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ABSTRACT 
 

 

Osteoimmunological investigations of bone mineral density in a mouse model: in vivo 

and in vitro study 

Zeayd Fadhil Saeed 

Bone mineral density (BMD) is affected by complement system activation, excessive 

lipoproteins. One purpose of this project was to investigate the effect of complement 

properdin, the only positive complement regulator, on bone mineral density and the 

osteoclasts participation in alternative pathway component production.  In vivo assays 

showed that there was no significant alteration in bone mineral density in properdin 

knockout (PKO) mice and wildtype at six months of age, and in vitro, the osteoclasts 

number and resorptive activity were the same in both genotypes, but there was a 

significant increase in BMD of PKO at an older age (10 months). Also, osteoclasts 

contribute to complement components production of CFD, CFB, CFP and C3 but not C5 

and Vitamin D3 may have a role in curbing excessive complement component production 

by osteoclast induced by fatty acid. 

Hereditary hypertriglyceridemia have an adverse effect on bone mineral density. 

Therefore, an additional aim of this project was to investigate the role of dietary 

supplementation of Vitamin D3 on BMD reduction induced by Low density lipoprotein 

receptor knockout (LDLR-/-) mice. The in vivo investigation showed that Vitamin D3 

normalise the BMD reduction induced by LDLR-/- mice by enhancing osteoblast activity 

and reducing osteoclast activity. In vitro assays indicated that Vitamin D3 has an essential 

action on lowering osteoclast resorptive activity or enhancing osteoblast mineral 

deposition in LDLR-/- cell culture. In addition, Vitamin D3 has an anti-inflammatory 

action by normalising the secretion of tumour necrosis factor alpha (TNF-α) and 

interleukin 6 (IL-6) cytokines in vivo. 

In conclusion, these findings show that complement properdin could have a role in BMD 

at more advanced ages, and the osteoclasts may contribute in alternative complement 

components expression. Vitamin D3 normalise bone mineral density reduction in    

LDLR-/-. 
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1.1 Bone function and structure. 

A bone is an inflexible organ that constitutes most of the vertebrate skeleton. Bones 

support and protect the different organs of the body like brain, spinal cord, heart and 

lungs in the thoracic cage, and viscera in the pelvic cavity. In addition, bones can deliver 

red and white blood cells, platelets, store minerals, give structure and support to the body, 

and empower versatility. Bones occur in an assortment of shapes, sizes and have a 

complex inner and outside structure. They are lightweight yet solid and hard and serve 

various functions. 

Bone tissue is a hard tissue, a kind of thick connective tissue. It has a honeycomb-like 

framework inside, which gives the bone its unbending nature. Bone tissue is comprised 

of several types of bone cells. Osteoblasts and osteocytes engage with the arrangement 

and mineralisation of bone; osteoclasts are associated with the resorption of bone tissue. 

The osteoblast in turn forming a protective frame layer on the bone surface. The 

mineralised lattice of bone tissue consists of collagen called ossein and an inorganic bone 

mineral made up of different salts like Ca+ and phosphates. Bone tissue is a mineralised 

tissue of two kinds, cortical bone and cancellous bone. Other different sorts of tissue 

found in bones incorporate bone marrow, endosteum, periosteum, nerves, veins and 

ligament (Steele and Bramblett, 1988). 

The bony matrix makes up around 30% of the bone, and the other 70% is of salts that 

offer bone strength. The matrix is comprised of 90-95% collagen fibres, and the rest is a 

ground substance (J. Hall, 2011). Bone matrix consists of a composite material 

consolidating the inorganic mineral calcium phosphate named calcium hydroxyapatite 

(this is the bone mineral that gives bones their unbending nature) and collagen, a flexible 

protein which enhances fracture resistance (Schmidt-Nielsen, 1984). Bone is shaped by 

the solidifying of this matrix around embedded cells. 

Mainly, two kinds of tissue might be found in bones, thick or cortical bone, which covers 

the surface shell of bone, and spongy cancellous or Trabecular bone, which is encased by 

the cortical bone. The external layer of bones is made of cortical bone additionally called 

compact bone, being significantly denser than cancellous bone. It frames the hard outside 

(Cortex) of bones.  
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1.1.1 Cortical bone:  

It gives bone its smooth, white, and strong appearance, and accounts for 80% of the 

aggregate bone mass of a grown-up human skeleton. It encourages bone's fundamental 

capacities: to help the protect organs, give strength and store and discharge components 

like calcium. It comprises multiple microscopic columns, called an osteon. Every column 

is numerous layers of osteoblasts and osteocytes around a focal trench called the 

Haversian channel. Volkmann's canals at right angles connect the osteons. Cortical bone 

is secured by a periosteum on its external surface and an endosteum on its internal surface. 

The endosteum is the limit between the cortical bone and the cancellous bone (Figure 

1-1). The essential anatomical and functional unit of cortical bone is the osteon (Young, 

2006).  

1.1.2 Cancellous bone: 

The words cancellous and Trabecular  refer to the small cross-section units (trabeculae) 

that frame the tissue (Gomez, 2002). Cancellous bone otherwise called Trabecular or 

elastic bone tissue is the inside tissue of the skeletal bone, and it is an open porous 

network (Young, 2006). Cancellous bone has a higher surface-area-to-volume ratio than 

cortical bone since it is less thick. The greater surface region likewise makes it ideal tissue 

for metabolic activities in bones such as the exchange of calcium ions. Cancellous bone 

is found at the ends of long bones, close to joints and within the interior of vertebrae. 

Cancellous bone is vascular and contains red bone marrow where haematopoiesis 

happens. The essential anatomical and functional unit of cancellous bone is the trabecula. 

The trabeculae are responsible for the mechanical load dispersion that a bone encounters 

inside long bones, for example, the femur. As far as short bones are concerned, the 

Trabecular arrangement occurs in the vertebral pedicle (Gdyczynski et al, 2014). 

Trabecular bone makes an irregular network of spaces called intra-Trabecular spacing. 

Inside these spaces, the bone marrow, hematopoietic cells, platelet formation and white 

blood cell generation can occur (Young, 2006). Trabecular marrow is made of a system 

of bar and plate-like components that make the organ lighter and permit space for veins 

and marrow (Figure 1-1). In general, Trabecular bone consists of 20% of aggregate bone 

mass (S. J. Hall, 2007). 
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1.1.3 Bone marrow: 

Bone marrow is a semi-strong tissue inside the light or cancellous bits of bones (Farhi, 

2009). It is found in the focal point of numerous bones especially in the ribs, vertebrae, 

sternum, and bones of the pelvis (Figure 1-1). In mammals, bone marrow is the essential 

site of new blood cell generation or hematopoiesis (Birbrair and Frenette, 2016). It 

consists of hematopoietic cells, adipose tissue and mesenchymal stromal cells. Human 

marrow delivers around 500 billion platelets each day, which join the blood circulation 

by permeable vasculature sinusoids inside the medullary cavity (R. Rubin, Strayer and 

Rubin, 2008). All sorts of hematopoietic cells, including both myeloid and lymphoid 

lineages, are made in bone marrow; nonetheless, lymphoid cells like T-cells, B-cells must 

move to other lymphoid organs (e.g. thymus and lymph nodes) to finish their 

development. 

 

Figure 1-1: The anatomical structure of normal bone: 

Showing the compact bone, spongy bone and medullary marrow structures (Aspinall and O'Reilly, 2004). 
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1.2 Bone cells. 

Osteoblasts are associated with mineralisation of bone tissue. Osteocytes, and osteoclasts, 

are engaged with the reabsorption of bone tissue. Osteoblasts and osteocytes are derived 

from osteoprogenitor cells. However, osteoclasts are derived from cells that also 

differentiate to form macrophages and monocytes (Young, 2006). 

1.2.1 Osteoclasts (origin and function). 

The osteoclast dismantles and processes the composite of hydrated protein and mineral 

at a molecular level by emitting corrosive acids and a collagenase, a procedure known as 

bone resorption. This procedure likewise manages the level of blood calcium. Osteoclasts 

are derived from macrophage fusion to form multinucleated cells (Teitelbaum, 2000). 

Osteoclast development requires the presence of two central cytokines: RANKL 

(receptor activator of nuclear factor κβ ligand) and M-CSF (Macrophage colony-

stimulating factor). These cytokines are produced by stromal cells and osteoblasts, 

providing direct contact between these cells and osteoclast precursors. Both M-CSF and 

RANKL are essential to osteoclast differentiation. The binding of M-CSF via its receptor 

on osteoclasts, colony-stimulating factor 1 receptor (c-fms) induces a tyrosine kinase 

activation which is vital to osteoclastogenesis from monocyte-macrophage linage. The 

RANKL-RANK interaction on osteoclasts activates NF-κβ (nuclear factor-κβ) and 

NFATc1 (nuclear factor of activated t cells, cytoplasmic, calcineurin-dependent 1) 

essential for osteoclast differentiation (Okayasu et al, 2012). Osteoprotegerin plays a role 

in osteoclastogenesis regulation, it is secreted by osteoblasts and acts as a decoy protein 

for RANKL and prevents it from binding to its receptor on osteoclasts (Numan et al, 

2015). In bone, osteoclasts are found in pits in the bone surface which are called 

resorption bays, or Howship's lacunae (Holtrop and King, 1977). A large cytoplasm 

characterises osteoclasts with a homogeneous, "frothy" appearance. This appearance is 

because of a high centralisation of vesicles and vacuoles. These vacuoles incorporate 

lysosomes filled with acid phosphatase (Vaananen et al, 2000). The acid phosphatase 

allows identification of osteoclasts by their stain for high expression of tartrate-resistant 

acid phosphatase (TRACP), and cathepsin K. Osteoclast irregular endoplasmic reticulum 

is scanty, and the Golgi complex occupies a large area (Vaananen et al, 2000). At the 

resorption site, the osteoclasts form a unique cell membrane fold called the ruffled border, 
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by which the osteoclast adheres to the surface area of the bone, which is degraded by 

bone resorption components secreted by the osteoclast (Standring and Wigley, 2005). 

Once osteoclasts are activated by chemotactic factors, they start to migrate to the target 

resorbing area and attach to the bone via the sealing zone by podosomes. Then, they start 

to secrete hydrogen ions by the action of carbonic anhydrase 

(H2O + CO2 → HCO3
− + H+) through the ruffled border into the resorptive cavity; the 

acidity environment contributes to the dissolution of the bone matrix into  Ca2+, H3PO4, 

H2CO3, H2O and other components. Additionally, several enzymes released by 

osteoclasts contribute to bone resorption, such as Cathepsin K and matrix metalloprotease 

(MMP) groups (Vaananen et al, 2000). See (Figure 1-2). 

 

Figure 1-2: The osteoclasts differentiation and activation: 

The macrophage colony stimulating factor (M-CSF) produced by mesenchymal stem cells activates the 

monocytes by c-fms receptor to differentiate them from monocytes/macrophages. The RANKL via RANK 

induces macrophage fusion to form pre-osteoclasts and then active osteoclasts. OPG is the decoy protein 

released by osteoblasts to block RANKL action.   

 

1.2.2  Osteoblasts (origin and function). 

Osteoblasts originate from mesenchymal stem cells (Pittenger et al, 1999). The osteoblast 

is the cell that structures bone and is required, alongside the chondrocyte of the 

development plate, for longitudinal bone development. Osteoblasts cover the surface of 

the bone and pack firmly together against nearby osteoblasts by producing type I collagen 

and bone matrix proteins for bone mineralisation. Mature osteoblasts may migrate to the 

surface of the bone where they stop moving and end up as bone coating cells, or they 

might be encompassed by bone matrix and progress toward becoming osteocytes 

(Bostrom and Mikos, 1997). 

Bone mineralisation happens continuously during the life. It starts at places on the 

collagen fibrils separated by unmineralised areas. As mineralisation develops minerals 

https://en.wikipedia.org/wiki/Water_(molecule)
https://en.wikipedia.org/wiki/Carbon_dioxide
https://en.wikipedia.org/wiki/Bicarbonate
https://en.wikipedia.org/wiki/Hydrogen_ion
https://en.wikipedia.org/wiki/Calcium
https://en.wikipedia.org/wiki/Water_(molecule)
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fill all the available space inside the collagen fibrils then mineralisation continues quickly 

with roughly 60% of the mass accounted for by minerals. Then, the water and non-

collagenous protein are reduced, but the collagen concentration stays unaltered. The 

increased mineralisation and changing of the Trabecular bone into compact bone leads to 

increased bone strength (Bostrom and Mikos, 1997). 

Briefly, the mechanism of mineralisation by osteoblasts depends on enzymatic osteoblast 

activity. Osteoblasts synthesise collagen and bone matrix proteins and secrete phosphate 

which precipitates the hydroxyapatite mineral. Alkaline phosphatase, a membrane-

anchored protein that is a marker expressed in large amounts on active osteoblasts from 

a mineralisation front by making a high phosphate concentration (Blair, Zaidi and 

Schlesinger, 2002) see (Figure 1-3). 

 

Figure 1-3: A representative scheme showing the osteoblast differentiation and bone formation. 
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1.3 Bone remodelling and bone mineral density.  

Bone remodelling (or bone metabolism) is a bone reshaping process whereby bone tissue 

is degraded from the skeleton by a procedure called bone resorption by osteoclasts. 

However, the new bone tissue is shaped by a procedure called ossification or new bone 

formation induced by osteoblasts (Raggatt and Partridge, 2010). The bone remodelling 

process plays a significant role in regulating bone mineral density. It depends on the 

balance of both osteoblast and osteoclast activities, and the changes in one or both of 

these activities could induce either bone mineral density reduction (Osteoporosis) or 

increased bone mineral density (Osteopetrosis).  

The mechanism of bone remodelling occurs by migration of the mature osteoclasts to 

resorb the surface of the target bone. Then, the mature osteoblasts start to be attracted and 

osteoclasts are dispatched from the degraded bone. Bone mineralisation starts by 

activation of osteoblasts by increasing bone mineral deposition. Then, osteoblasts line 

and cover the bone surface see (Figure 1-4). Together, osteoclasts and osteoblasts 

involved in bone remodelling are known as the basic multicellular unit (BMU), and the 

life expectancy of the BMU is referring to as the bone rebuilding time frame (Pietrzak, 

2008). Bone remodelling depends on different signalling pathways to accomplish bone 

shaping that can be controlled by different factors like Vitamin D, Parathyroid hormone, 

growth hormone, steroids, and calcitonin, also soluble cytokines and growth factors (like 

M-CSF, RANKL, TNF-α, IL-6 family). Although bone remodelling is considered to be 

essential for bone repair, it is a source of calcium supply for different physiological 

processes. Bone structure and supply of calcium require close collaboration between 

osteoclast, osteoblast and other cell populations introduced at the bone remodelling 

locales like immune cells (Sims and Martin, 2014).  
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Figure 1-4: A representative scheme is showing the bone remodelling cycle.  

 

1.4 The effect of the complement system on bone 

remodelling. 

In recent decades, it has been shown that there is a strong interaction between the 

complement system and bone development. Various complement components have a role 

in bone cell activation and differentiation. In the zones of resting, proliferating, and pre-

hypertrophic chondrocytes, the endochondral cell proliferation in the bridge zones of 

bone are replaced by bone formation by osteoblast function. This process is associated 

with either stimulatory or inhibitory different growth factors (Wuelling and Vortkamp, 

2010). Using immunofluorescence to study the localisation of different complement 

proteins in Tibias or femurs of rate, Andrades et al (1996) showed that different 

complement proteins were found in the proliferation bone zone, the area of bone growth 

resulting from cellular division. Complement C3, factor B, and properdin were found in 

the resting zone, which is responsible for the organization of the growth plate into distinct 

zones of proliferation and hypertrophy. The factor B and complement properdin were 

present in the proliferating zone; C5 and C9 were found in the hypertrophic zone in which 



 

28 

 

the chondrocytes grow greatly, and their surrounding matrix becomes calcified (Andrades 

et al, 1996). Therefore, the alternative complement pathway could have a role in bone 

proliferation and ossification. 

The classical complement pathway may contribute to bone turnover. The first component 

of the classical pathway (C1s) was found in the epiphyseal cartilage, a 

hyaline cartilage plate in the metaphysis at each end of a long bone, and in hamsters at 

the fracture callus area, bony and cartilaginous material forming a connecting bridge 

across a bone fracture during repair (Toyoguchi et al, 1996). In human, C1s was found 

in the region of calcification. Also it was found in the hamster tibia in the secondary 

ossification centre, where bone formation continues after beginning in the long shaft or 

body of the bone, usually in an epiphysis (Sakiyama et al, 1994). The C1s was found in 

the digested bone matrix near the damaged vessels (Sakiyama et al, 1997). Yamaguchi 

et al. (1990) illustrated that C1s has a significant role in bone matrix degradation. It was 

able to cleave collagen type I and II and gelatine by the activity of its serine protease 

(Yamaguchi et al, 1990). Moreover, it was shown that C1s can activate the matrix 

metalloproteinase (MMP)-9, which has a role in bone degradation, in the primary 

ossification centre (Sakiyama et al, 1994). These studies represent the role of the 

complement system in bone development, and the complement proteins may mediate the 

bone generation and growth, although, the described activity is outside the typical 

complement activity sequence. 

1.4.1 The osteoblast and complement system interaction. 

The essential action of the complement system in bone homeostasis is summarised by the 

expression of several complement proteins and receptors in various types of bone cells. 

C5aR is expressed in osteoblasts and osteocytes in normal bone in human and also on 

osteoblasts, osteoclasts, and chondrocytes during bone fracture callus formation in rats 

(Ignatius et al, 2011b). The complement regulators Membrane Cofactor Protein (MCP or 

CD46), Complement decay-accelerating factor (DAF or CD55), MAC-inhibitory protein 

(MAC-IP or CD59), the C3aR and C5aR, C3 and C5 were found to be expressed by 

mesenchymal stem cells (MSC) and osteoblasts, but C5 in osteoclasts was not expressed. 

The expression of these factors is increased during osteogenic differentiation (Ignatius et 

al, 2011a). Although Ignatius et al (2011b) show that the presence of C3a and C5a did 

not affect the osteogenic differentiation of osteoblasts, their anaphylatoxin receptors were 
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up-regulated during osteogenic differentiation, showing that the osteoblast is a target of 

complement system activation. The anaphylatoxins may have a chemotactic effect on 

osteoblasts. It is likely to have an essential effect on osteoblasts and Mesenchymal stem 

cell (MSC) migration. Schraufstatter et al (2009) and Ignatius et al. (2011a) showed that 

C5a through its C5aR chemo-attracts the MSC and osteoblasts to the target area and this 

might occur during the expression of C5aR on osteoblast (Schraufstatter et al, 2009; 

Ignatius et al, 2011b). The inflammatory function of anaphylatoxins in bone cells could 

be indicated by cytokine release mainly from immune cells. Pobanz et al. (2000) showed 

that C5a binding to its receptor on osteoblast induces a significant increase in the IL-1β-

induced release of IL-6 (Pobanz et al, 2000). It was found that osteoblast stimulation with 

IL-1β and C3a or C5a increased the pro-inflammatory interleukins IL-6 and IL-8 release 

by osteoblasts (Ignatius et al, 2011b). Even though of the mechanisms of interleukin and 

anaphylatoxin interactions are still unknown, it was shown that ERK1/2 and NF-κB are 

likely to be activated by the C3aR signalling pathway (K. Li et al, 2008). Also, ERK1/2, 

AKT, and MAPK p38 may be activated by C5aR binding to its anaphylatoxins (Rousseau 

et al, 2006). These observations may suggest that anaphylatoxins and their receptors and 

inflammatory cytokines have a role in osteoblasts activation, or osteoblasts modulate an 

inflammatory response during inflammation. 

The complement zymogens also could be expressed and activated by bone cells. Ignatius 

et al. (2011b) found that complement C3 and C5 were expressed by mesenchymal stem 

cells and osteoblasts, while in osteoclastogenesis, C3 was expressed but not C5 by 

osteoclasts (Ignatius et al, 2011a). Ignatius et al (2011a) agreed with Hong et al. (1991) 

and Sato et al. (1991) when they found that the C3 expression was up-regulated by 

Vitamin D3 supplementation in vitro by osteoblasts (Hong et al, 1991; Sato et al, 1991). 

Therefore, it was evident that there is a strong association between the complement 

system and osteoblasts activity by expressing different complement component receptors 

like C3aR and C5aR that could interact with their anaphylatoxins to enhance or release 

some of the pro-inflammatory cytokines to induce an inflammatory response by 

osteoblasts. Also, the osteoblasts were able to produce the main complement proteins 

such as C3 and C5 that contribute to complement activation. Therefore, possibly the 

complement system has a role in bone formation and in regulating the bone mineral 

density (Figure 1-5). 
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1.4.2 Osteoclasts and complement system interaction. 

Osteoclasts, like mesenchymal stem cells and osteoblasts, express most of the 

complement components. The complement regulators like MAC-inhibitory protein 

(MACIF or CD59), C3aR and C5aR, and C3 are expressed by osteoclasts (Ignatius et al, 

2011a). The third complement component has a vital role in osteoclastogenesis. It has 

been reported that osteoclast formation derived from mouse bone marrow was suppressed 

by blocking the C3 using anti-C3 antibody in osteoclast differentiation culture (Sato et 

al, 1993). Also, C3aR and C5aR blocking by anti- C3aR and C5aR antibodies showed 

significant inhibition of osteoclast formation (Tu et al, 2010). Further study revealed that 

osteoclast formation differentiated from C3-/- mice was less than WT mice (Sato et al, 

1991). These studies suggested that C3, C3a, C5a and their receptors are essential for 

osteoclast formation. 

M-CSF and RANKL are needed for efficient osteoclast differentiation, and the 

expression of M-CSF and RANKL were significantly less in C3−/− bone marrow cells 

treated with vitamin D3 than in cells form WT mice (Tu et al, 2010). The complement 

anaphylotoxins and their receptors  (C3a, C5a, C3aR and C5aR) are essential for 

osteoclastogenesis (Tu et al, 2010). The osteoblast stimulation by IL-1β and C3a or C5a 

induce osteoclast-differentiating cytokine (RANKL) production by osteoblast to enhance 

osteoclast differentiation (Ignatius et al, 2011a). These studies show that the complement 

system components significantly interact with osteoclast formation and activation and 

therefore the complement system possibly contributes to the bone resorption process and 

affects the bone mineral density (Figure 1-5).  

 

Figure 1-5: The interaction between the complement system and bone remodelling. 
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1.5 LDLR-/- mice as a hyperlipidaemic model, the effect of 

LDL and LDLR on bone mineral density. 

Bone loss is distinguished by decreasing bone formation (osteoblast number) and 

increased bone resorption. Recent evidence suggests that hyperlipidaemia may contribute 

to bone loss (osteoporosis), and lipid oxidation may be the mechanism underlying this 

process: it was suggested that oxidised lipoproteins inhibit the osteoblast formation and 

enhance osteoclast differentiation (Gharavi, 2002). 

Since the LDLR is responsible for lipoprotein endocytosis, in the case of LDLR 

deficiency, the lipoproteins accumulate in extracellular space of vascular tissue (Sage et 

al, 2011).The extracellular lipoproteins are exposed to oxidative reactions to form 

oxidised lipoprotein by metabolic actions of smooth muscle, macrophages and 

osteoblasts. Since the bone and its marrow are vascularised, a similar process could 

happen in osteoporotic bones (Sage et al, 2011). Because the immature osteoblasts are 

located immediately adjacent to the sub-endothelial matrix of bone vessels, lipid 

accumulation in the sub-endothelial matrix would be expected to inhibit differentiation 

of the bone-forming cells (osteoblasts) by inhibiting different osteoblast differentiation 

factors such as alkaline phosphatase, collagen I and osteocalcin (Gharavi, 2002). 

In addition, the oxidised lipids induce endothelial expression of monocyte chemotactic 

factors and M-CSF, a potent inducer of osteoblast differentiation released by 

lymphocytes, monocytes, fibroblasts, endothelial cells, myoblasts and osteoblasts. 

Oxidized lipids would be expected to promote bone resorption by recruitment and 

differentiation of osteoclast precursor cells (Parhami, Garfinkel and Demer, 2000). 

There are several studies that have demonstrated that the decrease in bone mineral density 

(BMD) relates to bone loss mediated hyperlipidaemia. In vitro studies showed that 

lipoprotein oxidation inhibits osteoblast differentiation progenitor cells in mice (L. Wang 

et al, 2018; Ali et al, 2005). In addition, oxidised lipoproteins stimulate adipocyte 

differentiation markers like lipoprotein lipase (Moseti, Regassa and Kim, 2016). The 

accumulation of fat droplets in the cytoplasm of the cells decreases bone mineral density 

because oxidised lipid inhibits osteoblast differentiation (Parhami et al, 2001). 

Furthermore, an in vivo study has shown that in a mouse strain which loses a more 
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significant amount of bone mass in response to hyperlipidaemia, at the same time, plasma 

lipoproteins levels were increased (Parhami et al, 2001). It can be concluded that the 

absence of low-density lipoprotein receptor increased the lipoprotein (LDL) 

accumulation in bone tissue and conversion to oxidised-LDL by the oxidation reactions. 

The ox-LDL affects the bone remodelling process and induces bone reduction (Figure 

1-6). 

 

Figure 1-6: the effect of low-density lipoprotein receptor on bone mineral density.  

 

1.6 Hypothesis. 

Bone mineral density responds to changes in systemic inflammation.  

1.7  Aims and Objectives. 

1. Investigation of whether complement properdin could play an immunological role in 

the regulation of osteoclast activity which may induce bone microarchitecture change by 

maintaining bone mass (bone mineral density), this can be done by: - 

 In vivo: 

 Evaluation of bone mineral density using microcomputed tomography in 

properdin-deficient mice compared to wildtype at 6 or 10 months old. 

 Evaluation of the bone remodelling activity by measuring the levels of 

serum osteoclast biomarker (TRACP activity) and serum osteoblast 

biomarker (ALP activity) in both genotypes. 

 In vitro 
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 Quantify the osteoclast TRACP+ numbers, resorption activity by 

differentiation of murine osteoclasts from WT and properdin knockout 

using the osteo-resorption assay. 

2. To quantify whether lack of LDLR has an adverse effect on bone mineral density and 

Vitamin D3 dietary supplementation or voluntary exercising could influence the BMD in 

LDLR deficient mice, this can be done by: - 

 In vivo: 

 Quantifying the bone mineral density using µ-CT in LDLR-/- mice 

compared to wildtype at six months old. Then, evaluation whether 11IU/g 

diet of Vitamin D3 or voluntary exercising for five weeks affects bone 

mineral density in LDLR-/- mice. 

 Evaluation of bone remodelling activity in LDLR-/- mice fed a normal 

diet with or without Vitamin D3 supplementation or voluntary exercising by 

measuring the serum levels of osteoclast and osteoblast biomarkers. 

 Quantifying the inflammatory response, (the alternative and classical 

pathway activation) by measuring the formation of C9 in mice serum. In 

addition, the serum proinflammatory cytokines TNF-alpha and IL-6 can be 

measured in LDLR-/- mice fed a normal diet with or without Vitamin D3 

supplementation or voluntary exercising for five weeks. 

 

 

 In vitro: 

 To evaluate whether LDLR deficiency with or without Vitamin D3 

addition could influence the osteoclast and osteoblast differentiation. This 

aim can be acieved by differentiating osteoclast and osteoblast treated 

with or without (4µg/ml of Vitamin D3) and derived from bone marrow 

from LDLR-/- compared to WT mice. 

 To quantify whether LDLR deficiency could affect the osteoclast 

resorption activity and whether Vitamin D3 could affect this activity in 

LDLR-/- osteoclast cultures. The resorption area can be measured in 

osteoclast derived from LDLR-/- mice treated with or without Vitamin D3, 

in addition to measuring the TRACP activity in osteoclasts supernatants. 

 To quantify whether LDLR deficiency could affect the osteoblast mineral 

deposition activity and whether Vitamin D3 could affect this activity in 
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LDLR-/- osteoblast cultures. This aim can be achieved by measuring the 

mineral deposition area of osteoclasts derived from LDLR-/- treated with 

or without Vitamin D3 using Von Kossa stain, in addition to measuring 

the ALP activity in osteoblasts supernatants. 

 

3. To investigate whether murine osteoclasts contribute to alternative complement 

component expression. This can be done by: - 

 In vitro: 

 To investigate whether murine osteoclasts could cleave C5 to C5a, the 

osteoclasts could be differentiated and stimulated with purified C5 to find 

out the production of the C5/C5a protein using Western blotting and 

ELISA. 

 To investigate the alternative complement component gene expression by 

murine osteoclasts, the gene expression of CFD, CFB, C3 and 

complement properdin can be investigated by qPCR. 

 

4. To investigate whether Vitamin D3 addition could normalise the excessive alternative 

pathway component expression induced by fatty acid in osteoclasts. This aim can be by 

qPCR quantification of the gene expression of CFD, CFB, C3 and complement properdin 

in differentiated osteoclasts stimulated by fatty acid (FA) with or without Vitamin D3.  
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2.1 In vivo methods: 

2.1.1 The experimental animals and diets used in this project. 

2.1.1.1 Mice used in this project: 

The mouse strains of C57BL/6 mice for all animal experimentation was performed in 

accordance with UK Home Office regulations and institutional guidelines. The mouse 

studies were periodically reviewed by the ethical review body of the institution. Mice 

were housed in a specific pathogen-free barrier facility in groups in ventilated cages at 

21°C, 50% humidity, with 12/12 h light/dark cycle, and had ad libitum access to food and 

water. 

For investigating the effect of properdin gene deletion on bone mineral density, two 

groups of males and females of wildtype and properdin-deficient mice six months old 

were used to measure the BMD and osteoclast activity in vivo and in vitro. The mice were 

maintained on 58R1 or normal diet (ND). 

For investigating the effect of LDLR gene deletion on bone mineral density, two groups 

of males and females of wildtype and LDLR deficient mice six months old were 

maintained on 58R1 or normal diet. The LDLR deficient mice are homozygous for the 

Ldlrtm1Her mutation and have an elevated serum cholesterol level of 200-400 mg/dl, while 

the normal serum cholesterol in the mouse is 80-100 mg/dl. 

The wildtype C57BL/6 mice were used to investigate the effect of 11IU/g chow of 

Vitamin D3 dietary supplementation or access to voluntary wheel exercise on bone 

mineral density whilst on high-fat diet feeding for five weeks. At the end, the revolutions 

of the wheel were recorded (6126276 revolution for males and 4555408 revolution for 

females).  

At the end of each study, mice were bled under terminal anaesthesia, serum prepared, and 

organs saved for further measurements. Analyses were conducted blinded to the 

genotypes and treatment. 
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2.1.1.2 Diet used in this project: 

The following table shows the components of diets. 

 

Table 2-1: The components of different diets. 

 

 

 

 

 

Type of Diets 

Normal Diet or 

Maintenance Diet 

(ND) 

High-fat diet 

(HFD) 

ND with 

Vitamin 

D3 

HFD with 

Vitamin 

D3 

HFD with 

exercise 

Diet 

components 

58R1 5LF2 58R3 5TJN MH516 58R3+VD 5TJN 

Proteins % 14.8% 14.3% 20.2% 18.0% 14.8% 20.2% 18.0% 

Fat % 4.8% 2.5% 35.8% 19.8% 4.8% 35.8% 19.8% 

Carbohydrate 

% 

73.9% 65.2% 35.0% 51.3% 73.7% 35.0% 51.3% 

Vitamin D3 

IU/g chow 

0.7 IU/g 

chow 

1 IU/g 

chow 

1 IU/g 

chow 

1.2IU/g 

chow 

11IU/g 

chow 

11IU/g 

chow 

1.2IU/g chow 

 

2.1.2 Measuring the bone mineral density by computed tomography 

(M-CT). 

A- Sample Fixation stage:  

The lumbar spine of mice was harvested and preparing for µ-CT scanning. After culling 

the animals, the skin was peeled, and all the viscera were removed from the abdominal 

and thoracic cavity as shown in (Figure 2-1A), the upper extremities and the head were 

removed as well. Then, the mice were labelled and attached to the flat thermacol board, 

and the ventral side was kept up uppermost fixing the samples by pins through the ribcage 

and feet. It is very important to keep the vertebrae as straight as possible when fixing to 

make the µ-CT scanning easier and get the right anatomical position for image data 

(Figure 2-1 B). 

Once the samples were fixed on the thermacol board, they were submerged in a container 

containing 10% formalin as a fixative solution overnight as shown in (Figure 2-1 C). Next 

day, the samples were washed twice by tap water. The lumbar vertebrae L1 - L5 were 

harvested using a scalpel or straight scissors: the cutting included the tops of the iliac 

bones to be used as a guide reference later during the scanning stage (Figure 2-1D). 
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The muscles and soft tissue were removed from the vertebral column make vertebral 

bones more visible: it is not necessary to remove all muscles. Then the vertebral samples 

were put in a 50ml falcon tube containing 70% IMS and kept at 40C till scanning by µ-

CT machine.  

          

 

Figure 2-1: The 3rd lumbar vertebrae harvesting and fixation preparation: 

Skin and viscera removing from a culled animal (A); lumbar spine fixation on thermacol board (B), Spine 

fixation by10% formalin overnight (C), then lumbar vertebrae were cut as shown in (D). 

 

B- Scanning stage:  

The scanning of vertebrae was the next stage of bone mineral density measurements. It 

was done using a Caliper Micro-CT machine in the Central Research Facility- University 

of Leicester (Figure 2-2A). One day before doing the scanning, the samples were put in 

1x PBS overnight instead of 70%IMS. Then the samples were transferred to the CRF for 

data image scanning. 

The spine was fixed in 1.5ml centrifuge tube filled by PBS avoiding bubbles (before 

opening the Caliper Micro-CT machine gate, it is essential to make sure that the X-

ray lamp is off, to be safe from the X-rays). The sample was fixed onto the scanning 

table of the Micro-CT machine using blue tack sticker. Then, using PerkinElmer 

software, the samples were named or labelled using create sample tool. 

The required vertebra (3rd lumbar vertebra) was centralised in the scanning square using 

the right, left, up and down controls on the Micro-CT machine and then fitted to the home 

position and the 90° position. The samples were scanned using 90 Voltage Peak (VPK), 
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80µA, fold of view (FOV 5) for 3 minutes. Then the scanning was saved as a DICOM 

file to analyse using Analyze 12.0 software (AnalyzeDirect.com) for BMA 

measurements. 

At this stage, it is important to scan the phantom to create a standard curve of bone 

mineral density. The phantom was used to convert the grayscale numbers to BMD units 

(mg/cc). This conversion is accomplished by using a phantom of solid resin-embedded 

hydroxyapatite of known densities to generate a calibration line with concentrations (0, 

50, 200, 800, 1200 mg/cc) of one rod for each concentration as shown in (Figure 2-2B). 

These densities were used to create a linear regression of measured grayscale value versus 

BMD as shown in (Figure 2-3). Then, the slope (Sigma-CT= 3.855) and offset (Beta-

CT=935.1) values were recorded which were inserted into Analyze 12.0 software to 

generate the BMA values.  

 

Figure 2-2: The Calipare Micro tomography machine and the solid resin-embedded hydroxyapatite 

phantom that was used to convert the BMD grayscale. 
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Figure 2-3: Plot of grayscale values vs mineral density of phantom: 

The BMD scaling parameters (Sigma CT and Beta CT) were calculated for the proper conversion of CT or 

grayscale numbers to BMD units (mg/CC). The slope in the linear regression equation represents the Sigma 

CT value while the intercept in the Y equation represents Beta CT. These values are important to calibrate 

the BMD values to analyse image data of samples. 

 

B- Bone Microarchitecture measurement stage: - 

Bone Microarchitecture (BMA) is the third stage of bone parameter measurement. It was 

done using specially developed software Analyze 12.0 (AnalyzeDirect.com) which is a 

powerful pre-clinical research application designed for the evaluation of micro-CT image 

data. This data generates an extensive set of bone-morphometric indices such as Bone 

mineral density, volumes, surface areas, ratios, Cortex indices, 3D Trabecular Thickness 

and its structure, connectivity, Trabecular separation and bone volume fraction (BV/TV).  

The BMA workflow was subdivided into two sections: Data Pre-processing and Bone 

Microarchitecture Analysis. 

During the pre-processing data overview, the image data was uploaded on the workflow 

using the file option. Then, using the volume edit option, the body of the 3rd lumbar 

vertebra was extracted from accessory bones, cropped and filtered into the correct 

anatomical orientation to reduce data size and enhance initial object segmentation and 

saved as a pre-segmentation object map (Figure 2-4A-D). 
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Figure 2-4: Data processing and pre-segmentation:  

The image data were uploaded to the Analyze 12.0 add-on (A); image-data thresholding (B), the body of 

third lumbar vertebra determination (C). The 3rd lumbar vertebra body extraction from accessory bones 

(D). 
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The second part of the Bone Microarchitecture Analysis workflow is conducted within 

the BMA add-on module, and it is separated into three steps: Cortical Bone Segmentation, 

Trabecular Bone Segmentation, and Calculation of Bone Morphometric Indices. 

1. Cortical Bone Segmentation: Once the image data is loaded, the BMA add-on 

conducted a preliminary segmentation which allowed the module to identify the cortical 

shell, cortical pores and Trabecular tissue regions. The initial object segmentation of the 

vertebral body was uploaded to the BMA add-on module indicating the bone of interest. 

This pre-segmentation was only used to avoid segmenting and measuring the other bones 

in the data image. It was thresholded with range 6500 min and 17980 maxima (Figure 

2-5 A&B). The Cortex segmentation was done using the segment Cortex option on the 

BMA add-on model (Figure 2-5C). This step of data analysing is the longest step, and it 

could take one hour to segment the Cortex per mouse or sample. 
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Figure 2-5: bone cortical segmentation: 

The initial object map of the 3rd lumbar vertebra was uploaded (A), it was thresholded to segment just the 

bone of interest (vertebral body) (B), the Cortex was segmented (red colour), and the yellow colour refers 

to Trabecular tissue (C). 

Once the Cortex segmentation was done; it is essential to navigate through image slices 

(512 slices) to visually review the segmentation result to evaluate the quality. If the result 

is acceptable, then processing can continue to the second step in the BMA processing 

workflow, Segment Trabeculae. However, if the segmentation result requires manual 

refinement, then this can be done by refining the object map using Volume Edit, available 
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within Analyze 12.0. After the cortex segmentation, 1-3% of slices had to be corrected in 

this way.  

The manual refinement means the reassignment of incorrectly labelled bone structures as 

a Cortex in the Trabecular tissue region (Figure 2-6A&B). This can be done by using the 

draw tool of the Trabecular tissue (yellow colour pointed by arrows) and pass through all 

slices on transverse, sagittal and coronal sections to reassign the Trabecular tissue in each 

slice. Again, this process takes a long time because each section needs to be refined. 
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Figure 2-6: Bone Cortex refinement: 

The panel (A) refers to the reassignment of incorrectly labelled bone structures as a Cortex in the Trabecular 

tissue region (yellow arrow), this can be done using the circle draw tool to correct Trabecular tissue. (B) 

Refers to refined Trabecular  tissue in each slice. 

 

2. Trabecular Bone Segmentation: This is the second step of the BMA process provide 

for segmentation of the Trabecular region into Trabecular Bone and Intra-Trabecular 

Space. After the Cortex segmentation or its correction, the vertebral body was 

thresholded again. The same range of Cortex thresholding was used. The Trabecular bone 

segmentation was done using segment trabecula option (Figure 2-7 A). 

At this point, it is necessary to visually review the segmentation result to determine if the 

Trabecular bone segmentation is acceptable or it needs to manual corrections and 

refinement. The manual correction of small regions of Trabecular bone identified as 

Cortex will improve the accuracy of the measurements generated by the BMA add-on 

module (Figure 2-7 B&C). 
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Figure 2-7: The segmented trabecula refinement: 

The segmented trabecula of the vertebral body after Cortex segmentation (A), the manual correction of 

small regions of Trabecular bone identified as Cortex will improve the accuracy of the measurements 

(B&C). 

 

 

3. Calculation of Bone Morphometric Indices: This is the third and final step of the BMA 

processing workflow. It is the generation of the bone-morphometric indices. The 

measurements are automatically calculated for the Trabecular and cortical bone and 

output in several values including the BMD (Figure 2-8). 

 

Figure 2-8: Bone morphometric indices: 

After the cortex and trabecular segmentation have been finished, the bone microarchitecture parameters 

have been generated and each tab refers to different sets of measurements. 
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The Bone density or bone mineral density (BMD) is the amount of bone mineral in bone 

tissue especially Calcium salt and phosphate components. Bone density measurement is 

used in clinical medicine as a method for the detection of osteoporosis (bone density 

loss). It is measured by a procedure called densitometry, often performed in Radiology 

using X-ray, generating cross-sections of bone that can be used to recreate a virtual model 

(3D model). The lumbar spine and femur are most generally used to measure bone 

mineral density (Mautalen et al, 2016). The following parameters contribute to 

diagnosing bone density loss or osteoporosis in addition to bone mineral density (BMD): 

- 

1-Whole Bone mineral density (BMD) which include: Bone Mean BMD, Cortex Mean 

BMD, Trabecular Mean BMD, Intra Trabeculae BMD (Figure 2-9). 

2-Trabecular Thickness (Tb.Th. mm): It is the mean thickness of one trabecula. A decrease 

in the strength of Trabecular bone with ageing in men is usually associated with a 

decrease in Tb.Th. 

3-Trabecular separation (Tb.Sp. mm): It is the mean distance between trabeculae as 

determined by a 3D sphere-fitting method. Tb.Sp. is sometimes called Trabecular 

spacing. Higher Tb.Sp. is associated with vertebral fracture and bone density loss.  

4-Connectivity density (Conn.D 1/mm3) is a measure of the degree of connectivity of 

trabeculae, normalised to the total volume. Conn.D contributes to bone strength and 

decreases significantly with age in the femoral neck and vertebra. 

5-Bone volume fraction (BV/TV %) is the ratio of the segmented bone volume to the total 

volume of the region of interest. Trabecular BV/TV has been found to be lower in patients 

who have sustained a vertebral fracture. BV/TV decrease is a diagnostic parameter of 

osteoporosis with age in both women and men. 
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Figure 2-9: Examples of bone mineral density parameters: 

(A)-Whole mean bone mineral density (red and yellow in colour, (B) Bone mean mineral density (Cortex 

and trabeculae), (C) the bone Cortex mineral density (red colour), (D) the Trabecular tissue (trabecula and 

Intra-Trabecular (yellow colour), (E) Trabecula (Orange colour), (F) Intra-Trabecular mean density. 
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The Figure 2-10 represents the experimental flow for measuring the bone mineral 

density of different experiments. 

 

Figure 2-10: The general experimental flow for measuring bone mineral density. 

 

 

2.1.3 Measuring osteoclast activity (Tartrate-resistant acid 

phosphatase, TRACP) by ELISA. 

The level of TRACP was measured in serum or supernatant to quantify the osteoclast 

activity. TRACP or acid phosphatase (AP) is a specific biochemical marker for osteoclast 

activity, TRACP is a member of the hydrolase class of enzymes, and it can be found in 

both plant and animal species. The assay was performed using the Acid Phosphatase 

Colorimetric Assay Kit (Caymanchem, 10008051). 

The serum samples were prepared by collecting blood from the mice without using an 

anticoagulant tube. The blood was left to clot for 30 minutes on ice; then blood was 

centrifuged at 2,000 g for 15 minutes at 4°C. The top yellow serum layer was pipetted 

off without disturbing the white buffy layer, and serum was stored on ice. 

The supernatants of differentiated osteoclasts were collected and centrifuged at 200g for 

5 minutes; then the supernatant was transferred into a new tube and stored at -80 till use.  

The principle of this assay depends on utilising para-nitrophenyl phosphate (pNPP) as a 

chromogenic substrate for the enzyme. In the first step, TRACP dephosphorylates pNPP. 

In the second step, the phenolic OH-group is deprotonated under alkaline conditions 
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resulting in p-nitrophenolate that yields an intense yellow colour which can be measured 

at 405-414 nm. 

The reagents were prepared following kit manufacturer’s instructions. Acid phosphatase 

assay buffer (1X) (100mM HEPES, pH 5.0) was prepared from acid phosphatase assay 

buffer (10X) by diluting 5 ml of Assay Buffer with 45 ml of HPLC-grade water. This 

buffer was used for the dilution of samples and dissolving the acid phosphatase substrate. 

The acid phosphatase substrate was prepared by dissolving two tablets in 3 ml of diluted 

Assay Buffer. The acid Phosphatase Stop Solution of 500mM sodium hydroxide was 

prepared by diluting 15 ml of acid Phosphatase Stop Solution 2M with 45 ml (dilution 

1:3) of HPLC-grade water. A lyophilised powder of wheat germ acid phosphatase (AP) 

was used as a positive control for acid phosphatase: the powder was dissolved with 2 ml 

of diluted Assay Buffer and was stored on ice. 

The 96-assay plate was set up with blank wells by adding 30 µl of assay buffer to two 

wells, serum blank wells by adding 10µl of assay buffer and 20μl of serum or supernatant 

to two wells per sample. The positive control wells (Acid Phosphatase) was set up by 

adding 10µl of assay buffer and 20μl of acid phosphatase (control) to at least two wells. 

Then, the sample wells were set up by adding 10µl of assay buffer and 20μl of the sample 

to each well being used. Then, the reaction was initiated by adding 20µl of TRACP 

substrate solution to each well which was being assayed except serum blank wells. The 

plate was covered with the plate cover and incubated for 20 minutes at 37°C. Then, the 

plate cover was removed, and 100 µl of diluted stop solution was added to each well and 

10 µl of TRACP Substrate Solution was added to the serum blank wells. Finally, the 

absorbance of the assay plate was read at 405 nm using a plate reader. 

The average absorbance of the blanks, positive control, and each sample was calculated. 

The average absorbance was subtracted from the blank from all samples and the positive 

control; the adjusted absorbance was used in the equation below. The serum blanks were 

used for correcting serum samples. One unit is the amount of the acid phosphatase 

required to release 1 µmol of phosphate from pNPP in one minute at 37°C. The acid 

phosphatase activity of the samples was calculated using the following equation. 

𝐴𝑃 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (µ𝑚𝑜𝑙/𝑚𝑖𝑛/𝑚𝑙)  =
ΔA405

[20min ∗ 10.68mM]
∗

0.15ml

0.02ml
∗ Sample Dilution  
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2.1.4 Measuring osteoblast activity (Alkaline phosphatase activity) by 

ELISA.  

The level of the C-terminal peptide of bone-specific alkaline phosphatase was measured 

to quantify osteoblast activity using Mouse C-terminal peptide of bone-specific alkaline 

phosphatase ELISA kit (NeoBiotech, NB-34-016069). 

Bone alkaline phosphatase (ALP) is the bone-specific isoform of alkaline phosphatase, a 

glycoprotein that is found on the surface of osteoblasts; ALP reflects the biosynthetic 

activity of these bone-forming cells. ALP has been shown to be a sensitive and reliable 

indicator of bone metabolism (Kress, 1998). The serum samples and the osteoblast 

supernatants were prepared as shown in section 2.1.3. 

The ELISA kit reagents were prepared following the manual instructions. 100-fold 

dilution of Biotin-antibody (1x) was prepared from Biotin-antibody (100x) as a detecting 

antibody [10μl of Biotin-antibody (100x) + 990μl of Biotin-antibody Diluent]. HRP-

avidin (1x) was prepared for detecting biotinylated antibodies [100-fold dilution is 10μl 

of HRP-avidin + 990μl of HRP-avidin Diluent]. 20ml of Wash Buffer Concentrate (25x) 

was diluted into deionized or distilled water to prepare 500ml of Wash Buffer (1x) [1:25 

dilution]. 

The standard vial was centrifuged at 6000-10000 rpm for 30 seconds then the standard 

was reconstituted with 1.0ml of Sample Diluent: this reconstitution produces a stock 

solution of 50mU/ml. The standard was mixed to ensure complete reconstitution and it 

was left to sit for a minimum of 15 minutes with gentle agitation prior to making dilutions. 

Then, 250μl of Sample Diluent was pipetted into each tube (S0-S6). The stock solution 

was used to produce a 2-fold dilution series. Each tube was mixed thoroughly before the 

next transfer. The undiluted Standard serves as the high standard (50mU/ml) and the 

Sample Diluent serves as the zero standard (0mU/ml). 

The sandwich ELISA assay was performed following the manufacturer instructions. 

Serum samples were objected to 4-fold dilution into Sample Diluent,   

A 100μl/well aliquot of standard and sample were added to the microplate wells, after a 

specific antibody for a C-terminal peptide of bone-specific alkaline phosphatase had been 

pre-coated onto a microplate as a capture antibody. The plate was covered with the 

adhesive strip provided by the kit and incubated for 2 hours at 37°C. Then the liquid was 
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removed from each well (not washed). A 100μl aliquot of Biotin-antibody (1x) was added 

to each well and covered with a new adhesive strip and incubated for 1 hour at 37°C.  

The liquid was aspirated from each well and washed by filling each well with Wash 

Buffer (200μl) using a multi-channel pipette and it was stood for 5 minutes: the process 

was repeated two times for a total of three washes. The complete removal of liquid at 

each step is essential to good performance. After the last wash, the remaining wash Buffer 

was removed by aspirating or decanting. Then, the plate was inverted and blotted against 

clean paper towels. A 100μl aliquot of HRP-avidin (1x) was added to each well and the 

microtiter plate was covered with a new adhesive strip and incubated for 1 hour at 37°C. 

Then, the aspiration/wash process was repeated for five times as before. A 90μl TMB 

Substrate was added to each well and incubated for 15-30 minutes at 37°C (protecting 

from light). A 50μl Stop Solution was added to each well and the plate was gently mixed. 

The optical density was determined of each well within 5 minutes, using a microplate 

reader set to 450 nm. 

 

Figure 2-11: Example standard curve showing the absorbance of different concentrations of mouse 

C-terminal of bone alkaline phosphatase (ALP). 

 

2.1.5 Osteocalcin level measurement as a bone formation marker: 

Osteocalcin, a bone gamma-carboxyglutamic acid protein (BGLAP), is a noncollagenous 

protein hormone in bone and dentin. Osteocalcin is produced solely by osteoblasts and 

plays a part in bone mineralization and calcium ion homeostasis. As osteocalcin is 

produced by osteoblasts, it is often used as a biomarker for the bone formation process. 
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It has been observed that higher serum-osteocalcin levels are relatively well correlated 

with increased bone mineral density (BMD) (Bharadwaj et al, 2009; Lee et al, 2007).  

The level of osteocalcin in mouse serum was measured to quantify osteoblast functional 

activity in bone mineral deposition using Enzyme-linked Immunosorbent Assay Kit for 

Osteocalcin (OC) (Cloud-Clone Crop, SEA471Mu). 

The serum was prepared as shown in section 2.1.3. Then, the Enzyme-linked 

Immunosorbent Assay for Osteocalcin (OC) was performed following the manufacturer’s 

instructions.  

The stock standard solution (80ng/mL) was prepared by reconstituting the standard with 

1.0mL of standard diluent and kept for 10 minutes at room temperature, shaken gently 

(not to foam). Then, 7 points of diluted standard such as 10ng/mL the highest standard, 

was prepared, then a double dilution series (5ng/mL, 2.5ng/mL, 1.25ng/mL, 0.625ng/mL, 

0.312ng/mL, and 0.156ng/mL) in standard diluent were mixed thoroughly before the next 

transfer. The last EP tube with Standard Diluent is the blank as 0ng/ml. 

 

The microplate provided in this kit had been pre-coated with an antibody specific to 

osteocalcin.  

Wells for diluted standard, blank and sample were set up (7 wells for standard, 1 well for 

blank were prepared). Then, 100μl aliquot each of dilutions of standard, blank and 

samples were added into the appropriate wells, the plate was covered with sealer and 

incubated for 1 hour at 37oC. The liquid of each well was removed (washing not needed). 

Then, 100μl aliquot of Detection Reagent A working solution (1:100-fold dilution) was 

added to each well, the wells were covered with new plate sealer and incubated for 1 hour 

at 37oC. The solution was aspirated and washed with 350μL of 1× wash solution to each 

well using a multi-channel pipette and left to sit for ~5 minutes. The remaining liquid 

was removed from all wells completely by snapping the plate onto absorbent paper. In 
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total wash 3 times. After the last wash, any remaining wash buffer was removed by 

inverting the plate against absorbent paper. Then, 100μl aliquot of Detection Reagent B 

with working solution (1:100-fold dilution) was added to each well; the wells were 

covered with the plate sealer and incubated for 1 hour at 37oC. The aspiration/wash 

process was repeated in total 5 times as before. Then, 90μL of Substrate Solution (TMB) 

was added to each well and covered with a new plate sealer, incubated for 10 - 20 minutes 

at 37oC (no more than 30 minutes). Then, 50μL of Stop Solution was added to each well 

for stopping the reaction. Then, the plate was run through the microplate reader at 450nm 

immediately. 

Average of triplicate readings for each standard, control, and samples were made after 

subtracting the average zero standard optical density. A standard curve was constructed 

by plotting the mean of optical densities and concentration for each standard and drawing 

a best fit curve through the points on the graph GraphPad Prism 7. 

 

Figure 2-12: Example for the standard curve showing the absorbance of different concentrations of 

mouse Osteocalcin. 

  

2.1.6 Serum triglyceride level measurements. 

The principle of this method to determine triglyceride concentrations is an enzymatic 

hydrolysis of triglyceride to glycerol and free fatty acid followed by colorimetric assay 

measurement of the glycerol released. Therefore, the level of triglyceride using 

Triglyceride colorimetric assay kit (Cayman, 10010303) was measured in mouse 

serum. 

The standard curve dilutions were prepared by labelling eight clean test tubes A-H. 

200 µl of (1X) diluted Standard Diluent was added to tubes B-H. Then, 400 µl of 

diluted Standard Diluent was added to tube A, then, 100 µl of Triglyceride Standard 
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was added to tube A and mixed thoroughly. The concentration of tube A is 200 mg/dl 

(2.26 mmol/L). Serially, the standard was diluted by removing 200 µl from tube A and 

added it to tube B; and mixed thoroughly. Next, 200 µl was removed from tube B and 

placed it into tube C; and mixed thoroughly. This process was repeated for tubes D-

G. Tube H only has diluted Standard Diluent and is used as the blank (Table 2-2). 

Table 2-2: Preparation of Triglyceride Standards 

Tube Triglyceride Concentration (mg/dl) 
  

A 200 

B 100 

C 50 
  

D 25 
  

E 12.5 
  

F 6.25 
  

G 3.125 
  

H 0 
  

 

The assay was performed by adding 10µl serum samples or standard (tubes A-H) to 

the designated wells for the standard curve on the 96 well-plate, in triplicates. The 

reaction was initiated by adding 150µl of diluted Enzyme Mixture solution to each 

well (the vial contains a lyophilized enzyme mixture which was reconstituted with 14 

ml of the diluted Assay Buffer, a 50mM sodium phosphate, pH 7.2). The plate was 

carefully shaken for a few seconds to mix and then it was covered with the plate cover 

and incubated for 15 minutes at room temperature. Then, the absorbance was 

measured at 530-550 nm using a plate reader. 

The average absorbance of each standard and sample was calculated. The absorbance 

value of the standard H (0 mg/dl) was subtracted from itself and all other values (both 

standards and samples): this is the corrected absorbance. The corrected absorbance 

values were graphed as a function of the final triglyceride concentration (mg/dl) (Table 

2-2) using GraphPad Prism 7.0 software. 
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Figure 2-13: Example for the standard curve showing the absorbance of different concentrations of 

Triglyceride (the optical density is 450nm). 

 

2.1.7 Measuring the functional activities of alternative and classical 

complement pathways by ELISA. 

To quantify the levels of classical complement and alternative pathway activation in 

mouse serum, the level of complement C9 formation was measured as in a recently 

published paper on mice (Kotimaa et al, 2015). 

For measuring the CP pathway, the human IgM purified immunoglobulin was coated at 

1μg/ml in coating buffer (100mM Na2CO3, pH 9.6) (diluted 1:1000). For measuring the 

AP pathway, LPS was coated at 1μg/ml in PBS/10mM MgCl2 (diluted 1:1000). 

For the classical pathway, the samples were diluted in BVB++ buffer (1x veronal buffer, 

0.5mM MgCl2, 2mM CaCl2, 0.05% tween 20, 1% BSA, pH 7.5). For the Alternative 

pathway, the samples were diluted in BVB++/MgEGTA (BVB++, 10mM EGTA, 5mM 

MgCl2). The final sample volume was 100μl per well in triplicate. 

The Maxisorp plates were incubated as needed regarding the pathway measurement for 

16h at 4°C overnight. Then, the wells were washed with 200μl of 0.05% Tween-20 in 

PBS washing buffer (3 times, 5 minutes). The wells were blocked with 150μl of blocking 

buffer (1% BSA in PBS) per well for 90 minutes at 37°C. Then, the wells were washed 

with 200μl of 0.05% Tween-20 in PBS washing buffer per well (3 times, 5 minutes). 

Aliquots of 20% dilution of serum samples and normal mouse serum (NMS) were added 

(100μl per well) in triplicates on the Maxisorp plates and incubated for 1h at 37°C. Then, 

the wells were washed with 200μl of 0.05% Tween-20 in PBS washing buffer per well 
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(3 times, 5 minutes). After washing, 100μl aliquot of polyclonal rabbit complement 

component 9 antibody (concentration 0.2 mg/ml; diluted 1:200 with D.W.) was added 

per well and incubated at 37°C for 1h. Then, the wells were washed with 200μl of 0.05% 

Tween-20 in PBS washing buffer per well (3 times, 5 minutes). After washing, 100μl 

aliquot of polyclonal swine anti-rabbit HRP antibody (0.3mg/ml) (Dako P 0399) (at final 

concentration 1.5µg/ml, diluted 1:200 with D.W.) was added per well and incubated at 

37°C for 1h. Then, the wells were washed with 200μl of 0.05% Tween-20 in PBS washing 

buffer per well (3 times, 5 minutes). Later, 100μl of the coloured substrate (TMB) was 

added per well and left at room temperature for 5-10 minutes, and then 50μl of the stop 

solution was added per well to stop the reaction. Finally, the result was read immediately 

using an ELISA reader TECAN Magellan for 405nm. Then, the percent of residual C9 of 

complement activation was correlated to the classical pathway activation or alternative 

pathway activation in commercial mouse serum as a 100% activation standard. 

 

2.1.8 TNF-α level measurements by ELISA as an indication of 

inflammatory cytokines. 

Tumour necrosis factor alpha (TNF-α) is a cell signalling protein (cytokine) involved in 

systemic inflammation. It is one of the cytokines that makes up the acute phase reaction. 

It is produced chiefly by activated macrophages. Since the osteoclasts derived from the 

monocytes/macrophage’s lineage, it was hypothesised that the decline of the bone 

mineral density might be caused by inflammation leading to an increase in the 

osteoclasts’ activity. 

The Murine TNF-α ELISA development kit (PeproTech 900-TM54) was used to quantify 

the level of TNF-alpha in mouse serum or cell culture supernatant. The quantitative 

measurement of natural murine TNF-α was performed in a sandwich ELISA format 

within the range of 10–2500pg/ml. 

Following the manufacturer’s protocol, the capture antibody containing 11μg of Rabbit 

Anti-Murine TNF-α + 0.5mg D-mannitol was reconstituted in 110μl sterile water for a 

concentration of 100μg/ml. Then the capture antibody was diluted with PBS to a 

concentration of 0.50μg/ml (1:200 dilution). Immediately, 100μl aliquot of capture 

antibody was added to each well and sealed and incubated overnight at room temperature.  
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Next day, the well liquid was aspirated and removed then the plate was washed 4 times 

using 300μl of wash buffer per well (washing buffer: 0.05% Tween-20 in PBS). After the 

last wash, the plate was inverted to remove residual buffer and blotted on paper towel. 

Then, 300μl block buffer (Blocking Buffer: 1% BSA in PBS) was added to each well and 

incubated for at least 1 hour at room temperature. Then, the plate was aspirated and 

washed 4 times by washing buffer.  

The Murine TNF-α Standard containing 1μg of Recombinant Murine TNF-α + 2.2mg 

BSA + 11.0mg D-mannitol was reconstituted in 1ml sterile water for a concentration of 

1μg/ml. Then, the standard was diluted from 2500pg/ml to zero (1:400 dilution) in diluent 

(Diluent: 0.05% Tween-20, 0.1% BSA in PBS). Immediately 100μl aliquot of standard 

or samples were added to each well in triplicate and incubated at room temperature for at 

least 2 hours. 

The plate was aspirated and washed 4 times by washing buffer. Then, the detection 

antibody containing 6μg of Biotinylated Rabbit Anti-Murine TNF-α + 0.5mg D-mannitol 

was reconstituted in 60μl sterile water for a concentration of 100μg/ml. The detection 

antibody was diluted in diluent to a concentration of 0.25μg/ml (1:400 dilution) and 100μl 

aliquot was added per well and incubated at room temperature for 2 hours, then the plate 

was aspirated and washed 4 times using washing buffer. 

Streptavidin-HRP conjugate 4μl/vial was diluted using 36μl of 1xPBS for a total of 40μl 

at a concentration of 100μg/ml. Then, it was diluted in diluent to a concentration of 

0.025µg/ml (1:4000 dilution) and then 100μl aliquot was added per well and incubated 

for 30 minutes at room temperature. Then the plate was aspirated and washed 4 times 

using a washing buffer. 

The substrate solution (100μl) was added to each well and incubated at room temperature 

for colour development for 20 minutes and then, 100μl of 1M HCl stop solution was 

added. The colour development was monitored with an ELISA plate reader at 450nm. 

The average absorbance of each standard and sample was calculated. The absorbance 

values were graphed for each standard as a function of the final TNF-alpha concentration 

(pg/ml) using GraphPad Prism 7.0 software. 
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Figure 2-14: Example for the standard curve showing the absorbance of different concentrations of 

Tumour necrosis factor alpha (the optical density is 450nm). 

 

2.1.9 Murine IL-6 measurement as an inflammatory factor by ELISA: 

Interleukin 6 (IL-6) is an interleukin that acts as both a pro-inflammatory cytokine and 

an anti-inflammatory myokine. Interleukin 6 is secreted by T cells and macrophages to 

stimulate an immune response, during infection and after trauma and other tissue damage 

leading to inflammation. In addition, osteoblasts secrete IL-6 to stimulate osteoclast 

formation and this may lead to reducing the bone mineral density (Ishimi et al, 1990). 

The murine IL-6 ELISA development kit (PeproTech, 900-TM50) was used to quantify 

the level of IL-6 in mouse serum or cell culture supernatant. The quantitative 

measurement of natural murine IL-6 was performed in a sandwich ELISA format within 

the range of 32-4000pg/ml. 

Following the manufacturer’s protocol, the capture antibody containing 21μg of Rabbit 

Anti-Murine IL-6 + 0.5mg D-mannitol was reconstituted in 210μl sterile water for a 

concentration of 100μg/ml. then the capture antibody was diluted with PBS to a 

concentration of 1μg/ml (1:100 dilution) and immediately, 100μl aliquot was added to 

each well, the plate was sealed and incubated overnight at room temperature.  

Next day, the liquid was aspirated and removed from the wells. The plate was washed 4 

times using 300μl of wash buffer per well (Washing Buffer: 0.05% Tween-20 in PBS). 

After the last wash, the plate was inverted to remove residual buffer and blotted on paper 

towel. Then, 300μl block buffer (Blocking Buffer: 1% BSA in PBS) was added to each 

well and incubated for at least 1 hour at room temperature. Then, the plate was aspirated 

and washed 4 times by washing buffer.  
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The Murine IL-6 Standard containing 1μg of Recombinant Murine IL-6 + 2.2mg BSA + 

11.0 mg D-mannitol was reconstituted in 1ml sterile water for a concentration of 1μg/ml. 

Then, the standard was diluted from 4000pg/ml to 16 µg/ml (1:250 dilution) in diluent 

(Diluent: 0.05% Tween-20, 0.1% BSA in PBS). Immediately, 100μl aliquot of standard 

or samples were added to each well in triplicate and incubated at room temperature for at 

least 2 hours. 

The liquid was aspirated, and plate wells washed 4 times by washing buffer and then the 

detection antibody containing 3μg of Biotinylated Rabbit Anti-Murine IL-6 + 0.5mg D-

mannitol was reconstituted in 30μl sterile water for a concentration of 100μg/ml. The 

detection antibody was diluted in diluent to a concentration of 0.1μg/ml (1:1000 dilution) 

and 100μl aliquot was added per well and incubated at room temperature for 2 hours, then 

the plate was aspirated and washed 4 times using washing buffer. 

Streptavidin-HRP Conjugate containing 4μl vial was diluted using 36μl of 1xPBS for a 

total of 40μl at a concentration of 100μg/ml. Then, it was diluted in diluent to a 

concentration of 0.15ug/ml (1:600 dilution) and 100μl aliquot was added per well and 

incubated for 30 minutes at room temperature. Then the liquid was aspirated, and the well 

plate washed 4 times using a washing buffer. 

100μl of substrate solution was added to each well and incubated at room temperature for 

colour development for 20 minutes and then, 100μl of 1M HCl stop solution was added. 

The colour development was monitored with an ELISA plate reader at 620nm. 

The average absorbance of each standard and sample was calculated. The absorbance 

values were graphed for each standard as a function of the final IL-6 concentration 

(pg/ml) using GraphPad Prism 7.0 software. 
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Figure 2-15: Example for the standard curve showing the absorbance of different concentrations of 

Interleukin 6 (the optical density is 450nm). 

 

2.1.10  Body weight measurement for 5 weeks. 

The body weight measurement is an important indication for following the body weight 

development (increase or decrease). The body weight of all experimental animals was 

determined and recorded by a technician in the animal unit at the beginning of the 

experiment and then the weight was measured every week for each group. The body 

weight was compared after 5 weeks of high-fat diet supplemented with or without 11IU/g 

chow of Vitamin D3, or after 5 weeks high-fat diet with or without access to voluntary 

wheel exercise.  

 

2.2 In vitro methodology: 

2.2.1 Osteoclasts and Osteoblasts differentiation derived from mouse 

C57/BL6 bone marrow. 

Osteoclast or osteoblast differentiation was performed by femur and tibia dissection of 

C57BL/6 mice. Bones were cleared of soft tissue by tissue paper; then the bones were 

put in a Petri dish containing 70% IMS for 5 minutes for sterilising the bones before 

transferring them to 50 ml conical tube containing 3 ml of FACS buffer kept on ice 

(Tevlin et al, 2014). 

The clean bones were placed into a mortar and pestle and gently crushed with 3 ml of 

FACS buffer, and the blood-stained fluid was aspirated off and passed through a 70μm 

strainer into a new 50 ml conical tube. (This step was repeated 3 times until the fluid did 
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not stain red). The bone marrow (BM) fluid was centrifuged at 200g for 5 min at 4 °C to 

obtain a cell pellet, which was re-suspended in 10 ml of FACS buffer (maintained at RT). 

The BM solution was layered onto the density gradient cell separation media 

(Histopaque-1077, Gibco) to give a clear separation between the two solutions. Then, the 

samples were centrifuged at RT 200xg for 15 min (acceleration and deceleration were set 

to zero on a centrifuge). Then, the cloudy middle layer which contains the bone marrow 

cells of interest were aspirated off and transferred into a new conical tube with 20 ml of 

additional FACS buffer (kept on ice) to wash cells and centrifuged at 200xg for 5 min at 

4 °C yielding a cell pellet. Finally, the pellet was re-suspended in 1ml of minimal essential 

media containing 20ng/ml of MCSF and 10-7M of PE2 for cell counting using a 

haemocytometer (Tevlin et al, 2014). 

For osteoclast differentiation, the isolated cells were adjusted to 200000 cells/well into 

24-well plate and cultured with macrophage simulating media (10ml) containing Minimal 

essential media (MEM) without phenol red (Gibco.com) supplemented with, glutamate 

(1%), FCS (10%), 10,000 units/ml penicillin and streptomycin, 20 ng/ml recombinant M-

CSF (R&D system), Prostaglandin E2 (Sigma.com) at 10-7 M final concentration, for 

three days. On day 3, the osteoclast stimulating media was added containing minimal 

essential media without phenol red (Gibco.com) supplemented with, glutamine (2mM), 

FCS (10%), 10,000 units /ml penicillin (1%), 20 ng/ml M-CSF (R&D System) and 

20ng/ml RANKL (R&D System), Prostaglandin E2 at 10-7 M final concentration. The 

media was changed every day until day 7. The cells obtained should be large and fused 

together and multinucleated (Tevlin et al, 2014). 

For osteoblast differentiation, the cells were adjusted at 60000 cells/well of a 6 well plate. 

A fresh medium containing 80ng/ml of MCSF and other components, but not RANKL 

was changed every 3 days. After 21 days of culture, mononuclear spindle shaped, and 

alkaline phosphatase positive cells were obtained and considered as osteoblasts. 

2.2.2 J774 cell line: 

This is a Mouse BALB/c monocyte macrophage cell line (Sigma) that was used as a 

positive control. Minimum Essential Medium (MEM) (Gibco) with 10% fatal calf serum, 

glutamine 2mM and 10,000 units/ml penicillin and streptomycin were used to maintain 

the J774 cell line. Incubation was at 37°C with 5% CO2 in a humidified chamber. Cells 
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were counted and adjusted to 180,000/ml for J774, in 75cm2 flasks (10ml) and treated or 

split when 70% confluent. 

2.2.3 Tartrate-resistant acid phosphatase (TRACP staining). 

A phosphatase is an enzyme that acts on aliphatic and aromatic phosphate esters and 

hydrolyses them to release phosphate. It was reported that potent acid phosphatase 

activity is found in osteoclasts. The acid phosphatase activity of osteoclasts was shown 

to be of the type that retains phosphatase activity in the presence of tartrate (tartrate-

resistant acid phosphatase: TRACP) (Burstone, 1958). 

The principle for tartrate-resistant acid phosphatase (TRACP) staining was performed by 

using the Naphthol-AS-BL-Phosphate (NABP/FRVLB) as a substrate solution for acid 

phosphatase supplemented with tartrate. The tartrate-resistant acid phosphatase (TRACP) 

activity can be detected as shown below. The formation of azoic dye with purplish red 

colour is generated in each sample in the presence of the enzyme. 

 

The reaction was performed following the manufacturer’s instructions using TRACP & 

ALP double-stain Kit (TAKARA BIO INC.). After osteoclast differentiation as shown in 

section 2.2.1, the osteoclast medium was discarded, and the cells were washed once with 

sterilized PBS. Then, 250 µl of fixation solution was added to each well at room 

temperature for 5 minutes, allowing the cells to be fixed in the well (the fixation solution 

of citrate buffer (pH 5.4) containing 60% acetone and 10% methanol). Then, about 2 ml 

of sterilized distilled water was added to each well to dilute the fixation solution, and then 

it was aspirated, the process being repeated twice. The solution was removed from the 

wells. 

The substrate for acid phosphatase (NABP/FRVLB) was prepared by dissolving the 

material in a vial with 10 ml of sterilized distilled water. For detection of the tartrate-

resistant enzyme, 0.1 volume of sodium tartrate (0.5M sodium tartrate buffer (pH 5.2) 

was added to this solution. Then, 250µl of substrate solution was added to the wells on 

which the cells were fixed. The plate was incubated at 37°C for 15-45 minutes for a 
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reaction. The solution was discarded and the well was washed three times with sterilized 

distilled water to terminate the reaction. The samples were examined microscopically 

(Sterilized distilled water can be added for microscopic examination). This method was 

used to confirm the osteoclast differentiation in all in vitro work. 

2.2.4  Alkaline phosphatase staining (ALP staining). 

The bone-specific isozyme also called bone type alkaline phosphatase is an enzyme 

bound to the membrane of osteoblasts (Karaca and Ugar, 1999). ALP functions to 

enhance osteogenesis by degrading pyrophosphate that inhibits crystallization at the 

calcification site and by degrading organic phosphate esters to increase the inorganic 

phosphate concentration (Orimo, 2010). Therefore, bone type alkaline phosphatase is 

particularly known as a marker of osteogenesis in the cycle of bone metabolism.  

The principle for staining of alkaline phosphatase is that the Bromo-Chloro-Indoly I 

Phosphate (BCIP/NBT) was used as a substrate solution for alkaline phosphatase to form 

formazan dye with bluish purple colour that was generated in the presence of alkaline 

phosphatase as shown below. 

 

The osteoblasts were differentiated from mouse bone marrow as shown in section 2.2.1, 

and then the cells were fixed and washed as shown in section 2.2.3. The (BCIP/NBT) 

substrate for ALP was made by dissolving one tablet of this component in 10 ml of 

sterilized distilled water to be used as a substrate solution for the reaction of alkaline 

phosphatase. Then, 250µl of substrate solution was added to the wells on which the cells 

were fixed then the plate was incubated at 37°C for 15-45 minutes for a reaction. The 

solution was discarded, and the cells were washed three times with sterilized distilled 

water to terminate the reaction. The samples were examined microscopically (Sterilized 

distilled water can be added for microscopic examination). This method was used to 

confirm the osteoblasts differentiation in all in vitro work. 
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2.2.5 Osteoclast resorption activity assay. 

To assess osteoclast functional activity, the osteoclast resorption activity was evaluated 

by measuring the resorption area of the osteoclast. The osteoclast precursors were seeded 

and adjusted to (200000 cells/well) in duplicate for 14 days on Corning osteo assay 

surface 24 well plates (corning.com) coated with a thin hydroxyapatite material for bone 

cell growth and functional assay. This provides a uniform and reliable substrate that can 

be easily used for assessment of osteoclast resorption activity. 

At day 14, the media were discarded, and the wells were washed with PBS to remove 

non-adherent cells. The cells were stained with Tartrate resistance acid phosphatase stain 

(TRACP) using TRACP & ALP double-stain Kit (Takara Bio Inc.) to confirm the 

osteoclast TRACP+ cell differentiation. Then, the wells were stained with Von Kossa 

stain, a calcium stain used for visualization of calcium deposits in tissues, to detect the 

non-degraded hydroxyapatite. The cells were fixed by methanol for 2 minutes then 

washed 3 times by dH2O. Then, 1.5% (w/v) silver Nitrate (AgNO3) was added to each 

well for 15 minutes and incubated in the dark. Then, the wells were washed with dH2O 

at least 10 times. The developer with hydroquinone (photographic developer) was added 

to wells for 5 minutes. Then, the wells were rinsed with water 10 times. Then, the wells 

were fixed with 2.5% sodium thiosulfate for 5 minutes (photographic fixer) then the wells 

were washed with distilled water. 

The osteoclast resorptive area was detected by microscope (20x magnification) then 

pictures were taken of each well. Then, the percent of osteoclast resorption area was 

measured per well using ImageJ software and the result was analysed using GraphPad 

Prism 7. 

2.2.6 Evaluation of mineral deposition from differentiated osteoblasts 

derived from mouse bone marrow. 

The mineralisation activity of bone matrix is essentially induced by osteoblasts. To 

quantify mineralisation activity of differentiated osteoblasts derived from mouse bone 

marrow, the mineral deposition was measured using Von Kossa stain. The osteoblasts 

were differentiated as shown in section 2.2.1; then the cells were washed and stained by 

Von Kossa as shown in section 2.2.5. The pictures taken were quantified using ImageJ 

software by measuring the optical density (the grey value) of osteoblast mineral 
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deposition. The grey values of the background were subtracted from the grey value of the 

deposition area for each image.  

2.2.7 C5a protein detection by Western blotting in osteoclast cell 

culture. 

To detect the fifth complement component (C5) and anaphylatoxin C5a production by 

differentiated osteoclast derived from bone marrow, the osteoclast supernatant was run 

in electrophoresis. 

To prove that the osteoclast has an ability to cleave the complement protein C5 to C5a 

anaphylatoxin, the differentiated osteoclast supernatant on day seven was aspirated and 

replaced by serum-free minimal essential media. Then, the purified human C5 protein 

5µg/ml was incubated for 4 hours with each osteoclast culture; then the supernatant was 

collected to identify the C5a that could be produced by osteoclast derived activity. 

Stimulated human plasma with LPS at 37 °C for 1hr. was used as a positive control. The 

positive control was kindly provided by Dr Alharbi, Azza (2018). 

Then, 20µg of total protein was subjected to the western blotting under reducing 

conditions by mixing 2X Laemmli sample buffer (Table 2-3) in a ratio 1:1 with the 

sample. For the reducing conditions 50 µl of dithiothreitol (DTT) per 950 µl of sample 

buffer was added for a final concentration of 5% dithiothreitol (DTT), then the mixture 

was boiled at 95-100°C for 5 minutes then it was ready to run on the SDS-PAGE. 

Table 2-3: Preparation 10ml of 2X Laemmli sample buffer. 

Reagent Amount to add Final concentration (2X) 

10% (w/v) SDS 4 mL 4% 

Glycerol 2 mL 20% 

1 M Tris-Cl (pH 6.8)  1.2 mL  120 mM 

H2O  2.8 mL --- 

Bromophenol blue was added to a final concentration of 0.02% (w/v) and the 2X Laemmli 

sample buffer was stored at room temperature. 

 

The electrophoresis under reducing conditions was done by 15% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis as mentioned in (Table 2-4). The 15% SDS-PAGE 

was used to increase the chance of C5a detection which is a small polypeptide protein of 

16 kDa. The samples were loaded in running buffer (also called standard migration 
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buffer) 1x Tris-glycine (Table 2-5) for 1 hour at 90 V. Then, the gel was blotted overnight 

at 30V as shown in (Figure 2-16) for protein transfer onto a nitrocellulose membrane 

(Thermo Fisher.com) using 1x transfer buffer (Table 2-6). Then, the membrane was 

blocked with blocking buffer (5% skimmed milk in PBS) for 1 hour at room temperature. 

Then, the membrane was washed 3 times, 15 minutes each with 1X Tris Buffered Saline-

Tween-20 (TBST) buffer (Table 2-7). 

Table 2-4: Preparation 15% sodium dodecyl sulfate-polyacrylamide gel for western blotting. 

Resolving Gel (15% Acrylamide) 

40% Acrylamide 3ml 

ddH2O 2.8ml 

1.5M Tris pH 8.8 2ml 

10% SDS 80µl  

10% APS 80µl  

TEMED 8µl  

Total volume 8ml 

Stacking Gel (6% Acrylamide) 

40% Acrylamide 0.75ml 

ddH2O 2.9ml 

0.5M Tris pH 6.8 1.25ml 

10% SDS 50µl 

10% APS 50µl  

TEMED 5µl 

Total volume 5ml 

 

 

Table 2-5: Preparation of 1x running buffer for western blotting 

1X Running buffer 

pH 8.3 

25 mM Tris base 

190 mM glycine 

0.1% SDS 

 

Table 2-6: Preparation of 1x Transfer buffer for western blotting 

1X Transfer buffer 

pH 8.3 

25 mM Tris base 

190 mM glycine 

20% methanol 
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Figure 2-16: A scheme represented the order layers of blotting gel of western blot. 

 

Table 2-7: Preparation of 1x washing buffer for western blotting 

1X Tris Buffered Saline-Tween-20 

(TBST) pH (7.6) 

2.42 g Tris base 

8 g NaCl 

0.1% Tween-20 

Complete to 1L dH2O 

 

Then, the membrane was incubated with the rabbit polyclonal anti-human C5a IgG 

(GeneTex.com) (at a final concentration of 1µg/ml) overnight at 4°C. After washing 3 

times 15 minutes each by washing step (with TBS buffer containing 0.05% Tween 20), a 

HRP conjugated goat anti-rabbit IgG Ab (BioRad.com) was used as a secondary 

Antibody at a final concentration of 0.5 µg/ml (1:5000 dilution) at room temperature for 

1 hour, followed by an additional washing step (3 times 15 minutes each with TBS buffer 

containing 0.05% Tween 20). Immunoreactive proteins were visualized using Western 

blot chemiluminescence reagents (Amersham Biosciences) in accordance with the 

instructions of the manufacturer. The protein bands on the blot membrane were detected 

using a Bio-Rad ChemDoc Touch imager. 
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2.2.8 C5a protein detection by ELISA in osteoclast cell cultures. 

To measure the level of C5a production in osteoclast cell cultures, the osteoclasts were 

differentiated as shown in section 2.2.1, then at day 7 the supernatant was aspirated and 

assayed using a mouse complement component C5a sandwich ELISA kit (R&D system). 

In parallel, the J774 macrophage murine cell line was cultured in 6 well-plates in 

triplicate. The cells were treated with or without MCSF and RANKL cytokines like the 

differentiated osteoclasts. Then the C5a was investigated using the ELISA test. 

The complement component C5 protein consists of an alpha chain (C5a) and a beta chain 

(C5b). Therefore, the capture mouse C5a antibody of the ELISA kit could capture the 

whole C5 from the alpha chain and the cleaved C5a fragment  

Rat anti-mouse C5a (720 µg/mL) was used as a capture antibody when reconstituted with 

1.0 mL of PBS. Then 100 µl/well of 4.0 µg/mL in PBS (1:180 dilution) was used as a 

working concentration of capture antibody for coating a 96-well microplate. The plate 

was sealed and incubated overnight at room temperature. 

Next day, each well was aspirated and washed with 300 µl of washing buffer (0.05% 

Tween-20 in PBS): the process was repeated three times 5 minutes each. After the last 

wash, the remaining washing buffer was removed by inverting the plate and blotting it 

against clean paper towels, which is essential for good performance. Then, the plate was 

blocked by adding 300 µL of Reagent Diluent (1% BSA in PBS) to each well and 

incubated at room temperature for1 hour. The washing step was repeated as mentioned 

previously. A recombinant mouse C5a was used as a standard which was reconstituted 

with 0.5 mL of Reagent Diluent to get 130 ng/ml. Then, a 7-point standard curve was 

used in 2-fold serial dilutions in reagent diluent, the highest standard was 1000 pg/mL 

and the lowest 0 pg/ml. Both of sample and standard were added in triplicate 100 µl per 

well. The plate was covered with an adhesive strip and incubated 2 hours at room 

temperature. Then the washing step was repeated as mentioned above. A biotinylated 

goat anti-mouse C5a (36 µg/mL) was used as a detection antibody when reconstituted 

with 1.0 mL of reagent diluent. Then, 100 µl/well of 200 ng/ml in reagent diluent (1:180 

dilution) was used as a working concentration of detection antibody following the kit 

manual instructions. The plate was covered with a new adhesive strip and incubated 2 

hours at room temperature. Then, the washing step was repeated as mentioned above. 

Streptavidin conjugated to horseradish-peroxidase was added at 100 µl/well (1:200 
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dilution using reagent diluent). The plate was covered and incubated for 20 minutes at 

room temperature avoiding direct light. Then, the washing step was repeated as 

mentioned above. A 100µl aliquot of Substrate Solution (1:1 mixture of Colour Reagent 

A (H2O2) and Colour Reagent B (Tetramethylbenzidine)) was added to each well and 

incubated for 20 minutes at room temperature avoiding direct light. 50 µl of Stop Solution 

(H2SO4 1.11ml + dH2O 8.89ml) was added to each well and the plate gently tapped to 

ensure thorough mixing. Then, the optical density of each well was determined 

immediately, using a microplate reader set to 450 nm. Finally, the C5a concentrations 

were measured regarding the standard curve for each sample. 

2.2.9 Reverse Transcriptase Polymerase Chain reaction (RT-PCR). 

2.2.9.1 Total RNA extraction. 

Total RNA was extracted from osteoclast cell cultures or mouse tissue using Trizol 

Reagent (Invitrogen, Paisley, UK) following the manufacturer’s instructions. The 

differentiated OC and J774 were cultured in 3 wells of a 6 well plate. The supernatant 

was discarded and 300µl of Trizol Reagent was added to each well and incubated for 5 

minutes to detach cells. Then, cells were scraped and collected in a 1.5ml tube. Then, 200 

µl of chloroform (Fisher Scientific, Loughborough, UK) was added and the tubes were 

shaken for 5 seconds and incubated for 5 minutes. After centrifugation for 15 minutes at 

12,000g, the aqueous phase (top) containing the RNA was collected in new 1.5ml tubes. 

Then, 500 µl of Isopropanol (Fisher Scientific) was added to the aqueous phase to 

precipitate the nucleic acids and incubated for 5 minutes at room temperature. The 

samples were centrifuged for 10 minutes at 12,000g and the supernatant was discarded. 

The RNA pellet was washed using 1 ml of 75% (v/v) ethanol in H2O (Fisher Scientific) 

and centrifuged at 7,500g for 5 minutes. The ethanol was removed, and the RNA pellet 

was dried by air for 10 minutes. The RNA pellet was dissolved in (25µl) 

Diethylpyrocarbonate 0.2% (v/v)-treated water. The isolated RNA was digested with 

DNAse I (5 U for 10µg RNA preparation, 37 °C, and 30 min). This step removes 

contaminating genomic DNA. The total RNA concentration was measured by using a 

NanoDrop spectrophotometer ND-1000 (Thermo Scientific) according to the 

manufacturer’s protocol. 
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2.2.9.2 Complementary Deoxyribonucleic Acid (cDNA) preparation. 

First strand cDNA was synthesized from total RNA using RevertAid H Minus Kit 

(Thermo scientific K1632) for RT-PCR (Invitrogen) following the manufacturer’s 

instructions. 0.1ng-5000ng of poly (A) total RNA was used to generate first strand cDNA 

as the initial step of a two-step RT-PCR protocol. The RNA volume needed can be 

calculated by the following equation (𝑅𝑁𝐴 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 =
5000𝑛𝑔

𝑡𝑜𝑡𝑎𝑙 𝑅𝑁𝐴 
 ). Tube A mix was 

prepared using 5 µg of total RNA, 1 µl Oligo dT 18 primer (0.5 µg/µL), then the total 

volume was made up to till 12 µl with water (nuclease free). Tube B of the MasterMix 

was prepared containing 4 µl of 5x reaction buffer (250 mM Tris-HCl (pH 8.3), 250 mM 

KCl, 20 mM MgCl2, 50 mM DTT), 1 µl of Ribolock RNase inhibitor (20 U/µL), and 2 

µl of dNTP Mix (10mM) and 1 µl of Revert Aid H Minus M-bMul reverse transcriptase 

(200 U/µL). The tube A was run for 3 minutes for initial denaturation at 65.0°C. Then, 8 

µl of tube B Master Mix was added to tube A for a total volume of 20 µl then, samples 

were initially denatured at 65.0°C for a further 5 minutes. The mixture was heated at 

42°C for 1hr., and the final extension was carried out for 5min at 70°C. At the end the 

cDNA was kept at -20°C until further use. See (Figure 2-17). 
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Figure 2-17: Program used for cDNA synthesis. 

 

2.2.9.3 Gradient PCR. 

Gradient PCR was used for detecting the optimum annealing temperature for different 

primer sets. The reaction was performed by preparing 8 PCR tubes for the same cDNA 

at total volume 25µl containing 10.8 µl PCR-grade dH2O, 2.5 µl (10x) reaction buffer, 

2.5 µl MgCl2 (25mM), 4µl dNTP mix (1.25 mM), 0.2µl Taq polymerase (5 U/µL), 2µl 

forward primer (5µmol), 2µl reverse primer (5µmol) and 1µl cDNA in PCR Eppendorf 

tubes. The PCR tubes were loaded in the (Bio-Rad Thermocycler) Gradient PCR 

machine. The program started at 94°C for 3min. Next, the reaction was cycled up to 30 

times including denaturation (94°C for 30sec), annealing (55-64°C for 30sec), and 

elongation (72°C for 45sec) steps. The reaction was performed for 30 cycles. Finally, the 

temperature was kept at 72°C for 5min for the final extension and then the reaction 

stopped and stabilized at 4°C (Figure 2-18). This method was used to detect the optimal 

annealing temperature of the primers used in this thesis.  
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Figure 2-18: Program used in Gradient PCR. 

 

2.2.9.4 Normal Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) was used for amplification of different target genes. 

The reaction was performed in a total volume of 25 µl containing 10.8 µl PCR-grade 

dH2O, 2.5µl (10x) reaction buffer, 2.5µl MgCl2 (25mM), 4µl dNTP mix (1.25 mM), 0.2µl 

Taq polymerase (5 U/µL), 2µl of forward primer (5 µmol), 2µl of reverse primer (5 µmol) 

and 1µl cDNA in PCR Eppendorf tubes. The PCR tubes were loaded in the (Bio-Rad 

Thermocycler) PCR machine and the program started at 94°C for 3 min. Next, the 

reaction was cycled up to 30 times including denaturation (94°C for 30sec), annealing 

(55-64°C depending on primers annealing temperature for 30sec), and elongation (72°C 

for 45sec) steps, the reaction was performed for 30 cycles. Finally, the temperature was 

kept at 72°C for 5min for the final extension and then the reaction stopped and stabilized 

at 4°C. (Figure 2-19). 

This method was used to detect the DNA products of the alternative complement 

components (CFD, CFB, CFP and C3) in murine osteoclasts. 
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Figure 2-19: An example of a program used for normal PCR. 

 

2.2.9.5 Agarose Gel Electrophoresis: 

The 1% agarose Gel was prepared [1g agarose in 100 ml of 0.5M Tris-Borate-EDTA 

buffer], the solution was heated in a microwave for 3min, and then the mixture was cooled 

to 60°C and 5µl of ethidium bromide were added. Then, 2μl of loading dye (10x DNA 

gel loading dye, 15% (w/v) BP blue, 50% (v/v) glycerol and 0.5mM EDTA) was added 

to the PCR product. Then, 7µl of each sample and 5µl of GeneRuler 50bp DNA Ladder, 

(0.5μg/μL) were loaded on the gel. The electrophoresis was performed at a constant 

voltage of 90V for 60 minutes. Finally, DNA on the gel was visualized using a 

ChemiDoc™ Touch Imaging System from Bio-Rad. 

2.2.10 Real Time- quantitative polymerase chain reaction (RT-qPCR). 

The RT-qPCR technique using SYBR Green I dye (SensiMixTM SYBR Kit, Cat.QT605) 

was used to quantify gene expression. SYBR Green I dye is a high-performance reagent 

designed for superior sensitivity and specificity on various real-time instruments. 
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The qPCR reactions were performed using 20μl total volume strip tubes and caps. Each 

tube contains 3μl of cDNA (previously diluted 1:4 in dH2O), 10μl SYBRGreen 

(containing MgCl2) and 2μl of diluted forward primer (5μM), 2μl of diluted reverse 

primer (5μM) for genes of interest (1μl of stock primer (100μM) in 19μl dH2O for each 

forward and reverse primer) and made up to 20μl by adding 3μl dH2O. In parallel, water 

rather than cDNA template was used as a negative control (NTC). The gene expression 

was quantified and normalised to GAPDH expression.  

The samples of 20μl total volume qPCR reaction were run on the Corbett: Rotor-GeneTM 

6000 machines and software using the RT-qPCR reaction program in (Table 2-8). The 

temperature cycling conditions and primers sequences are shown in (Table 2-9). 

Table 2-8: The temperature cycling conditions of qRT-PCR. 

The X is shown as TA I table 2-9 

Cycle Cycle Point for X gene expression 

Hold Hold @ 95°C, 10min 0s 

Cycling (40 repeats) Step 1: Hold @ 95°C, 15s 

Step 2: Hold @ X°C, 60s, acquiring to Cycling A 

Step 3: Hold @ 72°C, 15s 

Melt  Ramp from 55°C to 95°C 

Hold for 90s on the 1st step 

Hold for 5s on next steps, Melt A 

 

At the end of each extension step, the fluorescence signal was measured. The occurrence 

of one distinct peak for each sample for each gene in a melting curve was checked to 

ensure that one product was amplified and absence of contaminants or primer dimer 

products. 

The amplification of each sample is tracked in real time and the machine calculates the 

cycle threshold (CT) value for each sample. In RT-qPCR, a positive reaction is detected 

by the accumulation of a fluorescent signal. The CT is defined as the number of cycles 

required for the fluorescent signal to cross the threshold. The relative position of the 

crossing of this CT line with the threshold against the cycle numbers (on the x-axis) gives 

an indication of the abundance of gene expression. So, when CT < 29, that means on 

abundant amount of the target cDNA; CT between 30-37 means indicative of moderate 

amounts of target, however, if CT is 38-40 there are likely to be negligible amounts of 
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target and that the amplification may have occurred because of some environmental 

contamination. The threshold of each target gene product was set manually and CT under 

the threshold through all 40 cycles means a negative result or that the expression of the 

target gene is very low or undetectable. 

The ΔCT method was used to calculate the relative expression target gene in each sample. 

ΔCT (test) = CT (target gene) - CT (ref gene) 

ΔCT (calibrator) = CT (target gene) - CT (ref gene) 

2^-ΔCT= the level of the gene expression 

CT: Cycle number at which detectable signal is achieved. 

Calibrator: The control sample, meaning an untreated sample. 

Test: Test sample means treated. 

Reference gene (ref): The reference gene is one that is expressed at a constant level in all 

test and control samples without being affected by the experimental treatment in the 

study. 

Table 2-9: Primer sequences with TA and product sizes used in this study. 

Primers  Sequence (5’-3’) Product 

size 

Annealing 

TA 

NCBI 

Mouse C5 Forward 

Reverse 

5`-AGGGTACTTTGCCTGCTGAA-3` 

5`-TGTGAAGGTGCTCTTGGATG-3` 

172bp 58°C NM_010406.2 

Mouse 

GAPDH 

Forward 

Reverse 

5`-CCCTTAAGAGGGATGCTGCC-3` 

5`-TACGGCCAAATCCGTTCACA-3` 

124bp 55°C NM_001289726.1 

Mouse 

CFD 

Forward 

Reverse 

5`-ACCTGAAGGCGGGTGTTTTC-3` 

5`-TCTTGTTCATGGCCGCTCTG-3` 

200bp 64°C NM_001329541.1 

Mouse 

CFB 

Forward 

Reverse 

5`-GCT ACA GTC CCC AAA GTG TT-3` 

5`-CAT GCT ATA CAC AGC CTG GA-3` 

800bp 65°C NM_001142706 

Mouse C3 Forward 

Reverse 

5`- CCCCTTCATTCCTTCCACCTTT-3` 

5`- AGTGACTGTGACTGGGATGTC-3` 

213bp 65°C NM_009778.3 

Mouse 

Properdin 

Forward 

Reverse 

5`-TTCACCCAGTATGAGGAGTCC-3` 

5`-GCTGACCATTGTGGAGACCT-3` 

149bp 62°C NM_008823.3 

Mus B2M Forward 

Reverse 

5`-GACCGGCCTGTATGCTATCC-3` 

5`-CAGTAGACGGTCTTGGGCTC-3` 

300bp 55°C NM_009735.3 
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2.2.11 Preparation of Bovine Serum Albumin (BSA)-Conjugated 

Palmitate: 

Palmitic acid CH3(CH2)14COOH is the most prominent saturated fatty acid utilized in the 

body. However, the utilization of Palmitate in cell-based assays is challenging due to its 

low solubility in aqueous solutions. Bovine Serum Albumin (BSA) has been used as a 

carrier, and stabilizing agent, for insoluble fatty acid. Because Palmitate conjugation to 

BSA creates an aqueous-soluble reagent that can be absorbed and utilized by cells, it is 

well-suited for use in cell-based-assays. BSA exists as a single polypeptide with 59 lysine 

residues, 30 to 35 of which have primary amines that are capable to binding to a 

conjugation reagent. 

To prepare 1 mM Sodium Palmitate /0.17 mM BSA Solution (6:1 Palmitic acid: BSA) 

(Patkova, J. et al. 2014). 

2.2.11.1 The prior setup of BSA and sodium palmitate solution preparation. 

1. Warm about 200 mL of tap water in each of 2 and 1 L beakers in 37°C water bath. 

2. Warm 250 mL beaker with a stir bar in 37°C incubator. 

3. Make 300 mL 150 mM NaCl by adding 9 mL 5 M NaCl stock to 291 mL dH2O. 

2.2.11.2 BSA solution preparation (0.34 mM). 

To prepare 0.34 mM of ultra-fatty acid-free (FAF) BSA (Fisher BP9702), 2.267g was 

weighed out and added to 100 mL of 150 mM NaCl in 250 mL glass beaker while stirring 

on a stir plate. Then, the beaker was covered with parafilm and placed in one of the 1L 

water baths pre-warmed to 37°C on a heated stir plate; the heat was adjusted as needed 

to maintain temperature near 37°C but never more than 40˚C (a thermometer was kept in 

the water bath) and the BSA was stirred until completely dissolved. Then, the BSA 

solution was transferred and filtered into a new beaker using a 0.22µ filter.  Then, the 

BSA was transferred to a pre-warmed 250 mL beaker, covered with parafilm, and 

returned to a 37°C water bath and stirring resume. 

 

𝐵𝑆𝐴 𝑚𝑀 =
𝑤

𝑚𝑤
∗ 100𝑚𝑙 (150𝑚𝑀 𝑁𝑎𝐶𝑙) =

2.267 g

66.463 g
 * 100 ml = 0.341 mM 

𝐵𝑆𝐴 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =
0.341𝑚𝑀

0.17𝑚𝑀
= 1: 2 
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2.2.11.3 Sodium palmitate solution preparation: 

For preparing 2mM sodium palmitate, 15.3 mg of sodium palmitate (Sigma P9767) was 

weighed and added to 25 ml of 150 mM NaCl solution in a 50 mL Erlenmeyer flask. The 

flask was covered with parafilm and placed in the other pre-warmed 1 L water bath on a 

heated stir plate; heated to 70°C while stirring with a thermometer in the water bath. The 

palmitate solution may appear increasingly cloudy as the temperature reaches 50- 60°C 

but will clarify near 70°C. 

2.2.11.4 Conjugating Palmitate and BSA: 

Parafilm was removed from both beaker and flask and 20 mL of hot palmitate solution 

were transferred to the 25 mL of BSA solution stirring at 37°C. Palmitate will precipitate 

if it is allowed to sit in a pipette – thus 5 mL was transferred at a time, 4 times, in 10 mL 

pipette, taking up and expelling quickly. The beaker was re-covered with parafilm and 

stirred at 37°C for 1 hour, the temperature was monitored in of the water bath to keep it 

between 35 and 40˚C and the ice was added to the water bath to lower temperature if it 

reached 40°C. The volume was measured in a 100 mL glass graduated cylinder and 

adjusted to 50 ml with 150 mM NaCl for a 1 mM palmitate solution. The pH was checked 

with a pH meter and adjusted to 7.4. (Should take 0.5-1 μL of 1 M NaOH.). Then the 

solution was aliquoted in a glass vial and frozen at -20°C. 

2.2.11.5 Thawing Palmitate-BSA: 

Palmitate-BSA was thawed in a 37°C water bath for about 7-10 minutes before loading. 

Palmitate and BSA are known to be stable at -20°C for at least two weeks and thought to 

be stable for up to one month. 

The Palmitate-BSA solution is 1 mM palmitic acid and BSA 0.17 mM in a 6 to 1 molar 

ratio with BSA, and to get 200 μM palmitate and BSA 33.3 μM as a final working stock 

concentration for stimulating the differentiated osteoblasts and osteoclasts, the solution 

was diluted (5x). 

  

2.2.12 Preparation of Bovine Serum Albumin (BSA)-Conjugated 

Oleate: 

Oleic acid is a fatty acid that occurs naturally in various animal and vegetable fats and 

oils. It is an odourless, colourless oil, though commercial samples may be yellowish. In 
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chemical terms, oleic acid is classified as a monounsaturated omega-9 fatty acid. It has 

the formula (CH3(CH2)7CH=CH(CH2)7COOH). 

The BSA (0.34mM) was prepared as shown in section 2.2.11. Then, 4mM Oleic acid 

(Sigma O3880) was prepared by weighing out 30.4 mg Oleic acid and dissolved in 25ml 

of 150 mM NaCl solution in a 50 mL Erlenmeyer flask. The flask was covered with 

parafilm and placed in the pre-warmed 1 L water bath on a heated stir plate; heated to 

95°C while stirring (thermometer in a water bath) and the solution was left until clarifying 

near 95°C. 

For bovine serum albumin (BSA)- Oleate Conjugation, 20 ml of Oleic acid solution 

(4mM) was added to 25ml of BSA solution (0.34mM) to get a final stock concentration 

0.17mM BSA and 2mM oleic acid at a ratio (1:12) respectively. The solution was heated 

to 37°C degree with stirring and once the complete solution is clear, then it is conjugated 

and can be used as a stock solution to stimulate the differentiated osteoclasts and 

osteoblasts. 

The palmitate-BSA and Oleate-BSA conjugates were used to treat the differentiated 

osteoblasts and osteoclasts cell cultures, as an in vitro model of a high-fat diet. 

 

2.2.13  The optimal dose determination of fatty acid (FA) to stimulate 

osteoclast and osteoblast activities. 

The osteoblasts and osteoclasts were differentiated from mouse bone marrow as shown 

in section 2.2.1 and then the primary cell cultures were treated with different 

concentrations of free fatty acid to detect the optimal concentration to work with. 

The palmitic acid (1mM)-BSA (0.17mM) at ratio (6:1), and Oleic acid (2mM)-BSA 

(0.17mM) at ratio (12:1) were prepared as shown in sections 2.2.11 and 2.2.12 and then 

both solutions were mixed at ratio (palmitic acid 1:2 Oleic acid) at different 

concentrations (10µmol/ml, 20µmol/ml, 40µmol/ml, 60µmol/ml) and added to osteoclast 

and osteoblast cultures for 24 hr stimulation. The 40 µmol/ml was found to be the best 

concentration to work with. 
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2.2.14 Statistical analysis: 

Data were expressed as Means ± SD for some experiments or Mean ± SEM for others, 

(n= the total number of independent experiments, biological replicates). Statistical 

analysis was performed using Graph Pad Prism 7 (Graph Pad, San Diego California, 

USA). For a comparison of one data set with a control data set, an unpaired t-test was 

performed. To compare more than one treated group to their control, an ordinary one-

way ANOVA test or the two-way ANOVA was used to assess the main effect of each 

independent variable with the interaction between them. Tukey multiple comparison test 

was run as post hoc test to find the differences between groups. The values *p<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001 were deemed as significant differences. 
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3.1 The effect of complement properdin gene deletion 

on bone mineral density. 

The complement system is tightly associated with bone homeostasis. The presence of 

some complement regulators and receptors on bone cells possibly have a significant role 

in osteoclastogenesis derived from mesenchymal stem cells (MSC). The complement C3 

and C5 zymogens are produced from osteoblasts, while the osteoclasts produce only C3 

(Ignatius et al, 2011a). In addition, it was shown that osteoclasts and osteoblasts derived 

from human mesenchymal stem cells express C3a and C5a receptors (Schraufstatter et 

al, 2009; Tu et al, 2010); therefore, C3a and C5a anaphylatoxins could directly induce 

osteoclast activation. Both C3a and C5a in cooperation with IL-1 and IL-6 induce 

RANKL production and its competitor OPG from osteoblasts and subsequently increase 

osteoclast formation (Ignatius et al, 2011a). The C3 component has a crucial role in 

osteoclast formation and differentiation derived from mouse bone marrow by potentiating 

M-CSF from bone marrow cells (Sato et al, 1993). In addition, C3 deposits and binds to 

hydroxyapatite then attracts mononuclear cells which fuse to form multinuclear 

osteoclasts and resorption occurs (Mangham, Scoones and Drayson, 1993). Taken 

together, the complement system has a crucial role in the activation of osteoblast-

osteoclast interaction. 

Properdin is the only known naturally positive regulator of complement activation 

(Schwaeble and Reid, 1999; Fearon and Austen, 1975). Properdin-deficient mice had a 

skewing in macrophage activity deviant from wildtype mouse (Dupont et al, 2014), and 

since osteoclasts are derived from macrophages lineage (Miron and Bosshardt, 2016), 

this section will evaluate whether properdin deficiency may have a direct or indirect 

effect on osteoclast activity and hence influence bone resorption and bone density. 

3.1.1 Results. 

3.1.1.1 The effect of complement properdin deficiency on bone 

microarchitecture.  

Wildtype and properdin deficient (PKO) C57BL/6 mice at 6 months old mice were used 

to assess the effect of properdin deficiency on bone mineral density. The BMD was 

measured in males (WT n=16; PKO=16) and females (WT n=15; PKO=11), the 

experimental animal were fed a normal diet (58R1). 
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The Whole Bone mineral densities were not significantly different in both of male and 

female in response to properdin absence (Figure 3-1 A). There was no significant 

difference in bone mean and Cortex densities and this indicates that the compact bone 

was not influenced by properdin gene absence (Figure 3-1 B and C). The Trabecular bone 

was not affected by properdin gene deletion possibly because the Trabecular bone 

mineral density, BT/TV, Intra-Trabecular bone mineral density, Trabecular thickness and 

separation were not significantly different in both males and females which are 

genetically modified for properdin gene deletion comparing to their control wildtype 

(Figure 3-1 G-H). Therefore, the degree of the bone strength or the degree of connectivity 

in both genders was not changed in properdin gene deletion comparing to wildtype mice 

(Figure 3-1 I). The number of trabeculae was the same in WT and PKO of both sexes 

(Figure 3-1 J). 

The 3D rendering segmentation showed that there was no significant difference in Cortex 

and Trabecular segmentation in both males and females of WT and PKO mice (Figure 

3-2 A&B). Finally, it can be concluded that the complement properdin had no effect on 

bone mineral density. 
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Figure 3-1: The impact of properdin gene deficiency on bone microarchitecture: 

(A); The Bone Mean (B); Cortex Mean (C); Intra-trabeculae tissue (D); trabeculae Mean BMD (E); BV/TV 

(F); Trabecular thickness (G); Trabecular separation (H); degree of connectivity (I) and Trabecular number 

(J). The data are represented as means ± SEM (Unpaired t-test ns= no significant differences), the 

experiment repeated three times. 
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Figure 3-2: The effect of properdin deficiency on bone microarchitecture in male and female mice: 

Three-dimensional reconstruction of Micro-computed tomography was done for female (A) and male (B) 

of Wildtype and PKO. The panels A 1 and 3, B 1 and 3 refer to cortex segmentation (red colour), the panels 

A 2 and 4, B 2 and 4 refer to Trabecular segmentation. 
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3.1.1.2 The effect of properdin deficiency on bone remodelling cells.  

It has been proposed that complement components have an important role in osteoclast 

and osteoblast activities (Schraufstatter et al, 2009; Tu et al, 2010) but the effect of 

properdin deficiency on osteoblast and osteoclast activities has been not studied. 

Therefore, the serum TRACP and ALP were measured in wildtypes and PKO mice to 

quantify the effect of properdin absence on osteoclasts and osteoblasts activities.  

The result shows that there was no difference in serum TRACP level, a serum osteoclasts 

activity biomarker, in PKO and WT mice of both males and females (Figure 3-3A&B). 

In addition, there was no significant difference in the serum level of ALP, a serum 

osteoblast activity biomarker, in WT and PKO mice of both male and female (Figure 3-3 

C&D). These results could indicate that the absence of complement properdin has no 

effect on osteoclast or osteoblast activities in vivo.  

These results may confirm that properdin deficiency has no effect on bone mineral 

density because there was no effect of properdin absence on osteoclasts or osteoblasts 

activities in vivo. 
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Figure 3-3: The osteoclast and osteoblast activities measurements in properdin knockout mice: 

The bone remodelling was measured by estimating the osteoclast and osteoblast activities in terms of 

properdin gene deletion. The serum TRACP levels in male (A) and female (B); the serum ALP levels in 

male (C) and female (D). The data are presented as means ± SD of analytical triplicates (Unpaired t-test 

ns= no significant differences). 

 

3.1.1.3 In vitro quantification of the effect of properdin deficiency on 

osteoclast activity. 

The complement components have an important role on osteoclasts differentiation and 

activation (Andrades et al, 1996; Tu et al, 2010; Sato et al, 1993; Sato et al, 1991), but 

the effect of properdin deficiency on osteoclast activation has been not studied. 

Therefore, osteoclasts were differentiated from WT and PKO to quantify the osteoclast 

TRACP+ cell number and their resorptive activity.  
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The osteoclasts were identified morphologically by having a large size with a large 

cytoplasm and multinucleated cell and they about 30% of the cultured cells (Figure 3-4 

A).  The results showed that there was no significant difference in osteoclast morphology 

between both genotypes. In addition, the number of mature osteoclasts (TRACP+) 

differentiated from wildtype and properdin knockout mice were counted in each well 

after adjusting the cultured cell number. There was no significant difference in TRACP+ 

osteoclasts number between both genotypes (Figure 3-4 B). The percent of osteoclast 

resorptive area on the hydroxyapatite-coated well plate was quantified by ImageJ 

software. The results showed that there were no significant differences in osteoclast 

resorptive area in wildtype and properdin-deficient mice (Figure 3-4 C). 

Overall, it could be concluded that the bone mineral density has not been affected by 

properdin absence. The in vivo work shows that bone mineral density in properdin 

knockout mice and wildtype was the same in males and females at 6 months old. In 

addition, the bone remodelling process was not changed in properdin knockout mice 

versus wildtype mice, because the osteoblasts and osteoclasts activities in vivo didn’t 

change in both genotypes. Moreover, the in vitro osteoclast activity derived from 

properdin knockout and wildtype mice have no differences between genotypes especially 

in the number and morphology of TRACP+ osteoclasts and resorptive activity; this could 

explain why the bone remodelling and bone mineral density are the same in properdin-

deficient and wild-type mice.  
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Figure 3-4: The in vitro analysis of differentiated osteoclast activity derived from WT and PKO mice: 

Osteoclast differentiation and TRACP+ positive osteoclasts from WT and PKO, black arrows refer to 

mature multinucleated osteoclasts (A); the number of mature osteoclasts per well (B); osteoclast resorptive 

pits of WT and PKO, yellow arrows refer to resorptive pits (C); percent of osteoclasts resorptive area (D). 

The data represent the mean ± SEM of two experiments of analytical quadruplicates assessed by unpaired 

t-test, ns= no significant differences. 

 

 

 

3.1.1.4 The effect of properdin deficiency on bone mineral density in 

older age mice.  

The previous findings found in male and female at 6 months old that there was no 

significant difference in bone mineral density in vivo. In addition, there were no 

significant differences arissing from properdin absence on osteoclasts derived from 

properdin-deficient mice versus with at 6 months old. Therefore, to quantify the effect of 

properdin deficiency at an older age on bone mineral density, the BMD was measured in 

the female of properdin-deficient mice at 10 months old that that had been fed on the 

same normal diet containing the same dose of vitamin D3 and calcium. The 10-month-

old mice are comparable to about 40 years old in human (Dutta and Sengupta, 2016). At 

this age, the bone mineral density starts to decline in human. 
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The Whole Bone mineral density in properdin knockout was significantly higher than 

wildtype. The reduction in Whole Bone mineral density of wildtype mice maybe because 

the significant decrease in Bone Mean density in WT compared to PKO mice. This could 

lead to a significant decrease in Cortex and Trabecular   bone mineral densities in WT 

but not in PKO mice (Figure 3-5 A, B, C and E). The percent of minerals in the region of 

interest or the bone volume fraction (BV/TV) in properdin-deficient mice was higher than 

wildtype (Figure 3-5 F). In addition, the Trabecular Thickness in properdin-deficient 

mice was higher than wild-type mice, but Trabecular separation was less than wildtype, 

this led to significant increase in the degree of connectivity in properdin knockout versus 

wildtype (Figure 3-5 G, H and I). The Intra-Trabecular and Trabecular number were not 

changed in both genotypes (Figure 3-5 D, J). The 3D rendering imaging representing the 

Cortex and Trabecular segmentation showed that the Cortex and Trabecular bone mineral 

densities in properdin knockout mice were significantly higher than in WT mice (Figure 

3-6). These findings showed that the absence of properdin could enhance the bone 

mineral density or might affect the osteoclast activity. 
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Figure 3-5: The impact of properdin gene deficiency on bone mineral density at older ages: 

(A); The Bone Mean (B); Cortex Mean (C); Intra-trabeculae tissue (D); Trabeculae Mean BMD (E); 

BV/TV (F); Trabecular Thickness (G); Trabecular separation (H); Degree of connectivity (I) and 

Trabecular number (J). The data are represented as means of ± SD (Unpaired t-test *P < 0.05; **P < 0.01 

and ****P < 0.0001; ns= no significant differences). 
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Figure 3-6: The effect of properdin absence on bone mineral density in female mice at 10 months 

old: 

Three-dimensional reconstruction of Micro-computed tomography was done for female (A) and male (B) 

of Wildtype and PKO each at 10 months old. The panels A 1 and 3, B 1 and 3 refer to cortex segmentation 

(red colour), the panels A 2 and 4, B 2 and 4 refer to Trabecular segmentation. 
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3.2 Vitamin D3 or exercising normalise bone mineral density 

reduction associated with low-density lipoprotein receptor 

deficiency. 

The Low-Density Lipoprotein (LDL) Receptor (LDLR) is a cell surface receptor that 

mediates the endocytosis of low-density lipoprotein (LDL) (Peterson, 2005). LDLR gene 

deletion increases LDL cholesterol that has adverse implications for bone mineral density 

(osteoporosis) by oxidised lipoproteins, which inhibit the osteoblast formation and 

enhance osteoclast differentiation (Tintut, Morony and Demer, 2004; Gharavi, 2002). 

Vitamin D3 plays a critical role in skeletal homeostasis and its supplementation is used 

to maintain optimal bone health through its action as a regulator of minerals. The daily 

administration of Vitamin D3 increases bone mineral density (BMD) by suppressing bone 

resorption and/or enhancing bone formation (Harada et al, 2012). In addition, regular 

exercise has a significant role in enhancing bone mineral density (Ehrlich and Lanyon, 

2002). Therefore, it was hypothesised that deletion of low-density lipoprotein receptor 

(LDLR-/-) in mice could reduce bone mineral density and that Vitamin D3 dietary 

supplementation or voluntary exercising could ameliorate bone mineral density reduction 

induced by LDLR gene deletion. 

 

3.2.1 Results. 

3.2.1.1 The effect of LDLR deficiency on serum triglyceride levels in mice. 

Low-density lipoprotein receptor deficiency may induce significant changes in levels 

of lipids in serum. Mice deficient in LDLR exhibit a rise in serum triglyceride, which 

may be associated with bone loss (Bieghs et al, 2012; Pirih et al, 2012). Therefore, to 

assess whether mice lacking LDLR have a hyperlipidaemia, the serum level of 

triglyceride was measured in serum. The results showed that the serum level of 

triglyceride was significantly elevated in both males and females lacking the LDLR 

gene, due to lipids accumulation in the serum resulting from LDLR absence (Figure 

3-7). This experiment confirmed that lacking LDLR induced hyperlipidemia that can 

be a risk factor for bone health. 
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Figure 3-7: The effect of LDLR deficiency on Triglyceride level in mouse serum:  
Quantification of triglyceride level in the serum of mice lacking LDLR. The data are presented as means ± 

SD and Unpaired t-test was performed, **P < 0.01; ***P < 0.001). 

 

 

3.2.1.2 The effect of Low-density lipoprotein receptor (LDLR) deficiency on bone 

microarchitecture. 

The low-density lipoprotein receptor (LDLR) plays an essential role in 

osteoclastogenesis. LDLR gene deletion may have a role in the bone loss by reducing 

lipoproteins uptake by endocytosis (Okayasu et al, 2012). Therefore, to quantify whether 

low-density lipoprotein receptor (LDLR) gene deletion has an effect on bone mineral 

density, the 3rd lumbar vertebrae of wildtype and LDLR-/- male and female C57BL/6 mice 

6 months old were subjected to microcomputed tomography for measuring the bone 

mineral density (Figure 3-8). 

 

Figure 3-8: The experimental flow for quantifying the effect of LDLR gene deletion on bone mineral 

density. 
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Two large groups of LDLR-/- mice (female n=13, male n=20) comparing to wildtype mice 

(female n=22 and male n=20) were used to quantify the effect of the LDLR gene deletion 

on the bone mineral density. In general, male and female mice lacking LDLR in male and 

female had low mineral density especially in whole mean bone mineral density compared 

to their respective wild-type counterparts (Figure 3-9A). The whole mean mineral density 

reduction was decreased in female and male LDLR-/- comparing to wildtype mice maybe 

due to the significant reduction in the mean of bone density (Figure 3-9 B). These findings 

also show that the Cortex mean bone mineral density highly reduced in LDLR-/- males 

and female compared to wildtype (Figure 3-9 C). The Trabecular Bone Means density 

was declined in LDLR-/- of males and females in comparison to wildtype mice (Figure 

3-9E). Consequently, the degree of connectivity was sharply declined in knockout mice 

a companied by a significant reduction in BV/TV % and Trabecular number (Figure 3-9 

F, I&J). However, the intra-Trabecular tissue, Trabecular Thickness (in female but not in 

male) and Trabecular separation parameters were not significantly changed in both males 

and females (Figure 3-9 D, G&H). 



 

101 

 



 

102 

 

 

Figure 3-9: The effect of LDLR gene deletion on bone microarchitecture: 

The 3rd lumbar vertebra of C57BL/6 mice WT (female n=22; male n=20) and LDLR knockout mice (female n=13; male n=20) were subjected to Micro-CT for measuring bone 

mineral density. The whole BMD (A); Bone Mean (B); Cortex Mean (C); Intra-trabeculae tissue (D); trabeculae Mean BMD (E); BV/TV (F); Trabecular Thickness (G); 

Trabecular separation (H); degree of connectivity (I) and Trabecular number (J). The experiment was repeated three times and the data were represented as means ± SEM 

(Unpaired t-test *P < 0.05; **P<0.01; ***P<0.001; ****P<0.0001). 
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Figure 3-10: 3D rendering images of the effect of LDLR absence on bone mineral density in male 

and female mice: 

Three-dimensional reconstruction of Micro-computed tomography analysis shows the Cortex and 

Trabecular segmentation of one representative mouse of WT and LDLR-/- of female mice (A) and male (B).  
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3.2.1.3  The effect of LDLR deficiency on bone remodelling activity. 

Low-density lipoprotein receptor deficiency may induce hyperlipidaemia that could 

affect the osteoclast and osteoblast activities. LDLR-/- mice exhibit low levels of 

osteoblast differentiation factors such as alkaline phosphatase, collagen I and osteocalcin, 

in addition, to promoting bone resorption by recruitment and differentiation of osteoclast 

precursor cells (Parhami, Garfinkel and Demer, 2000; Gharavi, 2002). Therefore, to 

quantify the activity of the bone remodelling in Low-density lipoprotein receptor (LDLR) 

knockout mice, tartrate-resistant acid phosphates (TRACP), a specific serum biomarker 

for bone resorption, and Alkaline serum phosphatase, a serum biomarker for bone 

formation, were measured in LDLR-/- mice compared to WT control. 

There was no significant difference in serum level of TRACP in LDLR-/- in males, but 

the TRACP level was significantly elevated in females (Figure 3-11 A&B). This may 

indicate that LDLR absence could affect the osteoclasts activity in females but not in 

males. In addition, there was a significant decrease in the level of alkaline phosphatase 

level of LDLR-/- compared to WT control mice in both males and females (Figure 3-11 

C&D). This could show that osteoblasts activity may be influenced by LDLR absence. 

These results support the bone mineral density findings regarding LDLR gene deletion. 

There was a significant decrease in BMD of LDLR deficient mice possibly due to an 

alteration of osteoclast and/or osteoblast activities. 
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Figure 3-11: The LDLR deficiency on osteoclast and osteoblast activities in mice: 

The level of serum TRACP and ALP were measured in LDLR-/- to estimate the osteoclast activity and 

osteoblast activity. The serum TRACP (A) for male and (B) for female; the level of ALP (C) for male and 

(D) for female. The experiment was repeated twice in analytical quadruplicates and the data were 

represented as means of triplicates ± SD (Unpaired t-test ***P<0.001; ****P<0.0001). 
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3.2.1.4 The effect of LDLR-/- on classical and alternative complement pathways 

activation. 

Hyperlipidaemia induced by lacking LDLR may have a role in complement activation 

including the alternative and classical complement pathways activation. It was shown in 

human and in mice that the plasma level increase of LDL or severe hypercholesterolemia 

induced mRNA upregulation of  C3, C4, C1s, and C1q in addition to protein expression 

of C3 and C4 (Verdeguer et al, 2007; Hillian et al, 2013). Therefore, to evaluate whether 

hyperlipidaemia induced by LDLR absence may contribute to complement activation, the 

alternative and classical pathways activation were measured by the formation of C9 in 

mice serum in mice lacking LDLR and wildtype at 6 months old. Later, the residual 

activities of classical and alternative pathways were correlated to the activities in 

commercial mouse serum.   

The residual activity (remaining activity) of alternative and classical pathways in LDLR-

/- mice of both sexes was significantly reduced in their serum comparing to their control 

wildtype (Figure 3-12; Table 3-1; Table 3-2). This means that consumption of 

complement compounds was higher in LDLR-/- than WT. 
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Figure 3-12: The effect of LDLR absence on classical and alternative complement pathways 

activation:  

The classical and alternative pathways activities were measured using functional ELISA by measuring the 

final product of complement C9 in the serum of mice lacking LDLR compared to WT. The alternative 

pathway activation in male (A) and female (B); the classical pathway activation in male (C); female (D). 

The unpaired t test of the mean ±SD of three analytical triplicates, *P<0.05, **P<0.001. 

 

Table 3-1: The percent of alternative pathway activity related to commercial mouse serum in serum 

of LDLR deficient mice  

 

 

 

Table 3-2: The percent of classical pathway activity related to commercial mouse serum in serum 

of LDLR deficient mice 
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3.2.1.5 The effect of LDLR-/- on serum levels of proinflammatory cytokines TNF-

α and IL-6.  

The inflammatory cytokines (IL-6 and TNF-α) levels increase associated with   LDLR-/- 

mice (Tanaka et al, 2016). To investigate whether LDLR absence may influence serum 

proinflammatory cytokine levels that could affect bone mineral density, the levels of 

serum TNF-alpha and IL-6 were measured in serum of LDLR deficient mice compared 

to WT. 

The serum tumour necrosis factor alpha and IL-6 were significantly increased in mouse 

serum lacking low-density lipoprotein receptor (LDLR-/-) in both male and female 

comparing to their control mice (Figure 3-13). This indicates that the LDLR absence 

could induce a significant increase of serum TNF-alpha and IL-6 that have a role in bone 

mineral density reduction. 

 

Figure 3-13: inflammatory cytokines (IL-6 and TNF-α) levels in LDLR deficient mice: 

The serum inflammatory cytokines were measured in LDLR-/- mice serum. The serum TNF-alpha (A) for 

males and (B) for females; the serum IL-6 (C) for males and (D) for females. The experiment was repeated 

twice in analytical triplicates and the data represent the mean ±SEM of the unpaired t-test, ****P<0.0001. 



 

110 

 

3.2.1.6 Suitability of 5-weeks protocol to study adaptation of vitamin D3 

supplementation or voluntary wheel exercising in LDLR-/- mice. 

There is a significant effect of vitamin D3 supplementation on body weight loss and 

serum triglyceride level reduction (R. Kheder et al, 2017a; R. K. Kheder, 2017b). In 

addition, voluntary exercising plays a significant role in body weight loss and reduced 

triglyceride serum level (Meissner et al, 2011). Therefore, to investigate whether 5 weeks 

of vitamin D3 supplementation or voluntary exercising could control the body mass and 

levels of triglyceride, the body weight and serum triglyceride were measured in LDLR-/- 

mice with or without 11IU/g diet of vitamin D3 or access to voluntary exercising for 5 

weeks.   

There was a significant increase in the body weight of LDLR-/- mice after 5 weeks 

compared to their WT mice. However, the body weight in LDLR-/- fed a normal diet with 

Vitamin D3 supplementation or access to wheel exercise was normalised to their control 

group (Figure 3-14 A). In addition, the triglyceride level was significantly higher in 

LDLR-/- than the control group, but Vitamin D3 supplementation and exercising reduced 

the TG levels in LDLR-/- or normalised to their WT control (Figure 3-14 B). This means 

that vitamin D3 or exercising are likely to contribute to reducing the triglyceride levels 

in LDLR-/- mice serum. 
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Figure 3-14: The effect of Vitamin D3 or exercising on body weight or triglyceride levels in LDLR-/-

: 

(A) Represent the body weight; (B) level of serum Triglyceride. The data represent the mean ±SD of Tukey 

multiple comparison of one-way ANOVA ****P<0.0001. 

 

 

 

3.2.1.7 The effect of Vitamin D3 supplementation or access to exercise on bone 

mineral density reduction in LDLR-/- mice. 

It was found in this project that Vitamin D3 supplementation or access to voluntary 

exercising normalised bone mineral density reduction induced by a high-fat diet. 

Therefore, to investigate whether Vitamin D3 supplementation or access to voluntary 

exercising influence bone mineral density reduction induced by LDLR-/-, the BMD was 

assessed in 3rd lumbar vertebrae of LDLR-/- mice fed a normal diet with or without 

vitamin D3 supplementation or access to voluntary wheel exercising for 5 weeks. 
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The Whole Bone mineral and Bone mean densities were significantly reduced in LDLR-

/-, but the Whole Bone mineral density was elevated in both of  LDLR-/- with VD or 

LDLR-/- with exercising comparing to LDLR-/- or it was normalised to their control 

wildtype (Figure 3-15 A, B&C). The reduction of Bone Mean density induced a sharp 

decline in Cortex Mean density, Trabeculae Mean density, BV/TV, Trabecular 

Thickness, the degree of connectivity and Trabecular number of LDLR-/- mice. At the 

same time, these parameters were significantly increased in LDLR-/- fed a normal diet 

with Vitamin D3 or access to voluntary exercising for 5 weeks compared to LDLR-/- 

(Figure 3-15 C, E, F, H, I&J). The intra-Trabeculae Mean density was not affected in all 

groups (Figure 3-15 D). The 3D rendering image representing the Cortex and Trabecular 

segmentations and showing the reduction in BMD of LDLR-/- mice was corrected to the 

WT in LDLR-/- with VD or LDLR-/- with exercising (Figure 3-16). These results could 

indicate that vitamin D3 or exercising strongly contribute to enhancing bone mineral 

density in LDLR-/- mice. 
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Figure 3-15: The influence of Vitamin D3 or exercising on bone microarchitecture induced by LDLR-

/- whilst on normal diet for 5 weeks. 

The 3rd vertebrae of LDLR-/- with or without dietary vitamin D3 supplementation or access to exercise 

subjected to µ-CT to quantify the effect of VD or exercising on BMD reduction in LDLR-/-. Whole BMD 

(A); The Bone Mean (B); Cortex Mean (C); Intra-trabeculae tissue (D); trabeculae Mean BMD (E); BV/TV 

(F); Trabecular  Thickness (G); Trabecular  separation (H); degree of connectivity (I) and Trabecular  

number (J.) The data are represented as means ± SD of Tukey multiple comparison of one way ANOVA 

(*P < 0.05; **P<0.01; ***P<0.001; ****P<0.0001; ns = not significant). 
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Figure 3-16: The 3D rendering images represent the BMD corrections by vitamin D3 or Exercising 

in LDLR-/- for one mouse in each group. 
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3.2.1.8 Evaluation of the role of Vitamin D3 or Exercising on bone remodelling 

in LDLR-/-: 

The findings showed that there was a significant BMD reduction in LDLR-/- mice as 

shown in section 3.2.1.2. In addition, our findings showed that 11 IU/g diet of vitamin 

D3 dietary supplementation or access to voluntary wheel exercising for 5 weeks 

normalised the osteoclast and osteoblast activities during high-fat diet as shown in section 

3.2.2.3. and section 3.3.2.3. Therefore, to quantify whether vitamin D3 supplementation 

or access to voluntary exercise for 5 weeks influence osteoclast and/or osteoblast 

activates of LDLR-/- mice, the serum TRACP, an osteoclasts activity marker, serum ALP 

and osteocalcin, osteoblast activity markers, were measured in serum of LDLR-/- mice 

fed a normal diet for 5 weeks with or without vitamin D3 dietary supplementation or 

access to wheel exercising.  

The serum level of TRACP in LDLR-/- was significantly elevated compared to WT. 

Vitamin D3 supplementation or wheel exercising for 5 weeks significantly reduced serum 

TRACP level compared to LDLR-/- or normalised to the level in WT mice (Figure 3-17 

A). This may indicate that Vitamin D3 or exercising strongly suppressed osteoclast 

activity in LDLR-/- and then enhanced bone mineral density in LDLR-/-. Serum ALP and 

osteocalcin sharply declined in the LDLR-/- group compared to WT mice. Vitamin D3 or 

exercising ameliorated the levels of ALP and osteocalcin levels in their serum (Figure 

3-17 B&C). These results indicate that osteoblasts become more active in responds to 

Vitamin D3 or exercising compared to LDLR-/- untreated mice. 
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Figure 3-17: The effect of Vitamin D3 or exercising on bone remodelling in LDLR-/- for 5 weeks: 

The TRACP activity as osteoclast marker and alkaline phosphatase, osteocalcin as osteoblast markers were 

measured in serum of LDLR-/- with or without Vitamin D3 or wheel exercising for 5 weeks. The serum 

TRACP activity (A); Serum ALP activity (B); Serum osteocalcin level (C). The data represent the mean 

±SD of Tukey multiple comparison of one-way ANOVA (*P < 0.05; **P<0.01; ***P<0.001).   

 

 

3.2.1.9 The effect of Vitamin D3 or exercising on serum inflammatory cytokines 

levels in LDLR-/-. 

The serum levels of TNF-alpha and IL-6 were significantly increased in LDLR-/- mice 

compared to their control group as shown in section 3.2.1.5. In addition, the complement 

activity was significantly increased in LDLR-/- mice as shown in section 3.2.1.4. 

However, our results showed that vitamin D3 dietary supplementation or exercising 

normalised the excessive level of production in mice serum fed a high-fat diet for five 

weeks as shown in sections 3.2.2.5 and 3.3.2.5.  Therefore, to quantify whether Vitamin 
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D3 or exercising could affect inflammatory cytokines levels in LDLR-/-, the serum levels 

of IL-6 and TNF-α were measured in LDLR-/- fed on normal diet with vitamin D3 

supplementation or access to exercising for 5 weeks. 

Vitamin D3 or access to exercising were associated with a significant reduction in IL-6 

and TNF-α serum level of LDLR-/- fed on normal diet with vitamin D3 supplementation 

or exercising compared to LDLR-/- (Figure 3-18). 

 

Figure 3-18: The effect of Vitamin D3 or exercising on serum levels of IL-6 and TNF-α in LDLR-/-: 

The serum IL-6 and TNF-α levels were measured in LDLR-/- mice fed a normal diet for 5 weeks 

supplemented with Vitamin D3 or accessing to exercising. Serum TNF-alpha (A); Serum IL-6 (B). Each 

individual point represents the mean ±SD of Tukey multiple comparison of one-way ANOVA test 

triplicates for one animal, **P<0.01; ***P<0.001.  

 

 

3.2.1.10 The in vitro effect of Vitamin D3 on osteoclast differentiation and resorptive 

activity derived from LDLR deficient mice. 

Low-density lipoprotein receptor deficiency may have a role in osteoclast activation and 

differentiation by influencing the RANKL expression (Bartelt et al, 2018). As shown in 

section 3.2.2.10; Vitamin D3 addition to osteoclast cultures stimulated with fatty acid 

reduced osteoclast differentiation. Therefore, to quantify whether Vitamin D3 addition 

could influence osteoclast activity derived from LDLR-/-, the TRACP + osteoclast 

number, resorption activity and TRACP activity were measured in osteoclast cultures 

with or without 4µg/ml of vitamin D3. 

The number of differentiated TRACP+ osteoclasts was increased in LDLR-/- but it was 

decreased in osteoclasts treated with Vitamin D3 (Figure 3-19 A, B&F). The resorption 
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activity of differentiated osteoclasts was significantly increased in LDLR-/- compared to 

WT, while vitamin D3 addition to osteoclasts cultured from LDLR-/- reduced the 

resorption area (Figure 3-19 C&D). The TRACP activity in osteoclast supernatants was 

increased in LDLR-/- but it significantly decreased or normalised to WT in LDLR-/- with 

vitamin D3 supplementation (Figure 3-19 E). This indicates that vitamin D3 addition in 

vitro controlled the osteoclast differentiation and activation.    
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Figure 3-19:  the effect of vitamin D3 addition on the activity of osteoclasts derived from LDLR-/-: 

(A) differentiated osteoclasts; (B) the yellow arrows refer to mature TRACP+ osteoclasts; (C) the yellow arrows refer to osteoclasts resorptive activity; (D) osteoclasts resorptive 

area; (E) TRACP activity; (F) number of TRACP+ osteoclasts. The experiment was repeated twice in analytical quadruplicates and represented as means of ± SEM (one-way 

Anova test *P < 0.05; **P<0.01; ***P<0.001; ****P<0.0001). 
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3.2.1.11 The in vitro effect of Vitamin D3 on osteoblasts differentiation and mineral 

deposition activity derived from LDLR deficient mice. 

Low-density lipoprotein receptor deficiency may influence osteoblast activity and 

differentiation (N. Zhang et al, 2017). Vitamin D3 has a significant role in osteoblast 

activation and bone formation increase (Harada et al, 2012). Therefore, to investigate 

whether vitamin D3 influences osteoblast activity in vitro, the osteoblast differentiation, 

bone mineral deposition and ALP activity were measured in osteoblast cultures derived 

from LDLR-/- mice by stimulating with or without 4µg/ml of vitamin D3. 

The findings showed there was a significant reduction in ALP+ osteoblast formation in 

LDLR-/- cell cultures compared to WT, but vitamin D3 addition significantly enhanced 

osteoblast differentiation and proliferation derived from LDLR-/- (Figure 3-20 A). The 

density of osteoblast mineral deposition in LDLR-/- cell cultures was significantly less 

compared to control WT cultures, and vitamin D3 addition to LDLR-/- culture increased 

the density of osteoblast from LDLR-/- (Figure 3-20 B&C). Vitamin D3 treatment 

increased the ALP activity in osteoblast supernatants of LDLR-/- or vitamin D3 addition 

normalised osteoblast ALP activity to the level WT control cultures, the negative control 

had no cells (Figure 3-20 D). These results indicate that Vitamin D3 has a positive effect 

on bone formation in LDLR-/- by enhancing osteoblast activity.
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Figure 3-20: The effect of Vitamin D3 addition in vitro on osteoblasts activity derived from LDLR-/- mice bone marrow: 

(A)  Osteoblasts ALP+ cells; (B&C) quantification of osteoblasts mineral deposition (yellow arrows) (black arrows refer to background); (D) ALP activity in osteoblasts 

supernatant, the negative control had not cells. The experiment was repeated twice in quadruplicates and represent the mean ± SEM analysed by Tukey multiple comparison of 

one-way ANOVA test; *P<0.05.
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3.3 Vitamin D3 normalises long chain fatty acid-induced 

expression of alternative pathway complement 

components in osteoclasts (In vitro study). 

3.3.1 Introduction. 

Different complement proteins are engaged in the bone formation during bone 

development: alternative complement proteins like C3, CFB, properdin, C5 and C9 exist 

in the proliferation area of bone development (Andrades et al, 1996). The osteoclast 

differentiation was actively suppressed by C3 blocking at the early period of osteoclast 

formation, and this indicated that C3 was essential for osteoclast precursors to progress 

to osteoclasts formation (Sato et al, 1993). C3-/- mice had less in vitro differentiated 

osteoclasts than wildtype (Tu et al, 2010). In humans, it was claimed that osteoclasts 

could cleave C5 to produce C5a by a membrane protease (Ignatius et al, 2011a). These 

studies showed the role of the complement system on osteoclast activity. 

The fatty acid could be related to reducing bone density by activating the osteoclast 

activity and increasing bone resorption. It was shown that osteoclast differentiation gene 

expression (RANKL/OPG ratio) and inflammatory cytokines (IL-6 and IL-8) were 

significantly increased by fatty acid stimulation (Cornish et al, 2008). Additionally, fatty 

acids have an influence on osteoclast survival by reducing their apoptosis through 

signalling via TLR4, Myeloid differentiation primary response 88 (MYD88), and NF-kB 

expression (Oh et al, 2010). However, Kheder, et al (2017a) showed that Vitamin D3 has 

a significant role in normalising the excessive activation of alternative and classical 

complement pathways induced by a high-fat diet by measuring both pathway’s activation 

by the C9 formation in serum of mice fed a high-fat diet with or without vitamin D3 

supplementation for 5 weeks. Therefore, it was hypothesised that: 

  Murine osteoclasts could cleave complement C5 to its anaphylatoxin C5a.  

 Murine osteoclasts could express alternative pathway complement components. 

 In vitro addition of Vitamin D3 normalises the complement component expression 

from differentiated osteoclasts stimulated by fatty acid. 
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3.3.2 Results. 

3.3.2.1 The role of murine osteoclasts in C5 Cleavage to C5a.  

The fifth component of complement C5 plays a significant role in inflammation and host 

defence against pathogens. It was claimed that human osteoclasts could cleave C5 to C5a 

by a protease on osteoclast membranes (Ignatius et al, 2011a). Therefore, to investigate 

whether murine osteoclasts may play a role in C5 cleavage to C5a, the murine osteoclasts 

were differentiated and incubated with purified human C5 to detect the C5a production 

by Western blotting and ELISA.  

The mouse-differentiated osteoclasts were incubated with or without purified human C5 

protein (5µg/ml) for 4 hours as in Ignatius et al (2011a) methods. According to the NCBI 

website, there is about 77-78% of identity and 88-89% of similarity between murine 

complement C5 and human complement C5 protein. Then, C5a was detected in the 

supernatant using rabbit polyclonal anti-human C5a IgG (Gene Tex.com) by Western 

blotting to detect the C5a produced from the added purified human C5. The murine 

macrophage cell line J774 supernatant and human plasma activated with Salmonella LPS 

were used as positive controls to detect C5 and C5a. The complement C5 was detected in 

serum-free media of differentiated osteoclasts incubated with purified C5, but it was not 

detected in osteoclasts supernatant without C5 incubation, although, C5 was detected in 

J774 macrophage supernatants incubated with or without C5. Moreover, the 

anaphylatoxin C5a was detected in human plasma stimulated with LPS, but not in 

osteoclast supernatant (Figure 3-21 A). In addition, the cellulose membrane was 

submerged under the Ponceau S stain to confirm that there were different proteins run in 

all samples (Figure 3-21 B). These results indicate the murine osteoclasts did not produce 

C5 and they could not cleave the incubated C5 to its C5a. 
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Figure 3-21: Identification of complement C5/C5a production by murine osteoclasts: 

(A) C5 and C5a detection by Western blotting in osteoclasts and J774 supernatants. (B) Ponceau stain 

shows different proteins running in each sample. The experiment was performed twice.  

 

RANKL has been identified to affect the immune system and control bone regeneration 

and remodelling by activating osteoclast formation (Wada et al, 2006; Mueller and Hess, 

2012). Therefore, to investigate whether RANKL influences the complement C5 protein 

production by murine osteoclast, the C5 concentration using ELISA was measured in cell 

culture supernatants of differentiated osteoclasts, J774 macrophage murine cell line 

treated with or without 20ng/ml RANKL along with osteoclasts. The 1:20 diluted mouse 

serum was used as a positive control. In addition, minimal essential media MEM was 

used as negative control (Figure 3-22). The complement C5 detection in differentiated 

osteoclast supernatant was under the detection limit. Interestingly, there was no C5 
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detection in J774 supernatant cell culture treated with RANKL comparing to J774 

untreated by RANKL (Figure 3-22). This may lead to a new understanding that RANKL 

may suppress the complement C5 protein production. Potentially, this could be cause of 

inhibition of the C5 produced by osteoclasts derived from murine bone marrow. 

Therefore, an attempt was made to investigate the complement C5 gene expression in 

differentiated osteoclasts and J774 macrophage cell line (± RANKL) using qPCR 

technique. 

 

Figure 3-22: The complement C5 detection in osteoclast and J774 macrophage cell line supernatant: 

The effect of RANKL on C5 protein expression in the supernatants of J774 treated with or without RANKL 

and osteoclasts supernatant. The experiment was performed three times in triplicates and presented as mean 

±SEM of unpaired of t test, ****P<000.1.  

 

For quantifying complement C5 gene expression in osteoclasts derived from murine bone 

marrow, the gene expression was done using the qPCR technique using SYBR Green I 

dye (SensiMixTM SYBR). The J774 macrophage cell line or liver were used as positive 

controls.  

The GAPDH gene expression by qPCR was done as a reference gene expression. The 

result shows that there was one amplification peak of the product for each sample 

regarding GAPDH expression (Figure 3-23 A, B&C). 

The results show that there was amplification product for C5 gene expression in the 

positive control (mouse liver mRNA), while it showed that there was no C5 gene 

expression in osteoclast mRNA (Figure 3-23 D&E). Then, to confirm this result, a normal 

PCR was run, and it showed there was a C5 expression in liver and J774 mRNAs, but not 

in osteoclast mRNA (Figure 3-23 F). This result could be consistent with the absence of 

C5 protein in osteoclast supernatant, and this may be due to lack of C5 gene suppression.  
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Figure 3-23: The complement C5 gene expression in murine osteoclasts: 

(A&B) the qPCR analysis for GAPDH as a housekeeping gene expression; (C) the PCR analysis for 

GAPDH; (D&E) the qPCR analysis for C5 gene expression in murine osteoclast, liver; (F) the PCR analysis 

for C5 gene expression in murine osteoclast, liver and J774, the experiment performed twice.  
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Next, a pilot study was done to seek whether RANKL has an effect on complement C5 

gene expression. Therefore, the J774 cell line was cultured with or without 20ng/ml 

RANKL for 7 days, then the total RNA was extracted, and cDNA was synthesised.  

The GAPDH gene expression was done as a housekeeping gene for cDNAs of J774 ± 

RANKL and mouse liver as a positive control. The results showed that there was one 

amplification peak of the product for each sample regarding GAPDH expression (Figure 

3-24 A&B). Interestingly, the C5 expression was suppressed in J774 cell line cultured 

with RANKL comparing to the J774 cell line that cultured without RANKL, which 

amplified in parallel to mouse liver as a positive control (Figure 3-24 C). 

 

Figure 3-24: The effect of RANKL on complement C5 gene expression: 

A pilot study to investigate the effect of RANKL on C5 gene expression. GAPDH was done for all samples 

as a normaliser (A&B). The complement C5 gene expression in J774 cell line treated with or without 

20ng/ml of RANKL(C&D). The experiment was performed three times in duplicates. 

 

3.3.2.2 The alternative complement component expression by differentiated 

murine osteoclasts. 

Different studies showed that the complement system is associated with bone turnover 

especially the effect of complement components on osteoclast activation and 

differentiation (Sato et al, 1991; Sato et al, 1993; Tu et al, 2010). However, the role of 

murine osteoclasts in the expression of alternative complement components has been not 

studied. Therefore, the gene expression of the CFD, CFB, CFP, C3 and C5 were 

investigated in differentiated murine osteoclasts.     
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The annealing temperatures of CFD, CFB and C3 were determined by gradient PCR 

which showed that 65°C degree was the best temperature of single product amplification 

of CFD, CFB and C3 genes (Figure 3-25 A; Figure 3-26 A; Figure 3-27 A). The GAPDH 

expression was used as a normaliser for cDNA amplification as shown in (Figure 3-23 

A). In addition, the qPCR GAPDH was done as shown in (Figure 3-23 B&C). 

The major source of plasma CFD is adipose tissue in which it is secreted by both mature 

adipocytes and macrophages, suggesting a role for adipose tissue in immune system 

biology (White et al, 1992; Barnum and Volanakis, 1985). However, the CFD expression 

in bone cells especially the osteoclasts have not been studied. Therefore, the complement 

factor D gene expression was quantified in osteoclasts derived from murine bone marrow 

using the qPCR technique using SYBR Green I dye (SensiMixTM SYBR). The results 

show that there was amplification for CFD gene expression in osteoclast mRNA and the 

positive control (mouse J774 mRNA) (Figure 3-25 B&D), then to confirm this result, a 

normal PCR was run and it showed the CFD was expressed in J774 and in osteoclast 

mRNAs (Figure 3-25 C). 

 

Figure 3-25: complement factor D expression by murine osteoclasts: 

The expression of complement factor D in differentiated osteoclast and J774 macrophages. (A) Gradient 

PCR analysis shows the optimal annealing temperature for CFD; (C) the PCR analysis for CFD expression 

in murine osteoclasts; (B&D) the qPCR analysis for CFD expression in murine osteoclasts. The experiment 

was performed three times in duplicates.  
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The complement factor B is produced from different cells like fibroblasts, mononuclear 

phagocytes, epithelial and endothelial cells, alveolar type II cells, kidney and hepatocytes 

(D. Li et al, 2016); however, its expression in bone cells especially the osteoclasts has not 

been studied. Therefore, the complement factor B gene expression was quantified in 

osteoclasts derived from murine bone marrow using normal PCR and qPCR technique 

using SYBR Green I dye (SensiMixTM SYBR). The result show that the CFB gene was 

expressed in osteoclast mRNA and the positive control (mouse J774 mRNA) (Figure 3-26 

B&D). Then, to confirm this result, a normal PCR was run, and it showed the FB 

expression in J774 and in osteoclast mRNAs (Figure 3-26 C). 

 

Figure 3-26: the complement factor B expression by murine osteoclasts: 

The expression of complement factor B in differentiated osteoclasts and J774 macrophages. (A)  Gradient 

PCR analysis shows the optimal annealing temperature for CFB; (C) the PCR analysis for CFB expression 

in murine osteoclasts; (B&D) the qPCR analysis for CFB expression in murine osteoclasts. The experiment 

was performed three times in duplicates 

 

Complement component 3 plays a central role in complement system activation and its 

activation is required for both classical and alternative complement activation pathways 

(Sahu and Lambris, 2001). The production of C3 has been reported in different cell types, 

such as hepatocytes, mononuclear, phagocytes, polymorphonuclear leucocytes, 

fibroblasts, endothelial cells, glioma cell lines and renal Glomerular endothelial cells 

(Alper et al, 1969; Tsukamoto et al, 1990; Daha and van Kooten, 2000). Complement C3 
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is required for bone cell differentiation especially osteoclasts (Ignatius et al, 2011a). 

However, the third complement component expression by murine osteoclasts has not 

reported yet. Therefore, the normal PCR and qPCR technique using SYBR Green I dye 

(SensiMixTM SYBR) were used to quantify the complement C3 gene expression in 

osteoclasts derived from murine bone marrow. There was an amplification or expression 

for the C3 gene in osteoclast mRNA and the positive controls (mouse J774 mRNA and 

mouse liver) (Figure 3-27 B&D). Then to confirm this result, a normal PCR showed the 

C3 expression in J774, mouse liver and osteoclast mRNAs (Figure 3-27 C). 

 

Figure 3-27: Complement C3 expression by murine osteoclasts: 

The expression of complement C3 in differentiated osteoclast and J774 macrophages and liver. (A)  

Gradient PCR analysis shows the optimal annealing temperature for C3; (C) the PCR analysis for C3 

expression in murine osteoclasts; (B&D) the qPCR analysis for C3 expression in murine osteoclasts. The 

experiment was performed three times in duplicates. 

 

Complement properdin or Factor P is the only known positive plasma glycoprotein 

regulator of complement activation that stabilizes the alternative pathway convertases of 

the innate immune system (Schwaeble and Reid, 1999; Hourcade, 2006). The 

complement properdin expressed by different cells like liver, neutrophils, macrophages, 

might have an essential role in osteocyte activity. However, the properdin expression by 

the osteoclast itself has not investigated. Therefore, the qPCR technique using SYBR 

Green I dye (SensiMixTM SYBR) was used to quantify the complement properdin 
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component gene expression in osteoclasts derived from murine bone marrow. In the 

qPCR analysis, there was amplification or expression for the CFP gene in osteoclast 

mRNA and the positive controls (mouse J774 mRNA and mouse liver) (Figure 3-28 

A&B). Then, to confirm this result, the normal PCR showed the CFP expression in J774, 

mouse liver and osteoclasts mRNAs (Figure 3-28 C). Therefore, this data shows that the 

osteoclasts may produce the complement properdin component and might have an 

essential role in complement activation in bone turnover. 

In conclusion, these results revealed for the first time that the osteoclasts could take a role 

in complement FD, FB, FP, C3 production, but not complement C5. Therefore, murine 

osteoclasts might have a significant role in complement alternative pathway activation. 

 

Figure 3-28: Complement properdin expression by murine osteoclasts: 

Complement properdin expression in differentiated osteoclasts and J774 macrophages and liver. (A&B) the 

qPCR analysis shows the complement properdin gene expression in murine osteoclasts; (C) the PCR 

analysis for complement properdin expression in murine osteoclasts. The experiment was performed three 

times in duplicates. 
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3.3.2.3 The effect of Vitamin D3 on the excessive gene expression of alternative 

pathway components induced by fatty acid. 

Briefly, the previous data revealed that vitamin D3 in vivo has a significant role in 

normalising the alternative and classical pathways activation in mice fed a high-fat diet 

for 5 weeks as shown in section 3.2.1.4. Additionally, it normalised the proinflammatory 

cytokine levels induced responding to high-fat diet intake for 5 weeks as shown in section 

3.2.1.5. In vitro, Vitamin D3 played an essential role in reducing the resorptive activity 

of differentiated osteoclasts during free fatty acid stimulation by normalising their 

TRACP activity as shown in section 3.2.1.9 also it normalised the TNF-α and IL-6 

secretion in osteoclast cultures as shown in section 3.2.1.11. Therefore, the gene 

expression of alternative pathway components was quantified by PCR and qPCR to 

estimate whether in vitro addition of Vitamin D3 normalises the excessive alternative 

pathway components expression induced by fatty acid in murine osteoclasts.   

The β2 microglobulin was used as a housekeeping gene for normalising the levels of other 

components’ expression, and the results showed one amplification peak of the product as 

shown in (Figure 3-29 A&B).  

The results showed that the level of complement factor D gene expression was 

significantly increased in osteoclasts stimulated with fatty acid (palmitic and oleic) 

compared to the WT osteoclasts untreated,  while the CFD gene expression was 

normalised in osteoclasts stimulated by fatty acid with vitamin D3 (Figure 3-30 A, B&D). 

The normal PCR showed that the CFD product was significantly more than WT and 

Vitamin D3 treated group normalised to the level seen in untreated osteoclasts (Figure 

3-30 C). 

The level of complement factor B was dramatically increased in osteoclasts stimulated 

by fatty acid compared to untreated osteoclasts, but using the vitamin D3 treatment with 

fatty acid (FA) may suppress the excessive CFB expression induced by FA (Figure 3-31 

A, B&D). Then, the normal PCR showed that the osteoclasts stimulated with FA 

expressed a higher level of CFB than WT, but Vitamin D3 addition with FA to osteoclast 

cultures could reduce the excessive expression of CFB in osteoclasts (Figure 3-31 C). 

The complement C3 gene was highly expressed in osteoclasts stimulated by FA compared 

to untreated osteoclasts. The C3 expression in osteoclasts stimulated by FA with Vitamin 

D3 was normalised to the untreated osteoclasts C3 gene expression (Figure 3-32 A, 
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B&D). The normal PCR revealed that the level in osteoclasts stimulated with FA 

expressed more C3 product than WT and osteoclasts stimulated with Vitamin D3 (Figure 

3-32 C). 

The complement properdin was increasingly expressed by FA stimulation in osteoclasts, 

but the level of CFP in osteoclasts treated with Vitamin D3 was significantly less than 

osteoclasts treated with FA only. The CFP gene expression in osteoclasts treated by FA 

with Vitamin D3 was comparable to the control without FA (Figure 3-33 A, B&D). The 

normal PCR revealed that the FA group has more CFP product expression than WT and 

Vitamin D3 group (Figure 3-33 C). 

These results revealed for the first time that murine osteoclasts are likely to contribute to 

complement component production CFD, CFB, CFP and C3. Vitamin D3 may have a role 

in curbing excessive complement component production by osteoclasts induced by fatty 

acid. 

 

Figure 3-29: The qPCR analysis for the level of B2M gene expression as a housekeeping gene in osteoclasts 

stimulated by fatty acid with or without Vitamin D3. The experiment was performed three times in 

duplicates. 
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Figure 3-30: Vitamin D3 normalises the excessive complement factor D expression induced by free 

fatty acid. 

The experiment was performed three times in duplicates and represent the mean ± SEM analysed by Tukey 

multiple comparison of one-way ANOVA test; *P<0.05.   

 

 

Figure 3-31: Vitamin D3 normalises the over complement factor B expression induced by free fatty 

acid. 

The experiment was performed three times in duplicates and represent the mean ± SEM analysed by Tukey 

multiple comparison of one-way ANOVA test; *P<0.05.   
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Figure 3-32: Vitamin D3 normalises the excessive complement C3 expression induced by free fatty 

acid. 

The experiment was performed three times in duplicates and represent the mean ± SEM analysed by Tukey 

multiple comparison of one-way ANOVA test; *P<0.05.   

 

 

Figure 3-33: Vitamin D3 normalises the excessive complement properdin expression induced by free 

fatty acid. 

The experiment was performed three times in duplicates and represent the mean ± SEM analysed by Tukey 

multiple comparison of one-way ANOVA test; *P<0.05.   
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4 Chapter Four – The General Discussion 
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4.1 The effect of properdin deficiency on bone mineral 

density: 

The complement system has a presumed role in bone remodelling because of the 

expression of complement proteins and their receptors on bone cells, namely osteoclasts 

and osteoblasts. Osteoclasts and osteoblasts express different components of the 

complement system. Osteoblasts produce the complement components C3 and C5, and 

osteoclasts can produce complement component C3 (Ignatius et al, 2011a). Osteoclast 

and osteoblasts express C3a and C5a receptors (Schraufstatter et al, 2009; Tu et al, 2010). 

This evidence indicates that the complement system tightly overlaps with bone 

homeostasis, but the effect of properdin deficiency on bone mineral density has been not 

investigated. The effect of properdin deficiency on osteoclast activity or bone mineral 

density did not exist in the literature, so our results presented novel findings in this field. 

Therefore, this section will discuss the effect of the absence of properdin on bone mineral 

density and activity of osteoclasts derived from properdin-deficient mice. 

The complement system components are strongly associated with maintaining the optimal 

bone mineral density. The third complement component has an essential role in bone 

remodelling. It was found that osteoclast formation was less in C3 blocked cultures (Sato 

et al, 1991; Sato et al, 1993). In addition, complement C5 plays a part in maintaining 

bone mineral density. It was found that complement C3 and complement C5 deficient 

mice have a higher bone mineral density than WT mice (Ehrnthaller et al, 2013). In 

addition, the complement components could have a significant effect on bone growth and 

osteocytes proliferation. It was demonstrated that alternative pathway proteins like C3, 

C5, factor B and C9 and complement properdin were found in the proliferation area of 

bone (Andrades et al, 1996). In addition, the anaphylatoxin receptors could have an 

important role in bone mineral density. It was found that absence of C5aR in mice could 

reduce the bone mineral density possibly due to significantly increased osteoclast 

numbers by increased the expression of IL-6 and RANKL from osteoblasts derived from 

C5aR1 deficient mice (Bergdolt et al, 2017). However, in a different study, it was shown 

that the Trabecular  compartment was not significantly altered in C5aR1-/- mice, but both 

C5aR1−/− and C5aR2−/− mice displayed an increased bone mass compared to wild-type 

controls due to reduced osteoclast formation and increased osteoblast numbers, 

respectively (Kovtun et al, 2017). The studies by Bergdolt et al (2017) and Kovtun et al 
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(2017) vary in their outcomes for C5aR-/- mice possibly due to the different fracture 

models used with and without additional trauma. In human, it was found that C3a and 

C5a anaphylatoxins could have a direct effect on osteoclast differentiation even with the 

absence of RANKL, via their interaction with C3aR and C5aR expressed on osteoclasts 

and osteoblasts (Ignatius et al, 2011a). Most of these studies demonstrated that the 

complement system components and their anaphylatoxins have significant actions on 

bone mineral density, but there was no study presented the effect of properdin deficiency 

on BMD. Our findings found for the first time that there was no significant difference in 

bone mineral density of properdin-deficient mice compared to their control mice at 6 

months of age (Figure 3-1; Figure 3-2), and that the bone mineral density was 

significantly higher in female properdin-deficient mice at 10 months of age (Figure 3-5; 

Figure 3-6). In the previous work in this laboratory, it was found that properdin-deficient 

mice had a skewing in macrophage activities (Dupont et al, 2014). Since the osteoclasts 

are giant, multinucleated cells and they are derived from cells of monocyte/macrophage 

lineage (Miron and Bosshardt, 2016), the absence of complement properdin could skew 

the activity of osteoclasts. On the other hand, the murine skeleton continues to grow 

slowly after puberty and lacks osteonal remodelling of cortical bone. In advancing mouse 

age, it is like human deterioration of bone mineral density with old age especially in 

cancellous bone and increases in cortical porosity (Jilka, 2013). Another study showed 

that using dual-energy X-ray absorptiometry; the BMD tends to be reduced in C57BL/6 

mice between 10 and 25 months of age after their median lifespan of 29 months of 

age (Almeida et al, 2007; Hui, Slemenda and Johnston, 1988; Yuan et al, 2009). This 

evidence shows that mice like a human could lose bone density with advanced age. In 

humans, the reduction of oestrogen level after menopause is one of the possible reasons 

for bone mineral density reduction (Väänänen and Härkönen, 1996), therefore, our result 

showed that there is a possibility of affecting the osteoclast activity at ages of10 months 

old by properdin deficiency, and thus the bone mineral density is increased or maintained 

at the normal level in case of properdin deficiency, suggesting that properdin absence 

could reduce the complement system activation which then reduces the osteoclasts 

activity. 

In vitro, the complement components have a direct or indirect effect on osteoclast 

activation and differentiation. Therefore, it was proposed that properdin absence could 

alter the osteoclast differentiation and activation in mice. Therefore, our findings for the 
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first time revealed that the in vivo activities of osteoblasts and osteoclasts were not 

changed in properdin-deficient mice of both male and females at 6 months of age (Figure 

3-3). In addition, the in vitro investigation found that the number of mature differentiated 

osteoclasts were the same in properdin-deficient mice and WT mice. Moreover, it was 

found that the resorptive activity was the same in mice lacking to properdin compared to 

WT mice (Figure 3-4). Therefore, the properdin deficiency may have no effect on 

osteoclast activity in vitro and in vivo at 6 months of age.  

In conclusion, the complement system components could have a significant effect on 

osteoclast activity and bone mineral density. The bone mineral density was investigated 

in properdin deficient mice at 6 months old and 10 months old. Our findings found that 

the complement properdin deficiency could increase the BMD in older ages but not in 

young individuals may be due to the menopause changes (Figure 4-1). These results could 

indicate that the absence of properdin could be beneficial for maintaining the optimal 

bone mineral density at an older age in mice. 

 

Figure 4-1: The representative scheme is showing the effect of age on female properdin-deficient mice 

bone mineral density. 
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4.2 The effect of vitamin D3 or exercising on bone mineral 

density reduction induced by low-density lipoprotein 

receptor deficiency (LDLR-/-). 

Oxidized lipids have a recognised role in the pathogenesis of atherosclerosis, but their 

impacts on bone are less known. In human, the National Health and Nutrition 

Examination Survey (NHANES III) found that (63%) of patients have osteoporosis 

associated with hyperlipidaemia. In the animal, the elevation of plasma lipoprotein levels 

was highly associated with bone loss and bone mineral density reduction (Hirasawa et al, 

2007). Consistent exercising plays an important factor to maintain the optimal bone 

mineral density (C. Rubin et al, 2002). In addition, Vitamin D3 has a crucial role in 

preventing bone loss (Sergeev and Song, 2014). It was found in this project that vitamin 

D3 or exercising had a significant role to correct the bone mineral density reduction 

induced by high-fat diet intake for 5 weeks. In this section, I will discuss the effect of 

LDLR deficiency on bone mineral density, and whether Vitamin D3 or exercising as 

interventions affect bone mineral density in low-density lipoprotein receptor-deficient 

mice. 

Low-density lipoprotein receptor deficiency may influence the body weight increase. It 

was reported that LDLR deficient mice exhibit a significant increase in the body gain 

compared to WT mice (Constantinou et al, 2014). Vitamin D3 could have a role in body 

weight loss and fat mass in mice (Sergeev and Song, 2014). Access to physical exercise 

reduced the body weight increase in mice fed a high-fat diet (R. K. Kheder, 2017b). Our 

findings showed that the body weight increase in LDLR-/- mice was significantly 

decreased in mice fed a normal diet with Vitamin D3 supplementation or accessed to 

voluntary wheel exercising for 5 weeks (Figure 3-14A). These findings show that dietary 

supplementation of vitamin D3 or voluntary exercising is likely to control the body 

weight increase in LDLR deficient mice.  

The low-density lipoprotein receptor is responsible for LDL endocytosis and its absence 

induces hyperlipidaemia, exhibiting a high level of serum triglyceride (Okayasu et al, 

2012). It was reported that high level of plasma-low-density lipoprotein (LDL) is 

considered to be a risk factor for bone loss, suggesting that LDL accumulation in 

subendothelial matrix bone marrow could be exposed to nonenzymatic oxidative reaction 
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to inflammatory lipids and upregulate the proinflammatory cytokines (Navab et al, 2004). 

Vitamin D3 intake may have an important role to reduce the triglyceride level in serum 

on a high-fat diet (Sergeev and Song, 2014). It was shown that exercising reduced the 

serum triglyceride in mice fed a high-fat diet (Dall'Aglio et al, 1983). The findings 

showed that Vitamin D3 intake or access to wheel exercising for 5 weeks decreased the 

serum triglyceride level in LDLR-/- mice (Figure 3-14 B). This could indicate that Vitamin 

D3 supplementation or access to voluntary exercising controlled the serum triglyceride 

level in LDLR-/- mice. 

The low-density lipoprotein receptor deficiency could have a negative effect on bone 

mineral density, but Vitamin D3 or exercise may enhance the BMD in LDLR-/- mice. It 

was shown that hyperlipidaemia induced by LDLR gene deletion induces osteoclast 

activation that in turn reduces bone formation and strength by decreasing the BV/TV and 

increasing the cortical porosity (Pirih et al, 2012). Vitamin D3 presented a positive effect 

on bone mineral density by enhancing the bone remodelling (Chapuy et al, 1992; Ornoy 

et al, 1978). In addition, the mechanical loading could enhance bone mineral density by 

activating bone formation (C. Rubin et al, 2002). Our findings revealed that most of the 

bone microarchitecture parameters were significantly reduced in LDLR-/- mice compared 

to WT (Figure 3-9). However, the bone mineral density parameters were increased in 

LDLR-/- mice fed a normal diet with Vitamin D3 supplementation or access to wheel 

exercise (Figure 3-15). Therefore, it was apparent that Vitamin D3 dietary 

supplementation or exercising reduced bone mineral density reduction induced by LDLR 

deficiency. 

The LDLR deficiency may have significant action on osteoclast and osteoblast activities. 

The in vitro studies reported that Low-density lipoprotein receptor on osteoblasts takes 

an essential role in osteoclasts activity regulation through a PDGF–RANKL signalling 

axis by increasing the RANKL expression and enhancing osteoclast differentiation and 

then bone loss (Bartelt et al, 2018). In addition, LDLR deficiency may inhibit 

osteoblastogenesis by reducing the alkaline phosphatase activity, mineral deposit 

formation was delayed, the gene expression levels of runt-related transcription factor 2 

(Runx2) and transcription factor Sp7 (Osterix), transcription factors associated with 

osteoblast differentiation, were dramatically reduced in LDLR-/- mice (N. Zhang et al, 

2017). In contrast, Vitamin D3 has an essential role in osteoblast activity through its 

interaction with Vitamin D receptor on osteoblasts enhancing bone formation (Gardiner 
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et al, 2000). In addition, it was demonstrated that the physical activities could activate the 

osteocytes and increase osteoblasts differentiation and proliferation (Ehrlich and Lanyon, 

2002). Therefore, it was suggested that Vitamin D3 or exercising have an effect on 

osteoblasts and osteoclast derived from LDLR-/- mice. Our findings revealed that LDLR 

deficiency showed an increase in serum TRACP activity and decreased serum ALP and 

osteocalcin levels (Figure 3-11), but Vitamin D3 or exercising normalised TRACP, ALP 

and osteocalcin levels to those measured in control WT mice. These results indicate that 

the osteoclasts activity was higher in LDLR-/- mice and they have lower osteoblast activity 

than their control mice. However, Vitamin D3 or exercising for 5 weeks were likely to 

have a positive effect on normalising the osteoblasts and osteoclasts actives in LDLR-/- 

mice. In addition, our in vitro work found that the TRACP+ osteoclasts and their 

resorption and TRACP activities were higher in LDLR-/- cell culture, but Vitamin D3 

addition reduced their activities and their number (Figure 3-19). In addition, the 

differentiated osteoblasts and their mineral deposition and ALP activities were less than 

control WT cell culture, Vitamin D3 addition normalised osteoblasts activity (Figure 

3-20). These results were consistent with in vivo work showing that LDLR-/- mice have 

high osteoclasts activity and fewer osteoblasts activity while Vitamin D3 normalised both 

activities. 

The oxidative lipids in LDLR deficient mice may induce an inflammatory response in 

bone matrix that increases bone loss. A study demonstrated recently that LDLR-/- mice 

developed an inflammatory response in the liver because of the increase in oxidative LDL 

intake (Bieghs et al, 2012). A different study showed that the transmembrane receptor, 

LDL receptor-related protein-1 (LRP1), considered as an inflammatory response 

regulator in macrophages and LDLR deficiency induces proinflammatory cytokine 

increase in LDLR-/- mice (Mantuano et al, 2016). Vitamin D3 supplementation could have 

a significant role to reduce the inflammatory response in LDLR-/- mice. In our previous 

work in our lab (published data) revealed that Vitamin D3 has a significant role in 

amelioration of transaminase elevations in WT and LDLR−/− fed a diabetogenic diet with 

or without admixed Vitamin D3 for 10 weeks (R. Kheder et al, 2017a). Additionally, 

Vitamin D3 corrects the hyperinsulinemia increase in the presence of Vitamin D3 

supplemented to diabetogenic diet. The serum triglyceride and non‐esterified, free fatty 

acid in LDLR+/+ and LDLR-/- fed a diabetogenic diet without or with additional Vitamin 

D3 were significantly reduced on Vitamin D3 supplementation. In addition, Vitamin D3 
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reduced the levels of endotoxin and lipid peroxidation product, MDA, as inflammatory 

agents in the serum of WT and LDLR−/− fed a diabetogenic diet for 10 weeks without or 

with additional supplemented Vitamin D3 (R. Kheder et al, 2017a). The more important 

previous finding was that Vitamin D3 ameliorated the inflammatory response in LDLR+/+ 

and LDLR−/− with Vitamin D3 supplementation (R. Kheder et al, 2017a). The exercising 

could influence the inflammatory cytokines production in LDLR-/- mice. It was found that 

the exercising has a significant effect in reducing the serum inflammatory cytokines in 

mice fed a high-fat diet with access to wheel exercising (R. K. Kheder, 2017b). Our results 

revealed that the serum inflammatory cytokines (TNF-alpha and IL-6) were significantly 

increased in LDLR deficient mice serum; this may indicate that LDLR-/- mice could 

exhibit an inflammatory response. In addition, the residual activity of classical and 

alternative pathways activation in LDLR-/- was significantly increased compared to 

control WT mice. In addition, our finding demonstrated that LDLR-/- mice receiving for 

5 weeks Vitamin D3 supplementation or access to voluntary exercising normalised the 

levels of serum TNF-alpha and IL-6 in comparison to LDLR-/- mice (Figure 3-18). These 

results indicate that Vitamin D3 or exercising has an important effect of normalising the 

inflammatory cytokines production in LDLR-/- mice. 

In conclusion, the in vivo investigations revealed that LDLR-/- as a hyperlipidemic model 

showed a significant increase in serum triglyceride level and significant elevation in the 

inflammatory response in terms of inflammatory cytokines and complement system 

activation. Therefore, the LDLR-/- mice have a significant increase in osteoclast activity 

and decrease in osteoblast activity. These results were likely to result in a bone mineral 

reduction in LDLR deficient mine. However, Vitamin D3 supplementation or access to 

wheel exercising were able to have a significant action to normalise the serum 

inflammatory cytokines levels in LDLR-/- mice for 5 weeks. In addition, Vitamin D3 

supplementation or accessing to wheel exercising were shown to have a significant role 

in normalising the osteoclast and osteoblast in LDLR-/- to the activities in wildtype control 

mice. These results show the positive effect of Vitamin D3 supplementation or accessing 

to wheel exercise to normalise the bone mineral density compared to LDLR-/- mice. 

Moreover, the in vitro work revealed that Vitamin D3 addition to osteoclast or osteoblast 

cultures derived from LDLR-/- mice has a significant role to ameliorate the osteoclast 

resorptive activity and osteoblast mineral deposition activity. However, further in vitro 

investigation is needed to study the effect of mechanical stretching on osteoclasts and 
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osteoblasts derived from LDLR-/- mice. Ultimately, Vitamin D3 dietary supplementation 

or regular exercising have a significant action to ameliorate bone mineral density 

reduction induced by LDLR deficiency in mice (Figure 4-2). 

 

Figure 4-2: The effect of vitamin D3 on bone remodelling in LDLR deficient mice. 

 

 

4.3 The effect of vitamin D3 and fatty acid on complement 

component production of the alternative pathway in 

murine osteoclasts. 

The field of osteoimmunology is the functional connection between the immune system 

and bone at the anatomical, vascular, cellular, and molecular levels (Takayanagi, 2009). 

The receptor activator of the nuclear factor-kappa-B ligand 

(RANKL)/RANK/osteoprotegerin (OPG) pathway was identified as an essential 

molecular pathway that interacts between osteoblasts and osteoclasts (Fuller et al, 1998). 

It was shown that not only osteoblasts but also activated T lymphocytes, play an essential 

role in rheumatoid arthritis (RA) pathogenesis, and many other inflammatory cells could 
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produce RANKL, which stimulates the differentiation and activation of osteoclasts 

(Lacey et al, 1998). These findings have participated in developing osteoimmunology as 

a discipline. 

The complement system has in direct and indirect contact with the bone formation and 

resorption. The complement proteins may have an influence on osteoclast and osteoblast 

activities (Huber-Lang, Kovtun and Ignatius, 2013). Various studies mentioned that the 

complement system has a crucial role in bone homeostasis. It was reported that inhibiting 

complement C3 by the anti-C3 antibody led to down-regulation of mRNA RANKL 

expression and decreased numbers of osteoclasts in non-human primates (Maekawa et al, 

2016). In addition, C3 produced by stromal cells in response to 1 alpha,25-(OH)2D3 was 

involved in osteoclast development by potentiating M-CSF-dependent proliferation of 

bone marrow cells and inducing osteoclast differentiation (Jin et al, 1992). In addition to 

C3 receptors, C3aR/C5aR that can also regulate OC differentiation, it was found that C3-

/- BM cells exhibited a reduction in RANKL/OPG expression ratios, produced smaller 

amounts of macrophage colony-stimulating factor and interleukin-6 (IL-6), and generated 

significantly fewer OCs than wild-type (WT) BM cells (Tu et al, 2010). The complement 

components mediate the recruitment of mononuclear osteoclast precursors to the exposed 

mineralised bone surface; it was shown that C3 deposition on mineralised bone surfaces 

mediates the recruitment of mononuclear osteoclasts to this site as the mononuclear 

osteoclasts fuse to form the multinucleate osteoclast (Mangham, Scoones and Drayson, 

1993). In addition, the complement C3 and its anaphylatoxin (C3a) was detected in 

osteoclast conditioned media (Matsuoka et al, 2014), that binds to its receptors, C3aR, 

that are highly expressed on osteoblast and osteoclast (Huber-Lang, Ignatius and Brenner, 

2015). The C5aR has an essential role in osteoclasts and osteoblasts activity. C5aR 

activation by C5a induced strong chemotactic activity in osteoblasts especially during 

fracture healing (Ignatius et al, 2011b). This indicates that complement components or 

anaphylatoxins and their receptors actively participated in bone cell activation, both 

osteoclast and osteoblast. 

This part of the project highlights that complement components play an essential role in 

homeostasis, away from its better-documented role in the innate immune response. One 

study investigates the fifth complement protein production and its cleavage to C5a by 

human osteoclasts differentiated from the human peripheral blood mononuclear 

cell (PBMC) (Ignatius et al, 2011a), but not in murine osteoclast differentiated from bone 
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marrow. Therefore, the C5/C5a was detected by Western blotting and ELISA, and the C5 

gene expression was analysed in murine osteoclasts to investigate whether in vitro 

differentiated murine osteoclasts could express or produce C5 and cleave complement C5 

to its anaphylatoxin C5a. There are various immune cells producing complement C5 like 

mast cells, monocytes, macrophages, dendritic cells, natural killer cells and B and T 

lymphocytes (Lubbers et al, 2017). In addition, it was found that the human osteoblast 

and osteoclast were able to produce the complement C3 while the complement C5 was 

produced by osteoblasts but not osteoclasts (Ignatius et al, 2011a). Moreover, it was 

claimed that human osteoclasts could cleave complement C5 by a specific serine protease 

located on osteoclasts cell membrane (Schoengraf et al, 2013). For the first time, our 

finding showed that murine osteoclasts did not express the complement C5. These 

findings were consistent with Ignatius et al. (2011a). Moreover, the ELISA analysis 

presented that there was no expression for C5 or C5a protein in murine osteoclasts 

supernatant but there was an expression in J774 macrophages supernatant as a positive 

control (Figure 3-22). In addition, to investigate whether murine osteoclasts incubated 

with purified C5 could cleave C5 to C5a; the rabbit polyclonal C5a antibody was used to 

detect the cleaved C5a and un-cleaved C5. The result revealed that murine osteoclast cell 

cultures had not expressed the C5a in the Western blotting analysis (Figure 3-21). This 

result was inconsistent with Ignatius et al. (2011a) who showed that human osteoclasts 

were able to cleave C5 to its C5a. 

Since osteoclasts were derived from monocyte/macrophage lineage (Miron and 

Bosshardt, 2016), and the complement C5 was expressed by different immune cells like 

macrophages (Lubbers et al, 2017), the complement C5 gene expression was analysed in 

murine osteoclasts using PCR and qPCR. Our findings found a novel result that C5 was 

not expressed in murine osteoclasts although it was expressed in J774 cell line and mouse 

liver as a positive control (Figure 3-23). This result was consistent with Ignatius et al. 

(2011a) who showed that C5 could be produced by human osteoblasts but not osteoclasts, 

however, its expression in murine osteoclasts has been not analysed. 

RANKL is the critical cytokine which is responsible for macrophages fusion for 

osteoclasts formation (Fuller et al, 1998). Therefore, it was hypothesised that RANKL 

could play a role in C5 downregulation in murine osteoclasts. The macrophage J774 cell 

line was treated with or without RANKL to investigate whether RANKL could influence 

C5 gene expression on osteoclasts during their differentiation. Our results showed for the 
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first time that C5 gene expression was downregulated in J774 cell line after treating with 

RANKL compared to untreated cells (Figure 3-24). Therefore, a novel finding was that 

unlike human osteoclasts, the murine osteoclasts did not cleave C5 to its anaphylatoxin 

and did not produce or express C5, this possibly due to the RANKL has a role in C5 gene 

suppression during murine osteoclast differentiation. 

Moreover, the way by which the osteoclasts could have an action in alternative pathway 

activation has not investigated. The osteoclasts were generated from 

monocyte/macrophage lineage, which could be differentiated into osteoclasts by suitable 

bone microenvironment (Miron and Bosshardt, 2016; Udagawa et al, 1990). 

Macrophages are one of the immune cells which can produce different protein 

components of the complement system. It was found that macrophages have a significant 

role in producing most of the classical pathway components like C1q, C1r, C1s, C4 and 

C2 (Cole et al, 1980; Strunk et al, 1985). In addition, macrophages have significant 

participation in alternative pathway component secretion. It was proved that macrophages 

have an ability to produce C3, FB, FD, FP and C5 (Lubbers et al, 2017; de Ceulaer, 

Papazoglou and Whaley, 1980; Cole et al, 1980; Strunk et al, 1985). Therefore, it was 

proposed that murine osteoclasts are likely to have an essential role in complement system 

components production especially the alternative pathway components. Our findings 

showed for the first time that murine osteoclasts differentiated from mouse bone morrow 

expressed most of the alternative complement components genes like FB, FD, C3 and 

complement properdin but not C5. Therefore, it was difficult to measure the classical and 

alternative pathways activation in vitro because of the absence of C5 expression in murine 

osteoclasts as the principle of this measurement depends on the formation of C9, however, 

the complement activity could be measured in vivo because the C5 protein could be 

provided from different sources of cells. These novel findings could indicate that 

osteoclasts possibly have a part in alternative pathway activation and their participation 

in complement component productions.    

The osteoclast stimulation by fatty acid with or without vitamin D3 could have a 

significant role in alternative pathway component gene expression. In various studies 

showed that a high-fat diet has an excessive effect on different gene expression. It has 

been reported that complement and coagulation cascade (69 genes) expression were 

increased by high-fat diet, this suggested that a high-fat diet has a significant effect on 

proinflammatory gene expression (Renaud et al, 2014). In addition, it was indicated that 
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fatty acid like palmitic acid have a direct role in inducing inflammatory gene expression 

(Glass and Olefsky, 2012). In contrast, Vitamin D3 could have an important anti-

inflammatory role of regulating the inflammatory response. It has a significant anti-

inflammatory action by reducing the inflammatory cytokine gene expression like TNF-α, 

IL-6 and MCP-1 (Yin and Agrawal, 2014; Calton et al, 2015). In addition, in this project, 

it was found that Vitamin D3 suppressed the detrimental effect of a high-fat diet in vivo. 

Moreover, it was found that Vitamin D3 in vitro suppressed the osteoclast resorptive 

activity induced by free fatty acid stimulation. Therefore, the level of gene expression of 

alternative pathway component was measured to investigate whether in vitro Vitamin D3 

could normalise long chain fatty acid-induced expression of alternative pathway 

complement components in murine osteoclasts. Our finding showed for the first time that 

in vitro differentiated murine osteoclasts stimulated by fatty acid (palmitic and oleic 

acids) have an increase in alternative complement component gene expression e.g. 

complement factors D, B, P and C3. However, Vitamin D3 normalised the alternative 

components gene expression increase induced by fatty acid treatment in osteoclasts. It 

was found that the complement factors D, B, P and C3 were comparable to untreated 

osteoclasts’ gene expression (Figure 3-30; Figure 3-31; Figure 3-32; Figure 3-33). 

The interaction between fatty acid and vitamin D3 signals may be as follows: It was 

reported that fatty acid could activate the transcriptional factor NF-kB via TLR signalling 

pathway (Milanski et al, 2009). TLR-4 is expressed by osteoclasts and has a significant 

role in osteoclastogenesis (D. Wang et al, 2017). Therefore, it was proposed that fatty 

acid could influence the osteoclast differentiation and activation via TLR4 by activating 

the NF-kB pathway signalling which may increase the alternative complement 

components’ gene expression (Boden et al, 2005; Baker, Hayden and Ghosh, 2011). 

TLR4 mediated increase in complement factor B and C3 has been shown for macrophages 

(Pope et al, 2010). In addition, it was found that fatty acid have a significant action to 

induce phosphorylated MAPK pathway activation that could enhance gene expression 

(Malhi et al, 2006; Gupta et al, 2012). However, a recent study showed that Vitamin D3 

could inhibit the NF-kB pathway activation (Jeon and Shin, 2018; Janjetovic et al, 2009). 

Vitamin D3 may have an inhibiting role in the MAPK pathway (Meeker et al, 2014; Q. 

Wang et al, 2014). Therefore, the findings suggest that fatty acid may enhance osteoclast 

differentiation and activation through the NF-kB and MAPK pathways, and then increase 



 

153 

 

gene expression of complement factors D, B, P and C3, but Vitamin D3 may interfere 

with this pathway (Figure 4-3). 

In summary, the murine osteoclasts’ participation in complement system was investigated 

in this section. It was found that unlike human osteoclasts derived from the peripheral 

blood mononuclear cell (PBMC), the mouse osteoclasts were unable to cleave the 

complement C5 to its C5a. In addition, a novel finding was presented that mouse 

osteoclasts did not express the gene and produce the protein of the complement C5, also 

proposing that RANKL could downregulate C5 expression during the osteoclast 

differentiation process. However, the complement C5 could be provided by other stromal 

cells to allow MAC formation during complement activation in bone. Moreover, it was 

revealed that murine osteoclasts expressed most of the alternative pathway components 

like complement factor D, B, P and C3. In addition, our findings showed for the first time 

that fatty acid induced complement factor D, B, P and C3 overexpression in osteoclasts, 

but Vitamin D3 had a significant role to normalise complement factor D, B, P and C3 

gene expression (Figure 4-3). This suggesting that Vitamin D3 could intercept fatty acid 

cellular signals in osteoclasts in vitro. 

 

Figure 4-3: The interaction between Vitamin D3 and fatty acid stimulation of gene expression in 

osteoclasts. 
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5 Conclusion. 

Complement properdin, the only positive regulator for the alternative complement 

system, and its gene absence was examined regarding bone mineral density. Previous 

work was carried out by Dupont et al (2014) showed that properdin-deficient mice had a 

skewing in macrophage activity, and since the osteoclasts are derived from the 

monocytes-macrophages lineage, it was proposed that absence of complement properdin 

could alter the bone remodelling activity. The main in vivo findings showed that the 

absence of complement properdin mice at 6 months old has no effects on bone mineral 

density compared to WT. The in vitro work revealed that there were no significant 

differences in differentiated osteoclast numbers, resorptive activity between properdin-

deficient mice and WT. However, the absence of properdin showed there was a significant 

increase in bone mineral density, but at an older age (10 months old), this means that the 

absence of properdin could attenuate the osteoclasts activity but only at older ages. 

Thereafter, further studies were performed to study the effect of vitamin D3 or exercising 

during high-fat diet feeding for 5 weeks. The effect of a high-fat diet for 5 weeks on bone 

mineral density was investigated. The results showed that bone mineral density was 

significantly reduced, and the levels of triglyceride increased in addition to significant 

alteration of bone remodelling activities (osteoclasts and osteoblasts). These changes 

could occur because of an increase in inflammatory cytokines due to high-fat diet intake 

for 5 weeks. Two interventions were applied to reduce the detrimental effects of a high-

fat diet intake. Vitamin D3 on dietary supplementation or voluntary wheel cage exercising 

were combined with high-fat diet feeding for 5 weeks. These interventions have a 

significant role in normalising the bone mineral density reduction induced by normalising 

the osteoclasts and osteoblast activity in vivo and in vitro. This is showing the importance 

of Vitamin D3 or Exercise to keep the skeletal system healthy even during high-fat diet 

intake. Additionally, it was found that Vitamin D3 or exercising during a normal diet have 

a potentiating effect of increasing the bone mineral density by enhancing osteoblast 

activity and reducing osteoclast activity when these interventions have an anti-

inflammatory effect.  

The low-density lipoprotein receptor has an essential action in LDL uptake, and its 

absence increases the levels of lipoproteins in blood and accumulation in tissue. 

Lipoprotein accumulation could lead to an adverse effect on bone mineral density by 
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changing osteoclast and osteoblast activity balance and inducing an increase in 

inflammatory cytokine levels and complement system activation. Since Vitamin D3 or 

exercising have a positive effect on correcting bone mineral density during the high-fat 

diet, the effect of Vitamin D3 or exercising on bone mineral density reduction induced by 

LDLR-/- was examined in vivo and in vitro. The in vivo results revealed that Vitamin D3 

supplementation or access to exercising has an important role to correct the bone mineral 

density reduction in LDLR-/- mice by enhancing osteoblast activity and reducing 

osteoclast activity, in addition to suppressing the inflammatory cytokine production (IL-

6 and TNF-α) and reducing the triglyceride serum level. The in vitro work showed that 

Vitamin D3 has a significant role in reducing or suppressing osteoclast resorptive activity 

and enhancing the bone mineral deposition by osteoblasts compared to LDLR-/- genotype. 

This suggests that Vitamin D3 or exercising could be beneficial to LDLR deficient 

families of humans that suffer from low bone mineral density. 

To inspect whether murine osteoclasts could participate in complement alternative 

pathway component expression, the gene expression of CFD, CFB, CFP, C3 and C5 by 

osteoclasts was screened. The results showed that murine osteoclasts express CFD, CFB, 

CFP, C3 but not C5, suggesting that osteoclasts have a role in producing most of the 

alternative pathway components, and they could contribute in alternative pathway 

activation. Since the high-fat diet had a negative effect on bone mineral density by 

increased osteoclast activity but vitamin D3 could normalise the BMD, it was proposed 

the osteoclasts stimulation by fatty acid with or without Vitamin D3 as an in vitro model 

of high-fat diet could induce and alter alternative components expression. The results 

showed that the gene expression of CFD, CFB, CFP and C3 were excessively increased 

by osteoclasts treated with fatty acid compared to untreated osteoclasts, whilst in vitro 

addition of Vitamin D3 with fatty acid to differentiated osteoclasts expressed CFD, CFB, 

CFP and C3 genes. This could indicate that osteoclasts are likely to contribute to 

complement component production (CFD, CFB, CFP and C3). Vitamin D3 may have a 

role in curbing excessive complement component production by osteoclasts induced by 

fatty acid. 
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6 Future Plan: 

 Providing further understanding to study the role of properdin gene deletion at 

older age (at or more than 10 months old mice) by in vivo measuring the role of 

complement properdin deficiency on bone mineral density using microcomputed 

tomography, then measuring the osteoclasts/osteoblasts activities. In vitro the 

osteoclasts activity could be measured by differentiated osteoclasts from 

PKO/WT and then measuring the number of osteoclasts and the resorptive activity 

by culturing them on hydroxyapatite well plates. Also, the osteoblasts activity 

could be measured by differentiating the osteoblasts from PKO/WT and then 

quantify the osteoblasts number and osteoblasts mineral deposition.  

 In this thesis, it was found that vitamin D3 or exercising during high fat diet 

normalised the bone mineral density reduction induced by high fat diet in 5 weeks. 

The combination of Vitamin D3 and exercising during high fat diet could enhance 

or increase the bone mineral density whilst high fat diet feeding. This could be 

measured by feeding on high fat diet contains 11IU/g of vitamin D3 in additional 

to accessing to exercising for 5 weeks. Then, the bone mineral density by µ-CT 

could be evaluated and then the bone remodelling could be assessed for both 

interventions. 

 The osteoclast and osteoblast could be assessed in vivo and in vitro by 

differentiating the from LDLR-/- and applying them to mechanical stretching form 

one hour or overnight and then measuring the osteoclasts resorptive activity and 

osteoblasts mineral deposition. 

  Identification the exact signalling pathway of Vitamin D3 or fatty acids that could 

interact with the gene expression or protein production of CFD, CFB, CFP and 

C3 by measuring the NF-kB, NFATc1, and different MAPKs signalling by 

western blotting or ELISA.  

 Evaluate the role of osteoclast and osteoblast in genes and protein expression of 

complement classical and lectin pathways compounds, by identifying gene 

expression of complement classical and lectin pathways compounds expression in 

murine osteoclasts by differentiating osteoclast and quantify the gene expression 

by PCR or qPCR. Then, evaluation the role of Vitamin D3 on the gene expression 

with or without fatty acids stimulation. 
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7 Appendices 

The talk’s presentations and posters that were shared with other people like the following: 

1- I have presented a talk presentation of the part from my project at the 9th annual 

postgraduate conference in University of Leicester, the presentation talk title is showing 

below. 
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2- I have presented a poster presentation of the part from my project in the “11th 

International Conference on Osteoporosis, Arthritis and Musculoskeletal disorder” held 

during December 04-05, 2017 in Madrid, Spain. In that conference, I have awarded the 

best poster presentation prize. The poster presentation copy and the prize certificates form 

the conference and congratulation latter from the head of the department are showing 

below. 
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3- I have presented a talk presentation of the part from my project in a seminar in 

University of Hull, this talk included the in vivo and in vitro work, and the presentation 

talk title is showing below. 

 

 

4- I have presented a talk presentation of the part from my project in the Micro-computed 

tomography seminar at the University of Leicester, the presentation talk title is showing 

below. 
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5- I have presented a poster presentation of the part from my project in the Complement 

UK Annual Conference, Manchester 2018, the presentation talk title is showing below. 
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6- I have presented a talk presentation of the part from my project at the 10th annual 

postgraduate conference in University of Leicester, the presentation talk title is showing 

below. 
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