al. 2009). Expression of MCP-1, which stimulates 

monocyte recruitment, is increased by leptin, obesity and insulin-resistance-inducing 

hormones (Wozniak, Gee et al. 2009). Monocyte migration is essential for 

osteoclastogenesis and thus chemokines may play a major role in the effect of 

adipokines on bone. 

 

1.2.4. The Mesenchymal Stem Cell Pool 
Osteoblast and adipocyte cells are both of mesenchymal origin and in the bone 

marrow share a common pool of progenitor cells. The pool of stem cells is limited and 

differentiation of these cells to an adipogenic fate reduces the number available to 

become osteoblasts. Factors inducing adipogenesis inhibit osteoblast differentiation 

and likewise, factors inducing osteoblastogenesis inhibit adipocyte formation 

(Gimble, Zvonic et al. 2006).This is consistent with the increase in bone marrow 

adiposity associated with ageing and osteoporotic bone loss (Gimble, Zvonic et al. 

2006). Despite this, these cells have been shown to maintain a degree of plasticity. 

Mesenchymal cells are capable of expressing markers for both adipocytes and 

osteoblasts simultaneously and can dedifferentiate or transdifferentiate between the 

two lineages (Gimble, Zvonic et al. 2006). The primary marker for adipocytes is the 

transcription factor is peroxisome proliferator activation receptor gamma (PPARγ). 

PPARγ triggers a cascade of adipogenic genes in the mesenchymal cell (Gimble, 

Robinson et al. 1996) while suppressing the expression of early osteoblast genetic 

markers, such as Runx-2 (Lecka-Czernik, Gubrij et al. 1999). 
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1.2.5. Neural Links Between Fat and Bone 
Bone tissue is highly innervated and is strongly influenced by neuroendocrine outputs 

from the hypothalamus. During feeding, the hypothalamus responds to nutritional 

signals and the secretion adipokines such as leptin, and signals to bone. Hormones 

released from the gut also contribute to the effects of feeding on bone. 

 

1.2.6. Gut Hormones 

1.2.6.1. GIP and GLP 

Glucose-dependent insulinotropic polypeptide or gastric inhibitory polypeptide (GIP), 

Glucagon-like peptide-1 (GLP-1) and GLP-2 are hormones secreted from the small 

intestine in response to nutrient intake. They act to enhance the postprandial secretion 

of insulin from the pancreas; whilst GIP also induces glucagon secretion. The GIP 

receptor is expressed on chondrocytes, osteoblasts, osteocytes and osteoclasts (Bollag, 

Zhong et al. 2000; Zhong, Itokawa et al. 2007)  and GIP was shown to have direct 

anabolic effects on osteoblasts (Bollag, Zhong et al. 2000) whilst inhibiting osteoclast 

activity in vitro (Zhong, Itokawa et al. 2007). 

 

GLP-1 has no direct effect on osteoclasts and osteoblasts but mice deficient of the 

GLP-1 receptor have cortical osteopenia and increased osteoclast numbers and bone 

resorption activity (Yamada, Yamada et al. 2008). GLP-2 can act directly on bone 

cells. GLP-2 receptors are expressed on osteoclasts and GLP-2 has been shown to 

decrease bone resorption in vitro (Karsdal, Holst et al. 2004). Consistent with these 

findings, administration of exogenous GLP-2 in humans reduced the serum levels of 

C-terminal telopeptide of type I collagen, a marker of bone resorption (Haderslev, 

Jeppesen et al. 2002; Henriksen, Alexandersen et al. 2003). 

 

1.2.6.2. Ghrelin 

Ghrelin is released by the stomach in response to fasting such that circulating levels 

are maximal prior to meals and fall upon re-feeding (Tschop, Smiley et al. 2000; 

Dornonville de la Cour, Bjorkqvist et al. 2001). In vivo, ghrelin is an orexigenic 

factor, stimulating appetite and inducing release of growth hormone from the pituitary 
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via the hypothalamus. Ghrelin also stimulates adipogenesis. Centrally administered 

ghrelin, increased adipose tissue glucose utilisation and expression of adipose tissue 

markers in rats, independent of food intake (Theander-Carrillo, Wiedmer et al. 2006). 

 

The ghrelin receptor is expressed on osteoblastic cells, and we and others have shown 

ghrelin to have weak to moderate proliferative effects on osteoblasts (Fukushima, 

Hanada et al. 2005; Watson, Grey et al. 2005) and to stimulate osteoclast formation 

and activity (Reid, Cornish et al. 2006). Systemic ghrelin administration increases 

bone mineral density in rats (Fukushima, Hanada et al. 2005) while in human studies 

of ghrelin infusion, no short term changes in bone metabolism were seen (Huda, 

Durham et al. 2007).  

 

1.2.7. Nutrition 
Nutrition is important for skeletal health. Poor nutrition and low body weight are 

important risk factors for osteopenia and bone fragility (Reid 2008). Feeding reduces 

bone turnover (Clowes, Hannon et al. 2002) and triggers a complex cascade of 

secondary endocrine processes which have consequences for bone metabolism but 

nutrients in the food itself can impact on bone cells and modulate their activity. 

Feeding experiments in humans indicate that fat ingestion influences bone turnover 

(Bjarnason, Henriksen et al. 2002). 

 

1.2.7.1. Fatty Acids 

Fatty acids are a major metabolic fuel and serve as a substrate for the storage and 

transport of energy. Not only does fat provide energy but it also facilitates the 

absorption of fat-soluble vitamins (A, D, E and K) from the gut. Fatty acids are also 

essential components of plasma membranes and act as second messengers in several 

cellular signalling pathways. Dietary lipid intake is linked to the pathogenesis of many 

lifestyle related diseases such as obesity, hyperlipidemia, diabetes mellitus, 

cardiovascular disease and hypertension (Nagao and Yanagita 2005). Polyunsaturated 

fatty acids (PUFA) in particular have received considerable attention, with 

investigation into the possible effects of these lipids in the cardiovascular, 

reproductive, immune and nervous systems. 
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1.2.7.1.1. Fatty Acids and Bone 

Fatty acids are hydrocarbon chains with one terminal carboxylic acid group. In 

saturated fats, the carbon chain contains single bonds, whereas lipids containing 

double bonds are unsaturated. Much of the bone research investigating fatty acids has 

been on the polyunsaturated fatty acids, likely due to their significant roles in other 

disease pathologies. Few bone studies have examined the effects of unsaturated fatty 

acids, leaving a great opportunity for exploration in this field. 

 

1.2.7.1.2. PUFA and Bone 

Evidence suggests that dietary supplementation of PUFAs can positively affect bone 

(Fernandes, Lawrence et al. 2003) and the lack of certain PUFAs can reduce bone 

mass (Das 2000). Several PUFAs are positively associated with bone mineral accrual, 

and peak bone mineral density in young men (Hogstrom, Nordstrom et al. 2007). In 

elderly women, supplementation with PUFAs decreases bone turnover and increases 

bone mineral density (Kruger, Coetzer et al. 1998). Supporting these results, animal 

feeding studies in aging female mice (Bhattacharya, Rahman et al. 2007) and in 

ovariectomised mice (Ward and Fonseca 2007), two models of osteporosis bone loss 

showed that dietary PUFA reduces bone loss.  

 

In contrast, studies have also reported that diets supplemented with PUFAs have no 

effect on BMD and bone fragility or may even decrease bone growth and strength in 

mice (Sirois, Cheung et al. 2003; Cohen and Ward 2005). 

 

PUFAs are precursors to locally acting hormones such as eicosanoids (Drevon 2005). 

The double bonds in the carbon chain of unsaturated fatty acids introduce a kink into 

the shape of the molecule, which is important for specific interaction with the 

eicosanoid-synthesising enzyme, cyclooxygenase-2 (COX2). Classification of PUFAs 

as omega-3 (n-3) or omega-6 (n-6) describes the position of the double bonds 

(Watkins, Li et al. 2003) and the molecules shape. n-6 PUFAs are the preferred 

substrate for the enzyme COX-2 and are more readily converted to eicosanoids than 

the n-3. 
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1.2.7.1.3. Prostaglandins 

The most active local eicosanoids in the bone environment are the proinflammatory 

prostaglandins (PG). These compounds are synthesised by COX-2 from n-6 PUFA 

such as arachadonic acid (AA). Rats fed a diet high in n-6 PUFA increased PGE2 

production and depressed serum IGF-1 levels compared to those fed a diet high in n-3 

PUFA. n-6 PUFAs may have a negative effect on bone through the effects of PGE2 

(Watkins, Li et al. 2003). PG-E2 increases bone resorption (Watkins, Lippman et al. 

2001) and elevated local PGE2 is associated with osteopenia in disorders such as 

dental cysts, failing joint prostheses and chronic osteomyelitis (Watkins, Lippman et 

al. 2001). Likewise, inhibition of PGE2 has been shown to increase bone formation 

markers in vivo (Watkins, Li et al. 2003). In osteoblast-like cell cultures, the 

production of the proinflamatory cytokines TNFα , IL1α, IL1-β was stimulated by n-6 

PUFAs such as AA but inhibited by eicosapentaenoic acid, which was shown to limit 

PGE2 synthesis by competing with AA for binding at the COX -2 active site 

(Watkins, Li et al. 2003). This decreased PGE2

 

 production coincided with increased 

osteoblast activity. Cells treated with eicosapentaenoic acid showed an increase in 

ALP and osteocalcin expression compared to cells treated with AA (Watkins, Li et al. 

2003). 

1.2.7.1.4. PPARs 

Certain long chain PUFA act as natural ligands for PPAR transcription factors. 

Eicosanoids, thiazalodinediones and non-steroidal anti inflammatory drugs also serve 

as ligands to PPARγ (Ulrich, Wachtershauser et al. 2005), whilst PUFA are most 

likely to act through through PPARα and PPARγ to effect fat and energy metabolism.  

 

AA was shown to increase expression of PPARγ and to decrease runx-2 expression in 

primary human osteoblasts, dose dependently inhibiting proliferation (Maurin, 

Chavassieux et al. 2005). Other evidence suggests the opposite, finding that EPA and 

AA increased the expression of runx-2 in fetal rat calvarial cells (Watkins, Li et al. 

2003). If PUFAs do act appreciably through PPAR, evidence from the effects of other 

PPAR agonists would favour a negative impact on bone as rosiglitazone, a 
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thiazalodinedione, has been shown to inhibit osteoblast differentiation (Soroceanu, 

Miao et al. 2004; Ali, Weinstein et al. 2005).  

 

1.2.7.1.5. Fatty Acid Binding Proteins and Receptors 

It is likely that PUFAs interact with PPAR and other nuclear factors by being shuttled 

via fatty acid binding proteins. Fatty acid binding proteins (FABP) are distributed 

amongst most tissues and at present have an enigmatic function. Intracellular FABPs 

increase the solubility of fatty acids and enhance substrate availability for fatty acid 

metabolising enzymes (Haunerland and Spener 2004).  

 

1.2.7.1.6. Effects on Adipocytokines 

Several PUFAs reduce atherosis and hypertension in animal models, possibly as a 

consequence of modulating adipocytokine secretion. PUFA have been shown to 

enhance serum adiponectin concentrations and reduce hypertension in rats (Inoue, 

Nagao et al. 2004). The effect of PUFA on adiponectin is likely to be mediated 

through PPARγ, which binds to the adiponectin promoter, upregulating its expression 

(Flachs, Mohamed-Ali et al. 2006). In turn, adiponectin modulates fatty acid levels, 

reducing serum levels of saturated fatty acids and increasing their oxidation in muscle 

tissue (Yamauchi, Kamon et al. 2002). Thus, fatty acids would be capable of 

signalling to bone cells directly and through secondary mechanisms such as bone 

active adipokines though neither of these potential mechanisms have been 

investigated to date. 
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1.3. AIMS OF THE THESIS 
 

The relationship between fat and bone has been demonstrated at a clinical level but 

the mechanisms behind this link are poorly understood. Previously overlooked, the 

adipocyte is now accepted to play an important role in bone biology, both in adipose 

tissue and in the bone marrow fat. Adiponectin is a recently discovered adipokine 

circulating at high levels with effects on metabolic, inflammatory and bone pathways. 

The literature describing the effects of adiponectin on bone contains many 

contradictions, particularly between in vitro and in vivo findings. Furthermore, the 

adipokine leptin is established as an important regulator of bone but there is 

controversy over its effect on bone in vivo and there is disagreement on the bone 

phenotype of mice deficient in leptin signalling. Finally, polyunsaturated fatty acids 

are known to elicit effects on bone but the effects of saturated fats have not yet been 

investigated thoroughly. There is a large gap in the knowledge surrounding the 

biological effect of these important dietary components on bone. Obesity and 

osteoporosis are two diseases with rising prevalence, making the understanding of the 

links between fat on bone highly relevant for health. 

 

In order to investigate these prime candidates which potentially contribute to the 

relationship between fat mass and bone mass the following studies were carried out. 

Detailed in vitro experiments were carried out to determine effect the fat related 

factors adiponectin and saturated fatty acids on bone. In addition to these in vitro 

experiments, in vivo studies to examine the bone phenotype of the adiponectin 

deficient mouse and the leptin receptor deficient db/db mouse using high resolution 

micro-CT (µCT) were performed.  
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2 Chapter 2. Methods 
 

2.1. TISSUE CULTURE 
All cell culture media were purchased from Invitrogen. Media were made from 

powder using ultrapure water, and supplemented with 100 units/mL penicillin, 100 

µg/mL streptomycin (Invitrogen) and 0.22% sodium bicarbonate (Sigma-Aldrich). All 

media were sterilised by passing through a 0.2 µM filter (Sartorius) before use, as 

were all other solutions made from non-sterile ingredients used in tissue culture. 

Foetal calf serum (FCS) was purchased from Invitrogen, and each batch was tested in 

various cells to ensure that there was minimal inter-batch variability. Trypsin-EDTA 

was purchased from Invitrogen, Ficoll-Paque Plus and [H3]-thymidine were from 

Amersham Biosciences and bovine serum albumin (BSA) was from ICPbio. All other 

chemicals used for tissue culture were purchased from Sigma-Aldrich unless 

otherwise stated, and were of a tissue culture tested grade. T75 tissue culture flasks 

and 12- and 48-well plates were purchased from Corning. All other tissue culture 

plates were Greiner Bio-one. All plasticware used for tissue culture had been sterilised 

by gamma irradiation. All cultures were maintained at 37ºC in a humidified 

atmosphere of 5% CO2

 

 in air.  

All experiments involving animals were conducted in accordance with the University 

of Auckland guidelines and were approved by the institute of animal ethics 

committee. Animals were obtained from the Vernon Jansen Unit on site. 

 

Recombinant proteins and drugs used in tissue culture included : 

1,25-dihydroxyvitamin D3 [1,25(OH)2D3

 

] (Roche Pharmaceuticals, New Zealand), 

Salmon Calcitonin (Novartis, Switzerland), Human recombinant OPG (Amgen, 

Thousand Oaks, CA), GW9508, a synthetic GPR40/120 agonist, was purchased from 

Cayman Chemicals (Ann Arbor, MI). 
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2.1.1. Osteoblast Assays 

2.1.1.1. Primary Rat Osteoblast-like Cell Culture 

Osteoblasts were isolated from 20-day fetal rat calvariae, as previously described 

(Cornish, Callon et al. 1999). Briefly, calvariae were excised and the frontal and 

parietal bones, free of suture and periosteal tissue, were collected. The calvariae were 

sequentially digested using collagenase (Sigma, St. Louis, MO, USA) and the cells 

from third and fourth digests were collected, pooled and washed. Cells were grown in 

T75 flasks in Dulbecco’s modified eagle medium (DMEM)/ 10% FCS and 5 μg/mL 

L-ascorbic acid 2-phosphate (AA2P) (Sigma) for 2 days and then changed to 

minimum essential medium (MEM)/ 10% FCS/ 5 μg/mL AA2P and grown to 90% 

confluency. Cells were then seeded at 2.5 x 103 cells/well into 24 well plates in MEM/ 

5% FCS/ 5 μg/mL AA2P for 24 h. Cells were growth-arrested in 0.1% BSA/ 5 μg/mL 

AA2P for 24 h. Fresh media and experimental compounds were then added for a 

further 24 h or for 48h as specified. Cells were pulsed with [3

 

H] thymidine (0.5 µCi/ 

well) 6 h before the end of the experimental incubation. The experiment was 

terminated and cell counts or thymidine incorporation assessed. There were 6 wells in 

each group and each experiment was repeated 3 or 4 times. 

2.1.1.2.  Primary Human Osteoblast Culture 

Cultures of primary human osteoblasts were prepared using normal human trabecular 

bone explants obtained from patients undergoing hip arthroplasty. Osteoblasts were 

grown from enzyme treated bone chips, as previously described (Cornish, Callon et al. 

2004). Cells were grown in DMEM/ 10% FCS/ 5 µg/mL AA2P until 90% confluence. 

Cells were seeded at 2.5x104 cells/ well into 24-well plates in DMEM/ 5% FCS/ 10 

µg/mL AA2P at and incubated 24 h. Cells were growth arrested in DMEM/ 0.1% 

BSA/ 10µg/mL AA2P for 24 h and fresh media and experimental compounds were 

then added for a further 24 or 48 h. [3

 

H]-thymidine was added 24 h prior to the end of 

the experimental incubation. The experiment was terminated and thymidine 

incorporation assessed. The study had the approval of the local institutional review 

board. 
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2.1.2. Osteoclast Assays 

2.1.2.1. Primary Mouse Bone Marrow Culture 

Bone marrow was obtained from the long bones of 4- to 6-week old Swiss male mice, 

as previously described (Cornish, Callon et al. 2001). Briefly, marrow cells were 

cultured for 2 h in 90-mm dishes. Non-adherent cells were collected and seeded at 5 x 

105 cells/ well in 48-well plates in αMEM/ 10% FCS, and 10−8 M 1,25(OH)2D3 was 

added (day 0) to all wells except the negative controls. OPG (10 ng/mL) was added to 

some wells to act as a positive control for inhibition of osteoclastogenesis. On days 2 

and 4, cultures were fed by removing 0.5 mL medium from each well and replacing 

with 0.5 mL fresh medium containing test substances and 1,25(OH)2D3

 

. After culture 

for 7 days, cells were fixed and stained with TRAP. Multinucleated cells (containing 

three or more nuclei) positive for TRAP were counted (Olympus inverted microscope, 

×20 magnification). 

2.1.2.2. Mature Isolated Mouse Osteoclast Assay 

Osteoclasts were isolated from the long bones of 1-day-old neonatal rats as previously 

described (Burgess, Qian et al. 1999). Briefly, rat long bones were minced with a 

scalpel blade and the cell suspension collected and placed onto bone slices. After a 

brief incubation the bone slices, with adherent osteoclasts, were washed vigorously to 

remove contaminating cells and placed into 12-well plates containing acidified Earle's 

MEM/ 10% FCS. Test substances or vehicle were added and the bone slices were 

incubated for 24h. Bone slices were then fixed, washed and stained for TRAP. 

Multinucleated TRAP-fixed positive cells were counted and then the bone slices were 

cleaned of cells, stained with toluidine blue and the resorption pits assessed using 

reflective light microscopy. Bone-resorbing activity of the osteoclasts was expressed 

as the number of pits produced per osteoclast. 10-9

 

M salmon calcitonin was used as a 

positive control. 

2.1.2.3. RAW 264.7 Cell Cultures 

The mouse, osteoclast-like cell line, RAW-264.7, was grown in T75 flasks to 90% 

confluence in α-MEM/ 10% FCS. Cells were seeded (day 0) at either 2000 or 1500 
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cells/well into 48-well plates, in αMEM/ 10% FCS. Four h later, a further 0.5 ml of 

media was added containing RANKL (10 ng/ml) plus test substances or their vehicle. 

On day 2, the media were completely replaced and RANKL, test substances/vehicle 

readded. On day 4, the cells were fixed and stained for TRAP. Multinucleated cells 

(containing three or more nuclei) positive for TRAP were counted (Olympus inverted 

microscope, ×20 magnification). 

 

2.1.2.3.1. RAW 264.7 Cell Culture Bone Resorption 

To investigate the effects of test substances on bone resorption, RAW264.7 cells were 

seeded on ivory slices in 96-well plates at 650 cells/well in αMEM/ 10% FCS. Four h 

later, the ivory slices were transferred to a 48-well plate, and the medium 

supplemented with RANKL 10 ng/ml and either stearic acid 10 µg/ml or vehicle. At 

day 2, the media and test substances were replaced. At day 6, the cells were fixed and 

stained for TRAP. Counting of TRAP-positive cells and analysis of resorption were 

undertaken by an observer who was blinded to treatment allocation. After counting of 

TRAP-positive cells, the ivory slices were scrubbed and resorption pits visualized by 

staining with toluidine blue. Quantification of resorption was undertaken using a 

semiquantitative scoring system. No resorption within a microscopic field scored 0, 1-

10% of bone area resorbed scored 1, 11-30% resorbed area scored 2, and greater than 

30% scored 3. This experiment was performed once due to the length of time required 

for counting. 

 

2.1.3. Organ Culture 
Mice were injected sc with 3 µCi 45Ca at 1-3 days of age, and hemicalvariae were 

dissected out 3 days later. Hemicalvariae were preincubated for 24 h in medium 199/ 

0.1% BSA and then changed to fresh medium containing test substances or vehicle. 

Incubation was continued for a further 48 h. After 48h of incubation 300 µl of media 

was removed and counted for 45

 

Ca using a LKB 1217 Rackbeta liquid scintillation 

counter (Wallac Oy, Finland). There were six to eight hemicalvariae in each group 

and each experiment was repeated twice. 
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2.2. MOLECULAR BIOLOGY 
The RNeasy Mini Kit, RNase-free DNase Kit, QIAquick Gel Extraction Kit and 

Plasmid Mega Kit were from Qiagen. The Polymerase chain reaction (PCR) product 

purification kit, High Pure Plasmid Isolation Kit, and random primers were from 

Roche. The site-directed mutagenesis kit was from Stratagene. All PCR primers were 

purchased desalted and lyophilised from Sigma-Genosys. All other reagents used for 

RT-PCR and cloning, including agarose and plasmid vectors were from Invitrogen. 

Real time PCR primer-probesets, master mix, low density arrays and plates were all 

purchased from Applied Biosystems. Microarrays were purchased from Affymetrix.  

 

2.2.1. RNA Harvesting 
Total cellular RNA was purified using RNeasy minikit (QIAGEN, Doncastle, 

Australia), according to the manufacturer’s instructions. Cells were lysed in the RLT 

buffer provided by passing through a 20 gauge needle at least 5 times. Genomic DNA 

was removed using ribonuclease-free deoxyribonuclease set (QIAGEN, Valencia, 

CA). RNA was eluted in 30ul of RNase free water and frozen until used. 1-2 µl of 

RNA was visualised on a 1% agarose gel stained with ethidium bromide to ensure that 

no significant degradation had occurred. The concentration of each sample was 

measured using a nanodrop spectrophotometer.  

 

2.2.2. cDNA Synthesis 
Reverse transcription was performed using an Eppendorf mastercycler personal. 

cDNA was synthesized with Superscript III (Invitrogen) and subsequently used for 

real-time PCR.  

 

2.2.3. Real Time RT PCR 
The primer-probe sets were purchased from Applied Biosystems (Foster City, CA). 

Multiplex PCR was performed in triplicates with FAM-labeled probes specific for the 

gene of interest and VIC-labeled 18S rRNA probes according to the company’s 

instructions, using ABI PRISM 7900HT sequence detection system (Applied 

Biosystems). Real time PCR was performed using an ABI Prism 7900 (Applied 
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Biosystems). Reactions were performed in a 10 µL volume in 384-well plates. 

Multiplex reactions were carried out using 1x TaqMan Universal PCR Master Mix, a 

FAM-labelled TaqMan primer-probeset, and the VIC-labelled 18S rRNA primer-

probeset which was included in all reactions as an internal control. The delta delta Ct 

(DDCt) method was used to calculate gene expression relative to 18S rRNA (Applied 

Biosystems Ltd 1997). For other experiments expression was normalised to the zero 

timepoint or control sample, although in some cases a standardised calibrator value 

was used to give some indication of absolute expression. 

 

2.3. IN VIVO EXPERIMENTS 
The following techniques were utilised in the description of the skeletal phenotype of 

knock-out mice.  

2.3.1. Bone Lengths 
Tibial length was measured from the inferior articular surface in the distal epicondyle 

to the extremity of the medial condyle of the proximal epiphysis. Femur length was 

measured between the distal articular surface and the proximal trochanter. 

 

2.3.2. Micro-Computed Tomography (μCT) 
After sacrifice, the left tibiae were removed, gently cleaned of all soft tissue and fixed 

in 70% ethanol, then were scanned by micro-computed tomography (μCT, using a 

Skyscan1172, Aartselaar, Belgium). For each specimen, a 5.3mm length of the 

proximal tibia was scanned with a source voltage of 49 kV, current of 200μA, a 

0.5mm aluminum filter and an isotropic voxel size of 5µm. Each three-dimensional 

reconstruction image data set of 964 two-dimensional axial slices was binarized using 

global thresholding. For quantitative microstructural analysis of trabecular bone, 

three-dimensional analysis was performed on a 301 slice volume of interest starting 

30 slices distal to the proximal growth plate. The volume used for the cortical region 

was comprised of 101 slices, starting 476 slices from the growth plate. The trabecular 

and cortical volumes of interest were outlined by interpolation of operator-drawn 

regions exclusively representing trabecular and cortical bone respectively. From these 

images, the three-dimensional trabecular and cortical architectural parameters were 
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evaluated using custom analysis software (CTAn, Skyscan, Aartselaar, Belgium). 

Calculation methods of bone parameters are described on the Skyscan website 

(www.skyscan.be) and by Chappard et al (Chappard, Legrand et al. 2001). 

 

 

2.4. STATISTICS 
In vitro culture data analysis was performed using one-way analysis of variance with 

post-hoc examination of significant main effects using the method of Dunnett. Data 

are presented as the mean ± SE. All tests were two-tailed and a 5% significance level 

was maintained throughout these analyses. All experiments were repeated with similar 

results. 

 

In chapter 4, μCT data were analyzed using pre-planned pair-wise comparisons of 

normally distributed variables using Student’s unpaired t-test (Shapiro-Wilks 

statistic). Since these analyses were pre-planned, no multiplicity adjustment was 

employed or needed. Biomechanical testing data were analyzed by unpaired two 

tailed t-test 

 

In chapter 5, data were analysed by Student’s unpaired two tailed t-test. 
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3 Chapter 3. The Effect of 
Adiponectin on Bone Cells In Vitro
  

3.1. INTRODUCTION   

Adiponectin is almost exclusively expressed by adipocytes, principally in visceral 

adipose tissue but also in peripheral fat and bone marrow fat (DiMascio, Voermans et 

al. 2007; Swarbrick and Havel 2008). Expression at low levels has been demonstrated 

in osteoblasts (Berner, Lyngstadaas et al. 2004; Shinoda, Yamaguchi et al. 2006), 

mesenchymal stem cells, mature osteoclasts and bone marrow macrophages (Shinoda, 

Yamaguchi et al. 2006). This secreted protein is found at high levels in the circulation 

at concentrations of  2-15μg/mL (Arita, Kihara et al. 1999) with higher levels in 

women compared to men (Nishizawa, Shimomura et al. 2002). Despite being 

primarily produced by fat, plasma concentrations of adiponectin are inversely related 

to visceral fat mass and body mass index such that circulating levels are low in 

obesity (Arita, Kihara et al. 1999) and elevated in the condition anorexia nervosa 

(Pannacciulli, Vettor et al. 2003). This paradoxical relationship is yet to be fully 

explained but may be mediated by inhibition of adiponectin secretion by cytokines 

(tumor necrosis factor-α, interleukin-6) and hormones (cortisol, testosterone) that are 

increased in obesity, by adipose tissue hypoxia, or by direct inhibition of its own 

production (Swarbrick and Havel 2008).  

 

3.1.3. Adiponectin Receptors 
The adiponectin receptors AdipoR1 and AdipoR2 are 7-transmembrane-domain 

proteins, with similarity to G-protein coupled receptors but are different in that they 

do not bind G-proteins and have an inverse membrane topology (Yamauchi, Kamon et 

al. 2003). AdipoR1 is expressed fairly ubiquitously and found most abundantly in 

skeletal muscle, whilst the expression of AdipoR2 is primarily in the liver (Yamauchi, 

Kamon et al. 2003). Importantly, both AdipoR1 and AdipoR2 have been identified on 
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osteoblasts, osteoclasts (Berner, Lyngstadaas et al. 2004; Shinoda, Yamaguchi et al. 

2006), macrophages and monocytes (Chinetti, Zawadski et al. 2004), implying a 

potential direct influence of adiponectin on bone.  

 

AdipoR1 appears to bind with a much higher affinity to the truncated, globular 

adiponectin than to the full length protein. AdipoR2, however, binds both globular 

and full-length forms with an equal affinity (Yamauchi, Kamon et al. 2003). Both 

receptors have been shown to associate with the intracellular adapter protein APPL1 

(adaptor protein containing phosphotyrosine binding, pleckstrin homology domains 

and leucine zipper) (Mao, Kikani et al. 2006) and to effect downstream pathways such 

as AMPK and PPARα in a variety of cell types (Yamaguchi, Kukita et al. 2007). 

 

A third potential adiponectin receptor is T-cadherin, a member of a large family of 

cell-surface proteins involved in calcium mediated cell–cell interactions and 

signalling. T-cadherin is expressed primarily in the vasculature, heart and nerves 

(Philippova, Joshi et al. 2009) and  was shown to be absent in the growth plate of 

bone (Sampson, Dearman et al. 2007). Cells overexpressing T-cadherin were able to 

bind to full-length adiponectin, in hexamer and HMW forms but not bacterially 

expressed, globular, or trimeric adiponectin (Hug, Wang et al. 2004). T-cadherin is 

truncated and unlike other members of the cadherin superfamily, it does not contain a 

transmembrane domain. Instead it is attached to the plasma membrane via a 

glycosylphosphatidylinositol (GPI) anchor (Philippova, Joshi et al. 2009). T-cadherin 

does not act as a cell-cell adhesion molecule, though it may participate in recognition 

of the cell environment and regulation of cell motility, proliferation and phenotype 

(Philippova, Joshi et al. 2009).  Signalling pathways induced by T-cadherin include 

phospholipase C, ERK 1/2 kinase, NFкB (Kipmen-Korgun, Osibow et al. 2005) and 

β-catenin pathways (Joshi, Ivanov et al. 2007).  

 

Furthermore, adiponectin has been shown to bind several growth factors. The HMW 

and hexamer forms of adiponectin can bind PDGF, FGF and EGF with high affinity, 

thus inhibiting cell proliferation indirectly by sequestering these key growth factors 

(Wang, Lam et al. 2005).  
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3.1.4. Effects of Adiponectin 
Since its discovery in 1995, adiponectin has been shown to act as a pleiotropic factor, 

regulating many essential processes in the body, including energy homeostasis, 

glucose and lipid metabolism and inflammatory pathways (Ouchi and Walsh 2007). 

Adiponectin’s influence on these various organ systems are discussed in chapter 4.1 

but its roles in inflammation and adipogenesis are briefly introduced here, as they are 

most relevant to the bone microenvironment. 

 

3.1.4.1. Adiponectin and Inflammation 

Adiponectin may be capable of acting in both a pro and anti-inflammatory manner 

(Abke, Neumeier et al. 2006; Ouchi and Walsh 2007). Though the earlier findings 

indicated a potent anti-inflammatory activity, exerting protective effects against 

inflammatory-related diseases such as atherosclerosis, coronary artery disease, 

obesity, type 2 diabetes and hypertension; currently there is an equal volume of 

literature showing that it can stimulate pro-inflammatory pathways.  

 

3.1.4.2. Adiponectin and Adipogenesis 

Yokota et al (Yokota, Meka et al. 2003) showed that the stimulatory effect of 

adiponectin on COX2 activity and prostaglandin E2 synthesis inhibited the 

differentiation of mesenchymal stem cells into adipocytes. However there is 

contrasting evidence from  Fu et al (Fu, Luo et al. 2005) showing the opposite result, 

where adiponectin promoted adipocyte differentiation and lipid accumulation in 

preadipocytes. Adiponectin is secreted during the intermediate and late stages of 

adipocyte differentiation as well as in mature adipocytes (Scherer, Williams et al. 

1995; Hu, Liang et al. 1996), and utilised as a marker of adipocyte differentiation. It is 

still unclear whether it is merely associated with adipogenesis or is driving this 

process. 

 

3.1.5. Adiponectin and Bone 
Over the last few years several key studies have been published showing 

adiponectin’s influence on bone cells however a number of conflicting results exist. In 
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primary mouse bone marrow macrophage cultures, Oshima et al (Oshima, Nampei et 

al. 2005) demonstrated that recombinant mouse adiponectin inhibits 

osteoclastogenesis and bone resorption. Likewise, in RAW264 D clone cells, the 

globular form of adiponectin inhibited TNFα and RANKL-induced osteoclastogenesis 

(Yamaguchi, Kukita et al. 2008). Here signalling was through the AdipoR1 receptor, 

via AMPK and inhibition of NFATc1. In contrast, Luo et al showed that primary 

human osteoblasts treated with commercially available adiponectin increased 

expression and secretion of RANKL, an osteoclast activating factor, while reducing 

OPG, an inhibitor of osteoclastogenesis (Luo, Guo et al. 2006). This study also 

showed that adiponectin increased osteoclastogenesis in co-culture of peripheral blood 

monocytes with osteoblasts but had no effect in the absence of osteoblasts. In a 

separate study, Luo et al treated primary human osteoblasts with a commercially 

available full-length human adiponectin and showed increased proliferation, 

differentiation, and mineralization (Luo, Guo et al. 2005). These findings suggest that 

adiponectin has direct effects on bone cells which require further detailed 

investigations. In animal models and humans (discussed in detail in chapter 4.1), 

adiponectin is negatively correlated with BMD and does not appear to act as an 

anabolic bone factor, contrary to the in vitro evidence. Consequently, understanding 

the mechanism of action of adiponectin’s effects is important for us to determine its 

contribution to bone in vivo. 

 

3.1.6. Summary 
Adiponectin circulates in high concentrations in humans and has strong associations 

with metabolic parameters such as fat mass and insulin sensitivity. This hormone has 

pleiotropic activity on a range of tissues which impact upon bone as well as direct 

effects on bone itself, making it a strong candidate as a factor contributing to the link 

between fat and bone. Current knowledge of adiponectin’s molecular signalling in 

bone is limited and a number of reports in the literature that describe adiponectin’s 

bone effects present conflicting results.  Further investigation is required for a better 

understanding of the role of adiponectin in bone physiology. 
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3.1.7. Aims 

The aim of the experiments presented in this chapter was to study the effect of 

adiponectin on bone cells and its possible contribution to the correlation between fat 

mass and bone mass. 

Specific Aims: 

• Determine the effects of adiponectin on proliferation and differentiation of 

osteoblast–like cells in vitro. 

• Determine the effects of adiponectin on osteoclastogenesis and bone resorbing 

activity by osteoclasts. 

• Determine the gene expression of primary mouse bone marrow cells treated 

with adiponectin. 
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3.2. METHODS   

3.2.1. Adiponectin Protein 
Adiponectin protein was purchased from Biovendor (Hong Kong) or was kindly 

gifted by Dr Yu Wang and Dr Aimin Xu from Hong Kong University. Methods of 

protein synthesis are described briefly below. The vectors for expression of mouse 

adiponectin were transfected into HEK293 cells using Lipofectamine reagent 

(Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The 

transfected cells were incubated in serum-free DMEM containing 0.2% ascorbic acid 

and 0.2% BSA for 48 h. The FLAG-tagged recombinant proteins were purified 

 

using 

the anti-FLAG monoclonal antibody M2 affinity gel as described previously (Wang, 

Lam et al. 2006). The Adiponectin protein (Biovendor) was analysed by mass 

spectrometry to confirm that there were no contaminants. Human adiponectin 

(GenWay, San Diego, CA) was also tested in the bone marrow culture with similar 

results. 

3.2.2. Primary Mouse Bone Marrow Culture  with RANKL and M-

CSF 
Primary bone marrow cells were collected as described in chapter 2.1.2.1, and seeded 

in 48-well plates at 1 x 105

 

 cells/well in αMEM/10% FCS. On days 3 and 5, cultures 

were fed by removing 0.5 mL medium from each well and replacing with 0.5 mL 

fresh medium containing RANKL (10 ng/ml), M-CSF (5 ng/ml) and test factors. OPG 

(10 ng/mL) was added to some wells to act as a positive control for inhibition of 

osteoclastogenesis. After culture for 7 days, cells were fixed and stained with TRAP. 

Multinucleated cells (containing three or more nuclei) positive for TRAP were 

counted (Olympus inverted microscope, ×20 magnification). 

3.2.3. RAW 264.7 Cell Cultures 
For the RAW-264.7 cell osteoclastogenesis assay, cells seeded 2.0×103 cells/well and 

were cultured and quantified as described in chapter 2.1.2.3.  For the determination of 

gene expression, RAW264.7 cells were cultured in 6 well plates and seeded at 4 x 

105cells/well, in αMEM/ 10% FCS. 24 h after seeding, media was replaced and 5 
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µg/ml adiponectin was added to cells in the treatment wells. Neither RANKL, M-CSF 

or 1,25(OH)2D3 

 

were added to the cultures. At 0, 4, 10 and 24 h after drug addition. 

Media was removed and cells were scraped from the wells in PBS and collected. RNA 

was extracted and real time PCR analyses were carried out as described in chapter 2.2. 

This experiment was carried out once. 

3.2.4. ST2 Cell Cultures 

ST2 cells were cultured in 6 well plates and seeded at 7 x 104

 

cells/well, in DMEM/ 

5% FCS. RNA and conditioned media were collected at 0, 10, 24, 48 and 56 h post 

drug addition. Media was removed, wells were washed in PBS and trypsinised to 

collect the cells. The 0 and 10 h samples were not of high enough quality for gene 

expression analysis. RNA was extracted and real time PCR analyses were carried out 

as described in chapter 2.2. This experiment was repeated once at later timepoints, 

between 20 and 56 hours post-drug addition with similar results. 

3.2.5. Microarrays 
Microarray analysis was performed on RNA collected from bone marrow cultures 

treated with adiponectin. Cells were prepared as for the primary bone marrow 

osteoclastogenesis assay (chapter 2.1.2.1) and seeded at 3.55 x 106 cells/well in 6-well 

plates in αMEM/ 10% FCS/ 10-8 M Vitamin D. Media were refreshed and 10-8 M 

Vitamin D and adiponectin (5 µg/ml) added on days 2 and 4 (Figure 3.1). At 4, 10, 24, 

72, 120 h after drug addition, conditioned media were collected and 350 µl RLT lysis 

buffer (Qiagen) was added to each well. Cells were scraped from the well, collected 

and homogenised with a 20 gauge needle and then frozen. RNA was extracted as 

described in chapter 2.2.1.  RNA quality was determined using gel electrophoresis, 

nanodrop spectrophotometer and Bioanalyser (Agilent Technologies). Bioanalyser 

determined RNA integrity numbers for each RNA sample. Values between 9.2 and 10 

were deemed to be of high enough quality for microarray analysis. A parallel plate 

was seeded in the 24 well osteoclastogenesis assay (chapter 2.1.2.1) and was TRAP 

stained on day 7, ensuring that osteoclastogenesis was inhibited by adiponectin (5 

µg/ml) in that cell preparation. The 4 h control sample was not of sufficient quality to 

run on the array, and so the 0 h control timepoint was used in its place. 
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3.2.5.3. Array Analysis 

Affymetrix GeneChip® Mouse Gene 1.0 ST Arrays, which interrogate 28,853 genes 

with 770,317 probes, were used for the study.  Samples were processed at the Centre 

for Genomics and Proteomics, School of Biological Sciences, University of Auckland. 

Greg Gamble and Dr Dorit Naot analysed the microarray results using the Affymetrix 

software Expression Console and Partek® Genomics SuiteTM, a comprehensive suite 

of advanced statistics and interactive data visualization. A preliminary experiment 

was performed using the Affymetrix GeneChip® Mouse Gene 1.0 ST Arrays to 

investigate gene expression in 9 samples of bone marrow cultures taken at various 

time points, in the presence or absence of 1,25 (OH)2D3

0 4 10 24 72 120

Hours after drug addition

32Day 74 50 6

Collect RNA and 
conditioned media

ApN

Vit D

 and adiponectin. The results 

of the preliminary experiment helped establish the experimental conditions that were 

used in the current experiment. As at each time point there were only one array of 

control RNA and one of sample treated with adiponectin, data were pooled either at 

all time points to create a control group and treatment group, or at the three early time 

points and two late time points to create four groups of early-control, late-control, 

early-adiponectin and late-adiponectin. Genes of interest that were identified were 

plotted in time-course graphs using the values from each of the arrays. There was no 

statistical analysis of these results as each point represents only one measurement 

from the microarrays. The graphs are only a visual representation of the microarray 

data for specific genes.  

Figure 3.1. Timeline showing the times of Vitamin D and adiponectin (5 µg/ ml) 

addition as well as collection timepoints for conditioned media and RNA, at 0, 4, 10, 

24, 72 and 120 h after drug addition (day 2). 
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3.3. RESULTS 
 

3.3.1. Adiponectin Increases Osteoblast Proliferation 
 Adiponectin treatment over 24 h was mitogenic to primary rat osteoblasts in vitro 

(Figure 3.2A). [3

 

H]-thymidine incorporation (described in chapter 2.1.1.1) was dose-

dependently increased by adiponectin concentrations in the physiological range (1, 5 

and 10µg/mL), indicating an increase in DNA synthesis and cell proliferation. A 

supra-physiological concentration of 30 µg/mL increased osteoblast thymidine 

incorporation by 178% (P<0.01). This effect was maintained over 48 h of drug 

exposure (Figure 3.2B). Thymidine incorporation in primary human osteoblasts was 

also increased by adiponectin at 24 and 48 h (Figure 3.2C). 

3.3.2. Adiponectin Inhibits Osteoclastogenesis  

3.3.2.1. Bone Marrow Culture 

In primary mouse bone marrow cultures treated with vitamin D (described in chapter 

2.3.1.1), osteoclastogenesis was significantly inhibited by adiponectin at 1 and 5 

µg/mL and completely abolished above 10 µg/mL, although stromal cell numbers 

were not decreased, indicating that the osteoclast inhibition was not due to toxicity. 

There was no effect at concentrations below 0.1 µg/mL (Figure 3.3). 

 

Vitamin D binds to receptors on stromal cells of the bone marrow, stimulating the 

expression of factors supporting osteoclastogenesis (Suda, Ueno et al. 2003). Of 

particular note are the sufficient and necessary inducers of osteoclast formation, 

RANKL and M-CSF. It is important to note however that these are but a few of a 

myriad of soluble and membrane bound factors involved in this cascade. To test the 

role of RANKL and M-CSF we added these factors to bone marrow culture in the 

absence Vitamin D. In this model, osteoclastogenesis proceeds independent of stromal 

cell derived RANKL and M-CSF. The inhibitory effect of adiponectin on 

osteoclastogenesis persisted in RANKL and M-CSF treated bone marrow cultures 

(Figure 3.4). Adiponectin appeared to have a reduced potency in this system 

compared to the vitamin D treated culture, however the different conditions required 
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for the two systems, such as different seeding densities, may make them difficult to 

compare directly. Despite this, the inhibition seen suggests that adiponectin’s effect 

on osteoclastogenesis is not mediated by inhibition of RANKL and M-CSF 

production. 

 

3.3.2.2. RAW 264.7 Cells 

In RAW-264.7 cells, adiponectin had no effect on osteoclastogenesis (Figure 3.5.). 

This suggests that the inhibition of osteoclast formation in the bone marrow cultures is 

not mediated by direct effects on pre-osteoclasts but probably involves an 

intermediate cell, such as the stromal cell.  

3.3.2.3. Mature Osteoclast Assay  

In the isolated mature osteoclast assay (chapter 2.1.2.2), there was no change in the 

number of resorption pits formed per osteoclast (Figure 3.6.). Adiponectin does not 

directly inhibit the resorptive activity of osteoclasts. This culture system is relatively 

pure and does not include stromal cells. 
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Figure 3.2. A) Dose-response of adiponectin on thymidine incorporation into 

primary rat osteoblasts at 24 h. B) Effect of adiponectin on thymidine incorporation 

into primary rat osteoblasts at 8, 24 and 48 h. C) Effect of adiponectin on thymidine 

incorporation into primary human osteoblasts at 24 and 48 h. * significantly 

different from control, P< 0.05 **, P<0.01. All data are presented as treatment to 

control (T/C) ratios ± SE 
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Figure 3.3 Dose-response of adiponectin on osteoclastogenesis in mouse bone 
marrow cultures, assessed as the number of TRAP-stained multinuclear cells. 
Osteoprotegerin (OPG) was used as a positive control. ** significantly different from 
control, P<0.01. All data are presented as treatment to control (T/C) ratios ± SE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.  The effect of adiponectin on primary bone marrow culture stimulated 

with RANKL and M-CSF, without Vitamin D. * significantly different from control, 

P<0.05. All data are presented as treatment to control (T/C) ratios ± SE. 
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Figure 3.5.  Effect of adiponectin on osteoclastogenesis in RAW 264.7 cells, 

assessed as the number of TRAP-stained multinuclear cells. * significantly 

different from control, P< 0.05 **, P<0.01. All data are presented as treatment 

to control (T/C) ratios ± SE 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Effect of adiponectin on resorption pit formation by mature 

primary rat osteoclasts. The number of resorption pits per osteoclast are 

presented. Salmon calcitonin was used as a positive control. * significantly 

different from control, P< 0.05 **, P<0.01.  All data are presented as treatment 

to control (T/C) ratios ± SE 
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3.3.2.4. Microarray Analysis of Differential Gene Expression in Bone 

Marrow Cultures Treated with Adiponectin  

To further investigate the inhibitory effects of adiponectin on osteoclastogenesis in 

bone marrow, we examined changes in gene expression using microarrays. Bone 

marrow cultures were treated with or without adiponectin and RNA was extracted at 

0, 4, 10, 24, 72 and 120 h after drug addition. The 120 h time point sample was taken 

five days after drug addition and corresponds to day 7 of the culture, when the bone 

marrow osteoclastogenesis assay was TRAP stained. For each sample the gene 

expression of 28,853 genes was determined using Affymetrix Mouse Gene 1.0 ST 

Arrays. Data was analysed using Affymetrix Expression Console and Partek® 

Genomics SuiteTM

  

 to quantify differential gene expression in adiponectin-treated 

cells. Functional groups of genes were investigated using Gene Annotation Tool to 

Help Explain Relationships (GATHER) (Chang and Nevins 2006). 

3.3.2.4.1. Adiponectin Treatment Effect  

The first approach for the analysis of adiponectin’s effect on gene expression was to 

compare the averages of the expression values at all the time points for the 

adiponectin treated samples to the averages of the untreated samples using 1-way 

ANOVA. The list of genes that are upregulated or downregulated more than 2.5-fold 

by adiponectin is presented in Table 3.1.  Interestingly, 86 genes were upregulated 

more than 2.5-fold by adiponectin treatment, whereas only one gene was 

downregulated to that level. The differentially expressed genes were studied using the 

programme GATHER, which annotates lists of genes using a number of data bases. 

One of these data bases is Gene Ontology (GO), which GATHER uses to identify 

categories that are over-represented amongst the differentially regulated genes. The 

top 10 enrichment categories are presented in Table 3.2. GO analysis identified 25 of 

the 87 genes to be related to groups of genes involved in immune and defense 

responses with high Bayes factors of between 17 and 45, indicating strong evidence in 

support of the association of these categories and the genes on the list. 

 

Genes with common transcription factor response elements were identified by 

GATHER using the TRANSFAC database (Table 3.3). Fourteen of the upregulated 
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genes contained an interferon-stimulated response element which is regulated by type 

I interferons. The Bayes factor for this group of genes was high (28). The response 

element for interferon regulatory factor 7 (Irf7) was identified in 36 out of the 86 

genes upregulated by adiponectin, with a lower Bayes factor of 2.  

 

With a careful examination of the list of differentially expressed genes and the 

literature that supports their relationships to type I interferons, we were able to 

produce a list of 27 genes which are included in type I interferon pathways. The 

expression levels of these genes as measured by the microarrays are presented as 

timecourse plots (Appendix Figure A1 and A2). Most of these genes were highly 

upregulated at 4 h post-drug addition. Differential expression of Ifit1, Cxcl10 and 

Mx1 was very high at 4 h, decreasing over the duration of the experiment whilst the 

remaining genes peaked at 24 h post-drug addition. A delayed increase in expression 

was seen for Cfb, Ifi44, Cxcl9, Ifi204-like, Oas3 and Oas1a, with low expression 

similar to the control at 4 h, rapidly rising to peak at 24 h before dropping off again.  

 

3.3.2.4.2. Interferon Genes are Not Modulated by Adiponectin 

The upregulation of this group of genes (interferon-related and interferon response 

genes) by adiponectin, or any functional relationship between interferon and 

adiponectin has not been previously reported. One possible mechanism for the 

activation of interferon-response genes by adiponectin could be indirect, through the 

activation of interferons. However, the microarray data showed that the interferon 

genes themselves were all expressed at low levels and were unaffected by adiponectin 

(Figure 3.8). The small increase in interferon-γ seen is unlikely to have contributed to 

the changes in gene expression, as this protein is not known to elicit a type I interferon 

response. Furthermore, of the IRF proteins that orchestrate the interferon signalling 

pathway, adiponectin treatment caused a potent and specific upregulation of Irf7 only 

(Figure 3.7).  

 

In the absence of upregulated interferon expression, it was necessary to question 

whether interferon had been introduced to the culture from an exogenous source. To 

rule out the presence of interferon or other contaminants in the adiponectin 

preparation we analysed a proteolytic digest of the protein by mass spectrometry. 
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Following the use of the QSTAR®System to separate and sequence the peptides, 

analysis with the Mascot search engine detected no major contaminants in the sample 

(Appendix Figure A3). Endotoxin is another common contaminant that can elicit an 

interferon response in cells. However, the adiponectin preparation was endotoxin-free 

and contamination with endotoxin results in potent upregulation of interferon genes 

(Karaghiosoff, Steinborn et al. 2003), not seen here. In summary, adiponectin 

activates genes that have previously been identified as targets of alpha and beta 

intereferons as well as genes that are activated by Irf7, an essential effector molecule 

for the induction of type I interferon regulated genes.  
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Table 3.1. The list of genes that are upregulated or downregulated ≥ 2.5 -fold by 
adiponectin in primary bone marrow culture 

RefSeq Gene Name Gene Symbol Ratio (ApN vs control) 
NM_001005858 Interferon-Induced Protein with Tetratricopeptide Repeats 3-Like Ifit 3-like 10.06 
NM_008198 Complement Factor B  Cfb 9.07 
NM_013653 Chemokine (C-C Motif) Ligand 5  Ccl5 8.12 
NM_010501 Interferon-Induced Protein With Tetratricopeptide Repeats  Ifit3 7.84 
NM_011579 T-Cell Specific GTPase  Tgtp 7.80 
NM_133871 Interferon-Induced Protein 44  Ifi44 7.53 
NM_008331 Interferon-Induced Protein With Tetratricopeptide Repeats  Ifit1 7.31 
XM_889589 Predicted Gene, Eg625046  EG625046 7.24 
NM_172648 Interferon Activated Gene 205  Ifi205 6.79 
NM_021274 Chemokine (C-X-C Motif) Ligand 10  Cxcl10 6.70 
NM_011315 Serum Amyloid A 3  Saa3 6.65 
NM_011909 Ubiquitin Specific Peptidase 18  Usp18 6.45 
NM_008392 Immunoresponsive Gene 1  Irg1 6.40 
NM_008599 Chemokine (C-X-C Motif) Ligand 9  Cxcl9 6.35 
NM_021384 Radical S-Adenosyl Methionine Domain Containing 2  Rsad2 5.94 
NM_145209 2'-5' Oligoadenylate Synthetase-Like 1  Oasl1 5.73 
NM_010846 Myxovirus (Influenza Virus) Resistance 1  Mx1 5.65 
NM_029499 Membrane-Spanning 4-Domains, Subfamily A, Member 4C  Ms4a4c 5.52 
ENSMUST00000085876 Interferon-Activable Protein 204-Like Ifi-204-like 5.51 
NM_011410 Schlafen 4  Slfn4 4.85 
NM_008332 Interferon-Induced Protein With Tetratricopeptide Repeats  Ifit2 4.78 
NM_194336 Macrophage Activation 2 Like  Mpa2l 4.76 
NM_153564 Guanylate Binding Protein 5  Gbp5 4.66 
BC145673 DNA Segment, Chr 14, Erato Doi 668, Expressed  D14Ertd668e 4.49 
NR_003508 Myxovirus (Influenza Virus) Resistance 2  Mx2 4.48 
NM_199146 Tripartite Motif Protein 30-Like  AI451617 4.38 
NM_001024721 cDNA Sequence Bc094916  BC094916 4.31 
NM_010260 Guanylate Binding Protein 2  Gbp2 4.29 
NM_145226 2'-5' Oligoadenylate Synthetase 3  Oas3 4.25 
NM_021443 Chemokine (C-C Motif) Ligand 8  Ccl8 4.21 
EF660528 Small Secreted Protein Interferon-Induced  AW112010 4.16 
NM_001081215 Dead (Asp-Glu-Ala-Asp) Box Polypeptide 60  Ddx60 4.12 
NM_021394 Z-DNA Binding Protein 1  Zbp1 4.06 
NM_001135115 Interferon-Gamma-Inducible p47 GTPase  OTTMUSG00000005723 4.01 
NM_175026 Pyrin And Hin Domain Family, Member 1  Pyhin1 3.86 
NM_027835 Interferon Induced With Helicase C Domain 1  Ifih1 3.72 
NM_009425 Tumor Necrosis Factor (Ligand) Superfamily, Member 10  Tnfsf10 3.64 
NM_025992                Herc5  Herc5 3.61 
ENSMUST00000097462 E030037K03Rik  E030037K03Rik 3.60 
NM_019440 Immunity-Related Gtpase Family M Member 2  Irgm2 3.58 
NM_010766 Macrophage Receptor With Collagenous Structure  Marco 3.57 
NM_020498 Lymphocyte Antigen 6 Complex, Locus I  Ly6i 3.56 
NM_020557 Cytidine Monophosphate (Ump-Cmp) Kinase 2 Cmpk2 3.54 
NM_001037713 Xiap Associated Factor 1  Xaf1 3.51 
NM_015783 Isg15 Ubiquitin-Like Modifier  Isg15 3.50 
NM_172603 PHD Finger Protein 11  Phf11 3.46 
NM_016850 Interferon Regulatory Factor 7  Irf7 3.45 
NM_033078 Killer Cell Lectin-Like Receptor Subfamily K, Member 1  Klrk1 3.42 
NM_172777 cDNA Sequence Bc057170  BC057170 3.25 
NM_001033767 Predicted Gene, Eg240327  EG240327 3.24 
NM_001146275 Interferon Inducible Gtpase 1  Iigp1 3.14 
NM_018734 Guanylate Binding Protein 3  Gbp3 3.14 
NM_054055 Solute Carrier Family 13 Slc13a3 3.07 
NM_008207 Histocompatibility 2, T Region Locus 24  H2-T24 3.03 
NM_181545 Schlafen 8  Slfn8 3.01 
NM_138682 Leucine Rich Repeat Containing 4  Lrrc4 3.00 
NM_011407 Schlafen 1  Slfn1 2.97 
NM_030150 Dexh (Asp-Glu-X-His) Box Polypeptide 58  Dhx58 2.96 
NM_019963 Signal Transducer And Activator Of Transcription 2  Stat2 2.93 
NM_008204 Histocompatibility 2, M Region Locus 2  H2-M2 2.89 
NM_145545 Guanylate Binding Protein 6  Gbp6 2.87 
NM_008326 Immunity-Related Gtpase Family M Member 1  Irgm1 2.85 
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NM_001037925 Similar To 2-Cell-Stage, Variable Group, Member 3 LOC625360 2.84 
XR_033405 Predicted Gene, Eg546714  EG546714 2.84 
NM_007494 Argininosuccinate Synthetase 1  Ass1 2.84 
NM_010395 Histocompatibility 2, T Region Locus 10  H2-T10 2.82 
NR_003507 2'-5' Oligoadenylate Synthetase 1B  Oas1b 2.78 
ENSMUST00000114854 A630012P03Rik  A630012P03Rik 2.76 
NM_001039530 Poly (Adp-Ribose) Polymerase Family, Member 14  Parp14 2.76 
NM_139198 Placenta-Specific 8  Plac8 2.76 
NM_008327 Interferon Activated Gene 202B  Ifi202b 2.76 
NM_023386 Receptor Transporter Protein 4  Rtp4 2.71 
NM_013521 Formyl Peptide Receptor 1  Fpr1 2.68 
NM_011854 2'-5' Oligoadenylate Synthetase-Like 2  Oasl2 2.67 
NM_008329 Interferon Activated Gene 204  Ifi204 2.66 
EU155106 Predicted Gene, Eg628705  EG628705 2.64 
NM_013542 Granzyme B  Gzmb 2.63 
AK173199 Ring Finger Protein 213  Rnf213 2.61 
NM_011852 2'-5' Oligoadenylate Synthetase 1G  Oas1g 2.56 
NM_001013832 G Protein-Coupled Receptor 31, D17Leh66C Region  Gpr31c 2.56 
NM_021893 CD274 Antigen  Cd274 2.56 
NM_172689 Dead (Asp-Glu-Ala-Asp) Box Polypeptide 58  Ddx58 2.55 
NM_001024230 Predicted Gene, Eg432555  EG432555 2.54 
NM_183162 PPAR Gamma-DNA-Binding Domain Interacting Protein1  BC006779 2.52 
NM_145211 2'-5' Oligoadenylate Synthetase 1A  Oas1a 2.52 
NM_009283 Signal Transducer And Activator Of Transcription 1  Stat1 2.50 
    
NM_133238 CD209A Antigen  Cd209a 0.22 
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Table 3.2. GATHER-GO analysis of genes differentially expressed by adiponectin 
treatment.  

Gene Ontology # Genes p Value Bayes 
Factor 

Genes Listed 

1 Immune Response 
GO:0006955 [4]:  

25 < 0.0001 45 Ccl5, Ccl8, Cxcl10, Cxcl9, 
G1p2, Gbp2, Gbp4, Gbp5, H2-
M2, H2-T10, H2-T24, Ifi202b, 
Ifi204, Ifit1, Ifit2, Ifit3, Mx1, 
Mx2, Oas1a, Oas1b, Oas1g, 
Oas3, Oasl2, Saa3, Tnfsf10. 

2 Defense Response 
GO:0006952 [5]:  

25 < 0.0001 39 

3 Response to Biotic 
Stimulus 
GO:0009607 [4]:  

25 < 0.0001 37 

4 Organismal 
Physiological Process 
GO:0050874 [3]:  

25 < 0.0001 17 

 
5 Response To 

Stimulus 
GO:0050896 [3]:  

26 < 0.0001 16 Ccl5, Ccl8, Cxcl10, Cxcl9, 
Fpr1, G1p2, Gbp2, Gbp4, 
Gbp5, H2-M2, H2-T10, H2-
T24, Ifi202b, Ifi204, Ifit1, Ifit2, 
Ifit3, Mx1, Mx2, Oas1a, Oas1b, 
Oas1g, Oas3, Oasl2, Saa3, 
Tnfsf10. 

 
6 Cellular Process 

GO:0009987 [2]:  
18 < 0.0001 14 Ass1, Ccl5, Ccl8, Cd209a, Fpr1, 

G1p2, Gzmb, Ifi204, Iigp1, Irf7, 
Marco, Oasl2, Slc13a3, Slfn1, 
Stat1, Stat2, Tnfsf10, Usp18.   

 

7 Response to Virus 
GO:0009615 [6]:  

3 < 0.0001 9 Mx1, Mx2, Oas1b. 

 

8 Taxis  
GO:0042330 [5]:  

5 < 0.0001 7 Ccl5, Ccl8, Cxcl10, Fpr1, G1p2. 

9 Chemotaxis 
GO:0006935 [6]:  

5 < 0.0001 7 

 
10 Innate Immune 

Response 
GO:0045087 [5]:  

2 < 0.0001 6 Mx1, Mx2. 
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Table 3.3. GATHER analysis using the TRANSFAC database for transcription 
factors. 

TRANSFAC # Genes p Value Bayes 
Factor 

Interferon-Stimulated Response Element 
V$ISRE_01:  14 <0.0001 28 

Gbp2, Gbp4, Gbp5, H2-T10, Ifi44, Ifit3, Mx2, Oas1b, Oasl1, Phf11, Slfn4, Tnfsf10, Usp18, 
Zbp1 

Interferon Regulatory Factor 7 
V$IRF7_01 36 :  0.003 2 
Ddx58, E430029F06, Fpr1, Gbp2, Gbp4, Gbp5, H2-T10, H2-T24, Herc5, Ifi44, Ifih1, Ifit1, Ifit2, 
Ifit3, Irf7, Irg1, Klrk1, Marco, Ms4a4c, Mx2, Oas1a, Oas1b, Oasl1, Oasl2, Phf11, Rsad2, 
Saa3, Slc13a3, Slfn1, Slfn4, Stat1, Stat2, Tgtp, Tnfsf10, Usp18, Zbp1. 
 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=230073�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=236573�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=14293�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=14469�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=55932�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=229898�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=15024�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=15042�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=67138�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=99899�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=71586�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=15957�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=15958�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=15959�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=54123�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=16365�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=27007�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=17167�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=64380�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=17858�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=246730�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=23961�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=231655�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=23962�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=219131�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=58185�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=20210�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=114644�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=20555�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=20558�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=20846�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=20847�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=21822�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=22035�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=24110�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=58203�
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Figure 3.7. Microarray expression of A) interferon and interferon receptor 

genes and B) interferon regulatory factor (Irf) proteins. Expression is shown as 

fold change over control. Ratio of 1 (black line) indicates no change in gene 

expression, the red lines indicate the 2.0 fold cut off values.  
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3.3.2.4.3. Irf7 and Ccl5 Gene Expression in ST2 and RAW264.7 Cells 

Treated with Adiponectin  

The primary bone marrow culture is a mixed cell system that contains cells of 

mesenchymal origin as well as hematopoietic cells, which include the osteoclast 

precursor cells.  In order to determine whether the changes in gene expression were 

specific to one of the cell lineages in the bone marrow culture, we treated the 

mesenchymal cell line ST2 and the monocytic cell line RAW264.7 with adiponectin. 

RNA was collected and real-time PCR analysis was carried out for Irf7 and Ccl5, two 

genes found to be highly upregulated by adiponectin treatment. Adiponectin elicited 

little effect on the expression of these genes in the ST2 cells but stimulated large 

changes in the RAW264.7 cells, with increases in Irf7 and Ccl5 similar to what was 

seen in the bone marrow (Figure 3.8). In RAW264.7 cells treated with adiponectin 

Ccl5 expression peaked at 4 h and returned to baseline by 24 h post drug-addition. In 

the microarray analysis, Ccl5 was highly differentially expressed at 4 h, but was 

further upregulated to peak at 24 h. In contrast, Irf7 expression slowly increased, 

peaking at 24 h in a similar pattern to the bone marrow data. These experiments 

provide indirect, preliminary results indicating that the changes in gene expression 

measured in bone marrow cells treated with adiponectin might be occurring in cells of 

the haematopoietic lineage and not the mesenchymal cells.  

 

These results are intriguing when taken together with the lack of response seen in 

adiponectin treated RAW264.7 cells undergoing osteoclastogenesis (Chapter 3.3.2.2).  
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Figure 3.8. Relative gene expression in A) ST2 and B) RAW264.7 cells 

treated with adiponectin as determined by real-time PCR. C) Gene 

expression in bone marrow culture treated with adiponectin as determined by 

microarray. RNA was collected after drug addition at times shown. 
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3.3.2.4.4. Adiponectin Effect on Genes Expressed at Late Stages of Culture 

Differentiation 

In order to identify genes whose expression changed during osteoclast differentiation 

and to investigate if adiponectin affected these changes, the adiponectin and control 

arrays were separated into early (4, 10 and 24 h) and late (72 and 120 h) groups. A 2-

way ANOVA comparison of the four groups identified that many genes were 

upregulated in the late control group compared to the early control group, several of 

which are known as key factors in the process of osteoclastogenesis (Table 3.4). 

Adiponectin had an inhibitory effect on some of the genes induced by 

osteoclastogenesis, reflecting its inhibitory effect on osteoclast differentiation. The 

expression levels of six of the genes induced during osteoclastogenesis and inhibited 

by adiponectin, as measured by the microarrays, are presented in Figure 3.9. The 

Calcitonin Receptor (CalcR) and Cathepsin K (Ctsk) are essential osteoclast genes 

that are known to be upregulated in differentiating osetoclasts (discussed in chapter 

1.1.5) and Osteoclast associated receptor (Oscar) is also expressed specifically in 

osteoclasts and regulates osteoclatogenesis (Kim, Takami et al. 2002). Nhedc2 is a 

sodium/hydrogen pump, essential for osteoclast differentiation and bone resorption 

(Battaglino, Pham et al. 2008) and two proteins involved in osteoclast precursor 

fusion are OC-stamp, a protein highly upregulated during osteoclastogenesis (Yang, 

Birnbaum et al. 2008), and Tspan7, a member of the Transpanin family of proteins 

(Ishii, Iwai et al. 2006). 

 

Other genes of interest identified in the analysis were Gpr68, a saturated fatty acid 

receptor which is downregulated by adiponectin, and adiponectin itself (Adipoq), as 

adiponectin appears to downregulate its own expression (Table 3.4). 

 

A similar number of genes were shown to be downregulated in the late control group 

compared to the early control group. Of these, 22 genes were differentially regulated 

by adiponectin (Appendix Table A1), however these genes had either already been 

identified in the previous analysis of adiponectin treatment effect in all time points 

pooled together or their biological relevance to osteoclast differentiation was more 

difficult to understand. 
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Figure 3.9. Effect of adiponectin on genes differentially expressed during 
osteoclastogenesis as determined by microarray. 

 
 
 
 

0
500

1000
1500
2000
2500
3000
3500
4000
4500
5000

0 20 40 60 80 100 120

ex
pr

es
si

on

hours

Oscar

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

10000

0 20 40 60 80 100 120

ex
pr

es
si

on

hours

Ctsk

0

500

1000

1500

2000

2500

3000

3500

0 20 40 60 80 100 120

ex
pr

es
si

on

hours

Nhedc2

0
100
200
300
400
500
600
700
800
900

0 20 40 60 80 100 120

ex
pr

es
so

in

hours

CalcR

0

200

400

600

800

1000

1200

1400

0 20 40 60 80 100 120

ex
pr

es
so

in

hours

Tspan7

0

500

1000

1500

2000

2500

3000

3500

4000

0 20 40 60 80 100 120

ex
pr

es
so

in

hours

Oc-stamp



 

69 

Table 3.4 The effect of adiponectin on genes upregulated at the late stages of bone 

marrow culture differentiation. Genes upregulated at late differentiation stages were 

identified by comparing the late-control group to the early-control group. The effects 

of adiponectin on these genes were identified by comparing adiponectin treated-late 

group to the control-early group. 
RefSeq Gene Symbol Gene 

Symbol 
Ratio (ApN 
late vs. 
control 
early) 

Ratio (control 
late vs. control 
early) 

NM_175632 Osteoclast Associated Receptor  Oscar 5.66 13.01 

NM_007802 Cathepsin K  Ctsk 5.23 9.84 

NM_178877 Na+/H+ Exchanger Domain Containing 2  Nhedc2 3.69 8.78 

NM_146015 Epidermal Growth Factor-Containing Fibulin-Like 
Extracell 

Efemp1 5.00 6.61 

NM_007503 Fxyd Domain-Containing Ion Transport Regulator 2  Fxyd2 4.39 6.07 

NM_029422 Transmembrane 7 Superfamily Member 4  Tm7sf4 2.59 5.86 

NM_029021 Osteoclast Stimulatory Transmembrane Protein Oc-stamp 3.17 5.59 

NM_007588 Calcitonin Receptor  Calcr 2.64 4.92 

NM_009605 Adiponectin, C1Q And Collagen Domain Containing  Adipoq 2.73 4.73 

NM_177390 Myosin ID  Myo1d 2.54 4.68 

NM_198111 A Kinase (Prka) Anchor Protein 6  Akap6 2.54 4.63 

NM_177390 Myosin ID  Myo1d 2.31 4.36 

NM_029116 Kelch Repeat And Btb (Poz) Domain Containing 11  Kbtbd11 2.29 4.26 

NM_019634 Tetraspanin 7  Tspan7 2.43 4.21 

NM_153054 Solute Carrier Family 18 (Vesicular Monoamine), 
Member 1 

Slc18a1 1.99 4.20 

NM_153560 Family With Sequence Similarity 102, Member A  Fam102a 2.21 3.93 

NM_153098 CD109 Antigen  Cd109 1.81 3.63 

NM_017391 Solute Carrier Family 5 (Inositol Transporters), 
Member 3 

Slc5a3 2.46 3.53 

NM_013603 Metallothionein 3  Mt3 2.00 3.52 

NM_133187 Riken cDNA 1110032E23 Gene  1110032E2
3Rik 

1.77 3.46 

NM_009074 Macrophage Stimulating 1 Receptor (C-Met-Related 
Tyrosine  

Mst1r 2.20 3.43 

BC147727 Transmembrane 4 L Six Family Member 19  Tm4sf19 1.67 3.26 

NM_174857 Mam Domain Containing 2  Mamdc2 1.24 3.22 

NM_054098 Steap Family Member 4  Steap4 1.80 3.07 

NM_175177 3-Hydroxybutyrate Dehydrogenase, Type 1  Bdh1 1.91 2.94 

NM_175493 G Protein-Coupled Receptor 68  Gpr68 1.21 2.56 

NM_021334 Integrin Alpha X  Itgax 0.93 2.26 

NM_009888 Complement Component Factor H  Cfh 0.92 2.07 
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3.3.2.4.5. The Adiponectin Effect on RANKL and OPG Expression 

Regulation of osteoclast formation is complex and involves a myriad of factors, 

several of which are themselves sufficient for osteoclastogenesis. Of these, RANKL 

was not shown to be differentially expressed by adiponectin treatment in our analyses. 

Figure 3.10. shows the array data for RANKL, OPG and RANK presented as time 

courses of gene expression. RANKL was not inhibited in the bone marrow culture by 

adiponectin treatment, whilst OPG expression remained unchanged. This is supported 

by real time PCR of RANKL and OPG expression carried out on samples from a 

preliminary experiment in bone marrow cells treated with adiponectin (Appendix 

Figure A4).  
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Figure 3.10. Microarray gene expression of RANKL, RANK and OPG in 

bone marrow cultures treated with adiponectin. 
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3.4. DISCUSSION 

The first important output from the present study is the demonstration of direct effects 

of adiponectin on bone cells. Specifically, we have shown that adiponectin inhibits 

osteoclast formation whilst stimulating osteoblast proliferation. Secondly, we have 

demonstrated for the first time that adiponectin activates the type I interferon pathway 

in bone marrow cultures.  

 

3.4.1. Adiponectin’s Effects on Osteoblast Proliferation 
Our findings in osteoblast cultures are supported by studies from Luo et al, who 

treated primary human osteoblasts with human adiponectin and showed increased 

proliferation, differentiation, and mineralization (Luo, Guo et al. 2005). These results 

are similar to those of Oshima, who found that adiponectin enhanced alkaline 

phosphatase mRNA expression in MC3T3-E1 osteoblast-like cells and increased 

mineralization in cultures of those cells (Oshima, Nampei et al. 2005). However they 

appear to contradict the findings of Shinoda who found that the adiponectin inhibited 

the development of alkaline phosphatase-positive cells in pre-osteoblast cultures 

(Shinoda, Yamaguchi et al. 2006). This effect was influenced by the presence or 

absence of insulin in the cultures and the inhibitory effect on osteoblast differentiation 

was not seen in the presence of insulin. These studies added a further level of 

complexity by demonstrating that osteoblast development was reduced in bone 

marrow cultures from adiponectin knock-out mice. This was interpreted as suggesting 

that bone cell production of adiponectin acts in an autocrine/paracrine manner to 

stimulate osteoblast development. Thus, these authors suggest opposing autocrine and 

endocrine activities of adiponectin, but did not propose a mechanism for such 

contradictory effects.  

 

We did not investigate osteoblast differentiation in this study due to the high cost of 

the amount of adiponectin required for the long term osteoblast culture. Although we 

have confirmed that adiponectin stimulated osteoblast proliferation, the resultant 

effect on bone formation is not easy to predict. Cell proliferation increases the pool of 

immature pre-osteoblastic cells but can come at the expense of differentiation and the 

number of mature osteoblast cells capable of forming bone. To address this question, 
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experiments are planned in the future to culture primary mouse calvarial osteoblasts 

from AdKO and wild-type mice and examine cell differentiation and mineralization in 

the absence of adiponectin signalling. 

 

3.4.2. Adiponectin’s Effects on Osteoclastogenesis 
We have demonstrated that adiponectin inhibits osteoclast formation in primary 

mouse bone marrow cultures in the presence of 1,25(OH)2D3

 

. This effect was not 

through direct inhibition of osteoclast precursors or mature osteoclasts, suggesting the 

effect was mediated via other cell populations of the bone marrow. These include 

osteoblasts, adipocytes, fibroblasts, vascular and immune cell types. 

These findings concur with results from several groups who have shown inhibition of 

osteoclastogenesis by adiponectin in several culture systems. Yamaguchi et al showed 

that TNFα and RANKL-induced osteoclastogenesis in RAW264 D clone cells was 

inhibited by globular adiponectin (Yamaguchi, Kukita et al. 2007); whilst Oshima et 

al saw inhibition of osteoclast formation in mouse bone marrow macrophages induced 

by M-CSF and RANKL (Oshima, Nampei et al. 2005).  On the other hand, there has 

also been a report of adiponectin-stimulated osteoclast formation. Luo et al showed 

that adiponectin increased osteoclastogenesis in co-cultures of peripheral blood 

monocytes with osteoblasts (in the presence of 1,25(OH)2D3

 

), coinciding with 

increased RANKL expression (Luo, Guo et al. 2006). The results in this co-culture 

system contrast to our findings as well as those of Yamaguchi et al. and Oshima et al. 

However, Luo et al also showed that adiponectin had no effect on the monocyte 

culture in the absence of osteoblasts (in the presence of M-CSF and RANKL). This 

concurs with our findings in RAW264.7 cell cultures that the presence of other cells is 

required for adiponectin to inhibit osteoclastogenesis.  

A common mechanism for indirect inhibition of osteoclastogenesis is through the 

regulation of the levels of M-CSF, RANKL and OPG expression by osteoblasts.  

Microarray and real-time PCR analyses of the bone marrow cultures showed that this 

mechanism is unlikely to be mediating the adiponectin effect, as the levels of M-CSF 

and OPG were unchanged whilst RANKL was slightly increased by adiponectin 

treatment in the real-time analysis, which would favour osteoclast development rather 
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than inhibit it. This observation is in agreement with results from Luo et al (Luo, Guo 

et al. 2006) who reported increase in RANKL/OPG ratio in primary human 

osteoblasts. Osteoclastogenesis in bone marrow cultures treated with M-CSF and 

RANKL instead of 1,25(OH)2

 

D3 could still be inhibited by adiponectin, providing 

another line of evidence that the inhibition is not mediated through the regulation of 

these factors.  Similar results were reported by Oshima et al’s in bone marrow 

macrophage cultures (Oshima, Nampei et al. 2005). 

In the mouse bone marrow culture, microarray analysis of gene expression across the 

genome revealed that genes associated with innate immunity were highly upregulated 

by adiponectin. Many of these genes were found to belong to the type I interferon 

pathway, thus providing evidence that adiponectin stimulates interferon signalling. 

Although each data point was represented by one array, the pooled timepoints for 

each treatment (n=5) represent robust changes in gene expression that occur across the 

duration of the experiment. The results are also strengthened by the observed 

upregulation of a large number of genes that belong to the same pathway, as this is 

highly unlikely to happen by chance. Furthermore, similar changes were obsereved in 

an independent preliminary experiment, which is mentioned in the Methods section 

but is not described in greater detail in this thesis. Increased expression of Ccl5 and 

Irf7 that was also determined by real-time PCR in RAW264.7 cells, this provides 

further independent evidence for the regulation of these genes by adiponectin. 

 

 

Interferons are a multifunctional group of secreted proteins involved in cell growth, 

immune response and anti-viral defense (Lin, Genin et al. 2000). Although most 

commonly known for their role in the innate immune response to infection, the 

interferons are also critical for many physiological processes in the absence of 

pathogens. The classical type I interferon pathway (reviewed by (van Boxel-Dezaire, 

Rani et al. 2006) involves interferon-α or interferon-β binding to the interferon α/β 

receptors (IFNAR) 1 and 2. The binding of type I interferon proteins to these jak 

kinase receptors results in the phosphoryation of STAT1 and 2 which are then able to 

form a signalling complex involving IRF9. This signalling complex translocates to the 

nucleus, binding specifically to interferon-stimulated response element (ISRE) 

sequences of DNA to promote the expression of interferon-related genes. The 
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expression of interferon-α and interferon-β is upregulated in response to viral and 

bacterial infection as well as the presence of double-stranded RNA. Interestingly in 

the present study, the expression of the interferon genes themselves was not 

modulated by adiponectin treatment. Furthermore, neither interferon protein nor other 

contaminants were detectable in the adiponectin preparation, suggesting that the 

induction of interferon-related genes was independent of interferon or pathogenic 

contaminants.  

 

There are several studies reporting non-pathogenic induction of the interferon 

pathway. TNFα has been shown to induce the interferon-β pathway in human 

macrophages in the absence of pathogens (Yarilina, Park-Min et al. 2008). Some of 

the genes stimulated by TNFα were also identified in the present study as stimulated 

by adiponectin, these include CXCL10, CCL5, IRF7, MX1 and STAT1. However, 

unlike adiponectin, TNFα also stimulated interferon-β and IRF1.  

 

Interferons play an important role in the physiological inhibition of 

osteoclastogenesis. Interferon-β acts as part of a RANKL feedback loop and strongly 

inhibits osteoclast differentiation, as demonstrated by a series of experiments by 

Takayanagi et al (Takayanagi, Sato et al. 2005). RANKL was shown to increase the 

expression of interferon-β via Fos signalling in differentiating osteoclasts. As part of a 

negative feed-back mechanism, interferon-β then inhibits Fos levels and thus inhibits 

osteoclastogenesis. In vivo, interferon-β administration reduced resorptive activity in 

mice and in mice deficient in either interferon-β or the INFAR1 receptor bone mass 

was decreased and bone resorption increased compared to wild-type (Takayanagi, 

Kim et al. 2002). Sakai et al. showed that interferon-β was stimulated by 

1,25(OH)2D3  in human bone marrow and that this inhibited osteoclastogenesis 

through suppression of Nfatc1 expression. Although this is yet another example of a 

physiological role for interferons in bone, the results are difficult to consolidate with 

our own experiments, where 1,25(OH)2D3  was used to induce osteoclastogenesis, not 

inhibit it (Sakai, Takaishi et al. 2009). Interferon-α plays a similar role to interferon-β 

in osteoclastogenesis. Interferon-α was shown to inhibit osteoclast formation and 

resorptive activity in peripheral blood mononuclear cell cultures. Like interferon-β, 

this effect was accompanied by decreased expression of Fos (Avnet, Cenni et al. 

2007). Fos, however, was not differentially expressed in the bone marrow cultures of 
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the present study, indicating that the interferon pathways activated by adiponectin 

might act through different downstream mechanisms to inhibit osteoclastogenesis. 

 

 

The bone marrow culture is a good model system that closely represents the bone 

marrow environment in vivo, however, its complexity presents a challenge when 

interpreting the results. In order to try and delineate the contribution of the two major 

cell lineages present in the bone marrow to the changes in gene expression induced by 

adiponectin, we used the mesenchymal cell line ST2 and the hematopoietic cell line 

RAW264.7 that represents the monocytic cell population. The gene expression 

response of adiponectin-treated RAW264.7 cells was similar to that seen in the bone 

marrow culture, with upregulation of Ccl5 and Irf7, whereas the levels of these genes 

did not change in ST2 cells. The interferon proteins are known to be expressed mainly 

by monocytes and lymphocytes, cell types with similarities and common precursors to 

the macrophage-like RAW cells. Taken together, the results of our study indicate that 

although adiponectin can induce changes in gene expression in RAW264.7 cells, it is 

unable to inhibit osteoclastogenesis in this cell line.  

 

 

At present, it is not possible to produce a single model of adiponectin effects on 

isolated bone cells which reconciles the disparate findings of all these studies.  The 

effect of adiponectin on osteoblast differentiation and mineralization is unclear, 

however, the majority of studies do suggest that adiponectin is anabolic to the 

osteoblast. Its inhibitory effects on osteoclast formation are indirect, although this is 

likely to be independent of RANKL and OPG, and there is little effect on osteoclast 

activity. These findings suggest that adiponectin would have a positive net effect on 

bone mass, though without a clear understanding of its effects on osteoblast 

maturation it may merely reduce bone turnover. 

 

Some of the inconsistencies between studies could be accounted for by variable local 

production of adiponectin due to differences in the number and activity of osteoblast-

like cells in bone marrow cultures, and variation in adipocyte numbers in primary 

bone marrow cultures. This is likely to be further contributed to by interactions 

between adiponectin and other endocrine factors such as insulin, which would be 
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variably present in different experimental models, and by differences in the 

glycosylation and polymerization of the adiponectin preparations used by the various 

investigators. Adiponectin used here was purified full-length recombinant adiponectin 

expressed in mammalian cells. Trimeric, hexameric and HMW oligomers are present 

in this preparation (Wang, Lam et al. 2006) as occurs physiologically (Suzuki, 

Wilson-Kubalek et al. 2007). As such, signaling though either AdipoR1 or AdipoR2 

receptors is possible. AdipoR1 has high affinity to the low-molecular weight forms, 

whilst AdipoR2 binds low and HMW adiponectin with intermediate affinity 

(Whitehead, Richards et al. 2006). 

 

3.4.3. Further Studies 

Further experiments are planned for the investigation of the mechanism of action of 

adiponectin on bone marrow osteoclastogenesis. Firstly, the results of the microarray 

analysis presented here will have to be confirmed by real-time PCR for the genes of 

interest in a number of independent experiments of bone marrow cells treated with 

adiponectin.  Important questions that will be investigated are which of the cell 

populations in the bone marrow responds to adiponectin by eliciting a type I 

interferon response, and whether this is a part of the mechanism that inhibits 

osteoclast development in these cultures. A possible experimental approach would be 

to use magnetic beads-conjugated antibodies against specific markers on the different 

cell lineages to separate the mesenchymal and hematopoietic cells of the bone 

marrow. The cells could then be treated with adiponectin and changes in gene 

expression could be measured. As alternative models to the bone marrow culture, 

primary osteoblastic cells co-cultured with isolated blood mononuclear cells or spleen 

cells could also be used. Functional studies will be performed in order to determine 

the role of the interferon response in the inhibitory effect of adiponectin on 

osteoclastogenesis, neutralising antibodies that block the type I interferon receptors 

will be used to investigate whether a ligand has to bind to this receptor as part of the 

mechanism, and RNA interference will be used to knockdown the expression of key 

genes that have been identified here. The possible effect of adiponectin on early 

differentiation stages of mesenchymal cells and in particular on their ability to 
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progress along the pathway of osteoblast differentiation or adipocytes differentiation 

will be investigated in the mesenchymal Kusa 4b10 cell line.   

 

 

3.4.4. Summary 

The experiments of the present study show that adiponectin is proliferative to the 

osteoblast whilst inhibiting osteoclast formation. An important novel finding from this 

study was the potent induction of interferon-regulated genes by adiponectin in mouse 

bone marrow. This is the first time that adiponectin has been shown to activate this 

pathway in any tissue. Adiponectin circulates at high concentrations in comparison to 

other hormones and is secreted directly from bone marrow adipocytes in the bone 

micro-environment. Our results show that adiponectin is likely to play an important 

role in bone biology and contribute to the relationship between fat and bone. 
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4 Chapter 4. The Skeletal Phenotype 
of the Adiponectin Deficient 
Mouse  

 

4.1. INTRODUCTION    
Adiponectin is a pleiotropic hormone with effects on many organs systems that in turn 

are capable of secondary effects on bone. Although in vitro studies are excellent for 

investigating mechanisms of action and molecular pathways, this reductionist 

approach may not be representative of the process in the live animal. 

 

4.1.1. Effects of Adiponectin In Vivo 
In humans the adiponectin gene is located on chromosome 3q27, a region of the 

genome associated with the metabolic syndrome (Vionnet, Hani et al. 2000). 

Polymorphisms in the adiponectin gene are associated with type 2 diabetes and 

reduced adiponectin levels, which in turn are associated with obesity and insulin 

resistance (Hara, Boutin et al. 2002; Vasseur, Helbecque et al. 2002). Low circulating 

levels of adiponectin in humans are also associated with cardiovascular and metabolic 

disorders such as coronary artery disease and type 2 diabetes mellitus (Kumada, 

Kihara et al. 2003; Hara, Horikoshi et al. 2006).  

 

Mutations of adiponectin can affect its oligomerisation (discussed in chapter 1.12.2) 

and the ratio of HMW to low molecular weight adiponectin in humans (Waki, 

Yamauchi et al. 2003). The relative abundance of HMW adiponectin, rather than the 

absolute amount has been identified as a more relevant predictor of insulin sensitivity 

(Lara-Castro, Luo et al. 2006; Basu, Pajvani et al. 2007). This is also seen with the 

effects of the insulin-sensitising drug thiazolidinediones (TZD). TZDs are potent 

agonists of PPARγ, a transcription factor which can bind to the adiponectin promoter 

and upregulate its expression. In diabetic mice and type 2 diabetes patients treated 

with TZDs improvements in insulin sensitivity correlated more strongly with the ratio 

of HMW to total adiponectin than with total adiponectin alone (Pajvani, Hawkins et 
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al. 2004). HMW adiponectin has been shown to act as the most biologically active 

form for improving hyperglycemia in mice (Pajvani, Hawkins et al. 2004). Supporting 

this, full length adiponectin produced bacterially, lacks mammalian posttranslational 

modifications, cannot form HMW complexes and has little or reduced activity (Wang, 

Xu et al. 2002). 

 

In contrast, the globular truncated form of adiponectin, although unable to form 

multimer structures higher than trimers, has potent effects on energy homeostasis. 

Globular adiponectin increased the beta-oxidation of fatty acids as well as the 

clearance of fatty acids and glucose from the blood when administered to obese mice 

in vivo, most likely through the AMPK pathway in skeletal myocytes (Fruebis, Tsao 

et al. 2001; Tomas, Tsao et al. 2002; Yamauchi, Kamon et al. 2003). However, as 

globular adiponectin circulates at much lower concentrations than the full length form 

these findings may be of less physiological relevance (Fruebis, Tsao et al. 2001). 

 

4.1.1.1. Adiponectin and Inflammation 

Obesity is regarded as an inflammatory condition, accompanied by large increases in 

the adipocyte-derived inflammatory cytokines, TNFα and IL-6 (Yudkin, Stehouwer et 

al. 1999). Adiponectin levels are inversely related to circulating IL-6 (Choi, Ryu et al. 

2007) and to the expression of TNFα in adipose tissue (Kern, Di Gregorio et al. 2003).  

The reciprocal relationship between adiponectin and TNFα has been demonstrated in 

leptin resistant db/db mice which have low adiponectin levels and highly upregulated 

circulating TNFα (Maeda, Shimomura et al. 2002).  Whilst these mice are grossly 

obese, elevated TNFα is also seen in AdKO mice which display a normal body 

weight. Furthermore, over-expression of adiponectin to rescue this deficient 

phenotype reduced TNFα concentrations (Maeda, Shimomura et al. 2002). Likewise, 

IL-6 and TNFα inhibit adiponectin expression in 3T3-L1 adipocytes (Maeda, 

Takahashi et al. 2001; Fasshauer, Kralisch et al. 2003).  

 

Adiponectin has also been shown to stimulate nitric oxide production from aortic 

endothelial cells (Chen, Montagnani et al. 2003). Nitric oxide is proposed to induce 

vasodilation, increased blood flow and increased glucose disposal, whilst having pro-

inflammatory and complex biphasic effects on osteoblast and osteoclast cells in bone 
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(van't Hof and Ralston 2001). Additionally, adiponectin activates COX-2 and 

prostaglandin synthesis in mesenchymal cells (Yokota, Meka et al. 2003), endothelial 

cells (Ujiie, Oritani et al. 2006), follicular endothelial cells (Ledoux, Campos et al. 

2006) and cardiac myocytes (Shibata, Sato et al. 2005; Ikeda, Ohashi et al. 2008). 

Prostaglandins are produced within bone and are potent bone-active factors with both 

stimulatory and inhibitory effects on the skeleton (Raisz 1999). 

 

4.1.1.2. AdKO Mouse Phenotype 

AdKO mice have been shown to have altered insulin sensitivity despite no change in 

body weight or fat pad weight (Kubota, Terauchi et al. 2002; Nawrocki, Rajala et al. 

2006). However, one group only detected this difference in mice fed on high fat diets 

(Maeda, Shimomura et al. 2002), whilst another found no alteration in insulin 

resistance or glucose tolerance on either diet (Ma, Cabrero et al. 2002). 

 

Studies of the AdKO mouse suggest that adiponectin is a protective factor for diseases 

affecting the cardiovascular, hepatic and renal systems. AdKO mice had impaired 

vascular wall healing, with increased neointimal thickening in response to injury 

(Kubota, Terauchi et al. 2002) and AdKO mice on high salt diets suffered from higher 

blood pressure compared to wild-type (WT) (Ohashi, Kihara et al. 2006). AdKO mice 

had increased cardiac hypertrophy and mortality compared to WT in models of 

hypertension (Shibata, Ouchi et al. 2004) and increased infarct size following 

myocardial ischemic-reperfusion injury (Shibata, Sato et al. 2005). These studies 

demonstrate that adiponectin is a protective factor for atherosclerosis, hypertension 

and myocardial infarct. Furthermore, AdKO mice were also shown to respond with 

increased severity in models of liver (Kamada, Tamura et al. 2003; Kamada, 

Matsumoto et al. 2007) and kidney injury (Ohashi, Iwatani et al. 2007). 

4.1.1.3. Adiponectin Receptor Knock-Outs  

Deletion of the genes encoding the adiponectin receptors AdipoR1 and AdipoR2 have 

further demonstrated the roles of adiponectin in inflammation, energy homeostasis 

and insulin resistance. However these models suggest that the two receptors may have 

opposing metabolic roles (reviewed by Ahima and Lazar, 2008). Deficiency of both 

receptors induced inflammation and insulin resistance (Yamauchi, Nio et al. 2007). 
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Likewise, deletion of AdipoR1 reduced energy expenditure and induced insulin 

resistance. In contrast, two studies of AdipoR2 deficient mice demonstrated that they 

had higher energy expenditure, a leaner phenotype and improved plasma glucose 

(Bjursell, Ahnmark et al. 2007) as well as decreased lipid levels and improved insulin 

sensitivity. However the insulin sensitive AdipoR2 mice were still diabetic due to 

pancreatic β cell failure (Liu, Michael et al. 2007). (Ahima and Lazar 2008) 

 

4.1.2. In Vivo Effects of Adiponectin on Bone 
Consistent with the in vitro findings of adiponectin effects on bone, several studies 

have shown that it acts as a bone-active factor in live animals. However the actions of 

adiponectin on bone are far from clear. Oshima et al showed that over-expression of 

full-length mouse adiponectin by adenoviral vector in 8 week old C57BL/6J mice 

increased trabecular bone volume in the distal femur compared to LacZ over-

expressing controls (Oshima, Nampei et al. 2005). Moreover, the number of 

osteoclasts was reduced in TRAP-stained sections of these bones, congruent with the 

inhibition seen in the bone marrow culture experiments carried out in the same study. 

However, in a contrasting study, Ealey et al showed that transgenic mice over-

expressing adiponectin had reduced whole femur BMD and bone mineral content as 

well as reduced lumbar vertebra compression strength (Ealey, Kaludjerovic et al. 

2008). What is more, Shinoda et al found that transgenic mice over-expressing 

globular mouse adiponectin exclusively from liver were not different from WT in 

bone morphology (Shinoda, Yamaguchi et al. 2006).  

 

 

Shinoda et al also described the AdKO mouse and showed no abnormality in bone 

phenotype at 8 weeks of age (Shinoda, Yamaguchi et al. 2006). In contrast, an 

abstract by Nampei et al  reported an age-dependent bone phenotype in AdKO mice 

(Nampei, Hashimoto et al. 2004). No difference was seen at 13 weeks of age but there 

was an increase in bone volume between the AdKO and WT at 39 weeks. The strain 

of mouse studied as well as the diet and animal body weights were not reported by 

these investigators. 
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4.1.3. Human Epidemiology of Adiponectin and Bone  

Adiponectin serum levels are negatively associated with obesity, coronary artery 

disease and insulin resistance (Arita, Kihara et al. 1999; Kumada, Kihara et al. 2003; 

Hara, Horikoshi et al. 2006; Ouchi and Walsh 2007). Whilst adiponectin is protective 

in the cardiovascular and metabolic systems, epidemiological studies suggest that the 

relationship between adiponectin and bone density is negative. The predominant trend 

is that adiponectin is inversely associated with BMD (Lenchik, Register et al. 2003; 

Jurimae, Rembel et al. 2005; Jurimae and Jurimae 2007; Nielsen, Abrahamsen et al. 

2007; Richards, Valdes et al. 2007). Many studies apply multi-factorial adjustments. 

However, as adiponectin levels are inversely correlated to fat mass and fat mass is 

positively associated with BMD, it is no surprise that adiponectin is found to have 

negative links to bone. Despite this, Reid et al. suggest that adiponectin is the 

principal factor through which fat mass influences bone density in postmenopausal 

women, since its correlation with bone is greater than that of other fat-related indices 

(including fat mass). This is not simply a reflection of total fat mass, since leptin is 

more closely related to this, yet has only a small effect on bone density (Richards, 

Valdes et al. 2007; Reid and Richards 2009). 

 

 

 

4.1.4. Summary 
Adiponectin has effects on a range of organ systems and many of these pathways can 

have secondary effects on bone. There are currently a handful of conflicting studies 

looking at adiponectin and bone in vivo and a body of human epidemiology 

suggesting that adiponectin negatively influences bone. Furthermore, the skeletal 

phenotype of the adiponectin-deficient mouse is unclear, with two conflicting reports. 

An investigation using high resolution µCT or biomechanics has not been completed 

and is necessary to clarify the role of adiponectin on bone in vivo.  
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4.1.5. Aims 

As there are two contrasting reports regarding the bones of AdKO it is unclear 

whether adiponectin deficiency has a significant effect on bone mass. In order to 

understand the role of adiponectin in vivo it is important to determine the bone 

phenotype of the AdKO mouse across its lifespan. Thus, in vivo studies were carried 

out to longitudinally assess the skeletal phenotype of the AdKO mouse.  

 

Specific aims: 

1) µCT analysis of the proximal tibia of AdKO and WT mice at 8, 14 and 22 

weeks of age 

2) Biomechanical tests to determine bone strength and material properties of 

AdKO and WT femora. 
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4.2. METHODS 

4.2.1. Animals 
In collaboration with Hong Kong University, through Dr Yu Wang and Dr Aimin Xu 

we had the opportunity to study AdKO C57BL/6J mice. Mice were generated and 

maintained at Hong Kong University as reported previously (Ma, Cabrero et al. 2002; 

Zhou, Xu et al. 2008). AdKO mice were fertile and outwardly indistinguishable from 

WT animals. Mice were fed a standard chow (Wang, Lam et al. 2006). Male WT and 

AdKO mice were sacrificed at 8, 14 and 22 weeks of age. After sacrifice, hind limbs 

were stored in 70% ethanol and transported to University of Auckland. Due to the 

fixation process the bones were compromised at the cellular level and were not 

appropriate for dynamic histomorphometry. Here the left tibiae and femora were 

removed, gently cleaned of all soft tissue and fixed in 70% ethanol. These 

experimental protocols were approved by the Animal Ethics Committee at the 

 

University of Hong Kong. 

4.2.2. Biomechanical Testing 

4.2.2.1. Three Point Bend Tests 

Femurs were subjected to three point bending with the anterior side in tension on an 

Instron Universal testing machine (Model 1186; Instron, Canton, MA, USA). Left 

femurs were placed on a custom-made sample holder with 10mm of separation 

between the end supports and positioned to make contact with the loading anvil at a 

consistent point along the mid-shaft. Specimens were tested at a compressive 

displacement rate of 1 mm/second up to failure at room temperature. Bone response 

up to fracture was displayed as load (N) versus displacement (mm) curves.  

 

4.2.2.2. Micro Hardness Indentation 

Cortical hardness was determined by embedding bones in cold-setting epoxy resin, 

grinding them down axially to the lesser trochanter and finely polishing them on a 

0.5µm diamond-impregnated rotating lapping cloth. A  Leco M-300 micro hardness 

tester (Leco Corporation St. Joseph MI, USA) with a diamond pyramid indenter was 
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used to obtain Vickers hardness measurements in four different regions of the cortical 

cross-section.  An indenting load of 25 grams was used in all tests. Hardness values 

were obtained across the cortex commencing approximately 20 µm from the 

endosteum with a spacing of 50 µm between each indentation towards the periosteum. 

 

.   
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4.3. RESULTS 

4.3.1. Body Weight and Bone Length 
The AdKO and WT mice were of similar body weight at 8, 14 and 22 weeks of age. 

In contrast, tibial length was greater in AdKO mice compared to WT at 8 weeks of 

age, but was no different at 14 or 22 weeks (Table 4.1). 

 

Age (weeks) 8± 0 8± 0 14± 0 14± 0 21.5±0.5 21.6±2.1 
Genotype WT AdKO WT AdKO WT AdKO 
n 9 8 14 6 8 10 

Body weight (g) 23.5 ± 3.5 24.7 ± 2.5 28.1 ± 2.7 25.7 ± 0.8 28.5 ± 4.4 30.0 ± 3.4 
Tibia length (mm) 16.7 ± 0.5 17.2 ± 0.5* 17.7 ± 0.3 17.6 ± 0.2 17.9 ± 0.2 17.8 ± 0.3 
Table 4.1. Body weight and tibia length of wild-type (WT) and adiponectin knock-out 

(AdKO) mice. Data are mean ±SD. *, significant difference from wild-type, P<0.05. 

 

4.3.2. µCT Analysis 

4.3.2.1. Trabecular Bone  

µCT scanning and analysis was carried out as described in chapter 2.3.2.  Quantitative 

indices of trabecular structure are set out in Figure 4.1.  At 8 weeks, there were no 

differences between AdKO mice and WT for any parameter. In contrast, at 14 weeks 

trabecular bone volume was increased in AdKO mice, apparently as a result of 

increased trabecular number rather than trabecular thickness. This resulted in a lower 

mean structure model index in the AdKO animals, reflecting a more plate-like 

structure of the trabeculae, in comparison with the WT animals whose trabeculae were 

more rod-like. These differences can also be appreciated qualitatively from 

comparisons of cross-sections between the animals (Figure 4.2). A trend towards 

increased trabecular bone was also present in the 22-week animals.   
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Figure 4.1. Three-dimensional trabecular bone morphology of the proximal 

tibia, assessed by micro-computed tomography. Data for wild-type (WT) and 

adiponectin knock-out (AdKO) mice at 8, 14 and 22 weeks of age are shown. 

The structure model index (SMI) is a measure of the relative prevalence of 

plate or rod-like trabeculae. The lower SMI values in the 14 week AdKO 

bones indicate a more plate-like trabecular structure. Data are expressed as 

mean ± SEM. *, significant difference from WT; p<0.05. 
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Figure 4.2. Cross-sections through the trabecular region of mouse tibia. Shown here are representative  

cross-sections acquired by micro-computed tomography from adiponectin knock-out and wild- type (WT) 

mice at 14 weeks of age. 

89 



 

90 

 

4.3.2.2. Cortical Bone 

Quantitative indices of cortical structure are set out in Figure 4.3. Cortical bone volume 

tended to be higher at all time-points, but this was only significant at 22 weeks of age. 

Cortical bone surface area-to-volume-ratio was significantly decreased in 22-week old AdKO 

animals, suggesting a more compact architecture despite the absence of a significant 

difference in cortical porosity or total perimeter between AdKO and WT at any age. 
 

4.3.3. Biomechanical Testing 
Biomechanical testing was only available at the time in the 8 and 14-week old animals and 

nano-indentation was not available during this study. Quantitative bone fragility indices were 

determined from load–deformation curves during three point bending (Figure 4.4), and are set 

out in Figure 4.5. Displacement to fracture, work to fracture and displacement to peak load 

were all increased in the AdKO animals at 14 weeks of age, indicating increased femoral 

toughness in these animals. Micro-indentation studies were undertaken in 4 regions of the 

cortex, shown in Figure 4.6. Increases in cortical bone hardness were found in 2 of the 4 

regions tested in the 14 weeks old animals (Figure 4.7). 
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Figure 4.3. Three-dimensional cortical bone morphology of the proximal 

tibia, assessed by micro-computed tomography. Data for wild-type (WT) 

and adiponectin knock-out (AdKO) mice at 8, 14 and 22 weeks of age are 

shown. Data are expressed as means ± SEM. * significant difference from 

WT, P<0.05.  
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Figure 4.4. Load versus deformation curve from three point bending testing. Shown are the points of the 

graphs used as outcome measures. 
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Figure 4.5. Bone fragility in the femur of WT and AdKO mice at 8 and 

14 weeks of age. The indices shown were determined from load–

deformation curves during three point bending. Data are expressed as 

means ± SEM. *Significantly different from control, P<0·05. 
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Figure 4.6. Cross-section of cortical bone showing regions selected for micro-hardness indentation 

testing  
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Figure 4.7. Micro-hardness indentation results showing cortical 

bone hardness in the femur of WT and AdKO mice at 8 and 14 

weeks of age. Values show average hardness across the cortex in 

each region. Means ± S.E.M. *Significantly different from control, 

P<0.05. 
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4.4. DISCUSSION 
 

One of the most important findings in this study is that there is a bone phenotype 

in the adiponectin knock-out mouse, but this is not dramatic and its expression is 

variable with age. The present study demonstrates that adiponectin modulates bone 

mass in vivo, and is the first description of the mechanical effects on bone of 

adiponectin-deficiency. This suggests that adipose tissue function does have a 

physiologically relevant impact on skeletal homeostasis, but that the component of 

this mediated by adiponectin is modest. Thus, the present data from the knockout 

mice show that a variety of parameters of skeletal mass and strength tend to be higher 

in the adiponectin-deficient animals, but this varies with age, being most clear-cut at 

14 weeks. Superficially, this is congruent with the human data, in which low 

adiponectin is also associated with increased bone mass, though that relationship is 

not necessarily causative. These results are at first glance in opposition to the in vitro 

literature and findings presented in chapter 3, where adiponectin stimulated osteoblast 

proliferation and inhibited osteoclastogenesis. However without a clarification of the 

effect on osteoblast differentiation and bone formation, we can only speculate on the 

effect of adiponectin in vivo. We plan to explore this issue further in the future using 

dynamic histomorphometry in AdKO mice, not possible with these samples. 

Furthermore, adiponectin impacts on metabolic pathways and the interplay of these 

may account for apparent discrepancies between the phenotype of the knockout 

mouse the in vitro findings. The role of adiponectin in systems such as insulin 

sensitivity, immunity and inflammation, the brain and local bone factors is addressed 

later in this discussion. 

 

4.4.1. Previous Literature Describing AdKO Mice 
Possibly reflecting the modest in vivo changes and their variable expression over time, 

the present AdKO data are not completely consistent with what is already known. 

Two groups have previously reported skeletal changes in AdKO mice. Nampei et al 

reported an age-dependent bone phenotype in AdKO mice (Nampei, Hashimoto et al. 

2004). No difference from WT was seen at 13 weeks of age but there was an increase 

in bone volume at 39 weeks. This abstract did not report the strain of mouse studied, 

diet or body weights. Shinoda et al found no bone phenotype in AdKO mice at 8 
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weeks of age by radiography, BMD and histology (Shinoda, Yamaguchi et al. 2006). 

However, in bone marrow culture taken from these mice, osteogenesis was reduced in 

AdKO mice compared to controls, without differences in adipogenesis or 

osteoclastogenesis. Both AdKO and WT cultures were exposed to adiponectin in the 

fetal bovine serum, so the differences may illustrate the different responses of AdKO 

and WT cells to adiponectin. Interpreted broadly, these studies are similar to our own, 

in that early in life WT and knockout mice are similar whereas in adulthood 

differences do emerge, though the timing of these differences varies between our own 

study and that of Nampei.   

 

Age-dependent effects have recently also been demonstrated in transgenic mice over-

expressing adiponectin (Ealey, Kaludjerovic et al. 2008). Mechanical tests showed 

reduced strength in the femoral neck and midshaft in adiponectin over-expressor mice 

compared to WT, at 8 weeks of age but not 16 weeks of age. However, as the 

circulating adiponectin levels were only shown to be elevated at 16 weeks of age, the 

age-dependent effect may possibly reflect variable over-expression of adiponectin. 

Because adiponectin negatively regulates its own production, studies over-expressing 

adiponectin do not always produce the hyper-adiponectinemia they seek to (Swarbrick 

and Havel 2008). 

 

4.4.2. Changes in Adiponectin Levels With Age 
With increased age, total body fat mass increases and there is a particular increase in 

bone marrow adiposity which is likely to have a dramatic effect on adiponectin 

concentrations in the bone microenvironment (Rozman, Feliu et al. 1989). Increasing 

adiposity would be expected to be associated with falling adiponectin levels in WT 

mice, and Berner has demonstrated that adiponectin levels in bone marrow do 

decrease by nearly 50 percent from age 4 weeks to 14 weeks in mice (Berner, 

Lyngstadaas et al. 2004). What happens to mouse bone marrow levels of adiponectin 

beyond this age is not clear, but a continued decline with age could explain why 

differences between wild-type and knock-out animals disappear with advancing age. 

Additionally, sexual maturity, particularly puberty, causes dramatic changes in sex 

hormone levels and adiposity. Testosterone inhibits adiponectin production 

(Nishizawa, Shimomura et al. 2002; Xu, Chan et al. 2005). The changes in fat mass 
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and androgens which occur with age could influence adiponectin levels and regulate 

the extent of the AdKO bone pahenotype. 

 

The role of the bone marrow adipocytes in the AdKO model requires detailed 

investigation. Extensions to this work to elucidate the potential influence of 

adiponectin on adipogenesis are currently underway. These include investigating 

whether adiponectin induces a preferential switch of mesenchymal stem cells to either 

an osteogenic or adipogenic pathway in KUSA cells, a stem cell line which can 

develop into either bone-forming or fat-storing cells. Adipocyte formation will be 

quantified by oil red O staining and image analysis. Furthermore, two techniques will 

be used to visualize the bone marrow fat content of AdKO mouse bones; firstly, high-

field MRI and secondly, osmium staining in combination with µCT analysis.  

 

4.4.3. Body Weight, Fat Mass and Insulin Sensitivity 
We found no differences in body weight between AdKO and WT mice, in agreement 

with the literature. AdKO and WT mice have been shown to have similar body 

weights and fat pad weights when fed normal maintenance chow (Ma, Cabrero et al. 

2002; Maeda, Shimomura et al. 2002), as well as high fat diets (Maeda, Shimomura et 

al. 2002; Nawrocki, Rajala et al. 2006). 

 

Changes in insulin sensitivity vary with the background strain and knock-out strategy 

employed to generate the ADKO mouse. The strain of AdKO mice used in this study 

was previously described by Ma et al to have no insulin resistance or glucose 

intolerance, but they did find increased β-oxidation in muscle and liver. When fed 

high fat diets, the insulin resistance and glucose intolerance of the AdKO mice 

remained similar to WT (Ma, Cabrero et al. 2002). Likewise, Maeda et al reported 

similar results in a different strain of AdKO mice when fed normal chow but found 

that these mice become severely insulin resistant when fed a high fat diet (Maeda, 

Shimomura et al. 2002). In contrast, two further strains of AdKO mice displayed 

insulin resistance when fed normal diets (Kubota, Terauchi et al. 2002; Nawrocki, 

Rajala et al. 2006). Thus, hyperinsulinemia is likely to be a potential confounder when 

examining the bone phenotype of these mice. 
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Further studies are required to elucidate the significance of a diabetic phenotype to 

bone in AdKO mice. Measurement of caloric intake and insulin sensitivity, as well as 

the effects of high fat diets are important for interpreting the mechanism of the effect 

of adiponectin-deficiency on bone and are planned in conjunction with µCT analysis. 

 

4.4.4. Further Secondary Mechanisms 
Different model systems can produce dramatically different results and can on 

occasion, miss the main physiological effect. A well-known example is PTH, with 

effects that are highly context dependent, varying with cell type, stage of 

differentiation, dosage and exposure time. PTH has potent anabolic activity when 

administered intermittently but leads to bone loss with continuous treatment (Krause, 

Gorter et al. 2008). Controlled, reductionist systems such as cell culture, however 

insightful mechanistically, may in some situations have limited physiological context. 

Discussed below are several examples of the complexity of adiponectin function that 

may potentially act in vivo but are unaddressed by in vitro cultures.  

 

Adiponectin is known to bind to a range of other proteins and of particular relevance 

to bone is its high affinity binding to collagen I (Okamoto, Arita et al. 2000). The 

wealth of collagen I in the bone matrix in vivo could conceivably sequester 

adiponectin out of the bone marrow fluid or conversely increase its abundance. 

Similarly, adiponectin’s binding activity (see Chapter 3.1.1) may block the function of 

bone growth factors such as PDGF and FGF (Wang, Lam et al. 2005). 

 

The novel findings from chapter 3 demonstrate that adiponectin stimulates the 

expression of cytokines and immune factors such as interferon response genes. It is 

likely that a global reduction of this response, as could be the case in the AdKO 

mouse would have consequences in many organs over the span of a lifetime, 

imperceptible in the brief cell culture experiments.  

 

The effect of adiponectin on cytokines and chemokine release in vivo and the 

consequence of this on bone is likely to be complex. Adiponectin induces MCP-1, IL-

6 and CXCL8 (Abke, Neumeier et al. 2006; Rovin and Song 2006; Liao, Yu et al. 

2009) through the activation of the pro-inflammatory transcription factor NF-κB 
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(Lappas, Permezel et al. 2005; Abke, Neumeier et al. 2006; Haugen and Drevon 

2007). CXCL8 and MCP-1 are chemokines that act as survival factors for monocytes 

and endothelial cells as well as chemoattractants for immune cells. On the other hand, 

adiponectin increases the production of the anti-inflammatory cytokine IL-10 from 

macrophages (Wulster-Radcliffe, Ajuwon et al. 2004). Adiponectin stimulated 

secretion of inflammatory factors occurs in many cells types, including in monocytes, 

kidney, epithelial, and cardiac fibroblast cells, which are not represented in vitro and 

likely to impact on the bone microenvironment.  

 

Adiponectin appears to be similar to leptin in that it is a nutrition-related hormone 

with neural effects that impact on bone. The receptors AdipoR1 and R2 are both 

expressed in the brain (Coope, Milanski et al. 2008; Guillod-Maximin, Roy et al. 

2009; Psilopanagioti, Papadaki et al. 2009) though there is mixed evidence regarding 

whether adiponectin crosses the blood-brain barrier (Spranger, Verma et al. 2006; 

Kos, Harte et al. 2007). Adiponectin’s effects on the brain are unclear with several 

contradictory reports, but central administration of adiponectin does seem to modulate 

energy expenditure and is likely to have effects on food intake (Qi, Takahashi et al. 

2004; Kubota, Yano et al. 2007; Coope, Milanski et al. 2008). In any case, bone is 

influenced strongly by neural, immune and environmental factors, and the effects of 

adiponectin are likely to affect bone in vivo in ways that are not apparent in vitro. 

 

4.4.5. Future Work 
Further work with the AdKO mice includes determining the bone phenotype in female 

mice, as there is a known sexual dimorphism of adiponectin, and investigating the 

effect of high fat feeding, which has been shown to modulate the metabolic phenotype 

of AdKO mice, particularly their insulin sensitivity and fatty acid metabolism. In the 

future, potentially useful models to separate the secondary effects of adiponectin from 

its direct effects would be a bone specific knock-out, (with the adiponectin gene 

deletion targeted specifically to promoters in either osteoblasts or osteoclasts) and a 

conditional knock-out mouse, such that adiponectin deficiency could be induced at 

different stages of the life cycle. 
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4.4.6. Summary 
The bone phenotype of the AdKO mouse indicates that adiponectin negatively 

regulates bone mass, in agreement with the inverse realionship between circulating 

adiponectin and BMD found in humans. This implies that adiponectin has pleiotropic 

actions in vivo which cause its net effects on bone to diverge from those found in 

vitro. Sex hormones and adiposity are likely to modulate the effect of adiponectin-

deficiency during maturation and aging, reflected in the age-dependent bone effects 

seen in the AdKO mouse. As serum adiponectin is inversely associated with fat mass 

in humans, the present findings lend further evidence to the positive relationship 

between fat mass and bone mass.  
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5 Chapter 5. Skeletal Phenotype of 
the Leptin Receptor-Deficient 
(db/db) Mouse 

 

5.1. INTRODUCTION   

 

Over the last decade leptin has come to be regarded as the classic adipocyte hormone, 

and it is now clear that it can directly modulate the activity of bone cells, as well as 

indirectly influencing skeletal metabolism through its actions on the central nervous 

system (discussed in Chapter 1.12.1). Leptin is expressed by adipocytes, both in 

adipose tissue and in the bone marrow (Laharrague, Larrouy et al. 1998), and its 

expression has been shown to increase with adipocyte size and number (Hamilton, 

Paglia et al. 1995; Considine, Sinha et al. 1996). 

 

It is important to reiterate that the signalling form of the leptin receptor has been 

shown by several groups to be expressed in several skeletal cell types; including bone 

marrow stromal progenitor cells (Thomas, Gori et al. 1999), osteoblasts (Cornish, 

Callon et al. 2002) and hematopoietic precursor cells (Bennett, Solar et al. 1996). In 

vitro we and others have shown leptin to be an anabolic factor for bone, stimulating 

osteoblast proliferation and differentiation whilst inhibiting osteoclastogenesis 

(Thomas, Gori et al. 1999; Cornish, Callon et al. 2002; Holloway, Collier et al. 2002), 

and when systemically administered was anabolic to bone in mice (Steppan, Crawford 

et al. 2000; Cornish, Callon et al. 2002; Martin, de Vittoris et al. 2005) and rats 

(Burguera, Hofbauer et al. 2001)(discussed in further detail in chapter 1.12.1.). 

 

In opposition to the anabolic effects on the skeleton, leptin can also cross the blood 

brain barrier to interact with the hypothalamus. Injection of leptin directly into the 

cerebral ventricles of mice induces bone loss in the spine, though this is accompanied 

by dramatic loss of body weight (Ducy, Amling et al. 2000).  
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5.1.1. 

Controversy exists over the bone phenotype resulting from ablation of leptin 

signalling. Several rodent models exist with mutations in either the gene encoding 

leptin or its receptor, all of which are obese (discussed in chapter 1.12.1). The db/db 

mouse is leptin receptor-deficient and is characterised by hyperphagia, obesity, 

hyperglycemia and hyperinsulinemia (Coleman and Hummel 1972). The db/db mouse 

has been described as having a low bone mass by several groups (Lorentzon, 

Alehagen et al. 1986; Hosokawa 1992), however the opposite has also been reported 

(Ducy, Amling et al. 2000).  

The db/db mouse 

 

As such, a definitive investigation of the db/db mouse bone phenotype remains to be 

completed. This model provides an important tool for unravelling the relative 

contributions of the central and peripheral leptin pathways and for understanding its 

net effect on bone in vivo. Leptin is a strong candidate factor linking fat mass to bone 

mass and although it has been the subject of a decade of study it is still uncertain 

whether it positively or negatively modulates bone.  
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5.1.2. Aims 
The previously reported contradictory results of the db/db mouse skeleton have led us 

to examine these bones using micro-computed tomography (μCT). High resolution 

μCT surpasses traditional two-dimensional sectioning methods and densitometry in 

that it is capable of determining the three-dimensional micro-structure of the bone at 

µm resolution. We have now, for the first time, determined the bone phenotype of the 

db/db mouse with high resolution and described the bone microarchitecture in three 

dimensions to further elucidate the role of leptin in bone metabolism. Furthermore we 

have investigated the mechanical and material properties of db/db femora, testing 

whole bone strength by three point bending and have for the first time described the 

material properties of db/db bones by nanoindentation. 

 

 

Specific Aims: 

• Determine the bone phenotype of the db/db mouse using µCT. 

Determine the mechanical and material properties of db/db bones.  



 

105 

5.2. METHODS 

5.2.1. Animals  

Male leptin receptor-deficient mice (db/db) (Jackson Labs, USA) were maintained 

and fed on standard chow diet as described previously (Wang, Lam et al. 2006). Male 

WT and db/db mice were sacrificed at approximately 11 weeks of age (mean = 10.9, 

SD = 2.61 weeks, n=6 per genotype). Tibial length was measured from the inferior 

articular surface in the distal epicondyle to the extremity of the medial condyl of the 

proximal epiphysis. 

6 tibiae were available from each group for µCT analysis whereas for the mechanical 

tests 6 femora were available from the WT and 5 from the db/db mice. 

All the experimental protocols were approved by the Animal Ethics Committee at the 

 

University of Hong Kong. 

5.2.2. Mechanical Testing 

5.2.2.1. Three Point Bend Tests  

Femur samples were mechanically tested to failure under a 3 point bend load regime 

using an Instron Universal testing machine (Model 1186; Instron, Canton, MA, USA), 

similarly to the method described in chapter 4.2.2.1. The test probe consisted of a 

1mm steel spherical ball which applied an increasing load at the rate of 10mm/minute 

perpendicularly to the long axis of the bone at the midpoint between the lower 

supports, to failure. The force required to break the bone was recorded with a higher 

breaking force indicative of a stronger bone. 

 

5.2.2.2.  Nano-Indentation 

Nano-indentation experiments were conducted in ambient conditions using a Hysitron 

Inc. TI-950 TriboIndenter (Minneapolis, MN) equipped with a Berkovich diamond 

tip. The tip area function and instrument frame compliance were calibrated prior to 

testing using a fused quartz sample, and each data point was analysed using the Oliver 

and Pharr method (W. C. Oliver 1992). Load-controlled nano-indentation was 

performed using a four segment load function as follows.  Segment 1 consisted of an 



 

106 

initial hold period at 1 µN pre-load which allows the probe tip to maintain a light 

contact with the bone surface and enables monitoring of any tip-sample drift as well 

as time for equilibration. Segment 2 involved a constant loading rate of 200 µN/s up 

to the peak load of 2000 µN and this was held during segment 3 for 3 seconds. 

Typically the hold period for biological samples would be longer than 3 seconds to 

accommodate creep effects, however after an initial creep test with a 60 second hold 

period it was found that there was no significant creep at peak load. This is likely due 

to the samples’ prior fixing in ethanol which would have removed most of the organic 

viscoelastic component of the bone. Segment 4 unloaded the sample at 200 µN/s and 

concluded the test. 

 

The femurs were sectioned transversely at approximately 25% of total bone length in 

the proximal portion using a diamond wafering saw (Isomet, Buehler, IL). The bone 

surfaces were embedded in epoxy resin (EPO-THIN, Buehler, IL) and the surfaces 

ground with silicon carbide paper of progressively finer grit (400, 600, 800 and 1200). 

Finally the surfaces were polished using a microcloth with 0.25 µm diamond 

suspension. Based on optical microscope observations and scanning probe microscope 

imaging, indents were positioned within cortical lamellae near the centre of the 

cortex, spaced at least 3 µm apart. Failed indent tests were excluded from the analysis. 

135 and 141 indents were included for the control and db/db group analysis 

respectively. Reduced-modulus is related to the stiffness of the bone, with a higher 

modulus representing a more stiff material. Traditionally modulus is quoted as 

Young’s modulus however when using nano-indentation a knowledge of the value for 

Poisson’s ratio of bone is required. Due to the pretreatment of ethanol fixing, 

Poisson’s ratio may be different to those values quoted for bone in previous texts and 

thus reduced modulus was used in this investigation. 
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5.3. RESULTS 

5.3.1. Body Weight and Tibia Length. 

Db/db mice were 67% heavier than WT (41.5 ± 1.61g vs 24.9 ± 1.11, p<0.0001). 

Tibial lengths tended to be less in db/db mice compared to WT (16.45 ± 0.24 mm vs 

17.00 ± 0.09, p=0.08), (n=6 per group). 

 

5.3.2. Indices of Trabecular and Cortical Bone Volume and 

Connectivity 

Trabecular bone volume was decreased by 54% in db/db mice compared to WT. This 

was contributed to by a decrease in trabecular thickness but was mainly due to a 

halving in the number of trabeculae in the db/db animals. There was a corresponding 

increase in trabecular separation (Figure 5.1, A-D).  

 

Parameters describing the three-dimensional micro-architecture of the bone revealed 

significant changes in the db/db mouse skeleton (Figure 5.1, E-F). Trabecular pattern 

factor, a parameter indicative of connectivity of a structure, was increased in db/db 

animals, indicative of a more disconnected trabecular structure. This is consistent with 

the increased structure model index, which suggests that the normally plate-like 

trabeculae observed in the WT have been converted to more rod-like structures. There 

was no significant difference in the degree of anisotropy between db/db and WT (2.49 

±0.15 vs 2.60± 0.17, p=0.63), showing that the direction of alignment was similar for 

the trabecular structures in each genotype. 
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Figure 5.1. μCT three-dimensional trabecular bone morphology parameters of 

the proximal tibia in male WT and db/db mice. A) Trabecular bone volume. B) 

Trabecular thickness. C) Trabecular number. D) Trabecular separation. E) 

Trabecular pattern factor, an index of connectivity of trabecular bone. A higher 

value signifies a more disconnected trabecular structure. F) Structure model index 

(SMI), the relative prevalence of rods and plates. Data are expressed as mean ± 

SEM. *, significant difference from WT; p<0.05. **, p<0.01. ***, p<0.001 
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Cortical thickness and periosteal perimeter of the tibial diaphysis were reduced in 

db/db mice compared to WT (Figure 5.2). This is reflected in the decreased cortical 

bone area and consequently in the three dimensional volume, which was reduced by 

23%. The ratio of surface area to bone volume was significantly increased in db/db 

mice, suggesting a less compact cortical architecture. This is consistent with the 

increase in cortical porosity by 58% in the db/db mice, however this did not reach 

significance due to the large variability of this parameter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. μCT three-dimensional cortical bone morphology parameters of the 

proximal tibia in male WT and db/db mice. A) Cross-sectional thickness. B) 

Periosteal perimeter. C) Cortical Area. D) Cortical volume. E) Surface to volume 

ratio. F) Cortical porosity. Data are expressed as mean ± SEM. *, significant 

difference from WT; p<0.05. **, p<0.01.  
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5.3.3. Whole Bone Strength and Cortical Bone Modulus 

The breaking force measured during the 3 point bend test (Figure 5.3) showed that the 

db/db mice required significantly less force than the WT mice to produce catastrophic 

failure. This implies that the strength of the db/db mouse bones was lower than that of 

the WT, based on the assumption that the shape of the bones was similar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Three point bend test results showing force required to break WT and 

db/db mice femur samples. 
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Nano-indentation assessment of bone measures the reduced-modulus, an expression 

of a material’s stiffness. The reduced-modulus of the cortical bone showed that there 

was no significant variation in properties as a function of distance from the endosteal 

(medial) position in both the WT and db/db mice (Figures 5.4a and b). To obtain more 

accurate indentation data the central region of the bone was scanned using scanning 

probe microscope imaging (Figure 5.4c) and individual locations were selected which 

were free from defects. After testing, the same area was scanned again (Figure 5.4d) 

to create a post-test image showing the residual impressions of the indents and 

confirming that each test location was accurately positioned. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Optical microscope image of femur cross section showing 

approximate nano-indentation positions in superimposed line profile as a function 

of measured reduced modulus.  Results show no major variation in modulus 

along line in, a) control, or b) db/db mice. Representative scanning probe 

microscope scans, c) prior to and, d) post-indentation showing residual 

impression left by indentation test (circled).   
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Results from these central scanned regions were plotted (Figure 5.5) showing a 

significant decrease in reduced-modulus for the db/db mice compared to the WT. It 

should be noted that the reduced modulus measurements in indentation are 

independent of the cortical bone thickness and thus measure the local properties of the 

bone tested by sampling a small volume of several cubic microns. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Nano-indentation results showing reduced-modulus, an expression 

of material stiffness, in the anterior region of the proximal femur section. Data 

are expressed as mean ± SE. 
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5.4. DISCUSSION 

We found that despite having increased body weight, along with increased fat mass 

(Coleman and Hummel 1972), which are both positive contributors to bone mass 

(Reid, Ames et al. 1992; Schott, Cormier et al. 1998; Lau, Chan et al. 2000), the db/db 

mouse has decreased peripheral bone volume in both trabecular and cortical bone. The 

effects of leptin receptor-deficiency were also seen in the architecture of the 

trabecular bone, with reduced connectivity compared to WT. The parameter 

‘trabecular pattern factor’ showed that db/db mouse tibia had less connectivity, based 

on the concavity and convexity of trabecular bone structures (Hahn, Vogel et al. 

1992). In agreement, the ‘structure model index’, a measure of the relative prevalence 

of rods and plates in a three dimensional structure, suggested a more rod-like 

architecture in db/db mice, though this change was not significant. A large number of 

rods and a small number of plates result in a lot of free-ending trabeculae and a 

disconnected, three-dimensional spongy lattice (Hahn, Vogel et al. 1992). This is 

functionally significant as perforations that disrupt the trabecular network may result 

in a striking reduction of mechanical strength despite causing only a small change in 

bone volume (Hahn, Vogel et al. 1992).  

 

The µCT results were supported by mechanical tests of the femur, examining whole 

bone strength and the material properties of the bone. Db/db mice had reduced 

breaking force as examined by three point bending however the cortical thickness was 

also reduced which could account for the lower bone strength. In order to measure 

bone properties independent of cortical thickness, nano-indentation was used for the 

first time in this model. The results demonstrated that bone hardness and stiffness 

were significantly reduced in db/db mice and that the mechanical properties were 

lower over several length scales within the bone from the whole bone to volumes of 

the order of several cubic microns. Thus, the effects of leptin receptor deficiency do 

not only affect the amount of bone, but also its biomechanical quality as well. 

 

Most previous reports have found the db/db mouse to have a low bone mass, in 

agreement with this study. Femur and tibial lengths have been reported to be 

decreased, though this difference can range from 7% to as little as 2% (Lorentzon, 

Alehagen et al. 1986; Hosokawa 1992; Takeshita, Mutoh et al. 1995). Several groups 
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have shown deceased BMD in db/db mice compared to WT, by ash weight 

(Lorentzon, Alehagen et al. 1986; Hosokawa 1992; Takeshita, Mutoh et al. 1995) and 

by areal and volumetric densitometry (Takeshita, Mutoh et al. 1995; Ealey, Fonseca et 

al. 2006). Takeshita et al. found that changes in femoral bone density were age-

dependant, with significant reduction in BMD in db/db mice at 12 and 16 weeks, but 

not at 5 or 8 weeks (Takeshita, Mutoh et al. 1995). Histological assessment of db/db 

bone has shown decreased trabecular number and trabecular thickness in the distal 

femur (Lorentzon, Alehagen et al. 1986), and decreased cortical thickness in the tibial 

diaphysis (Lorentzon, Alehagen et al. 1986) and femur (Hosokawa 1992). 

Histological examination of db/db tibiae also revealed the presence of “peri-osteocytic 

liposaturation” and lipid inclusion bodies, not present in the WT (Garris, Burkemper 

et al. 2007). Consistent with the contributions of bone size, mass, density and 

structure, db/db mouse femurs had increased bone fragility compared to WT in three 

point bend testing (Ealey, Fonseca et al. 2006). In summary, there is reduced bone 

mass in the appendicular skeleton of the leptin receptor-deficient db/db model, 

suggesting that leptin is anabolic to bone. 

 

There is apparent disagreement between this body of work and the studies of Ducy et 

al. They showed increased trabecular bone volume in the vertebrae by histology 

(Ducy, Amling et al. 2000). Relevant to our findings, Ducy et al. also reported 

increased trabecular number and bone volume in the long bones of 6 month old db/db 

mice, though this data or further details were not shown in the paper (Ducy, Amling et 

al. 2000). Others have described increased lumbar vertebral length in db/db mice 

(Burkemper and Garris 2006), however this was accompanied by decreased width 

(Burkemper and Garris 2006) and no differences in the BMD or compression strength  

of vertebrae in db/db and WT mice were evident (Ealey, Fonseca et al. 2006). The 

findings of increased bone mass in the spine of db/db mice reflect leptin’s differing 

effects in the axial and peripheral regions of the skeleton, reviewed in detail by 

Hamrick (Hamrick, Pennington et al. 2004). In this study, we were unable to 

investigate this difference as the spines from the db/db mice were not available. 

 

The equivalent model of leptin receptor-deficiency in the rat is the Zucker rat. Our 

findings concur with the literature describing the bone phenotype of the Zucker rat. 

µCT analysis of the proximal tibia showed trabecular bone volume and trabecular 
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number of the Zucker rats were decreased by 27% and 22% respectively (Tamasi, 

Arey et al. 2003), in agreement with the present study. 

 

Foldes et al. showed that the 

length, and weight of Zucker rat femora were decreased compared to WT. 

Histological sections of the femur also suggested a low bone mass; with increased 

erosion surface and reduced trabecular thickness. However, this was accompanied by 

increased trabecular number and no differences in other parameters (Foldes, Shih et 

al. 1992). Mathey et al. also showed a reduction in femoral length as well as 

decreased BMD and mechanical strength in the Zucker rat femur (Mathey, Horcajada-

Molteni et al. 2002).  

Our work demonstrates that leptin deficiency has a net negative influence on bone, 

consistent with leptin’s direct anabolic effects. Leptin directly increases osteoblast and 

chondrocyte proliferation and differentiation both in vitro and in vivo (Thomas, Gori 

et al. 1999; Cornish, Callon et al. 2002; Gordeladze, Drevon et al. 2002; Maor, 

Rochwerger et al. 2002) whilst inhibiting osteoclast formation (Cornish, Callon et al. 

2002; Holloway, Collier et al. 2002). These effects are elicited via the leptin receptor, 

expressed in both osteoblasts and chondrocytes (Steppan, Crawford et al. 2000; 

Cornish, Callon et al. 2002). The in vivo effects of peripheral leptin administration, 

described in chapter 1.12.1, are an increase in bone mass and reduction of bone 

fragility (Steppan, Crawford et al. 2000; Burguera, Hofbauer et al. 2001; Cornish, 

Callon et al. 2002; Martin, de Vittoris et al. 2005) in agreement with what is seen in 

vitro. 

 

In contrast to these findings, the Karsenty group demonstrated that infusion of leptin 

into the third ventricle causes vertebral bone loss in leptin-deficient and wild-type 

mice through inhibition of bone formation (Ducy, Amling et al. 2000) and stimulation 

of bone resorption (Elefteriou, Ahn et al. 2005). However, it is important to note that 

administration of leptin into the cerebral ventricle is accompanied by a dramatic loss 

of body weight  (Ducy, Amling et al. 2000) and reduced serum levels of both leptin 

and insulin (Campfield, Smith et al. 1995; Iwaniec, Boghossian et al. 2005; 

Otukonyong, Dube et al. 2005). Thus, much of the bone loss observed with central 

administration of leptin might simply reflect the profoundly catabolic state of these 

animals, a suggestion supported by the finding that bone loss can be produced by 

caloric restriction alone (Hamrick, Ding et al. 2008). Furthermore, leptin is a systemic 
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hormone produced outside the central nervous system so its central effects are 

balanced by its direct effects on bone cells. In fact, leptin is produced in the bone 

marrow environment in marrow adipocytes, but also in chondrocytes and cells of the 

osteoblast lineage (Reseland, Syversen et al. 2001; Kume, Satomura et al. 2002; 

Morroni, De Matteis et al. 2004), so its local effects on bone might be expected to be 

dominant. 

 

The findings of the present study, supporting leptin’s anabolic effects on bone are 

consistent with the human epidemiology. Leptin is positively correlated with fat mass 

which in turn is positively correlated with bone mass and reduced fracture risk. In 

postmenopausal women, circulating leptin is inversely related to bone resorption after 

adjustment for fat mass (Roux, Arabi et al. 2003) or body mass index (Weiss, Barrett-

Connor et al. 2006), and is directly correlated with bone density at the hip, spine and 

forearm (Weiss, Barrett-Connor et al. 2006). Despite the co-dependencies of the bone 

indices and of leptin on fat mass, which cannot be adequately disentangled by 

statistical methods, these observations again suggest that the final integration of leptin 

actions on the skeleton is positive. 

 

5.4.1. Summary 

We have described the bone phenotype of the db/db mouse for the first time using 

high resolution micro-computed tomography (μCT). Previously the literature 

contained reports of either a high or low bone mass in the long bones of the db/db 

mouse. Our results confirm that bone volume is reduced in the tibia of leptin-deficient 

mice, in support of the in vitro evidence that leptin is anabolic to bone. Additionally, 

we have for the first time determined the material properties of db/db cortical bone at 

the nanoscale, showing that the strength and stiffness as measured by nano-

indentation are significantly reduced. 
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6 Chapter 6. The Effect of Dietary 
Fatty Acids on Bone Cells In Vitro  

 

6.1. INTRODUCTION  

 

The adipokine hormones adiponectin and leptin have a range of functions which 

potentially exert secondary effects on bone in addition to their direct effects on bone 

cells. One important metabolic role of these adipokines is to regulate circulating fatty 

acids released from adipose tissue. Adiponectin regulates the uptake of fatty acids into 

muscle from the blood stream (Yamauchi, Kamon et al. 2002) whilst leptin regulates 

circulating fatty acids primarily through central effects on food intake as well as direct 

actions on fatty acid uptake in peripheral tissues; such as the liver, muscle and adipose 

tissue (Prieur, Tung et al. 2008).  

 

Furthermore, there is evidence that dietary fatty acids stimulate the expression of both 

adiponectin (Inoue, Nagao et al. 2004) and leptin (Xiong, Miyamoto et al. 2004). The 

close relationships between circulating fatty acids and bone active adipokines make 

them prime candidates as factors involved in the cross talk between fat mass and bone 

mass. 

 

Most previous work assessing the effects of lipids on bone has focused on 

polyunsaturated fatty acids (PUFAs) (as discussed in chapter 1.17.1). n3 PUFAs have 

been suggested to reduce production of inflammatory cytokines in a number of 

conditions associated with reduced bone loss, whereas n6 PUFAs have the opposite 

effect (Priante, Bordin et al. 2002). These actions may be mediated by changes in 

prostaglandin (Watkins, Li et al. 2003) and nitric oxide production. There is some 

evidence that manipulation of PUFA intake results in stimulation of osteoblast activity 

and increased bone strength in vivo [reviewed by Watkins et al. 2003]. 
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In contrast, the bone effects of the saturated fats have received much less attention, 

despite the fact that they constitute a major component of human diets. Katono et al. 

showed that the formation of mineralised nodules and the expression of OPG were 

increased in human osteoblasts by sodium butyrate, the salt of the saturated fatty acid 

butyric acid (C4:0) (Katono, Kawato et al. 2008). Prior to the work described in this 

chapter there were no studies specifically examining the effects of saturated fatty 

acids on osteoclast development and function, but saturated fatty acids and their 

derivatives have been studied in hematopoetic and osteoclast-like cells, in relation to 

the production of inflammatory factors. Sodium palmitate was found to stimulate 

proinflammatory chemokines such as CXCL10 and MCP-1 from human macrophages 

via NFкB (Laine, Schwartz et al. 2007). In RAW 264.7 macrophages, COX-2 

expression was stimulated by lauric acid (C12:0) and palmitic acid (C16:0) (Lee, 

Sohn et al. 2001). In contrast the CoA esters of stearic and palmitic acids were shown 

to pharmacologically suppress the activity of purified COX-1 but not COX-2 

(Fujimoto, Yonemura et al. 2008). However, the unesterified fatty acids had no effect 

on COX activity. These findings demonstrate that saturated fats may influence cells of 

the bone marrow environment and warrant more detailed investigation. 

 

The presence of signalling receptors specific to saturated fatty acids has not yet been 

determined in bone cells. Significantly however, a number of G protein-coupled 

receptors (GPRs) have recently been shown to mediate biological responses to 

saturated fatty acids in intestinal epithelial cells (Milligan, Stoddart et al. 2006). GPR 

40, GPR 84 and GPR 120 specifically bind medium and long-chain fatty acids (Itoh, 

Kawamata et al. 2003; Hirasawa, Tsumaya et al. 2005), whereas GPR 41 and GPR 43 

bind short-chain fatty acids (Brown, Goldsworthy et al. 2003).  

 

6.1.1. Summary 
Dietary fatty acids are nutritional factors incorporated into and released from fat 

which interact with bone active adipokines. Fatty acids are known to influence bone 

and are likely to contribute to the link between fat and bone. Current knowledge of the 

biological activity and signalling of saturated fatty acids in bone is limited and there is 

much opportunity to discover novel functions of these factors in bone biology.  
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6.1.2. Aims 
The overall aim of the experiments presented in this chapter was to study the effect of 

dietary fatty acids, particularly saturated fats on bone cells and its possible 

contribution to the correlation between fat mass and bone mass. 

 

Specific Aims: 

• Determine the effects of fatty acids on proliferation and differentiation of 

osteoblast–like cells in vitro. 

• Determine the effects of fatty acids on osteoclastogenesis and bone resorbing 

activity by osteoclasts. 

• Determine the involvement of GPRs and mevalonate pathways in the activity 

of fatty acids on osteoclastogenesis. 

• Determine the gene expression of primary mouse bone marrow cells treated 

with fatty acids. 
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6.2. METHODS   

6.2.1. Tissue Culture 

6.2.1.1. Exposure of Cells to Free Fatty Acids 
Fatty acids were purchased from Sigma and were briefly warmed prior to addition to 

cell cultures. Equivalent volumes of the vehicle were added to all control wells. 

 

6.2.1.2. RAW264.7 Cell Cultures  

RAW-264.7 cells were cultured as described in chapter 2.3.1.3 and seeded at 1.5×103

 

 

cells/well.  

6.2.1.3. ST2 Cell Cultures 

The murine bone marrow stromal cell line ST2 was cultured to assess the effects of 

the experimental factors in murine osteoblastic-like cells. Cells were grown in 

DMEM/ 10% FCS until 90% confluence. Cells were seeded into 24-well plates in 

DMEM/ 5% FCS at 5.0x104

 

 cells/ml, 0.5ml/well and incubated 24 h. Cells were 

growth arrested in 0.1% BSA (ICP, Auckland, New Zealand) for 24 h. Fresh media 

and experimental compounds were then added for a further 24 h. Cells were pulsed 

with [3H] thymidine 6 h before the end of the experimental incubation. The 

experiment was terminated and cell counts or thymidine incorporation assessed. There 

were 6 wells in each group and each experiment was repeated three or four times. 

 

6.2.2. Mevalonate Pathway Enzymes 
Farnesyl pyrophosphate synthase and geranylgeranyl pyrophosphate synthase, key 

enzymes in the mevalonate pathway, are targets for some factors that influence 

osteoclastogenesis, such as bisphosphonates (Kavanagh, Dunford et al. 2006; 

Kavanagh, Guo et al. 2006) and alkylamines (Thompson, Kikuvi et al. 2006), the 

latter having some structural similarity to fatty acids. Clones encoding human farnesyl 



 

121 

pyrophosphate synthase (gi 61680822) and human geranylgeranyl pyrophosphate 

synthase (gi 4758430) were expressed in Escherichia coli BL21(DE3) as N-terminally 

His6-tagged fusion protein with a TEV cleavage site as described (Kavanagh, 

Dunford et al. 2006; Kavanagh, Guo et al. 2006). Cells were lysed using a high-

pressure cell disruptor, and the protein was purified to near homogeneity using Ni-

NTA resin (QIAGEN). The His-tag was removed by incubation with TEV protease 

and gel filtration chromatography was performed using a Superdex 200 column (GE 

Healthcare, Applied Biosystems, Foster City, CA). 

 

Farnesyl pyrophosphate synthase and geranylgeranyl pyrophosphate synthase were 

assayed by the method of Reed and Rilling (Reed and Rilling 1976)  with 

modifications. For inhibition analysis 40 ng (1 pmol) of pure farnesyl pyrophosphate 

synthase or 80ng (~2pmol) of geranylgeranyl pyrophosphate synthase were assayed in 

buffer containing 50mm Tris (pH 7.7), 2 mm MgCl2, 1 mm Tris (2-carboxyethyl) 

phosphine hydrochloride (TCEP), and 5 µg/ml BSA. Geranylgeranyl pyrophosphate 

synthase assay buffer additionally contained 0.2% Tween 20. 10µl of 10 × fatty acid 

in methanol was added to the assays and an equivalent volume of methanol added to 

the uninhibited enzyme maximum rate tube. To allow for any slow binding inhibition, 

enzyme was preincubated with the inhibitor in an 80 µl volume. After 10 min 

preincubation, 20µl of substrate containing geranylgeranyl pyrophosphate and 

isopentenyl pyrophosphate (IPP) (14C-IPP, 400 KBq/mmol) were added to start the 

reaction, giving a final volume of 100µl and 10µΜ final concentration each substrate. 

Assays were terminated after 5 min at 37 C by the addition of 0.2 ml of concentrated 

HCl/methanol (1:4) and incubated for 10 min at 37 C. The reactions were then 

extracted with 0.4 ml of ligroin, and after thorough mixing; the amount of 

radioactivity in the upper phase was determined by mixing 0.2 ml of the ligroin with 4 

ml of general purpose scintillant. This was counted using a Tricarb 1900CA 

scintillation counter (Packard, Meriden, CT). Enzyme activity is expressed as velocity 

of inhibited enzyme/velocity of uninhibited enzyme × 100. 

 

6.2.3. Gene Expression  
For the study of the expression of OPG and RANKL, primary osteoblasts from rat 

calvariae were prepared as described in chapter 2.2.1.1, and seeded into 6-well plates 
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at 1.5 x 105 cells/ well. After 24 h growth arrest, stearic acid was added in fresh 

media, and cells were harvested after a further 48 or 72 h for RNA extraction. The 

following cell lines were cultured similarly for analysis of the expression of fatty acid 

receptors. Murine preosteoblastic MC3T3-E1 cells were seeded at 5 x 104 cells / well 

in αMEM/ 10% FCS. ST2 cells were seeded at 1.5 x 105cells/ well in DMEM/ 10% 

FCS. Macrophage-osteoclast RAW264.7 cells were seeded at 1.2 x 10 5

 

 cells /well in 

α-MEM/ 10% FCS  

6.2.3.1.  Bone Marrow Culture 

Bone marrow culture was prepared as described in chapter 2.3.1.1. Cells were seeded 

into 6 well plates at 2.5 x 106

 

 cells/ well in 4 different experimental conditions: 

1. αMEM/ 10% FCS 

2. αMEM/ 10% FCS + 10-8M 1,25(OH)2D

3. αMEM/ 10% FCS + 10
3 

-8M 1,25(OH)2D3

4. αMEM/ 10% FCS + 10

  + Palmitic acid (10 ug/ml) 
-8M 1,25(OH)2D3

 

  + Stearic acid (10 ug/ml) 

Conditioned media and RNA were collected at days 1, 3, 5 and 7, by the same method 

described in chapter 3.2.4. A 48 well plate was cultured in parallel and fixed and 

stained on day 7 was to assess TRAP positive cells and the inhibition of 

osteoclastogenesis by the fatty acids.  

 

6.2.3.2. Low Density Arrays 

Custom Taqman Low Density Arrays were used to screen for changes in bone-related 

genes in bone marrow culture treated with fatty acids. Each microfluidic card 

contained 384 spots of dehydrated primer-probesets for amplification of multiple 

genes using a much smaller quantity of cDNA and master mix than standard real time 

PCR. The genes on this array (shown in Table 6.1) contained primer-probesets for 48 

mouse genes, including three control genes. The control genes included on the cards 

are shown at the bottom of these tables. Gene expression was analysed in the same 

manner as other real time PCR data. Treatment effects between the fatty acids and 
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control groups were determined using Data Assist. All cards were analysed using the 

same baseline and threshold values so that data from separate arrays could be pooled. 

The control samples with and without vitamin D, collected on day 1 were run on the 

arrays twice as these controls were used as the baseline references. A 2.0 fold change 

cut off was chosen to select differentially expressed genes.  

 

Real-time PCR analysis was carried out on the same samples (as described in chapter 

2.2.3) for the expression of several genes associated with adipogenesis; namely, 

adiponectin, AP2 and PPARγ (Gustafson, Jack et al. 2003). There was only sufficient 

RNA from the day 1 time point to include these samples for analysis of adiponectin. 

For AP2 and PPARγ the ‘day 3 no vitamin D’ sample was used as the baseline. 
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Table 6.1. List of genes included in the low density array. 
 Gene Symbol Gene Name 

1 Adamts5 A disintegrin-like and metallopeptidase with thrombospondin type 1 motif, 
2 Akp2 Alkaline phosphatase 2 
3 Bmp2 Bone morphogenetic protein 2 
4 Ccl2 Monocyte chemoattractant protein 1 
5 Col1a1 Procollagen, type I, alpha 1  
6 Comp Cartilage oligomeric matrix protein 
7 Csf1 Colony stimulating factor 1 (M-CSF) 
8 Ctnnb1 Catenin (cadherin associated protein), beta 1 
9 Dkk1 Dickkopf homolog 1 
10 Dkk2 Dickkopf homolog 2 
11 Dkk3 Dickkopf homolog 3  
12 Dlx5 Distal-less homeobox 5 
13 Ephb4 Eph receptor B4 
14 Fcer1g Fcγ receptor 
15 Fos FBJ osteosarcoma oncogene 
16 Fosl1 Fos-like antigen 1 
17 Ibsp Bone sialoprotein 
18 Ifnb1 Interferon beta 1 
19 Ifng Interferon gamma 
20 Igf1 Insulin-like growth factor 1 
21 Il1b Interleukin 1 beta 
22 IL-6 Interleukin 6 
23 Lef1 Lymphoid enhancer binding factor 1 
24 Lrp5 Low density lipoprotein receptor-related protein 5 
25 Mmp13 Matrix metalloproteinase 13 
26 Nfatc1 Nuclear factor of activated T-cells 
27 Nos2 Nitric oxide synthase  
28 Pdgfrb Platelet derived growth factor receptor 
29 Ppara Peroxisome proliferator activated receptor alpha 
30 Ppp3r1 Protein phosphatase 3, regulatory subunit B, alpha isoform (calcineurin B type I) 
31 Ptgs2  Prostaglandin-endoperoxide synthase 2 (Cyclooxygenase-2) (COX2) 
32 Pthr1 Parathyroid hormone receptor 1 
33 Runx2 Runt related transcription factor 2 
34 Sost Sclerostin 
35 Sp7 Trans-acting transcription factor 7 (Osterix) 
36 Spp1 Secreted phosphoprotein 1 (Osteopontin) 
37 Tcf7 Transcription factor 7 
38 Tcf7l2 Transcription factor 7-like 2 
39 Tnf Tumour necrosis factor 
40 Tnfrsf11a Tumour necrosis factor receptor superfamily, member 11a (RANK) 
41 Tnfrsf11b Tumour necrosis factor receptor superfamily, member 11b (Osteoprotegerin) 
42 Tnfsf11 Receptor activator of nuclear factor-κB ligand (RANKL) 
43 Traf6 Tnf receptor-associated factor 6 
44 Tyrobp Tyrosine kinase binding protein 
45 Vdr Vitamin D receptor 
 Control Genes  

46 18S  Eukaryotic 18S rRNA 
47 Gapdh Glyceraldehyde-3-phosphate dehydrogenase 
48 Hmbs Hydroxymethylbilane synthase 
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6.3.  RESULTS 

6.3.1. Saturated Fatty Acids Inhibit Osteoclastogenesis 

6.3.1.1. Primary Bone Marrow Culture 

Primary bone marrow cultures were performed as described in chapter 2.1.2.1. Each 

fatty acid was assessed at three concentrations (0.1, 1.0, and 10 µg/ml), and 

representative results from a series of saturated fatty acids are shown in Fig. 6.1. 

Some inhibition of osteoclastogenesis was seen with each fatty acid, but this was 

maximal for chain lengths of 14–18 carbon atoms, particularly palmitic acid (C16:0; 

50% inhibition at 10 µg/ml). The poor solubility of the fatty acids containing more 

than 20ncarbon atoms precluded their adequate assessment, but there did not appear to 

be any effect of behenic acid (C22:0) on osteoclastogenesis at concentrations up to 1 

µg/ml. 

 

The effect of unsaturated fatty acids was then assessed by comparing fatty acids of the 

same chain length (C18) having different numbers and positions of double bonds. 

Figure 6.2 demonstrates that increasing the number of double bonds in the cis 

configuration is associated with progressive loss of the antiosteoclastogenic effect, 

and 10 µg/ml of these polyunsaturated fatty acids actually stimulate 

osteoclastogenesis. Two trans isomers of C18:1 showed different effects: that with 

the double bond at C9 showing greater activity than the cis isomer, whereas that with 

the double bond at C11 was inactive. Conjugated linoleic acid, another trans isomer 

of C18, was also inactive. Polyunsaturated fatty acids have been implicated in a 

number of biological processes, and some of these activities differ between n3 and n6 

fatty acids. We studied a number of fatty acids of similar chain lengths, grouped 

according to whether they were n3 or n6 fatty acids. These results are shown in Figure 

6.3 and show no clear-cut differences between these two classes of fatty acids. None 

of these fatty acids showed consistent inhibition of osteoclastogenesis, and some even 

appeared to be stimulatory.  
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Figure 6.1. Effects of saturated fatty acids on osteoclastogenesis in bone 

marrow cultures. Each fatty acid has been assessed at the same three 

concentrations, shown in micrograms per milliliter. The number of carbon 

atoms in the fatty acid is denoted by the number after the C. Data are mean ± 

S.E. Significant differences from control are shown as follows: *, P  < 0.05; 

**, P  < 0.01, by Dunnett’s test; #, P < 0.05, by t test only. 
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Figure 6.2. Effect of 18-carbon fatty acids on osteoclastogenesis in bone 

marrow cultures. The fatty acids differ in the number of their double bonds 

(indicated by the number after the colon) and according to whether the double 

bonds are in a cis (c) or trans (t) configuration. Each fatty acid has been 

assessed at the same three concentrations. Data are mean ± S.E and are ratios 

of the number of osteoclasts formed in the experimental wells to those in the 

control wells for that experiment (t/c). Significant differences from control are 

shown as follows: *, P <  0.05; **, P  < 0.01, by Dunnett’s test; #, P < 0.05, 

by t test only. 
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Figure 6.3. Effect of n3 and n6 fatty acids on osteoclastogenesis in bone 

marrow cultures. C18:0 is shown for comparison. Each fatty acid has been 

assessed at three concentrations as indicated on the figure. The low solubility 

of C20:4 and C 20:5 reduced the maximum concentrations that could be 

studied. Data are mean ± S.E and are ratios of the number of osteoclasts 

formed in the experimental wells to those in the control wells for that 

experiment (t/c). *, P < 0.05; **, P < 0.01, by Dunnett’s test; #, P < 0.05, by t 

test only. 
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6.3.1.2.  RAW264.7 Cell Cultures 

Whereas the bone marrow cultures were carried out in conditions that promote 

osteoclastogenesis, it is still possible that the effects seen depended on the presence of 

other cell types. Therefore, we repeated these studies in RAW264.7 cells, a clonal 

cell line with a preosteoclast phenotype (as described in chapter 2.1.2.3). Reduction in 

osteoclast development was again observed with both palmitic and stearic acids, with 

a comparable efficacy at 10 µg/ml to that seen in the bone marrow cultures (Figure 

6.4). This implies the effects of the fatty acids are directly on the preosteoclast cells 

and do not depend on the presence of other cell types. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 6.4. Effect of palmitic (C16:0) and stearic (C18:0) acids on osteoclast 

formation in RAW264.7 cell cultures. The x-axis shows fatty acid 

concentrations in micrograms per millilitre. Data are mean ± S.E. Significant 

differences from control are shown as follows: *, P < 0.05; **, P < 0.01, by 

Dunnett’s test.  
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6.3.2. Effect of Fatty Acids on Osteoclast Resorption 
To determine that the changes we observed in the number of osteoclasts generated in 

the presence of fatty acids was accompanied by a decrease in bone resorption, we 

cultured RAW264.7 cells on ivory slices in the presence of RANKL and either 

vehicle or fatty acids (described in chapter 2.1.2.3). Treatment with 10 µg/ml stearic 

acid decreased resorbed area by 30% (95% confidence interval 1.2–59, P <0.05) 

(figure 6.5 and Appendix F) and the reduced the number of TRAP-positive cells by 

19% (Appendix G). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. Effect of stearic acid on osteoclastic bone resorption in RAW 

264.7 cells. Cells were cultured on ivory slices in the presence of RANKL 10 

ng/ml and either stearic acid 10 µg/ml or vehicle for 6 days. After fixation, 

TRAP staining, and counting, cells were removed by scrubbing and resorption 

pits visualized by staining with toluidine blue.  
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6.3.2.1. Bone Organ Culture 

The effects of palmitic (C16:0), stearic (C18:0), oleic (C18:1), and linoleic (C18:2) 

acids on bone resorption were assessed in cultures of neonatal mouse calvariae as 

described in chapter 2.2.4. 45

 

Ca release from the calvariae was unaffected by any of 

these fatty acids when studied at concentrations of 1 and 10 µg/ml (Figure 6.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.6. Fatty acids have no effect on mature osteoclast activity in mouse 

calvarial organ cultures. Data are mean ± S.E. 
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6.3.3. Saturated Fatty Acids Increase Osteoblast Proliferation 

6.3.3.1.  Primary Rat Osteoblast Culture 

It was noted consistently throughout the osteoclastogenesis experiments that the 

number of bone marrow cells not staining for TRAP (i.e. the stromal cells) was not 

diminished by fatty acid treatment, suggesting that the inhibitory effect was specific, 

rather than a nonspecific toxic effect. This was assessed further in osteoblast cultures, 

in which thymidine incorporation was measured as described in 2.2.1.1.  Fatty acids 

with a range of antiosteoclastogenic effects consistently produced moderate 

stimulation of thymidine incorporation into osteoblasts, at concentrations of 0.1 and 

1.0 µg/ml (Figure 6.7). The highest concentration (10 µg/ml) was less consistent in its 

effect but did not decrease thymidine incorporation in any experiment. 

 
Figure 6.7. Effect of palmitic (16:0), stearic (18:0), oleic (18: 1), and linoleic 

(18:2) acids on thymidine incorporation into primary cultures of fetal rat 

osteoblasts at 24 h. Data are mean ± S.E. Significant differences from control 

are shown as follows: *, P < 0.05; **, P < 0.01, by Dunnett’s test. 
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6.3.3.2. ST2 Cells 

In ST2 cells, thymidine incorporation (described in 2.3.2.1) was not reproducibly 

modulated by fatty acids. However in several experiments the saturated fatty acids, 

oleic acid, palmitic acid and stearic acid, stimulated thymidine incorporation at 0.1 

µg/ml and lesser effects at higher concentrations and inhibition at 10 µg/ml (data not 

shown). 

 

6.3.4. Mevalonate Pathway Enzymes 
Because fatty acids have some structural similarity to long chain hydrophobic 

compounds that are known to inhibit key enzymes in the mevalonate pathway, we 

assessed the effects of palmitic (16:0), stearic (18:0), oleic (18:1), and linolenic 

(18:3) acids on the activity of these enzymes. At concentrations of 0.1–10 µg/ml, 

there was no evidence of any effect on the activity of either enzyme (Figure 6.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8. The effect of linoleic (18:2), palmitic (16:0) and stearic (18:0 acids 

mevalonate pathway enzyme signalling. Data are mean ± S.E. 
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6.3.5.  Fatty Acid Receptors 

6.3.5.1. Expression of Fatty Acid Receptors 

The expression of GPR40, GPR41, GPR43, and GPR120 was assessed by real-time 

PCR in the osteoblastic cell lines ST2 and MC3T3-E1 and in the osteoclast-like cell 

line RAW264.7. GPR120 was expressed in all cell lines tested, whereas GPR40, 

GPR41, and GPR43 were present only in RAW264.7 cells. The expression of 

GPR120 in RAW264.7 cells was greater than 100-fold that of GPR 40 (Figure 6.9).  

 

 

 

 

 

 

 

 
 

 

 

Figure 6.9. Relative expression of fatty acid receptors in RAW264.7 cells, 

assessed using quantitative PCR. Data are mean ± S.E, relative to that of 

GPR40. 

 

 

6.3.5.2. Pharmacological Inhibition of Fatty Acid Receptors 

GW9508, a synthetic GPR40/120 agonist, inhibited osteoclastogenesis in murine bone 

marrow cultures to a degree comparable with the C16 and C18 fatty acids (Figure 

6.10). 
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Figure 6.10. Effect of the synthetic GPR40/120 agonist, GW9508, on 

osteoclastogenesis in bone marrow cultures. Stearic acid (C18) is shown for 

comparison. Data are mean ± S.E, pooled from two separate experiments and 

are ratios of the number of osteoclasts formed in the experimental wells to 

those in the control wells (t/c). Significant differences from control are shown 

as follows: *, P < 0.05; **, P < 0.01, by Dunnett’s test. 

 

6.3.6. Gene Expression 

6.3.6.1. Expression of RANKL and OPG in Osteoblastic Cells 

To determine whether RANKL and/or osteoprotegerin are involved in the effects of 

fatty acids on osteoclast development, their expression was assessed in the stromal 

cell line ST2 and primary cultures of rat osteoblast-like cells treated with stearic acid 

(C18:0). In ST2 cells, there were increases in RANKL at 48 h with higher 

concentrations of fatty acid, but these were no longer significant at 72 h (Figure 6.11). 

There were no consistent changes in osteoprotegerin in these cells. In contrast, there 

were no changes in RANKL in primary rat osteoblast cultures, whereas 

osteoprotegerin showed variable responses in terms of both time and dose. In neither 

cell type was there a sustained change in RANKL to osteoprotegerin ratios that might 

account for the consistent inhibition of osteoclastogenesis observed. 
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Figure 6.11. Effect of stearic (18:0) acid on relative expression of RANKL 

and osteoprotegerin (OPG) in A) the stromal cell line, ST2, and in B) primary 

rat osteoblast cultures. *, Data are mean ± S.E. Significant differences from 

control, P  < 0.05, by Dunnett’s test.  
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6.3.6.2. Low Density Array Analysis 

No genes were differentially expressed above the cut off threshold of 2.0 fold (Figure 

6.12). However, there was an effect between wells treated with and without Vitamin 

D. This work is beyond the scope of this thesis but it leads us to investigate changes in 

adipogenesis genes in the bone marrow culture. 

 

Real-time PCR analysis was carried out (as described in chapter 2.2.3) for several 

genes associated with adipogenesis; namely, adiponectin, PPARγ and Ap2. Palmitic 

and to a lesser extent, stearic acid stimulated expression of these adipogenesis genes 

(Figure 6.13). 
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Figure 6.12. Fold-change of gene expression above control in bone marrow culture 
treated with 5 µg/ ml palmitic acid (blue) or stearic acid (green).  
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Figure 6.13. Expression of the adipogenesis related genes adiponectin Ap2 and 

PPARγ in bone marrow culture treated with fatty acids in the presence of Vitamin D. 
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6.4. DISCUSSION  

 

The present data demonstrate inhibition of osteoclastogenesis in bone marrow cultures 

by saturated fatty acids. This effect shows a clear structure-activity relationship and is 

influenced by fatty acid chain length, being maximal for palmitic acid (C16). The 

fatty acids that inhibit osteoclastogenesis tended to stimulate proliferation of 

osteoblastic cells and were neutral in their effects in calvarial cultures, indicating that 

they are not inducing a nonspecific toxic effect. The introduction of two or more 

double bonds abrogates the antiosteoclastogenic effect and may even lead to its 

reversal. n3 and n6 fatty acids are of comparable, low activity. There is no effect of 

these fatty acids on bone resorption in neonatal mouse calvariae, suggesting that the 

effect is on osteoclastogenesis rather than on the activity of mature osteoclasts, which 

accounts for most of the resorption in the calvarial model. This notion is supported by 

the parallel decreases we observed in bone resorption and osteoclast number in 

RAW264.7 cells cultured on bone slices.  

 

The antiosteoclastogenic actions of fatty acids do not appear to be mediated by 

indirect actions on stromal cells because equivalent effects were observed in 

RAW264.7 cells to those in murine bone marrow cultures. Furthermore, expression of 

key stromal cell regulators of osteoclastogenesis, RANKL, and osteoprotegerin was 

unaffected by stearic acid in two different osteoblastic cell types. A further putative 

mechanism, blockade of the mevalonate pathway was investigated because this is 

critically important to osteoclast activity and has been shown to be influenced by 

alkylamines (Thompson, Kikuvi et al. 2006). No effect of fatty acids on this pathway 

was found, consistent with the observation that fatty acids act predominantly on 

osteoclast development rather than the activity of mature cells. Our finding that bone 

cells express receptors known to bind medium and long-chain fatty acids (Itoh, 

Kawamata et al. 2003; Hirasawa, Tsumaya et al. 2005; Milligan, Stoddart et al. 2006) 

suggests that one of these receptors may mediate the antiosteoclastogenic actions we 

report. We found that GPR120 is highly expressed in RAW264.7 cells and that a 

GPR40/120 agonist mimics the antiosteoclastogenic actions of the fatty acids, 

identifying GPR120 as a likely mediator of the antiosteoclastogenic actions of C16 

and C18 fatty acids.  
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Previous work assessing the effects of lipids on bone has focused on PUFAs. There is 

some evidence that manipulation of PUFA intakes results in changes in osteoblast 

activity in vitro and in bone strength in studies in intact animals (Watkins, Li et al. 

2003). However, these effects are not predominantly mediated by changes in bone 

resorption and are most apparent with fatty acids that are inactive in the assays studied 

in this investigation. Therefore, these effects are likely to be quite distinct from the 

effects of saturated fatty acids on osteoclastogenesis described in the present work.  

 

In contrast to our results, saturated fatty acids have recently been shown to elicit a 

pro-osteoclastogenic effect (Oh, Sul et al. 2009). Oh et al. showed that the saturated 

fatty acid lauric acid (C12:0) and to a lesser extent palmitic acid (C16:0) increased 

multinucleated TRAP positive cell formation in bone marrow derived macrophage 

cultures. NFκB activation via TLR4, resulted in the secretion of the inflammatory 

chemokine MIP1α, a survival factor for osteoclasts. The saturated fatty acids were 

shown to elicit no effect when added to the culture during the early stages of 

osteoclastogenesis which was suggested to indicate an effect on mature osteoclasts 

and osteoclast survival. The dosage of fatty acids used was between 5 and 25 ug/ml, 

similar that used in the present study. This was a stromal cell-free culture of highly 

adherent cells stimulated using M-CSF and RANKL, where effects were only seen 

late in the assay. It is possible that this system reflects an effect on the mature 

osteoclast cells, where we saw no effect. Both of our results suggest a direct effect of 

saturated fatty acids on osteoclast-like cells, however we also showed this occurring 

in the presence of stromal cells. It is likely that the cell types selected and the stage of 

differentiation can modulate the effect of fatty acids on osteoclastogenesis.  

 

An unexpected effect of the saturated fatty acids palmitic and stearic acid in the bone 

marrow cultures was that as well as inhibiting osteoclast formation, they stimulated 

the potent upregulation of genes that induce adipogenesis, particularly adiponectin. 

Adiponectin has similar anti-osteoclastogenic effects on bone marrow culture to 

palmitic and stearic acid (described in chapter 3) and so the increased secretion of 

adiponectin may the mechanism by which the saturated fats inhibit osteoclastogenesis. 

Despite this, the effect of increased adipocyte formation in the bone marrow is likely 

to be complex and to influence bone mass in vivo. This preliminary work requires 
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further investigation but demonstrates the multifaceted interactions between fat-

related factors and bone. Future work will test the effect of saturated fatty acids on 

adipocyte differentiation in KUSA4b10 cells.  

 

 

These novel findings are potentially of significance in our understanding of human 

bone physiology. The finding that fatty acids can directly modulate bone cell activity 

in a way that would be predicted to increase bone mass may in part explain the 

positive relationship between adipose tissue mass and bone mass. It may also be part 

of the mechanism for the increased rates of bone resorption observed with reduced 

energy intakes (Ihle and Loucks 2004) and for the opposite change after feeding 

(Bjarnason, Henriksen et al. 2002; Clowes, Hannon et al. 2002; Henriksen, 

Alexandersen et al. 2003). Insulin resistance is associated with increased circulating 

concentrations of free fatty acids, which could contribute to the higher bone densities 

reported in this condition (Abrahamsen, Rohold et al. 2000). Circulating 

concentrations of free fatty acids are about 0.5µmol/liter (~0.1µg/ml), of which 

palmitic acid is a substantial fraction, so biological fluids contain the relevant fatty 

acids in concentrations comparable with those studied in the present experiments.  

 

These findings may also be of potential therapeutic importance. Fatty acids are 

important components of a normal diet, and the manipulation of dietary fatty acid 

composition may influence bone resorption, bone formation, and bone mass. Such 

strategies could provide the basis for the development of nutriceuticals that would 

positively impact on bone health. However, fatty acids are agents of low toxicity that 

could also be used pharmaceutically. It will be of interest to extend the study of the 

structure activity relationships beyond naturally occurring fatty acids, to determine 

whether even more potent compounds can be produced that might be of value in the 

treatment of osteoporosis.   
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6.4.1. Summary 
Saturated fatty acids are a major component of the diet and are stored and released 

into the blood stream from adipose tissue. For the first time we have shown that 

saturated fatty acids inhibit osteoclast formation without toxicity on the stromal and 

osteoblast cell populations. This effect is likely to be mediated through the GPR120 

fatty acid receptor, shown for the first time to be expressed in bone. Preliminary data 

from the present study also demonstrated for the first time that saturated fatty acids 

induced the expression of adipogenic genes. Of particular importance is the 

expression of the hormone adiponectin which has its own effects on bone. These 

novel findings suggest that saturated fatty acids released from adipose tissue represent 

yet another signalling mechanism between the fat and bone and that this occurs in 

concert with hormonal communication by the likes of adiponectin. 
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7 Chapter 7.  Summary 
 
The mechanisms contributing to the positive relationship between fat and bone are 

complex and not yet clearly understood. This thesis presents further links to the 

extensive network of factors relating fat to bone. Both detailed in vitro and in vivo 

evidence is presented indicating that the adipocyte-derived factors, adiponectin and 

leptin, along with saturated fatty acids elicit effects on bone physiology. Recent 

evidence indicates that these adipokines modulate circulating fatty acid levels, and 

presented in this current work are findings demonstrating direct effects of saturated 

fatty acids on bone. 

 

A principal finding is the characterisation of the bone phenotype in a mouse model of 

adiponectin deficiency, which represents a significant contribution to the 

understanding of adiponectin’s role in bone regulation in vivo. Using high resolution 

µCT, analyses were made of adiponectin knock-out and wild-type animals at different 

ages, and have shown that there is increased bone volume in the adiponectin knock-

out mouse, suggesting that adiponectin has a negative impact on bone mass in vivo. 

This finding agrees with the inverse relationship between circulating adiponectin and 

BMD seen in humans. However, in our in vitro experiments we found that 

adiponectin directly stimulated osteoblast proliferation whilst indirectly inhibiting 

osteoclastogenesis. Interestingly, adiponectin also upregulated genes related to the 

innate immune response, a novel finding and potentially the mechanism of 

adiponectin’s anti-osteoclastogenic effect. The in vitro results suggest that the 

negative impact of adiponectin on bone in vivo is due to the secondary effects of 

adiponectin on other organ systems of the body. Adiponectin stimulates both pro- and 

anti-inflammatory cytokines, modulates immune pathways, improves insulin 

sensitivity, and has been shown to bind several growth factors. 

 

Leptin has already been extensively evaluated with respect to its effects on bone 

metabolism, but further novel work is presented here, using an inactivating model, 

again characterised by µCT. The bone phenotype of the db/db mouse, a model of 

leptin receptor-deficiency, exhibited low bone mass in the tibiae confirming that 
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leptin is anabolic to bone, in agreement with the in vitro literature from this laboratory 

and others. Importantly, the µCT results were supported by biomechanical tests of the 

femur. Three-point bending showed that strength and toughness of the femur were 

decreased, and nano-indentation measurements revealed that the material properties of 

bone hardness and elasticity were decreased in cortical bone. This is important new 

evidence in a controversial field.  

 

Adiponectin and leptin have direct effects on serum fatty acid levels, and the effects 

of adiponectin on insulin sensitivity also lead to modulation of circulating fatty acids. 

There is a large gap in the knowledge surrounding the biological effects of these 

important dietary components on bone. We have shown for the first time that the 

saturated fatty acids palmitic and stearic acid directly inhibit osteoclast formation, 

most likely through the GPR120 receptor, identified for the first time on bone cells. 

This result illustrates that the regulation of saturated fatty acids by adipose tissue is 

one more mechanism by which fat mass regulates bone mass. An interesting 

preliminary finding from this study was that palmitic and stearic acids stimulated the 

expression of adiponectin in bone marrow cultures. Fat tissue and adipokines regulate 

fatty acid levels but the lipids in turn regulate the expression of adipokines. 

 

Serum adiponectin is inversely related to fat mass and appears to negatively regulate 

bone, whilst leptin and saturated fatty acids are upregulated with increased fat mass 

and are likely to have anabolic effects on bone. Together, these findings support the 

notion that fat is good for bone. This work is not necessarily definitive but is adding to 

the growing literature in this area.  

 

Obesity and osteoporosis are two conditions with rising prevalence, making this 

research globally relevant for health. Clinically, people with more fat generally have 

stronger bones but this connection is not well defined. The applications of our 

findings add a mechanistic insight into bone physiology and may eventually play a 

significant practical role in human health. Adiponectin is important to many organ 

systems including cardiovascular, renal and metabolic systems, so is a promising 

target of the pharmaceutical industry. As such it is important for us to know about the 

effects of altering adiponectin levels on bone tissue. There are many examples of 

Clinical perspective 
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drugs designed for beneficial effects in one indication but have now been found to 

negatively impact on bone e.g.: thiazolidinediones, anti-epileptics. 

 

The novel finding that dietary saturated fatty acids have direct and potentially 

anabolic effects on bone cells presents opportunities for the development of 

nutriceuticals or pharmaceuticals for bone health. However, a challenge may exist in 

separating the beneficial effects on bone from the negative metabolic effects of 

saturated fatty acids. It is clear that the interaction between fat and bone is complex, 

making research to find new links very important for our understanding of this 

relationship. Further investigation is needed to define the mechanism of action, 

particularly of adiponectin and fatty acids, to better define the importance of these 

factors in the fat-bone relationship. 
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APPENDIX  

FURTHER FIGURES AND TABLES. 
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Figure A1. The effect of adiponectin on gene expression in bone marrow culture as 

determined by microarray analysis. 
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Figure A2. The effect of adiponectin on gene expression in bone marrow culture as 
determined by microarray analysis. 
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Figure A3. Mass spectrometry of adiponectin protein preparation. 

 

MASCOT Search Results 

User            : MJM 

 

 

 

 
 

Email           : m.middleditch@auckland.ac.nz  

  
 MS data file    : C:\Mascot Temp Files\Adipo overnight 12Feb10.mgf 
Database        : NCBInr 20100204 (10395550 sequences; 3546593395 residues) 
Taxonomy        : Mammalia (mammals) (758424 sequences) 
Timestamp       : 12 Feb 2010 at 02:52:58 GMT 

 
 

Protein hits    : 
ID                  Name                                                     Species                                  Score  

 
gi|87252711   Adiponectin, C1Q and Collagen           [Mus musculus]              779 
                        Domain Containing  
 
gi|21426809   Adiponectin, C1Q and Collagen           [Rattus norvegicus]         285                          
                        Domain Containing  
 
gi|114158576  Adiponectin; Adipocyte, C1q and        [Bos Taurus]                   285 
                         Collagen Domain-Containing Protein  
 
gi|136429        Trypsin                                                  [Sus scrofa]                    197 
 
gi|76445989    Serum Albumin                                     [Bos indicus]                  166 
 
gi|74136307    Adiponectin                                           [Macaca mulatta]            161 
 
gi|117574368  Immunoglobulin Light Chain Variable [Mus musculus]              149 
 
gi|195158 
                         Region 

       Immunoglobulin Heavy Chain C          [Mus musculus]               85   

 
gi|109471695  PREDICTED: Similar to Spermato-     [Rattus norvegicus]          75 
                         genesis Associated Glutamate (E)-Rich Protein 4D  
   
 
 
  

http://www.matrixscience.com/cgi/master_results.pl?file=..%2Fdata%2F20100212%2FFtmumeEwm.dat&REPTYPE=peptide&_sigthreshold=0.05&REPORT=AUTO&_server_mudpit_switch=99999999&_ignoreionsscorebelow=13&_showsubsets=0&_showpopups=TRUE&_sortunassigned=scoredown&rbrchkbox=on&_requireboldred=1#Hit1�
http://www.matrixscience.com/cgi/master_results.pl?file=..%2Fdata%2F20100212%2FFtmumeEwm.dat&REPTYPE=peptide&_sigthreshold=0.05&REPORT=AUTO&_server_mudpit_switch=99999999&_ignoreionsscorebelow=13&_showsubsets=0&_showpopups=TRUE&_sortunassigned=scoredown&rbrchkbox=on&_requireboldred=1#Hit4�
http://www.matrixscience.com/cgi/master_results.pl?file=..%2Fdata%2F20100212%2FFtmumeEwm.dat&REPTYPE=peptide&_sigthreshold=0.05&REPORT=AUTO&_server_mudpit_switch=99999999&_ignoreionsscorebelow=13&_showsubsets=0&_showpopups=TRUE&_sortunassigned=scoredown&rbrchkbox=on&_requireboldred=1#Hit5�
http://www.matrixscience.com/cgi/master_results.pl?file=..%2Fdata%2F20100212%2FFtmumeEwm.dat&REPTYPE=peptide&_sigthreshold=0.05&REPORT=AUTO&_server_mudpit_switch=99999999&_ignoreionsscorebelow=13&_showsubsets=0&_showpopups=TRUE&_sortunassigned=scoredown&rbrchkbox=on&_requireboldred=1#Hit6�
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http://www.matrixscience.com/cgi/master_results.pl?file=..%2Fdata%2F20100212%2FFtmumeEwm.dat&REPTYPE=peptide&_sigthreshold=0.05&REPORT=AUTO&_server_mudpit_switch=99999999&_ignoreionsscorebelow=13&_showsubsets=0&_showpopups=TRUE&_sortunassigned=scoredown&rbrchkbox=on&_requireboldred=1#Hit9�
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Table A1. The effect of adiponectin on genes downregulated at the late stages of bone 
marrow culture differentiation. Genes downregulated at late differentiation stages 
were identified by comparing the late-control group to the early-control group. The 
effects of adiponectin on these genes were identified by comparing adiponectin 
treated-late group to the control-early group. 
 

RefSeq Gene Symbol 
Gene 
Symbol 

Ratio (ApN 
late vs. control 
early) 

Ratio (control late 
vs. control early) 

ApN effect on 
OCgenesis 

NM_001033767 Predicted Gene, EG240327  EG240327 11.72 3.30 8.42 

NM_001146275 Interferon Inducible GTPase 1  Iigp1 9.93 2.95 6.98 

XR_033405 Predicted Gene, EG546714  EG546714 9.53 2.87 6.66 

BC023105 cDNA Sequence BC023105  BC023105 5.74 2.18 3.56 

NM_008728 Natriuretic Peptide Receptor 3  Npr3 9.24 6.60 2.64 

NM_011315 Serum Amyloid A 3  Saa3 2.87 0.30 2.57 

NM_029499 

Membrane-Spanning 4-Domains, Subfamily A, 
Member 4C  Ms4a4c 2.86 0.32 2.54 

NM_172648 Interferon Activated Gene 205  Ifi205 2.42 0.32 2.09 

NM_008392 Immunoresponsive Gene 1  Irg1 2.28 0.42 1.85 

NM_011410 Schlafen 4  Slfn4 2.17 0.32 1.85 

NM_013484 Complement Component 2 (Within H-2S)  C2 3.83 2.05 1.77 

NM_021384 

Radical S-Adenosyl Methionine Domain 
Containing 2  Rsad2 1.97 0.39 1.58 

NM_009780 

Complement Component 4B (Childo Blood 
Group)  C4b 4.10 2.52 1.58 

NM_175026 Pyrin And Hin Domain Family, Member 1  Pyhin1 1.69 0.32 1.37 

NM_011782 

A Disintegrin-Like And Metallopeptidase 
(Reprolysin Type Adamts5 4.23 2.91 1.32 

NM_011348 

Sema Domain, Immunoglobulin Domain (Ig), 
Short Basic Doma Sema3e 3.44 2.13 1.31 

NM_001024721 Pyrin and HIN Domain-Containing Protein 1-Like BC094916 1.58 0.31 1.27 

NM_011407 Schlafen 1  Slfn1 1.69 0.45 1.24 

NM_010050 Deiodinase, Iodothyronine Dio2 4.17 2.96 1.21 

NM_009141 Chemokine (C-X-C Motif) Ligand 5  Cxcl5 3.56 2.44 1.12 

NM_011859 Odd-Skipped Related 1 (Drosophila)  Osr1 6.16 5.11 1.05 

U59155 

Immunoglobulin Kappa Chain Variable 19 (V19)-
14  

Igk-V19-
14 1.15 0.14 1.01 
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Control                                               Adiponectin 

 

Figure A4. Gene expression of RANKL and OPG in bone marrow culture treated 

with adiponectin as determined by Real-time PCR. Timepoints shown are hours after 

drug addition and the first timepoint was collected 24 h before drug addition.    
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Figure A5. Pit scores for RAW264.7 cells treated with palmitic acid (Palm) or stearic 
acid (Ster) at 1 and 10 µg/ ml. A higher pit score represents a larger resorption pit 
area. Data are mean ± 95% confidence intervals.  
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Figure A6.  The number of RAW264.7 cells per field. Cells were treated with 
palmitic acid (Palm) or stearic acid (Ster) at 1 and 10 µg/ ml. Data are mean ± 95% 
confidence intervals.  
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