
1 
 

 

 

Age Related Changes in Responses to Mechanical Loading in 

Mice 

 

Thesis submitted in accordance with the requirements of the University of 

Liverpool for the degree of Doctor in Philosophy 

 

By 

 

Nihad Hameed Dawood 

 

 

March 2022 

 



I 
 

Abstract 

Bone is the basic unit of vertebrates’ skeletal system which serves a variety of important 

functions, with age bone properties change. Bone modifications may include histological, 

physiological and genetic modifications that affect mechanical function. As a result of the 

ageing process the bones become weaker and more prone to fracture. 

Osteoporosis is a progressive systemic skeletal disease characterized by low bone mass and 

micro architectural deterioration of bone tissue, with a consequent increase in bone fragility 

and susceptibility to fracture. Osteoporosis commonly occurs in humans (mostly women) over 

age 50, suggesting an age related mechanism is at play. 

Previous studies demonstrated that, bone shows mechanical adaptation to loading, 

characterised by increased bone formation in response to mechanical loading. The exact 

underlying mechanisms are currently unclear. However osteocytes are the main 

mechanosensing cells in bone and therefore changes in osteocyte number or activity are 

highly likely to play a role in the age-related reduced anabolic response to loading. 

Sclerostin, the bone morphogenetic protein antagonist which is secreted by osteocytes, acts 

as an extracellular inhibitor of canonical Wnt signalling pathway and the absence or decrease 

of sclerostin, revealed an increased in bone mass. Therefore, it is expected to be a key player 

in bone turnover. 

Bone ageing is currently not fully understood, especially the specific changes in bone cell 

function and gene expression, and the link of these to the known decrease in adaptation to 

mechanical loading with ageing. To study age related changes in osteoblasts and osteocytes 

and their response to mechanical loading with ageing, two models were chosen, an in vivo 

model of mechanical loading for the knee and an in vitro model of mechanical stretch of 

primary mouse osteoblasts in two different age groups (young adult, 3 month old and aged 

adult, 15 month old mice).  

The aim of this study is to investigate the effect of two parameters (age and load) on bone 

through assessing biochemical markers of circulating bone turnover (ELISA) after in vivo 

cyclical loading of mice tibias using 11N force, three times a week for two weeks. Bone 

volume, thickness and osteocyte numbers were assessed by micro CT image analysis, as well 
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as immunohistochemistry to quantify sclerostin expression in osteocytes using confocal 

microscopy. New bone formation was then assessed using fluorescent microscopy, 

specifically looking at calcein double labelled. 

Finally, studying the genetic changes in the two age groups of mice in response to loading by 

the next generation gene sequencing (RNAseq) and quantitative measurement of polymerase 

chain reaction (qPCR) for relative expression of top significantly differentially expressed genes 

seen from the RNAseq study.  

The main finding of this study is that aged mice did not respond to mechanical loading as seen 

in histological analysis. There was no bone formation after in vivo mechanical loading in mice 

tibias, ELISA results for biochemical marker sclerostin, osteocalcin, osteopontin, P1NP and 

CTX stayed the same between loaded and unloaded mice. Gene expression results showed 

no effect on stretched aged osteoblasts in in vitro loading either. While young mice showed 

a significant response to mechanical loading in all parameters studied. The most upregulated 

genes were connected to the transcriptional regulator ATRX gene which encodes the 

chromatin remodelling protein, and this is linked to the ubiquitin carboxyl-terminal hydrolase 

34(Usp34) that removes conjugated ubiquitin from AXIN1 and AXIN2. It can also act as a 

regulator and activator to the Wnt signalling pathway, which is also upregulated in young 

osteoblasts. Additionally, the structural genes that encode for the tubulin genes and their 

products that participate in the formation of microtubules, the structural proteins that 

participate in cytoskeletal structure, were also upregulated. 

Overall, young bone responds to mechanical loading more than aged bone. This is largely due 

to the reduced osteocyte number in aged bone, which is the main bone cell responsible for 

mechanosensing.  
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Chapter 1. Introduction 

1.1. Bone 

Bone, a specialized and mineralized connective tissue, makes up, with cartilage, the skeletal 

system. Bone is the basic unit of vertebrates’ skeletal system which constitutes approximately 

15 % of the total body weight. Bone provides the framework for the body, supports 

mechanical movement, protects the dynamic internal organs such as the lungs and the brain, 

hosts hematopoietic cells within the bone marrow, stores the largest depot of minerals in the 

body (in total, 99 % of calcium, 85 % of phosphate and 50 % of magnesium are stored in the 

bones)(1), and maintains iron homeostasis(2), bone also serves an important endocrine 

function(3). 

Morphologically, bones can be classified into flat (e.g. the cranial vault, the scapula and the 

vertebral lamina), short (e.g. tarsals, carpals and vertebral bodes) and long bones (e.g. femur, 

tibia and humerus)(4). Flat bones developed from intramembranous ossification while long 

bones mainly from endochondral ossification (Figure 1.1 A and B).   

  

 

Figure 1.1. A. Endochondral ossification, B. Intramembranous ossification (De Neo, histology 

of bone and cartilage, 2011). 

 

Anatomically, the long bone consists of two components: The cortical bone which is dense, 

solid, and surrounds the marrow space called shaft or diaphysis, and the trabecular or 

cancellous or spongy bone which is composed of trabecular plate network scattered in the 

https://www.sciencedirect.com/topics/medicine-and-dentistry/enchondral-ossification
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bone marrow section at each end of the shaft called the head or epiphysis. The transitional 

zone between the diaphysis and the epiphysis called the metaphysis(4). About 80% of the 

adult human skeleton weight consists of cortical bone(5).  

Cortical bone has an outer periosteal and inner endosteal surfaces (Figure 1.2). The 

periosteum is a fibrous connective tissue sheath that surrounds the outer cortical surface of 

bone, except at joints where bone is lined by articular cartilage. It contains blood vessels, 

nerve fibres, osteoprogenetor cells, osteoblasts, and osteoclasts. It protects, nourishes, and 

aides in bone formation. It plays an important role in apposition growth and fracture repair. 

The endosteum is lining the inner surface of cortical and cancellous bone, it has a 

membranous structure and the blood vessel canals (Volkmann’s canals) present in it(6). 

 

Figure 1.2. Structure of long bone. https://onlinesciencenotes.com/structure-functions-

bones/ 

 

https://onlinesciencenotes.com/structure-functions-bones/
https://onlinesciencenotes.com/structure-functions-bones/


3 
 

Histologically, bone can be classified based on the shape of collagen forming osteoid (osteoid 

is the early formed un-mineralized bone matrix that forms prior to the maturation of bone 

tissue) into two types, woven bone, which is characterized by a random organization of 

collagen fibres, and lamellar bone, which is characterized by a regular parallel arrangement 

of collagen into sheets (lamellae, see figure 1.3). Woven bone is weaker than lamellar bone 

due to the irregular orientations of collagen fibrils and the absence of lamellar pattern (Figure 

1.4). Woven bone is formed when osteoblasts produce osteoid rapidly, mostly in all fetal 

bones and in fracture healing. Then the resultant woven bone is replaced by a process called 

remodelling by the deposition of more resilient lamellar bone. Practically all the bone in the 

healthy mature adult is lamellar bone(7). 

Because of its mechanical function, bone requires a certain degree of strength and stiffness. 

Bone adapts to patterns of loading to avoid fractures caused by repetitive loading at 

physiologic levels because of its organization as a multiscale material. Following paragraphs 

contain more explanation for bone composition which gives it specialization. 

  

 

Figure 1.3. Lamellar bone in human showing lamellar sheets 

https://www.pinterest.com/pin/336503403383623742/ 

https://www.pinterest.com/pin/336503403383623742/
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Figure 1.4. Woven bone in human showing lake of arrangement 

http://medicalschool.tumblr.com/post/13929724453/woven-bone-is-the-primitive-bone-

first-laid-down 

 

1.2. Bone Histology: 

Bone is like other connective tissues that consists of cells and extracellular matrix. The cells 

unique to bone are osteoblasts, osteocytes, lining cells and osteoclasts. 

 

1.2.1. Osteoblasts 

Osteoblasts are mononuclear, and their shape varies from flat to cuboidal or columnar shape, 

reproducing their level of cellular activity, in later stages of maturity located along the bone 

surface, including 4–6 % of the total bone cells(8).                                                              

Osteoblasts are responsible for synthesizing the organic components of the bone matrix, 

including type I collagen, proteoglycans, and glycoproteins. Osteoblasts also synthesize the 

enzyme alkaline phosphatase, which is needed locally for the mineralization of osteoid(9). 

Two kinds of osteoblasts are formed differentiation of Osteoprogenitor cells, either 

mesenchymal osteoblasts, which synthesize woven bone in random orientation (figure 1.5.), 

or surface osteoblasts, which synthesize bone on surfaces in a well oriented lamellar 

arrangement (10). 

http://medicalschool.tumblr.com/post/13929724453/woven-bone-is-the-primitive-bone-first-laid-down
http://medicalschool.tumblr.com/post/13929724453/woven-bone-is-the-primitive-bone-first-laid-down
http://medicalschool.tumblr.com/post/13929724453/woven-bone-is-the-primitive-bone-first-laid-down
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Figure 1.5. Osteoblasts, mononuclear and cuboidal shape on the surface of the woven bone 

https://radiologykey.com/the-skeleton-structure-growth-and-development-and-basis-of-

skeletal-injury/ 

Osteoblasts are derived from mesenchymal stem cells (MSC) (Figure 1.6). That requires the 

expression of specific genes, and programmed steps, including the synthesis of bone 

morphogenetic proteins (BMPs) and members of the Wingless (Wnt) pathways(11). 

Osteoblast progenitors expressing Runx2 and ColIA1 genes during osteoblast differentiation 

in the proliferation phase. In this phase, osteoblast progenitors show alkaline phosphatase 

(ALP) activity, and are considered pre osteoblasts (8). Pre osteoblasts change to mature 

osteoblasts (large and cuboidal) by increase the expression of Osterix and the secretion of 

bone matrix proteins such as osteocalcin, bone sialoprotein (BSP) I/II, and collagen type I (12). 

Two main steps take place during the synthesis of bone matrix by osteoblasts: deposition of 

organic matrix and then its mineralization. In the first step, the osteoblasts secrete collagen 

proteins, mainly type I collagen, non-collagen proteins (osteocalcin, osteonectin, BSP II, and 

osteopontin), and proteoglycan including decorin and biglycan, which form the organic 

matrix. Thereafter, mineralization of bone matrix takes place into two phases: the vesicular 

and the fibrillar phases (13).  

The vesicular phase starts when portions of vesicles with diameters ranging from 30 to 200 

nm, called matrix vesicles, are released from the apical membrane area of the osteoblasts 

into the newly formed bone matrix in which they bind to proteoglycans and other organic 

https://radiologykey.com/the-skeleton-structure-growth-and-development-and-basis-of-skeletal-injury/
https://radiologykey.com/the-skeleton-structure-growth-and-development-and-basis-of-skeletal-injury/
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components. Because of its negative charge, the sulphated proteoglycans immobilize calcium 

ions that are stored within the matrix vesicles (14). Osteoblasts secrete enzymes that degrade 

the proteoglycans, to release the calcium ions from the proteoglycans, then these ions cross 

the Calcium channels existing in the matrix vesicles membrane. These channels are formed 

by proteins called annexins (13). Osteoblasts also secrete alkaline phosphatase (ALP) to 

degrade the phosphate-containing compounds and release phosphate ions inside the matrix 

vesicles. Then, the phosphate and calcium ions inside the vesicles combine, forming the 

hydroxyapatite crystals (15). 

The fibrillar phase starts when the calcium and phosphate ions inside the matrix vesicles 

supersaturated leads to the breakdown of these structures and the hydroxyapatite crystals 

spread to the surrounding matrix (16). At this stage, the mature osteoblasts can undergo 

apoptosis or become osteocytes or bone lining cells, however, the mechanisms responsible 

for the osteoblasts fate are not known (17). Osteoblasts contact their neighboring osteoblasts 

cytoplasmically. Osteoblasts do not divide. They give rise to osteocytes, remain as osteoblasts, 

or return to the state of osteoprogenitor cells from which they derived. 
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Figure 1.6. Differentiation of human umbilical cord – mesenchymal stem cells (HUC-MSCs) 

into osteoblasts in vitro. (A, D) Morphology of hUC-MSCs cultured in osteogenic medium for 

21 days. (B, E) In vitro differentiation of hUC-MSCs into osteoblasts, were shown by positive 

alizarin red (B) and ALP staining (E) of calcified extracellular matrix. Scale bar: 100 mm. 

doi:10.1371/journal.pone.0064000.g006 

https://www.researchgate.net/figure/Differentiation-of-hUC-MSCs-into-osteoblasts-in-

vitro-A-D-Morphology-of-hUC-MSCs_fig26_236978569 

 

1.2.2. Osteoclasts 

Osteoclasts are large multinucleated cells, rest directly on a shallow bay called a resorption 

bay resulting from its activity on the resorbed bone tissue (Figure 1.7). Osteoclasts can be 

recognized as acidophilic large size cells which display a strong histochemical reaction for acid 

phosphatase due to containing of numerous lysosomes. One of these enzymes, the 35-

kilodalton iron-containing tartrate-resistant acid phosphatase (TRAP), which is used clinically 

as a marker of osteoclast activity and differentiation(18).  

https://www.researchgate.net/figure/Differentiation-of-hUC-MSCs-into-osteoblasts-in-vitro-A-D-Morphology-of-hUC-MSCs_fig26_236978569
https://www.researchgate.net/figure/Differentiation-of-hUC-MSCs-into-osteoblasts-in-vitro-A-D-Morphology-of-hUC-MSCs_fig26_236978569
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Figure 1.7. Osteoclast. Represent multinuclear cell larger than other cells. 

http://www.pathologyoutlines.com/topic/bonemarrowosteoclasts.html 

 

Osteoclasts originate from mononuclear cells of the hematopoietic stem cell lineage which 

terminally differentiated multinucleated cells (figure 1.8) under the influence of several 

factors. Among these factors the macrophage colony-stimulating factor (M-CSF), secreted by 

Osteoprogenitor mesenchymal cells and Osteoblasts(19), and RANK ligand, secreted by 

osteoblasts, osteocytes, and stromal cells(20). These factors together promote the activation 

of transcription factors and gene expression in osteoclasts. M-CSF binds to its receptor 

(Colony-stimulating factor-1 receptor (cFMS)) present in osteoclast precursors, which 

stimulates their proliferation and inhibits their apoptosis(21). 

The receptor activator of nuclear factor kappa-B ligand (RANKL) is a key factor for 

osteoclastogenesis and is expressed by osteoblasts, osteocytes, and stromal cells. When it 

binds to its receptor RANK in osteoclast precursors, osteoclast formation is induced(22). On 

the other hand, another factor called osteoprotegerin (OPG), which is produced by a wide 

range of cells including osteoblasts, stromal cells, and gingival and periodontal fibroblasts, 

binds to RANKL, preventing the RANK/RANKL interaction and, consequently, inhibiting the 

osteoclastogenesis(23). Thus, the RANKL/RANK/OPG system is a key mediator of 

osteoclastogenesis.   

The RANKL/RANK interaction also promotes the expression of other osteoclastogenic factors 

such as NFATc1 and Dendrocyte Expressed Seven Transmembrane Protein (DC-STAMP). By 

http://www.pathologyoutlines.com/topic/bonemarrowosteoclasts.html
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interacting with the transcription factors PU.1, cFos, and MITF, NFATc1 regulates osteoclast 

specific genes including TRAP and cathepsin K, which are crucial for osteoclast activity(24). 

Under the influence of the RANKL/RANK interaction, NFATc1 (NFATc1 gene encodes Nuclear 

factor of activated T-cells, cytoplasmic 1 protein) also induces the expression of DC-STAMP, 

which is crucial for the fusion of osteoclast precursors(25). During bone remodelling 

osteoclasts polarize; then, four types of osteoclast membrane domains can be detected: the 

sealing zone and ruffled border that are in contact with the bone matrix, as well as the 

basolateral and functional secretory domains, which are not in contact with the bone 

matrix(26,27). 

Polarization of osteoclasts during bone resorption involves rearrangement of the actin 

cytoskeleton, in which an F-actin ring that comprises a dense continuous zone of highly 

dynamic podosome is formed and consequently an area of membrane that develop into the 

ruffled border is isolated. Interestingly, these domains are only formed when osteoclasts are 

in contact with extracellular mineralized matrix, The attachment process of the osteoclast 

podosomes to the bone surface mediated via integrin, as well as the CD44(28,29).   

Ultra-structurally, the ruffled border is a membrane domain formed by microvilli, which is 

isolated from the surrounded tissue by the clear zone or sealing zone. The clear zone is an 

area empty of organelles located in the periphery of the osteoclast adjacent to the bone 

matrix(29). This sealing zone is formed by an actin ring and some other proteins, including 

actin, talin, vinculin, paxillin, tensin, and actin-associated proteins such as α-actinin, fimbrin, 

gelsolin, and dynamin. The -integrin binds to non-collagenous bone matrix containing-RGD 

sequence(consists of Arginine, Glycine, and Aspartate) such as bone sialoprotein, 

osteopontin, and vitronectin, forming a peripheral sealing that restricts the central region, 

where the ruffled border is situated (29). 

The osteoclast activity depends on the ruffled border preservation, which formed due to 

powerful transferring lysosomes and endosomes. The ruffled border have a vascular-type H+-

ATPase (V-ATPase), which helps to acidify the resorption bay and enables hydroxyapatite 

crystals dissolution(29). In this region, protons and enzymes, such as tartrate-resistant acid 

phosphatase (TRAP), cathepsin K, and matrix metalloproteinase-9 (MMP-9) are transported 

into a compartment called How ship lacuna leading to bone degradation. The products of this 
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degradation are then endocytosed across the ruffled border and transcytosed to the 

functional secretory domain at the plasma membrane (27). 

 

 

Figure 1.8. Osteoclastogenesis. (Adapted from Boyle et al. [69]). In the presence of M-CSF and 

RANKL, osteoclast precursors undergo differentiation and fusion. Transcription factors are 

listed above the cells; key functional proteins are listed below the cells. To regulate osteoclast 

formation and function, osteoblasts and stromal cells secrete OPG, a decoy receptor for 

RANKL. 

https://www.researchgate.net/profile/Irina_Voronov/publication/328123188/figure/downl

oad/fig1/AS:761453405544449@1558556047276/Osteoclastogenesis-adapted-from-Boyle-

et-al-69-In-the-presence-of-M-CSF-and-RANKL.png 

 

Abnormal increase in osteoclast formation and activity leads to some bone diseases such as 

osteoporosis, where resorption exceeds formation causing decreased bone density and 

https://www.researchgate.net/profile/Irina_Voronov/publication/328123188/figure/download/fig1/AS:761453405544449@1558556047276/Osteoclastogenesis-adapted-from-Boyle-et-al-69-In-the-presence-of-M-CSF-and-RANKL.png
https://www.researchgate.net/profile/Irina_Voronov/publication/328123188/figure/download/fig1/AS:761453405544449@1558556047276/Osteoclastogenesis-adapted-from-Boyle-et-al-69-In-the-presence-of-M-CSF-and-RANKL.png
https://www.researchgate.net/profile/Irina_Voronov/publication/328123188/figure/download/fig1/AS:761453405544449@1558556047276/Osteoclastogenesis-adapted-from-Boyle-et-al-69-In-the-presence-of-M-CSF-and-RANKL.png
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increased bone fractures (30). In some pathologic conditions including bone metastases and 

inflammatory arthritis, abnormal osteoclast activation results in periarticular erosions and 

painful osteolytic lesions, respectively. 

On the other hand, in osteopetrosis, which is a rare bone disease, genetic mutations that 

affect formation and resorption functions in osteoclasts lead to decreased bone resorption, 

resulting in a disproportionate accumulation of bone mass(30). These diseases demonstrate 

the importance of the normal bone remodelling process for the maintenance of bone 

homeostasis. 

Furthermore, there is evidence that osteoclasts display several other functions. For example, 

it has been shown that osteoclasts produce factors called clastokines that control osteoblast 

during the bone remodelling cycle. Other recent evidence is that osteoclasts may also directly 

regulate the hematopoietic stem cell niche(30). These findings indicate that osteoclasts are 

not only bone resorbing cells, but also a source of cytokines that influence the activity of other 

cells. 

1.2.3. Osteocytes 

Osteocytes, comprise 90–95% of the total bone cells, are the most abundant and long-lived 

cells, with up to 25 years lifespan(30). Unlike osteoblasts and osteoclasts, which have been 

defined by their own functions during bone formation and bone resorption, osteocytes were 

formerly defined by their morphology and location. For years, due to difficulties in isolating 

osteocytes from bone matrix led to the inaccurate view that these cells would be inactive 

cells, and their functions were misunderstood(31). The development of new technologies 

such as the identification of osteocyte-specific markers, new animal models, development of 

techniques for bone cell isolation and culture, and the establishment of phenotypically stable 

cell lines led to the improvement of the understanding of osteocyte biology. In fact, it has 

been recognized that these cells play several important functions in bone(30). 

The osteocytes are located within lacunae surrounded by mineralized bone matrix, wherein 

they show a dendritic morphology(31), (Figures A and B). The morphology of embedded 

osteocytes differs depending on the bone type. For instance, osteocytes from trabecular bone 
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are more rounded than osteocytes from cortical bone, which display an elongated 

morphology(32).                                                                     

 

A 

 

B 
 

 

                                                                                                                                                                                                                        

Figure 1.9. Osteocytes: Light (A) and electron (B) micrographs of slices of alveolar bone rats. 

(A) Section subjected to the silver impregnation method. Note the cytoplasmic processes 

(arrows) of the osteocytes (Ot) connecting with each other. Scale bar: 15 μm. (B) Scanning 

electron micrograph showing two osteocytes (Ot) surrounded by bone matrix (B). Note that 

the cytoplasmic processes (arrows) are observed between the osteocytes (Ot) forming an 

interconnected network. Scale bar: 2 μm (33). 

 

Osteocytes are derived from MSCs lineage through osteoblast differentiation (as mentioned 

in the last paragraph of section 2.1.1). In this process, four recognizable stages have been 

suggested: osteoid-osteocyte (the surface osteoblasts), preosteocyte (the embedding osteoid 

osteocyte), young osteocyte (early mineralizing osteocytes), and mature osteocyte(17). At the 

end of a bone formation cycle, a subpopulation of osteoblasts becomes osteocytes 

incorporated into the bone matrix. This process is accompanied by conspicuous 

morphological and ultrastructural changes, including the reduction of the round osteoblast 

size. The number of organelles such as rough endoplasmic reticulum and  

Golgi apparatus decreases, and the nucleus-to-cytoplasm ratio increases, which correspond 

to a decrease in the protein synthesis and secretion(34). 
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Figure1.10. The Goldner-stained bone section shows marrow, the surface osteoblasts (①), 

the embedding osteoid osteocyte (②), early mineralizing osteocytes (③), and mature 

osteocytes (④) (35). 

  

During osteoblast/osteocyte transition, cytoplasmic process starts to emerge before the 

osteocytes have been encased into the bone matrix (8). The mechanisms involved in the 

development of osteocyte cytoplasmic processes are not well understood. However, the 

protein E11/gp38, also called podoplanin may have an important role. E11/gp38 is highly 

expressed in embedding or recently embedded osteocytes, similarly to other cell types with 

dendritic morphology such as podocytes, type II lung alveolar cells, and cells of the choroid 

plexus (36).  

It has been suggested that E11/gp38 uses energy from GTPase activity to interact with 

cytoskeletal components and molecules involved in cell motility, whereby regulate actin 

cytoskeleton dynamics (37,38). Accordingly, inhibition of E11/gp38 expression in osteocyte-

like MLO-Y4 cells has been shown to block dendrite elongation, suggesting that E11/gp38 is 

implicated in dendrite formation in osteocytes (36). A number of markers have been 

identified that are differentially expressed during osteocyte differentiation process such as 

Cbfa1/Runx2, Osx, Alp, Col1a1, and Bglap). Once the stage of mature osteocyte totally 

entrapped within mineralized bone matrix is accomplished, several of the previously 

expressed osteoblast markers such as OCN, BSPII, collagen type I, and ALP are downregulated. 
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On the other hand, osteocyte markers including dentine matrix protein 1 (DMP1), Phosphate-

regulating neutral endopeptidase (PHEX) and E11 are highly expressed for early osteocyte and 

RANKL, Sclerostin (SOST), fibroblast growth factor 23 (FGF23), and matrix extracellular 

phosphoglycoprotein (MEPE) for mature osteocytes (35,39,40). 

Whereas the osteocyte cell body is located inside the lacuna, its cytoplasmic processes (up to 

50 per each cell) cross tiny tunnels that originate from the lacuna space called canaliculi, 

forming the osteocyte lacuna-canalicular system (41) (Figures 1.9 A and B). These cytoplasmic 

processes are connected to other neighbouring osteocytes processes by gap junctions, as well 

as to cytoplasmic processes of osteoblasts and bone lining cells on the bone surface, 

facilitating the intercellular transport of small signalling molecules such as prostaglandins and 

nitric oxide among these cells. In addition, the osteocyte lacuna-canalicular system is in close 

proximity to the vascular supply, whereby oxygen and nutrients can reach osteocytes(42). 

It has been estimated that osteocyte surface is 400-fold larger than that of the all Haversian 

and Volkmann systems and more than 100-fold larger than the trabecular bone surface (43). 

The cell-cell communication is also achieved by interstitial fluid that flows between the 

osteocytes processes and canaliculi (43). By the lacunocanalicular system, the osteocytes act 

as mechanosensors as their interconnected network has the ability to detect mechanical 

pressures and loads, thus it can help the adaptation of bone to daily mechanical forces (31). 

By this way, the osteocytes seem to act as orchestrators of bone remodeling, through 

regulation of osteoblast and osteoclast activities (44). Moreover, osteocyte apoptosis has 

been recognized as a chemotactic signal to osteoclastic bone resorption(45–48). In 

agreement, it has been shown that during bone resorption, apoptotic osteocytes are 

surrounded by osteoclasts (49–51). 

The mechanosensitive function of osteocytes is talented due to the strategic location of these 

cells within bone matrix. Thus, the shape and spatial arrangement of the osteocytes are in 

agreement with their sensing and signal transport functions, sponsoring the translation of 

mechanical stimuli into biochemical signals, a phenomenon that is called piezoelectric 

effect(52). The mechanisms and components by which osteocytes convert mechanical stimuli 

to biochemical signals are not well known. However, two mechanisms have been proposed. 

One of them is that there is a protein complex formed by a cilium and its associated proteins 

PolyCystins 1 and 2, which has been suggested to be crucial for osteocyte mechanosensing 
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and for osteoblast/osteocyte-mediated bone formation (53). The second mechanism involves 

osteocyte cytoskeleton components, including focal adhesion protein complex and its 

multiple actin-associated proteins such as paxillin, vinculin, talin, and zyxin (54). Upon 

mechanical stimulation, osteocytes produce several secondary messengers, for example, 

Adenosine triphosphate (ATP), nitric oxide (NO), Ca2+, and prostaglandins (PGE2 and PGI2,) 

which influence bone physiology (55,56). Independently of the mechanism involved, it is 

important to mention that the mechanosensitive function of osteocytes is possible due to the 

intricate canalicular network, which permits the communication among bone cells. 

As osteocytes are multifunctional, critically essential cells, the major aim in healthcare 

research is to keep osteocytes alive and healthy, especially with aging. With aging, osteocyte 

death is accelerated, mainly through apoptosis leaving empty lacunae that can fill in with 

mineral, a process called micropetrosis. Micropetrosis may work as a compensatory 

mechanism in aged bone by removing the empty lacunae which can play as a stress 

concentrator if left open. Osteocytes can also undergo programmed cell death, especially in 

the existence of micro damage, which stimulates the release of chemical signals for 

osteoclasts to remodel the damaged bone (57). 

 

1.2.4. Bone Lining Cells 

Bone lining cells are inactive flat-shaped osteoblasts that cover the bone surfaces, where 

neither bone resorption nor bone formation is occur. These cells have a thin and flat shape 

nucleus, its cytoplasm shows few cytoplasmic organelles such as rough endoplasmic 

reticulum and Golgi apparatus (58) (Figure 1.10). Some of these cells show processes 

extending into canaliculi, and gap junctions are also detected between adjacent bone lining 

cells and between these cells and osteocytes (59). 

 



16 
 

 

 

 

 

 

Figure 1.11. Bone lining cells (BLC) showing limited cytoplasm are situated on the osteoid 

surface (Otd). BLC extend some thin cytoplasmic projections (arrows) towards the osteoid 

(Otd). Scale bar: 2 µm. N: nucleus. (33). 

The secretory activity of bone lining cells depends on the bone physiological status, thus their 

secretory activity may reacquire to enhance their size and become cuboidal shape(59). Bone 

lining cells functions are not completely understood, but it has been shown that these cells 

prevent the direct interaction between osteoclasts and bone matrix, when bone resorption 

should not happen, and also participate in osteoclast differentiation, by producing OPG and 

the RANKL (60,61). Moreover, the bone lining cells is one of the important component of the 

bone multicellular units (BMU) that present during the bone remodelling cycle (62). 

1.2.5. Bone matrix: 

The mature bone matrix distinguishes bone from other connective tissues by its 

mineralisation which produces an extremely hard tissue capable of providing support and 

protection. The mineral is calcium phosphate in the form of hydroxyapatite crystals [Ca10 

(PO4)6(OH) 2]. 

 In addition to the support and protection function, bone plays an important role in the 

homeostatic regulation of blood calcium levels. By phosphate and calcium mobilization from 

the matrix to the blood to maintain the right needed levels(63).  

The main function of extracellular matrix is not only occupying the cells which are responsible 

for its synthesis and maintenance, but it has also an influence on the cellular functions. 

The interaction between cells and matrix mediated by specific cell receptors and cell binding 

epitopes that play an important rule to regulate or promote cellular differentiation and gene 
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expression levels. An additional influence of the extracellular matrix on morphogenesis and 

cellular metabolism can be recognised by the storage and release of growth factors which is 

modulated by their binding to specific matrix components(64). 

The bone matrix composed of a scaffold of interwoven collagen fibres within hydroxyapatite 

crystals, associated with it other non-collagenous proteins.  

The major structural component of bone matrix is collagen which composed about 90% of 

the total weight of the bone matrix proteins, mostly collagen type I (about 80% of the collagen 

fibres) then type V collagen and a little amounts of other types such as type III, XI, and XIII 

collagens(22).  

Each collagen fibre consist of collagen fibrils in variable dimeters and sizes depend on 

different location and stage of development. The collagen molecule measures about 300 nm 

long and 1.5 nm thick and has a head and a tail. Within each fibril, the collagen molecules line 

up head to tail in overlapping rows with a gap between the molecules in each row and a one-

quarter-molecule stagger between adjacent rows. The strength of the fibril is created by the 

covalent bonds between the collagen molecules of adjacent rows (63).  

Collagen type I is a large molecule (MW >300 000 Da) with a trimeric helical structure. Type I 

collagen is initially synthesized in the rough endoplasmic reticulum (RER) as a precursor mol-

ecule (type I procollagen) that combines two proα1 (I) and one proα2 (I) peptide chains 

(encoded by COL1A1 and COL1A2 genes, respectively) in a triple helix of 1014 amino acids 

composed of un-interrupted Gly-X-Y tripeptide replicates (Gly is glycine and X and Y are 

proline or lysine), bordered by propeptides at both N- and C-terminal ends. During and after 

translation, the three chains undergo extensive modification. All Y-position proline residues 

convert to 4-hydroxyproline by Prolyl-4-hydroxylase, this modification is essential for thermal 

stability of the trimeric composition (the individual chains unfold from the stable triple helix 

melt at about 27°C, whereas with hydroxylation, the melting temperature is about 42°C). 

Some Y-position lysine residues within the triple helical domain are hydroxylated by the 

enzyme lysyl hydroxylase-1, and glucose and galactose groups added by glycosyltransferases. 

Hydroxylation of these triple helical residues is to form stable intermolecular complex that 

provide the flexible strength in tissues(5). 
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Figure 1.12. Diagram showing the molecular character of a type 1 collagen fibril in increasing 

order of structure. a. A collagen fibril displays periodic banding with a distance (D) of 68 nm 

between repeating bands. b. Each fibril is composed of staggered collagen molecules. c. Each 

molecule is about 300 nm long and 1.5 nm in diameter. d. The collagen molecule is a triple 

helix. e. The triple helix consists of three α chains. Every third amino acid of α chain is 

a glycine. The X position following glycine is frequently a proline, and the Y position preceding 

the glycine is frequently a hydroxyproline.(63). 

 

The trimeric three chains interacting through the carboxyl-terminal propeptide regions of 

each chain. These regions start to fold and begin to develop the formation of the triple helix 

while the whole chain still unfolded. Many enzymes and molecular chaperones involved the 

folding and trimerization process, such as peptidyl disulfide isomerase (PDI), which is part of 
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the prolyl 4-hydroxylase complex also, and prolyl peptidyl cis-trans isomerase B ( which called 

cyclophilin B). This protein assist the folding around prolyl residues, same as in the carboxyl-

terminal propeptide adjacent to cysteine residues, and as part of a complex that includes two 

additional proteins, cartilage-related protein and prolyl 3-hydroxylase, to modify certain triple 

helical prolines.  

Protein-disulphide isomerase helps to secure the three chains in a trimer by the disulphide 

bonds between the carboxyl-terminal regions in the chains. Lysyl hydroxylase, hydroxylates 

lysine residues outside the major triple helical domain to form the mature intermolecular 

crosslinks. These complex modifications, which are necessary for correct folding, declaring 

thermal stability of the triple helix and crosslink formation between collagen molecules when 

they are secreted into the matrix. Procollagen trimers are then transported via the Golgi 

network and packaged into membrane-bound organelles where lateral aggregation, the initial 

phase of fibril formation, occurs. As secretion occurs, the procollagen molecules are further 

processed into mature type I collagen molecules by proteolytic cleavage of the N- and C-

terminal propeptides (by the enzymes ADAMTS-2 (a disintegrin and metalloproteinase with 

thrombospondin motifs 2) and BMP1, respectively). Finally, the trimers are assembled into 

collagen fibrils and fibres and attached in those positions by intermolecular lysine-derived 

crosslinks in a process that is begun by modification of specific residues by lysyl oxidase. These 

cross-links are initially reducible, but as tissue maturation proceeds, they are converted into 

non-reducible compounds including hydroxylysylpyridinoline (derived from three 

hydroxylysine residues) and the less abundant lysylpyridinoline (derived from two 

hydroxylysine residues and one lysine residue). The latter (also known as deoxypyridinoline) 

is present mostly in bone tissue and dentine, where it accounts 21% of the total mature cross-

links(5). 

It has been identified that ageing affects the sequence position and abundance of multiple 

post-translational modifications in the collagen type 1 in mouse bone. In aged mice there is 

an increase in local negative charge at the surface of the collagen I triple helix around a 

deamidation site, agitation of water interactions with collagen I backbone, and desirability of 

water molecules to the side chains. These changes may affect the stability of the triple helix, 

which in turn retreating its ability to opposite fracture resistance to the bone(65). 
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Figure 1.13. Molecular structure of type I collagen molecule showing the cleavage sites for N- 

and C-procollagenases. (64) 

The matrix non-collagenous proteins (the ground substance of bone) constituting 10% of the 

total weight of bone matrix proteins, they are essential to bone development, growth, 

remodelling, and repair. The four main groups of non-collagenous proteins found in the bone 

matrix are the following:  

 Proteoglycan macromolecules: Proteoglycans responsible for the strength of bone. 

They are also responsible for binding growth factors, and in some conditions, they may 

inhibit mineralization. Proteoclycans contain a core of protein with attached side 

chains of glycosaminoglycans (hyaluronan, chondroitin sulfate, and keratan sulfate, see 

figure 1.13). Some proteoglycans, such as keratan sulfate, contain osteoadherin, a 

bone-specific protein that binds to hydroxyapatite crystals strongly(66).  
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Figure 1.14. Proteoglycans structure 

https://th.bing.com/th/id/R847bacec60f3df8cc2f5522189d1d7c5?rik=EU%2bFRRSrPQxRDQ

&riu=http%3a%2f%2fwww.buzzle.com%2fimages%2fbuzzle%2fstructure-of-

proteoglycans.jpg&ehk=KqfUrnkIMlNqWZWoDe9PJVFKyiZ%2b5tS0ZjpuMLYFfJs%3d&risl=&p

id=ImgRaw 

 

 Multiadhesive glycoproteins: Glycoproteins are responsible for attachment of 

collagen fibres and bone cells to the mineralized ground substance. The important 

glycoproteins are: Osteonectin which works as a glue between the collagen and 

hydroxyapatite crystals; podoplanin (E11) which produced by osteocytes in response 

to mechanical stress; dentin matrix protein (DMP) which is essential for bone matrix 

mineralization; BSP-1, e.g. osteopontin, which facilitates attachment of bone cells to 

the matrix; and BSP-2, which facilitates attachment of bone cells and helps in calcium 

phosphate formation during the mineralization process(63).  

 Bone-specific, vitamin K–dependent proteins: assist in variable functions, they include 

osteocalcin, which captures calcium ions from the circulation and incorporate them in 

the hydroxyapatite crystals, and stimulates osteoclasts in bone remodelling; protein S, 

which assists in the removal of cells undergoing apoptosis; and matrix Gla-protein 

(MGP), which participates in the development of vascular calcifications(67). 

https://th.bing.com/th/id/R847bacec60f3df8cc2f5522189d1d7c5?rik=EU%2bFRRSrPQxRDQ&riu=http%3a%2f%2fwww.buzzle.com%2fimages%2fbuzzle%2fstructure-of-proteoglycans.jpg&ehk=KqfUrnkIMlNqWZWoDe9PJVFKyiZ%2b5tS0ZjpuMLYFfJs%3d&risl=&pid=ImgRaw
https://th.bing.com/th/id/R847bacec60f3df8cc2f5522189d1d7c5?rik=EU%2bFRRSrPQxRDQ&riu=http%3a%2f%2fwww.buzzle.com%2fimages%2fbuzzle%2fstructure-of-proteoglycans.jpg&ehk=KqfUrnkIMlNqWZWoDe9PJVFKyiZ%2b5tS0ZjpuMLYFfJs%3d&risl=&pid=ImgRaw
https://th.bing.com/th/id/R847bacec60f3df8cc2f5522189d1d7c5?rik=EU%2bFRRSrPQxRDQ&riu=http%3a%2f%2fwww.buzzle.com%2fimages%2fbuzzle%2fstructure-of-proteoglycans.jpg&ehk=KqfUrnkIMlNqWZWoDe9PJVFKyiZ%2b5tS0ZjpuMLYFfJs%3d&risl=&pid=ImgRaw
https://th.bing.com/th/id/R847bacec60f3df8cc2f5522189d1d7c5?rik=EU%2bFRRSrPQxRDQ&riu=http%3a%2f%2fwww.buzzle.com%2fimages%2fbuzzle%2fstructure-of-proteoglycans.jpg&ehk=KqfUrnkIMlNqWZWoDe9PJVFKyiZ%2b5tS0ZjpuMLYFfJs%3d&risl=&pid=ImgRaw
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 Growth factors and cytokines: small regulatory proteins, they include: insulin-like 

growth factors (IGFs), tumour necrosis factor α (TNF-α), transforming growth factor β 

(TGF-β), platelet-derived growth factors (PDGFs), BMPs, Sclerostin (a BMP antagonist, 

BMPs induce the differentiation of mesenchymal cells into osteoblasts), and 

interleukins (IL-1, IL-6)(63).  

 

1.3. Bone Modelling and Remodelling   

Bone modelling occurs at low pace throughout life. Modelling process includes bone 

resorption and formation in an uncoupled manner and on separate surfaces. While, bone 

remodelling includes both bone resorption and formation activities in coupled and balanced 

within each BMU. 

BMUs or bone remodelling units (BRUs) are composed of both osteoclast and osteoblast 

lineages, which are active at specific times during the remodelling cycle. These packages of 

cells are located along the bone surface, mostly at the interface with the hematopoietic bone 

marrow (endosteum) and at the surface of bones (periosteum) Figure 1.6. BMUs are initiated 

through the activation of bone resorption, which is followed by bone formation. Within each 

BMU, activities are “coupled” if bone formation follows bone resorption, and activities are 

“balanced” if the amount of bone formed by osteoblasts equals the amount of bone that was 

previously resorbed by osteoclasts. Stimulating bone remodelling increases bone turnover 

through an increase in the number of BMUs per bone surface area, also called activation 

frequency. In osteoporosis, within a BMU both coupled but unbalanced or uncoupled bone 

remodelling can cause severe alterations in bone mass, which will increase in severity 

proportionally to the activation frequency(68).  
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Figure 1.15. Bone remodelling unit (BRU), consisting osteoclasts, osteoblasts, osteocytes and 

endosteal lining cells as well as various progenitor cells (69). 

 

There are two to five million BRU of the skeletal system, which are required for the 

maintenance of the bones. The total quantity of the bone decreases if more bone is resorbed 

than is produced over the years. It has been estimated that osteoporosis develops when for 

every 30 units of bone resorbed, only 29 are produced. This unbalance may cause by high 

turnover (increased osteoclastic activity without increased osteoblastic activity). Or by low 

turnover (normal osteoclastic activity but decreased osteoblastic activity). Or by decreased 

both osteoclastic and osteoblastic activities(69). 

One remodelling cycle takes approximately 120 days, and it has been divided into 6 phases: 

1. Quiescence phase: a layer of flat lining cells over a thin collagenous membrane covers 

the surface of the bone.  

2.  Activation phase: the quiescent or calm bone surface is prepared for resorption. This 

involves disclaimer of the endosteal lining cells and removal of the thin collagenous 

membrane covering the bone surface by matrix metalloproteinases which produced 
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by osteoblasts. The activation site may be enhanced by mechanical stresses 

transferred to the endosteal lining cells via the osteocytic-canalicular network  

3. Resorption phase: including the recruitment and fusion of osteoclastic precursors, 

preparation of osteoclasts for resorption and development of the ruffled membrane; 

osteoclasts resorb the bone, which leads to the formation of pits; osteoclasts migrate 

slowly or undergo apoptosis.  

4. Reversal phase: osteoblast progenitors are fascinated to the resorption pit, while 

monocytes and endosteal lining cells prepare the surface of the resorption pit for new 

bone production by removal of the wastes left by the osteoclasts.  

5. Formation phase: A. early formation face: production of osteoid by active osteoblasts. 

B. Late formation face: mineralisation of osteoid.  

6. Quiescence phase: the osteoblasts turn into the flat endosteal lining cells or into 

osteocytes trapped in the newly formed bone matrix. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16. Bone remodelling steps in adult’s trabecular bone (69). 
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In bone remodelling, cells contribute differently, according to their differentiation stage. 

Specifically, immature Osteoblasts can regulate osteoclastogenesis, while only mature 

osteoblasts are capable to synthesise bone matrix. The canonical Wnt/β-catenin pathway is 

crucial for bone formation. During Wnt signaling activation, Wnt proteins bind to Frizzled 

receptor and low-density lipoprotein receptor-related proteins five and six (LRP5, LRP6). The 

consequent hypophosphorylated state of β-catenin prevents its degradation, and it results in 

the upregulation of transcription factors crucial for osteoblast differentiation(70). The Wnt 

signal is controlled by several antagonists, such as Sclerostin (SOST), Dickkopf-1 (Dkk-1), and 

secreted frizzled-related proteins (sFRP), which inhibit wnt signalling and therefore 

osteoblastogenesis and bone formation (71). 

Osteoclastogenesis (see paragraph 1.2.2) is mainly controlled by two factors: the 

macrophage-colony stimulating factor (M-CSF), and the RANKL which need to bind to their 

own receptors, c-fms and RANK on osteoclast precursors to start the osteoclastogenesis. The 

RANKL-RANK binding can be antagonized by OPG, a soluble RANKL receptor secreted by 

osteoblasts and bone marrow stromal cells, by binding to RANK and prevents the 

osteoclastogenic effect of RANKL(72). 
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Figure 1.17. Canonical and non-canonical Wnt signalling pathways. (a) Wnt signalling OFF: If 

there is no Wnt ligand, or if sclerostin prevents its binding to the receptor complex, the 

destruction complex Axin-APC-CK1-GSK3 phosphorylates-catenin, targeting it for 

ubiquitination and degradation by the proteasome. (b) Wnt signaling ON: Canonical Wnt 

signaling is activated by Wnt ligands binding to Frizzled receptors and LRP5/6 co-receptors, 

resulting in the recruitment of axin and disheveled by the receptor complex and leading to 

GSK3 inhibition, the mechanism of which is still debated. β-catenin accumulates, trans locates 

into the nucleus and associates with transcription factors to induces the expression of target 

genes. Scl-Ab blocks the action of sclerostin, preventing its binding to Lrp5/6 and therefore 

canonical Wnt signaling inhibition. (c) Non-canonical Wnt signaling can also be activated by 

binding of Wnt ligands to Frizzled receptors. In the Wnt/Ca2+ pathway, increased intracellular 

calcium concentration, possibly via G proteins and PLC, activates CaMKII, PKC and NFAT. In 
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the Wnt/planar cell polarity (PCP) pathway, small G proteins such as Rac and Rho are 

activated, resulting in JUNK and ROCK activity. APC: APC adenomatous polyposis coli; CaMKII: 

calmodulin-dependent protein kinase type 2; CK1: Casein kinase 1; GSK3: Glycogen synthase 

kinase 3; JUNK: Jun kinase; LRP: Low-density lipoprotein receptor-related protein; NFAT: 

Nuclear factor of activated T cells; PKC: Protein kinase C; PLC: phospholipase C; ROCK: RHO-

associated kinase; ROR: Receptor-tyrosine-kinase-like orphan receptor; Scl-Ab: Anti-sclerostin 

antibody (73). 

1.4. Sclerostin 

Sclerostin is a key regulator of bone homeostasis; encoded by the SOST gene. Sclerostin is a 

secreted glycoprotein with a C-terminal cysteine knot-like domain and sequence similarity to 

the DAN family of bone morphogenetic protein (BMP) antagonists produced mainly by 

osteocytes and inhibits bone formation by osteoblasts that induced by BMPs (74)(74,75). 

SOST can bind to both LRP5 and LRP6 and inhibits the canonical Wnt ß-catenin pathway, 

recent studies have shown that loss of function mutations in the SOST gene cause the 

progressive skeletal overgrowth disorders, sclerosteosis and Van Buchem diseases. The 

overgrowth is the result of hyperactive Wnt signalling (76,77). Although originally SOST was 

believed to only act on osteoblasts, recent research has shown effects in cardiovascular 

disease, diabetes and obesity(78), indicating that sclerostin may have endocrine functions. 

 

1.5. Osteoporosis  

The balance between bone resorption and bone formation which guarantees the strength 

and integrity of the skeleton can be altered by several physiological disorders and lead to an 

altered peak bone mass (PBM) and therefore bone loss, subsequent to an increased risk of 

osteoporosis and fractures (79) 

Literature data have demonstrated an involvement of RANKL, OPG, sclerostin and DKK-1, in 

congenital and developed pediatric diseases (80). 

Metabolic bone diseases, such as osteoporosis and osteopetrosis, affect the bone 

remodelling process. They can alter bone balance ether positively or negatively, causing 

either excessive bone formation or bone resorption, respectively. Osteopetrosis is a rare 
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disease that causes a positive bone balance results in increased bone mass caused by a 

dysfunction in the ability of osteoclasts to acidify there resorption pits, resulting in 

inappropriate resorption with continued bone formation consequences in thicker and harder 

bones that are more liable to fracture (81–83). The most predominant metabolic bone 

disorders are osteopenia and osteoporosis, both of which refer to a loss of bone mineral 

density (BMD). Generally, osteoporosis has been defined as a progressive systemic skeletal 

disease characterized by low bone mass and micro architectural deterioration of bone tissue, 

with a consequent increase in bone fragility and susceptibility to fracture (84). The World 

Health Organisation classified patients with BMD between 1 and 2.5 standard deviations 

below the mean of healthy young adults as osteopenic, lower than 2.5 is diagnosed as 

osteoporotic (77). Osteoporosis classified as primary type 1, primary type 2 or secondary. 

Type 1 is the most common and is mostly termed as postmenopausal osteoporosis as it is 

associated with oestrogen deficiency that results of postmenopausal which causes increased 

RANKL and decreased OPG production and reduced osteoclast apoptosis (85–87). Type II is 

also identified as senile or age-related osteoporosis and may occur in both men and women 

with age. Secondary osteoporosis can cause as a consequence of an adverse reaction to a 

medical condition or a physical activity change, such as glucocorticoid and immobilisation-

induced osteoporosis (88) or inflammation-induced bone loss as in periodontitis or 

rheumatoid arthritis, RANKL overexpressed by immune cells (89,90). As osteoporosis causes 

bone mass loss and consequents bone strength reduction, resulting in an increase in fragility 

and susceptibility to fracture, now 50% of women and 20% of men over the age of fifty having 

fragility fracture, and about 158 million people over the age of 50 are predictable to have 

osteoporotic fracture worldwide. This number expected to double by 2040 (91). Hip fracture 

is the most common fracture which occurs in elderly women with osteoporosis after a fall 

from standing position, and the most common surgery in orthopaedic is the one that involves 

hip fracture (92). The national hip fracture debate in 2019 reported that numbers of hip 

fractures are increasing during winter months and contribute to increased hip fracture patient 

mortality at this time (93). 

Thus, osteoporosis is an impact in poor quality of life, as it causes significant functional 

impairment leading to prolonged immobilisation and limitations in daily living activities 

causing a reduction of health-related quality of life (94). Figure 1.13 illustrates the significance 
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of hip fractures morbidity, with a mortality more than 20% that extends well beyond 12 

months following fracture, in one year, and large percentage of patients have outstanding 

functional deficits in essential and instrumental activities of daily living (95). 

 

 

 

 

 

 

 

 

 

 

Figure 1.18. One-year hip fracture mortality and morbidity. Hip fractures have a significant 

morbidity, with a mortality more than 20% that extends well beyond 12 months following 

fracture. 

dailhttps://m2.healio.com/~/media/journals/ortho/2012/9_september/10_3928_01477447

_20120822_12/fig6.jpg (80). 

 

In summary, the possible risk factors for osteoporosis can be identified as modifiable factors, 

including diet and lifestyle factors, and non-modifiable factors such as gender, age, genetic 

factors, and history of prior fractures, diseases and pharmacological treatments. The 

modifiable factors, such as a balanced diet and exercise, have an important role already in 

childhood. In particular, regular physical activity has a key role in bone strengthening, not only 

in healthy children, but also in those suffering from chronic diseases (96,97).  
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1.5.1. Osteoporosis treatment 

Treatment of osteoporosis includes a number of strategies, all of which are aimed at 

prevention or reduction of fractures. They can be divided into pharmacological treatment, 

calcium and vitamin D supplementation and lifestyle modifications. Pharmacological 

therapeutic options can be classified according to the mechanism of action by which 

Antiresorptive, such as Bisphosphonates and selective estrogen receptor modulators (SERMs) 

(98), since their main role is to block osteoclast activity and their effects are aimed to block 

either further decrease of bone density or deterioration of skeletal microarchitecture. In 

contrast, parathyroid hormone treatment such as teriparatide, is osteoanabolic therapy that 

restores bone microarchitecture with increase in cortical bone thickness (98).  

Bisphosphonates are the first-choice treatment of osteoporosis, bisphosphonates (BPs) are 

effective anti resorptive agents presently available that can reduce the risk of hip, vertebral, 

and wrist fractures by 35-65% after long term treatment (3-5 years). The most commonly 

prescribed bisphosphonates for postmenopausal osteoporosis are alendronate and 

zoledronate (99). Bisphosphonates are synthetic, non-hydrolysable analogues of 

pyrophosphate which bind to hydroxyapatite crystals, the specificity of this drugs comes from 

the two phosphonate groups that work together to bind calcium ions preferentially to the 

Bisphosphonate molecules. Therefore bisphosphonates accumulate in high concentrations in 

bone tissue and attach to osteoclasts to disrupt the intracellular enzymatic functions needed 

for bone resorption. Subsequent to this strong inhibition of osteoclast activity, bone 

resorption is almost completely blocked at the level of BMU, with a consequent blockade of 

bone remodelling (100,101). 

There are two different classes of BPs: non-nitrogenous-BPs (nN-Bps) and Nitrogenous-BPs 

(N-Bps). The nN-BPs, such as clodronic acid, are converted intracellularly to methylene-

containing analogues of ATP, its accumulation in osteoclasts in vitro inhibits bone resorption 

by inducing osteoclast apoptosis. On the conflicting, the N-BPs such as Zoledronate, 

Alendronate, Ibandronate and Risedronate are not metabolized into toxic intracellular 

analogues of ATP, but act by inhibiting farnesyl-diphosphate-synthase, a key enzyme of the 

HMG CoA-reductase (mevalonate) pathway. The inhibition of protein prenylation may affect 

many proteins in the osteoclast, resulting to affect osteoclastogenesis, cell survival, and 

cytoskeletal dynamics. Generally, the addition of nitrogen group in the molecules modifies 

https://en.wikipedia.org/wiki/Osteoclast
https://www.nhs.uk/medicines/alendronic-acid/
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their potency, N-BPs are more powerful than nN-BPs at inhibiting bone resorption in vivo 

(102). 

Selective estrogen receptor modulators (SERMs), are a class of drugs that act on the estrogen 

receptor (ER). They are non-steroid compounds and have tertiary structures that can bind to 

the estrogen receptor. These compounds have either selective agonist or antagonist effects, 

depending on the target tissue, thereby permitting the possibility to selectively inhibit or 

stimulate estrogen-like action in various tissues (103). 

Raloxifene is a second generation of SERMs currently in use for osteoporosis, and was 

developed for prevention and treatment of postmenopausal osteoporosis. As bone cells 

express two estrogen receptors, α and β. Raloxifene is similar to estrogen in interacting with 

the ligand-binding domain, with minor conformational differences, when it binds to the ERs, 

start to activate ER dimerization and a specific conformational change. This change facilitates 

binding of coregulatory proteins that modify and activate its transcriptional activity on 

specific response elements in the promoter regions of target genes. 

RAL, acting on bone as estrogen, by a direct ER- dependent mechanism, decreases osteoclast 

differentiation from hematopoietic precursors, without increasing cell apoptosis. RAL appears 

to act by two different and independent mechanisms: a direct action on osteoclasts, but also 

an osteoblast-mediated mechanism. Data demonstrated that RAL inhibits the release of 

interleukin-6 and tumour necrosis factor-α (TNF-α) from osteoblasts. These two cytokines can 

enhance the effect of RANKL on osteoclast differentiation. In addition, RAL increases the 

osteoblast-specific transcription factor Cbfa1/Runx2 and α2 procollagen type I chain mRNAs 

which suggests that this SERM can modulate osteoblast activity. Therefore RAL acts on both 

bone formation and bone resorption, not entirely blocking bone remodelling like 

bisphosphonates do, but modulating bone remodelling similar to the actions of estrogens on 

bone before the menopause (104). Recent studies have demonstrated that RAL treatment is 

able to decrease circulating cytokines levels in postmenopausal osteoporotic women, 

suggesting that this molecule could modulate bone turnover by controlling cytokines levels 

after menopause (105). 

Teriparatide is the most common bone anabolic osteoporosis medication. Results of clinical 

trials, to evaluate the role of recombinant human parathyroid hormone in postmenopausal 
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women affected by severe osteoporosis, showed that parathyroid hormone (PTH) is highly 

effective at increasing BMD in the spine and throughout the skeleton. It works by stimulating 

bone turnover with new bone formation on trabecular, endocortical, and periosteal bone 

surfaces. Although PTH also stimulates bone resorption, it stimulates osteoblastic bone 

formation more than  osteoclastic bone resorption, leading to a net increase in bone volume 

(106). PTH enhances bone strength by restoring bone architecture in both cancellous and 

cortical bone, expanding bone size as well as improving BMD(107). Clinical treatment with 

teriparatide for postmenopausal women showed significant increase in bone mass at the 

lumbar spine (9.7%), total hip (2.6%), total body bone mineral density, as well as a significant 

65% reduction in vertebral fractures and a 53% reduction in nonvertebral fractures in treated 

patients (108). Although, PTH maintains the same efficacy obtained in osteoporotic untreated 

or previously treated women with anti-resorptive therapy (109) there is a suggestion that 

prior treatment may rounded some of the skeletal response to PTH (110). However, BMD 

increases significantly; bone turnover is radically stimulated. Therefore, all patients, after the 

PTH course, should be given a potent antiresorptive agent to maintain the PTH-induced 

increased bone mass and antifracture efficacy. The Food and Drug Administration (FDA) has 

approved the use of teriparatide for 2 years in postmenopausal women and men at high risk 

for fracture. The most common side effects associated with teriparatide include dizziness and 

leg cramps(111). 

During 2000s, pharmaceutical active sclerostin programs started to bring to market the first 

non-PTHR1-based anabolic therapy. Recently, the sclerostin antibody (romosozumab) was 

approved for clinical use in the United States as a therapy for the treatment of 

postmenopausal women with osteoporosis at high risk of fracture. Treatment with sclerostin 

monoclonal antibodies showed effective osteoanabolic responses in mice, rats, and monkeys, 

in preclinical studies (112).  Romosozumab therapy showed significant reductions in vertebral 

fractures at 1 and 2 years treatment for large international population of women in phase III 

studies (113) . NICE is now considering the role of Romosozumab, the new monoclonal 

antibody that binds to and blocks sclerostin (114)(a protein secreted by osteocytes that 

inhibits the Wnt signalling pathway and promotes decreased bone formation) (see paragraph 

4 of 3. Bone modelling and remodelling), thus inhibition of sclerostin modifies cellular activity 

and pathways, resulting in increased production of bone matrix and reduced bone resorption, 
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increasing trabecular and cortical bone mass(115). Despite its clinical efficacy and selectivity 

to bone, as romosozumab induces the uncoupling of bone remodeling, leading to both an 

increase in bone formation and a decrease in bone resorption during the first months of 

treatment, some concern were raised about side effects including increased risk for 

cardiovascular disease(73). 

In addition to the anti-sclerostin antibody that targets and neutralizes the osteocyte specific 

factor sclerostin, there are other therapeutic antibodies offered that target other osteocyte 

factors. They are including anti-FGF23, burosumab, and anti-RANKL, denosumab. The 

mechanisms for regulating FGF23 production are complex, as In addition to the anti-FGF-23 

antibody, there is another possible therapeutics include FGF receptor inhibitors (116). 

Studies have linked high levels of circulating FGF23 to an increased risk of heart disease, 

vascular calcification, and increased fat mass (116). 

Current treatment is not enough. 

Even though anti-resorptive drugs such as bisphosphonates have been available for more 

than 30 years, the incidence of osteoporotic fractures has decreased only marginally (in the 

US by about 15% in women between 1986 and 2005, unchanged in men(117)), and current 

treatment only reduces fracture incidence by 20-60% (118,119). Anti-resorptive drugs lead to 

the suppression of new bone formation and are incapable of restoring normal bone. 

Moreover, anti-resorptive drugs are associated with serious side effects such as atypical 

femoral fractures and osteonecrosis of the jaw. Because of these side effects they can only 

be used for a limited amount of time (currently up to 5 years). Furthermore, compliance is 

poor with just 20% of patients still taking bisphosphonates after 3 years (120). The only two 

anabolic agents currently licensed, teriparatide and anti-sclerostin (romosozumab), are 

reserved for severe osteoporosis and can only be given for up to 2 years for teriparatide and 

1 year for romosozumab (121). Due to the ageing of the population, the number of admissions 

for osteoporotic fractures is actually still rising (122). Therefore, age-related bone fragility is 

an on-going health problem. Apart from the effects of the menopause, the mechanisms 

underlying age-related bone fragility are still poorly understood. Therefore, further research 

is required to identify additional and targeted prevention and treatment strategies to achieve 

healthy bone ageing. 
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1.6. Ageing and bone 

The general mechanism of ageing in variable biological systems is a stochastic damage 

inflicted to biological macromolecules that drive the force for the ageing process. The damage 

is resulting from small reactive molecules, such as reactive oxygen intermediates (ROI), that 

are produced during normal cellular metabolism and are associated with essential and 

important cellular functions (123). These macromolecules include proteins, lipids and DNA. 

Cellular dysfunction resulting from macromolecular damage can cause genomic instability, 

inappropriate cell differentiation or cell death and even replacement of the dead cell by 

another via cell proliferation. This can lead to loss of parenchymal cell mass and functional 

impairment of tissues, which are typical features of ageing of tissues and organs (124). 

1.6.1. Epigenetic changes 

What are epigenetic modifications? They are modifications to both nucleotides in the DNA 

methylation, as well as modifications to histones. These changes lead to changes in 

transcription, and therefore to cell, function (125). Another epigenetic change occurs, is the 

modification of micro RNA expression, again leading to changes in expression of target 

mRNAs. 

1.6.2. Cell senescence 

Cell senescence is often defined as a state of “irreversible” or “permanent” cell cycle arrest, 

in contrasting to the voluntarily reversible inactive state. The senescence phenotype was 

originally identified in genetically normal, primary, human diploid fibroblasts (HDFs), which 

rejected to proliferate indefinitely in culture (126). Cells respond to cytotoxic stimuli 

differently depending upon the cell type and the strength of the stress. HDFs are relatively 

resistant to apoptosis, and are highly liable to senescence. The senescence process is much 

longer than apoptosis, may be due to the way signals transportation. In apoptosis, a variety 

of triggers can converge to the executioner caspases through a common mechanism (127). 

Cell quiescence as well is a reversible cell cycle arrest, which is induced by the absence of 

mitogens or growth factors, nutrient starvation, or increasing cell density in contrast to 

senescence. Lymphocytes, whose activation is part of the immune response, adult stem cells, 

or dermal fibroblasts, which actively participate in wound healing are typical examples of 

quiescent cells (128). Quiescence is considered by low protein synthesis and metabolism, 
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cellular growth deficiency, and, the lack of global heterochromatin structures such as 

promyelocytic leukemia (PML) protein (129) or senescence-associated heterochromatic foci 

(SAHF) (130). Recent studies showed that fibroblasts reduced quiescent by contact inhibition 

exhibit comparable metabolic activity to actively proliferating cells. In addition to stimulate 

recycling of damaged macromolecules via autophagy, high metabolic activity might serve for 

biosynthesis and secretion of extracellular matrix proteins (131). Outstandingly, quiescent 

cells upregulate genes, such as HES1, that inhibit senescence and apoptosis while expression 

of genes involved in cell division downregulated (132). 

The senescence process can be observed as a composition of a series of signaling 

transductions, rather than the single signal in apoptosis, such as senescence associated 

heterochromatic foci (SAHFs) and epigenetic gene regulation, the DNA damage response, 

senescence associated secretory phenotype (SASP)/Senescence-messaging secretome (SMS), 

and macro autophagy (130,133). Due to the highly heterogeneous nature of the senescence 

phenotype, it is not possible to identify a universal marker for senescence that applies in all 

cases. However, the use of a combination of various markers often associated with effector 

programs of senescence has successfully contributed to extending the concept of senescence 

outside the HDF system: a similar phenotype can be induced by various cellular stresses in 

different types of somatic cells, as well as different tissues in animals (134,135). Importantly, 

the effector mechanisms and markers used in these studies were mostly identified in 

experiments using HDFs, and thus, HDFs are still the best-characterized model system for this 

topic. However the term “senescence” used to specifically describe the cellular phenotype, 

distinct from “aging” at the organism level(135). results detected senescent cells in several 

premalignant or benign conditions and showed that the senescence program effectively 

prevents tumorigenesis (136,137) , thus senescence has placed as a tumour suppressor as 

apoptosis. 

1.6.3. Inflammation 

The presence of senescent cells has mostly been associated with aging, chronic senescent cell 

accumulation due to higher production and/or inefficient clearance with aging in humans and 

mice, contributes to the development of age-associated pathologies (138). Age-related 

accumulation of senescent cells has been credited to diminished immune surveillance (139). 

Regardless of how cellular senescence is induced, a serious feature of senescent cells is the 
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acquirement of the senescence-associated secretory phenotype SASP, which is a 

dysfunctional mixture of proinflammatory cytokines and matrix degrading proteases that 

communally modify the local environment (140), these secreted factors can negatively 

influence the function of adjacent cells (141). Thus, age-dependent accumulation of 

senescent cells promotes damaging effects in part by acting as a permanent source of 

proinflammatory mediators, enabling a continued infiltration of immune cells, which in turn 

have a significant effects on bone cells. 

With age bone properties change, bone modifications may include the mechanical function, 

shape of bones, bone cells, the matrix they produce, and the mineral that is deposited on this 

matrix (142). As a result of the ageing process the bones become weaker and more prone to 

fracture (143). 

Bone ageing is currently not fully understood, especially the specific changes in bone cell 

function and gene expression, and the link of these to the known decrease in adaptation to 

mechanical loading with ageing. In addition, it is currently not known whether the aged bone 

cells secrete factors which may affect other organs. 

 

1.7. Mechanical loading and bone 

The effect of mechanical loading on bone has been studied since the nineteenth century. 

These studies have primarily used animal models of mechanical loading subsequently, bone 

adaptation is a highly complex process that is difficult to fully escalate. 

In 1892, Julius Wolff the anatomist and orthopaedic surgeon hypothesized that bone adapted 

to its mechanical environment according to strict mathematical laws. Now, this principle 

known as Wolff’s Law, established on anatomical dissection studies which revealed increased 

bone mass in areas that expected to be highly mechanically stressed and low bone mass with 

low stresses. Furthermore, Wolff with his colleagues Meyer and Culmann, observed that 

trabeculae in the femoral head and neck were orientated to reduce bending stresses when 

was loaded. These observations allowed Wolff to state his “Law” as “Every change in form or 

function of bone or of their function alone is followed by certain definite changes in their 

internal architecture, and equally definite alteration in their external conformation, in 

accordance with mathematical laws” (144). 
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Architectural bone changes were hypothesized to occur due to a dynamic adaptive process in 

response to changes in the mechanical stimulus derived from load-bearing. This theory was 

further developed by Harold Frost in 1960 whose thoughts form the basis of the current 

theory of bone adaptation (145). Frost recognized that the most likely loading-derived 

stimulus for bone cells would be the strains developed in the bone tissue as a result of loading. 

His mechanostat theory suggests a negative feedback system, represented as, the local 

mechanical strain, caused by functional mechanical loading, result in a structurally 

appropriate bone mass and architecture. Thus, in bone areas with mechanical strains higher 

than the set point, result in bone formation which make a stiffer bone construct. In 

opposition, bones with strains lower than the set point, would result in bone resorption, then 

decrease in bone mass (145). It is an important component of this theory that the 

mechanostat is a local phenomenon with local changes in strain adjusting local bone mass 

through local bone formation or resorption. However, it is noticed that the mechanostat 

drives in a wider physiological situation and the ability to create and maintain structural 

competency may significantly modified by systemic circumstances (146,147). 

General findings gained from in vivo animal loading models 

 Bone remodelling is affected by dynamic loads but not by static (148). 

 Bone formation correlated with the peak strain magnitude of loading (149–151) 

  Stimulus strains can determined by the origin of loading, experiments showed that a 

progressively increasing osteogenic can be a response to progressively increasing 

loads(152). 

 Increasing strain rate during loading and unloading stimulates bone formation (153). 

 Small numbers of loading cycles are required to stimulate bone formation and 

maximizing the number dose not lead to a maximal stimulation (154). 

 Inserting rest between loading cycles increases bone formation (155). 
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1.8. Aims 

The mechanisms underlying the decrease in the bone anabolic effect of mechanical loading 

with ageing are still mostly unknown. The main cells effecting this anabolic response are the 

bone forming osteoblasts and the mechanosensing osteocytes. 

Therefore, the main aim of this thesis was to: 

Study age related changes in osteoblasts and osteocytes and their response to mechanical 

loading. 

Study a comparison between young and aged mice through studying the difference in their 

response to the mechanical loading. 

The models chosen to do this were the mouse in vivo model of mechanical loading of the knee 

as described in (156), and the in vitro model of mechanical stretch for the primary mouse 

osteoblasts. The main objectives to achieve this were: 

1. Study the effects of loading on circulating bone turnover factors produced by bone 

cells in young and aged mice. 

2. Analyse the effect of ageing on the bone anabolic response to loading in vivo using 

histomorphometry and Micro-computed tomography (µCT) analysis for young and 

aged mice bone tissue. 

3. Analyse the effects of loading and age on the distribution of osteocytes through µCT 

analysis for young and aged mice loaded and non-loaded bones.    

4. Analyse the effect of ageing and loading on sclerostin expressed by osteocytes through 

florescent immunostaining image analysis by confocal microscope. 

5. Study the changes in gene expression patterns in osteoblasts and osteocytes after 

mechanical loading in young and aged mice by studying the next generation gene 

sequencing. 
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Chapter 2. Materials and Methods 

2.1.    Experimental Animals:  

Female C57BL6 mice of two different ages, young (3months old) and aged (15monthes 

old)) were obtained from Charles River Ltd, United Kingdom. Animals were housed in a 

pathogen-free facility, at the Biomedical Services Unit, University of Liverpool. All 

procedures were in accordance with the Animals Scientific Procedures Act 1986 and the 

EU Directive 2010/63/EU and after the local ethical review and approval by Liverpool 

University’s Animal Welfare and Ethical Review Body (AWERB).  

We used C57 Black 6, the common inbred strain of the laboratory mouse and the most 

widely used mouse strain, due to the availability, easy breeding, and sturdiness (157). 

Each age group was separated into two groups, one for in vivo loading and the other one 

for the in vitro loading (n=6 for each group). 

2.2. In vivo loading 

Animals (young N=6, aged N=6) were anaesthetised using isoflurane and the right tibia 

loaded mechanically by applying axial compressive loads from a servo-hydraulic materials 

testing machine (Model HC10, Dartec, UK) via custom-made padded cups which hold knee 

and ankle joints flexed and the tibia vertically (158). The loading occurs by pressing the 

upper cup on the knee using a loading pattern consisting of a trapezoidal wave for 40 

cycles with peak 11 N loads for 0.05 s, rise and fall times 0.025 s each and baseline hold 

time of 9.9 s at 2 N. Right knees were loaded 3 times per week for 2 weeks. The left tibia 

was used as a non-loaded control. To assess bone formation, each mouse was injected 

with calcein (200µl IP injection at 2mg/ml) three days before the final loading, and on the 

last day of loading, then culled 2 days later. Right and left tibias were obtained for 

quantitative and qualitative bone measurements with micro-computed tomography scan 

(micro-CT) and immunohistochemistry.  

Another two young and aged mouse groups (N=4 for each age) were loaded using the 

same protocol, but without calcein injection. Right and left tibias were dissected after 

culling and RNA extracted for qPCR analysis. 
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Figure 2.1.  Schematic overview of the experimental design for the in vivo mechanical 

loading model for young adult and aged adult mice. RT: Right Tibia, LT: Left Tibia. S 

2.2.1. Animal dissection  

Two groups of young in-vivo loaded mice (n=6) and aged in-vivo loaded mice (n=6) with 

calcein injection were culled with CO2, blood was obtained by cardiac puncture and 

collected in a covered test tube and left to clot by leaving it undisturbed at room 

temperature for 15-30 minutes. Left and right lower limbs were removed using scissors, 

and tibias and femurs separated. All soft tissue was removed from bones by scraping the 

bones with a scalpel then fixed overnight in paraformaldehyde (4% in PBS) and stored in 

70% ethanol until used for µCT scanning and subsequent immunohistochemistry. The 

clotted blood was centrifuged at 1,600 x g for 10 minutes in a refrigerated centrifuge and 

the resulting serum supernatant was immediately transferred into a clean polypropylene 

tube using pipette. The samples were maintained at 2–8°C while handling then stored at 

–20°C until use in the Enzyme-linked immunosorbent assays (ELISA). 

Two other groups of young in-vivo loaded mice (n=6) and aged in-vivo loaded mice (n=6) 

with no calcine injection were culled using CO2, blood was obtained by cardiac puncture 
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immediately as described above. Left and right lower limbs have been released, tibias and 

femurs have been separated. All soft tissue was removed from bones by scraping the 

bones with the scalpel. Next, the epiphyses and diaphysis were cut off and the bone shaft 

opened using a 27 gauge hypodermic needle. Bone shafts were put in to a 500µl 

Eppendorf containing a hole in the bottom of the tube. This small Eppendorf was 

contained in a 1.5ml Eppendorf. Then Eppendorf’s were centrifuged at 800xg for 3 

minutes at room temperature to remove the bone marrow. After flushing out bone 

marrow from the tibias, the clean bones were cut into small fragments with the aid of a 

scalpel. The fragments were then transferred to a T25 flask containing 5ml of 1mg/ml 

collagenase in Hanks buffered salt solution. Flasks were then incubated in a shaking water 

bath at 37°C for 30 minutes. The bone chips were washed vigorously in HBS at least 3 

times, then bone chips transferred in to a 1.5ml Eppendorf and snap frozen in liquid 

nitrogen. Under freezing condition with liquid nitrogen, the bone chips from each 

individual tibia was ground into a powder using a pestle and mortar system. Next the RNA 

was extracted with trizol as described in paragraph 2.2.2.  

2.2.2. RNA extraction 

Extraction of RNA was performed using the RNeasy Micro kit (Qiagen) according to the 

manufacturer’s instructions as follows:  

To each Eppendorf containing one tibia 700µl of Trizol was added to lyse the bone cells. 

The lysates were vortexed for 1 minute in order to homogenize the samples, then 

incubated at room temperature for 5 minutes. 140µl of chloroform was added to each 

tube then shaken vigorously. Samples were incubated at room temperature for 2-3 

minutes and then centrifuged at 12,000g for 15 minutes at 4°C. The upper aqueous phase 

(±350µl) was transferred to a new micro centrifuge tube and 1.5 times the volume in the 

tube (±525µl) of 100% ethanol was added and mixed by pipetting up and down.  

700µl of the sample was added to the spin columns provided by the kit, then they were 

centrifuged at 8,000g for 15 seconds at room temperature. Flow-through was discarded 

and procedure was repeated by adding the rest of the sample. Adding 500µl of RPE buffer 

to each sample then tubes were centrifuged at 8,000g for 15 seconds at room 
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temperature. Flow-through was discarded and 500µl of RPE was added again and tubes 

centrifuged at 8,000g for 2 minutes at room temperature.  

The spin columns were transferred to a new Eppendorf and 30µl of RNase-free water was 

added to collect the RNA from them. Tubes were centrifuged at 8,000g for 1 minute, at 

room temperature. A further 30µl of RNase-free water was added and tubes were 

centrifuged at 8,000g for 1 minute. Finally, RNA quantities and purities were assessed 

using the Nano Drop 2000TM spectrophotometer. RNA samples were stored at -80°C until 

used. 

2.2.3. Quantitative measurement of Biochemical markers concentrations in mouse 

serum with ELISA 

2.2.3.1. Osteocalcin (OC): 

Osteocalcin concentration in mouse serum was measured by using ELISA kit catalogue 

number: RD-OC-Mu 96 tests provided from Biotech. 

Assay principle:  
The mouse osteocalcin ELISA kit used was provided by RD and the microtitre plate 

provided in this kit has been pre-coated with an antibody specific to osteocalcin. 

Standards and samples were added with a biotin-conjugated antibody preparation 

specific to osteocalcin. Next, Avidin conjugated to Horseradish peroxidase (HRP) was 

added to each microplate well and incubated. After TMB substrate was added, only the 

wells that contain osteocalcine, Biotin-conjugated antibody and enzyme-conjugated 

Avidin exhibited the change in colour. The enzyme-substrate reaction was stopped by the 

addition of sulphuric acid solution and the colour change was measured 

spectrophotometrically at a wavelength of 450nm ± 10nm. The osteocalcin concentration 

in the samples was then determined by comparing the optical density of the samples to 

the standard curve. For further details, see Chapter 2 paragraph 2.3.1. 

Reagents and materials provided:  

Pre-coated, ready to use 96-well strip plate, plate sealer for 96 wells, standard, standard 

diluent 20mL, detection reagent A 120µL, assay diluent A 12mL, detection reagent B 

120µL, assay diluent B 12mL, TMB substrate 9mL, stop solution 6mL, wash buffer 20mL 

(30 x concentrate).  
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All kit components and samples were brought to room temperature (18-25oC) before use.  

The standard was reconstituted with 2.0 mL of standard diluent, and kept for 10 minutes 

at room temperature then shacken gently. The concentration of the standard in the stock 

solution is 4000pg/ml. 7 tubes containing 0.5mL standard diluent were prepared and used 

for the diluted standard to produce a double dilution series: 4000pg/mL, 2000pg/mL, 

1000pg/mL, 500pg/mL, 250pg/mL, 125pg/mL, 62.5pg/mL, and the last EP tube with 

standard diluent is the blank at 0pg/ml. 

The stock detection reagents A and B were briefly centrifuged before use then diluted to 

the working concentrations with assay diluent A and B respectively (1:100).  

To prepare 600mL of wash solution, 20mL of wash solution concentrate (30x) with 580mL 

of distilled water.  

The needed dosage of the TMB substrate solution was aspirated with sterilized tips. 

Samples was diluted in ratio 1 in 50 PBS (pH=7.0-7.2). 

Assay Procedure: 

Wells were assigned for diluted standards, blank and sample. 7 wells were prepared for 

the standards and 1 for the blank. 100µL of each dilution of standard, blank and samples 

was added in to the appropriate wells then covered with the plate sealer and incubated 

for 2 hours at 37oC.  

After incubation, liquid was removed from each well without wash then 100 µL of 

detection reagent. A working solution was added to each well and incubated for 1 hour at 

37oC after covering it with the plate sealer.  

The solution was aspirated then wells was washed with 350µL of 1xwash solution to each 

well using multi-channel pipette and let for 1-2 minutes then liquid was removed from all 

wells completely by tapping the plate onto absorbent paper. 

Wells were then washed thoroughly 3 times and any remaining wash buffer was removed 

after the last wash by aspirating or decanting.  
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100µL of detection reagent B working solution was added to each well then incubated for 

1 hour at 37oC after covering it with the plate sealer. Next the plates were washed in wash 

buffer 5 times as described in the previous step.  

90µL of substrate solution was added to each well then covered with a new plate sealer 

and incubated for 15-25 minutes at 37oC no more than 30 minutes with protection from 

light. 

After the addition of the substrate solution, the liquid turned blue then it turned yellow 

after adding 50µL of stop solution to each well. Absorption at 450 nm was measured on a 

microplate reader immediately after stopping the reaction.   

Calculation of Results: 

Average was taken for the duplicate readings for each standard, control and sample, then 

the average zero standard optical density was subtracted. A standard curve was 

constructed by plotting the mean optical density and concentration for each standard and 

best fit curve was drawn through the points on the graph using plotting software (for 

instance, curve expert 1.30), the concentration read from the standard curve for the 

samples that have been diluted multiplied by the same dilution factor. 

2.2.3.2. The Procollagen Type 1 N-Terminal Propeptide (P1NP): 

The P1NP concentration in mouse serum was measured by using ELISA kit catalogue 

reference number: AC-33F1 provided by IDS.  

Assay principle: 

The mouse P1NP EIA kit was provided by Ids, the assay is a competitive enzyme-linked 

immunosorbent assay utilising a polyclonal rabbit anti-PINP antibody coated onto the 

inner surface of polystyrene microtitre wells. Calibrators, controls and samples are added 

to the wells of the microtitre plate followed by PINP labelled with biotin and the plate 

incubated for 1 hour at room temperature before aspiration and washing. Enzyme 

(horseradish peroxidase) labelled avidin is added and binds selectively to complexed 

biotin and, following a further wash step, colour is developed using a chromogenic 

substrate (TMB). The absorbance of the stopped reaction mixtures are read in a 

microplate plate reader, colour intensity developed being inversely proportional to the 

concentration of PINP.  
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Reagents and materials provided: 

 Calibrators ( REF AC-3301A - AC-3301F):  

Lyophilised phosphate buffered saline containing rat/mouse PINP, mouse serum, goat 

serum, BSA and <1% sodium azide (0.025% once reconstituted), 0.5 mL per bottle.  

 MICROPLAT (REF AC-3302W):  

Microplate with polyclonal rabbit anti-PINP antibody linked to the inner surface of the 

polystyrene wells, 12 x 8-well strips in a foil pouch with desiccant.  

 PINP Biotin (REF AC-3303):  

Lyophilised phosphate buffered saline containing PINP labelled with biotin, and BSA. 1 mL 

per bottle.  

 Enzyme Conjugate (REF AC-3304):  

Phosphate buffered saline containing avidin linked to horseradish peroxidase, protein, 

enzyme stabilisers and preservative. 18 mL per bottle.  

 Control 1 (REF AC-3305A):  

Lyophilised rat serum diluted in PBS with BSA and <1% sodium azide (0.025% once 

reconstituted). 0.5 mL per bottle.  

 Control 2 (REF AC-3305B):  

Lyophilised mouse serum diluted in PBS with BSA and <1% sodium azide (0.025% once 

reconstituted). 0.5 mL per bottle.  

 TMB Substrate (REF AC-TMB):  

A proprietary aqueous formulation of tetramethylbenzidine (TMB) and hydrogen 

peroxide, 24 mL per bottle.  

 Stop Solution (REF AC-STOP):  

0.5M hydrochloric acid, 14 mL per bottle.  

 Sample Diluent (REF AC-3309):  
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Phosphate buffered saline containing BSA and 0.05% sodium azide. 20 mL per bottle.  

 Wash Concentrate (REF AC-WASHL):  

Phosphate buffered saline containing Tween, 50 mL per bottle.  

 Adhesive Plate Sealers: 8 per kit. 

Other required materials:  

1. Precision pipetting devices to deliver 5 μL, 45 μL and 50 μL.  

2. Precision multi-channel pipettes to deliver 45 μL, 50 μL and 150 μL.  

3. Microplate shaker.  

4. Automatic microplate washer (optional).  

5. Photometric microplate reader and data analysis equipment. 

Assay Procedure  

50 μL of each Calibrator, or Control were added to the appropriate wells of the Antibody 

Coated Plate MICROPLAT in duplicate.  

Then 5 μL of sample and 45 μL of Sample Diluent SAMPDIL were added to the appropriate 

wells of the Antibody Coated Plate in duplicate.  

This has been dispensed within a period of 15 minutes to minimise drift.  

After that a 50 μL of PINP Biotin was added to all wells using a multichannel pipette.  

Then the plate was covered with an adhesive plate sealer and incubated on a microplate 

shaker (500-700 rpm) at 18-30°C for 1 hour.  

After incubation all wells were washed three times with Wash Solution, then the plate 

was inverted and tapped firmly on absorbent tissue to remove excess Wash Solution 

before proceeding to the next step. 

150 μL of Enzyme was added to all wells using a multichannel pipette, then the plate was 

covered with an adhesive plate sealer and incubated at 18-30°C for 30 minutes then 

washed three times.  

150 μL of TMB Substrate was added to all wells using a multichannel pipette, then the 

plate was covered an adhesive plate sealer and incubated at 18-30°C for 30 minutes.  

After incubation a 50 μL of Stop Solution HCL was added to all wells using a multichannel 

pipette, then the absorbance of each well was measured at 450 nm (reference 650 nm) 

using a microplate reader within 30 minutes of adding the Stop Solution. 
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Calculation of Results  

The mean absorbance for each Calibrator, Control and sample were calculated by 

preparing a calibration curve on semi-log graph paper and plotting the mean absorbance 

for each Calibrator on the ordinate against concentration of PINP on the abscissa. The 

values for each control and sample read from the calibration curve were in ng/mL.  

To obtain the concentration of PINP in each sample, the value read from the curve was 

multiplied by the dilution factor used (x10).  

2.2.3.3. Sclerostin:  

 For the quantitative determination of mouse SOST concentrations in mice serum  

 ELISA kit was used provided from Quantikine catalogue Number MSST00. 

Assay principle:  

The SOST ELISA kit was provided by R&D and the assay used is a quantitative sandwich 

enzyme immunoassay. A monoclonal antibody specific for mouse SOST has been pre-

coated onto a microplate. Standards, control, and samples are pipetted into the wells and 

any SOST present is bound by the immobilized antibody. After washing away any unbound 

substances, an enzyme-linked polyclonal antibody specific for mouse SOST is added to the 

wells. Following a wash to remove any unbound antibody-enzyme reagent, a substrate 

solution is added to the wells. The enzyme reaction yields a blue product that turns yellow 

when the Stop Solution is added. The intensity of the colour measured is in proportion to 

the amount of SOST bound in the initial step. The sample values are then read off the 

standard curve.  

Reagents and materials provided: 

      96 well polystyrene microplate coated with a monoclonal antibody specific for mouse/rat       

SOST, conjugate, standard, control, assay diluent RD1W, calibrator diluent RD6-12, wash    

buffer concentrate, colour reagent A, colour reagent B, stop solution, and plate sealers. 

Reagent Preparation: 

All reagents were brought to room temperature before use, the control was reconstituted 

with 1.0 mL of distilled water to be assayed undiluted. 
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To prepare 500 mL of Wash Buffer, 20 mL of Wash Buffer Concentrate was added to distilled 

water. Colour Reagents A and B should was mixed together in equal volumes within 15 

minutes of use and Protected from light. 

The standard was reconstituted with Calibrator Diluent RD6-12 to produces a stock solution of 

1000 pg/mL and the stock solution was allowed to sit for a minimum of 15 minutes with gentle 

mixing prior to making dilutions.  

Using a polypropylene tubes, 200 μL of Calibrator Diluent RD6-12 was added into each tube and 

the stock solution was used to produce a dilution series: 1000 pg/mL, 500 pg/mL, 250 pg/mL, 

125 pg/mL 62.5 pg/mL, 31.3 pg/mL and 15.6 pg/mL. The undiluted Standard (1000 pg/mL) 

serves as the high standard and the Calibrator Diluent RD6-12 serves as the zero standard (0 

pg/mL). 

Assay Procedure: 

50 μL of Assay Diluent RD1W was added to each well then 50 μL of standard, control, and sample 

were added, after that, the plate was covered with the adhesive strip and Incubated for 3 hours 

at room temperature. Each well was aspirated and washed, this process was repeated four 

times for a total of five washes then each well was washed by filling them with Wash Buffer (400 

μL) using a squirt bottle. After the last wash, any remaining Wash Buffer was removed by 

aspirating or decanting and the plate was inverted and blotted against clean paper towels.  

100 μL of Mouse/Rat SOST Conjugate was added to each well then covered with a new adhesive 

strip and incubated for 1 hour at room temperature then the aspiration and wash was repeated 

as in previous step. 

100 μL of Substrate Solution was added to each well and incubated for 30 minutes at room 

temperature with Protection from light.  

100 μL of Stop Solution then added to each well with thorough mixing.  

The optical density of each well was determined within 30 minutes, using a microplate reader 

set to 450 nm, and wavelength correction active at 570 nm to correct for optical imperfections 

in the plate.  
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Calculation of Results  

The duplicate readings for each standard, control and sample were averaged and blank 

corrected. A standard curve was created using a four parameter logistic (4-PL) curve-fit, and 

sample values calculated using this standard curve.  

2.2.3.4. Osteopontin: 

 For the quantitative determination of mouse OPN concentrations in serum, ELISA kit was used 

provided from R&D with catalogue number: M0ST00  

Assay principle: 

This assay employs the quantitative sandwich enzyme immunoassay technique. A polyclonal 

antibody specific for mouse osteopontin has been pre-coated onto a microplate. Standards, 

control, and samples are pipetted into the wells and any osteopontin present is bound by the 

immobilized antibody. After washing away any unbound substances, an enzyme-linked 

polyclonal antibody specific for mouse osteopontin is added to the wells. Following a wash to 

remove any unbound antibody-enzyme reagent, a substrate solution is added to the wells. The 

intensity of the colour measured is in proportion to the amount of osteopontin bound in the 

initial step. The sample values are then read off the standard curve.  

 Reagents and materials provided:  

96 well polystyrene microplate coated with a polyclonal antibody specific for mouse OPN, 

standard: lyophilized recombinant OPN in a buffered protein base with preventatives, control: 

lyophilized recombinant OPN in a buffered protein base with preservatives, conjugate: 12 ml of 

a polyclonal antibody specific for mouse OPN conjugated to horseradish peroxidase with 

preservatives, assay diluent RD1W: 12 ml of buffered protein base with preservatives, calibrator 

diluent RD6-12: 2 vials(21 ml/vial) of diluted animal serum with preservatives, wash buffer 

concentrate: 21 ml of a 25-fold concentrated solution of buffered surfactant with preservative, 

colour reagent A: 12 ml of stabilized hydrogen peroxide, colour reagent B: 12 ml of stabilized 

chromogen (tetramethylbenzidine), stop solution: 23 ml of diluted hydrochloric acid, plate 

sealers: 4 adhesive strips. 

Other required supplies; Microplate reader capable of measuring absorbance at 450 nm, with 

the correction wavelength set at 450 nm or 570nm, pipettes and pipette tips, deionized or 
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distilled water, squirt bottle, manifold dispenser, or automated microplate washer, 500 

graduated cylinder, test tubes for dilution of standards and samples.   

Reagent and sample preparation: 

Mouse serum samples was diluted 100-fold dilution. 

All reagents were brought to room temperature before use. 

The mouse OPN control was reconstituted with 1.0 ml of distilled water and mixed thoroughly. 

To prepare 500 ml of wash buffer, 20 ml of wash buffer concentrate was added to distilled 

water. 

Substrate solution- colour reagent A and B were mixed together in equal volumes within 15 

minutes of use and was protected from light. 

The mouse OPN slandered was reconstituted with calibrator diluent RD6-12 to produce a stock 

solution of 2500pg/ml and kept for 5 minutes with gentle mixing. 

To produce the dilution series, the stock solution was used after pipetting 200 μL of calibrator 

diluent RD6-12 in to 6 tubes and were mixed gently and thoroughly before the next transfer. 

The undiluted mouse OPN slandered (2500 pg/ml) serves as the high standard and the calibrator 

diluent serves as the zero standard (0pg/ml).  

Assay procedure: 

All reagents were brought to room temperature before use and all samples, control, and 

standards were assayed in duplicate.      

After preparing all reagents, standard dilutions, control, and samples, the microplate was 

prepared by removing the strips from the frame. Then 50 μL of assay diluent was added to each 

well and 50 μL of standard, control, or sample were added per well as well and mixed by tapping 

the frame for 1 minute. The microplate then was covered with adhesive strip and incubated for 

2 hours at room temperature. Each well was aspirated and washed five times by filling each well 

with wash buffer (400 μL) using a dispenser. 

After removing any wash buffer with the last wash by aspirating and inverting the plate against 

clean paper towels, 100 μL of mouse OPN conjugate was added to each well, covered with a 

new adhesive strip and incubated for 2 hours at room temperature. The aspiration wash was 
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repeated then 100 μL of substrate solution was added to each well and incubated for 30 minutes 

at room temperature on the benchtop protected from light.  

Finally 100 μL of stop solution was added to each well with tapping the plate gently to ensure 

thorough mixing then the optical density was determined for each well within 30 minutes using 

a microplate reader set at 450 nm.  

Results calculation: 

The duplicate readings for each standard, control and sample were averaged the average zero 

standard O.D was subtracted. 

Standard curve was created by reducing the data using computer software capable of 

generating a four parameter logistic (4-pl) curve-fit.        

2.2.3.5. CTX:  

The quantitative determination of bone related degradation products from C-terminal 

telopeptides of type I collagen in mouse serum was measured by the RatLaps (CTX-I) EIA assay. 

Assay principle: 

 The RatLaps™ (CTX-I) EIA is an enzyme-linked immunosorbent assay which requires the pre-

incubation of the streptavidinated microtitre plate MICROPLAT with a biotinylated RatLaps 

Antigen Ag BIOTIN. The microtitre plate wells are then washed and 20 μL of each calibrator CAL 

0-5, control CTRL or unknown sample are incubated together with the Primary Antibody Ab 

(polyclonal antibody against the peptide sequence EKSQDGGR) at 2 - 8°C. The wells are then 

washed and enzyme conjugate (peroxidase conjugated anti- IgG) added to bind to the primary 

antibody. A further wash step is conducted, following which a chromogenic substrate SUBS TMB 

is added to allow colour to be developed. The colour reaction is stopped upon the addition of 

Stopping Solution H2SO4 and the absorbance read in a microtitre plate reader, with the colour 

intensity developed being inversely proportional to the concentration of RatLaps antigen in the 

original sample. 

Reagents and materials Provided: 

 Antibody coated plate (MICROPLAT): Microwell strips (12 x 8 wells) pre-coated with 

streptavidin, supplied in a plastic frame. 

 RatLaps Calibrator(CAL 0): TRIS buffered solution containing stabilisers and 0.05% 

sodium azide as 
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Preservative; 1 vial, 5.0 mL. 

 RatLaps Calibrators (CAL 1–5): TRIS buffered solution containing a synthetic peptide 

(EKSQDGGR) with stabilisers and 0.05% sodium azide as preservative; 1 vial each (5 

in total), 0.4 mL. 

 Control (CTRL): TRIS buffered solution containing a synthetic peptide (EKSQDGGR) 

with stabilisers and 0.05% sodium azide as preservative; 1 vial, 0.4 mLy. 

 Biotinylated RatLaps Antigen (Ag BIOTIN): PBS solution containing a biotinylated 

peptide (EKSQDGGR) stabilisers and 0.05% sodium azide as preservative; 1 vial, 12.0 

mL. 

 Primary Antibody (Ab): buffered solution containing a rabbit polyclonal antibody 

specific for a part of the C-telopeptide α chain of rat type I collagen with stabilisers 

and 0.05% sodium azide as preservative; 1 vial, 12.0 mL. 

 Peroxidase conjugated anti- IgG (ENZYMCONJ): buffered solution containing a 

peroxidise conjugated anti- rabbit IgG antibody with stabilisers and 0.05% Proclin 

300 preservative; 1 vial, 12.0 mL. 

 Substrate Solution (SUBS TMB): tetramethylbenzidine (TMB) substrate in an acidic 

buffer, 1 vial; 12.0 mL. 

 Stopping Solution (H2SO4): 0.18 M sulphuric acid; 1 vial, 12.0 mL. 

 Washing Solution (WASHBUF 50x): Concentrated washing solution containing 

detergent and preservative; 1 vial 20.0 mL. 

 Adhesive Plate Sealer: 8 per kit. 

Other required Martials:   

Containers for preparation of the Washing Solution, Precision pipetting devices to deliver 20 μL, 

Distilled or deionised water, Precision 8 or 12 channel multipipette to deliver 100 μL, ELISA plate 

reader with 450 nm and 650 nm reference wavelength, 2 – 8°C incubator, Vortex mixer, and 

Automatic microplate washer. 

Reagents preparation: 

 All reagents were brought to room temperature (18 - 22°C) for a minimum of 60 minutes before 

use. The appropriate number of strips were placed in the plastic frame and the unused 

immunostrips were stored in the tightly closed foil bag with desiccant capsules. The washing 
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solution was prepared by diluting 50x in distilled or deionised water adding 1 part WASHBUF 

50x to 50 parts water and mixed carefully. 

Assay Procedure: 

After preparation of reagents, a 100 μL of Biotinylated RatLaps antigen Ag BIOTIN was pipeted 

into each well, covered with sealing tape and incubated for 30 ±5 minutes at room temperature 

(18 - 22°C). After incubation, all wells were washed 5 times with 300 μL of wash solution 

prepared previously. Then, 20 μL of each calibrator CAL 0 - 5, control CTRL and unknown samples 

were pipetted into the appropriate wells on the Antibody Coated Plate MICROPLAT followed by 

100 μL of Primary Antibody Ab and the plate was covered with an adhesive plate seal and 

incubated overnight (18 ±3 hours) at 2 – 8°C. After incubation, the washing steps were repeated 

again, then 100 μL of Peroxidase conjugated anti- IgG ENZYMCONJ was pipetted into each well 

and the plate was covered with an adhesive plate seal and incubate for 60 ±5 minutes at room 

temperature (18 – 22°C). 

The washing steps were repeated, then, 100 μL of Substrate Solution SUBS TMB was pipetted 

into each well and the plate was covered with an adhesive plate seal and incubate for 30 ±2 

minutes at room temperature (18 – 22°C) in the dark. 

Finally, 100 μL of Stopping Solution H2SO4 was pipetted into each well and the absorbance was 

measured at 450 nm with reference at 650 nm using a microplate reader within 2 hours of 

stopping the reaction. 

To calculate the results, the mean concentrations of samples and controls were calculated using 

a 4 parameter logistic (4PL) curve fit, and the calibrator 0 was included.    

2.2.4. µCT scanning of mouse bones  

      Left and right tibias of young and aged mice were scanned by µCT using a Skyscan 1272 

system with a rotation step size of 0.1° over 180°, an isotropic resolution set at1.25 µm, X-ray 

source at 50 kV and 200 µA, 0.5 mm aluminium filter, and averaging at 3. Images were 

reconstructed using Skyscan “NRecon” software which provides images of the analysed bones 

slice-by-slice. The reconstructed set of slices was then viewed in Skyscan’s “-Data-Viewer-” 

for analysis. Using Skyscan “CT-Analyser” or “CTAN” software the data set is then analysed 

for morphometry using a macro with a fixed threshold to differentiate bone from soft tissue. 

Next the osteocytes were identified as small pores inside the mineralised bones using macro 
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set designed by Professor Rob Van T Hof. For trabecular analysis measurements were taken 

from 400 slices immediately distal to the growth plate of tibias.  

2.2.5. Immunohistochemistry 

After µCT scanning, all samples were sectioned using the film cryosectioning method 

described by Kawamoto (Kawamoto and Kawamoto, 2014) as follows:  

First, tibias were frozen with hexane dry-ice (Fig.2.1A). A proper amount of cooled 

embedding medium (SCEM) was placed in a stainless steel container (Fig.2.1B) then the 

frozen sample was placed in the embedding medium (Fig.2.1C) and the container quickly 

moved into the cooled hexane to enable the embedding medium to freeze completely 

(Fig. 2.1D) the frozen blocks were removed from the container (Fig. 2.1E) and fixed to the 

cryomicrotome sample holder (Fig.2.1F) using SCEM. 

 

 

Figure 2.2. Preparing frozen sample blocks. A: freezing the sample, B: the mounting medium and 

stainless steel container, C and D: freeze-embedding in hexane dry-ice, E and F: fixing the frozen 

block to the microtome sample holder. 

 

In order to cut hard tissues (bone), a tungsten carbide blade was used. The temperature 

of the cryostat chamber was usually kept at -15 to -20oC. However, the temperature of 
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cryostat and the holder chuck adjusted to -25 and -35oC respectively when cutting highly 

mineralized tissues. The frozen sample block was left in the cryochamber to acclimatize 

for approximately 10 min after fixing it to the sample holder chuck then the block was 

trimmed with a disposable tungsten carbide blade until the area of interest appears on 

the cut surface. After trimming, the blade was moved and a sharp blade edge was adjusted 

to the cut position. The adhesive film (Cryofilm) was mounted onto the cut surface with a 

fitting tool and the sample cut slowly at a constant speed. The sections were taken out of 

the cryochamber and left for 10-60 seconds in order to dry lightly then staining procedure 

was started by blocking with 10% donkey serum in PBS for 30 minutes. (The staining steps 

occurred by turning the specimen side down and immerse the section in the liquid). 

After blocking sections were incubated with the primary antibody seclerostin diluted 1 in 

100 of 10% of FCS in PBS overnight at 4oC or 1-2 hours at room temperature, then washing 

with PBS 3 times for 10 minutes each time. Sections after that were incubated with the 

secondary antibody fluorescent diluted 1 in 200 of 10% FCS in PBS for 1 hour then they 

washed with PBS 3 times for 10 minutes each time. Finally, sections were mounted with 

specific mounting medium with DAPI (Vector laboratories) and covered with the cover 

slips and the edges were sealed completely with nail varnish to protect the sections from 

dryness till they have been imaged with the confocal microscope.  

2.2.6. Imaging bone cryosections with confocal microscope 

 After immunostaining of the cryosections for SOST, the sections were imaged on a Zeiss 

LSM800 confocal microscope using a 40x oil immersion lens, resulting in a voxel size of 

0.312 x 0.312 x 0.75 µm. The sections were imaged as stacks with sufficient layers to 

image the full thickness of the sections. 

Sections were imaged for 3 fluorescence channels: AlexaFluor594 (red, SOST), Calcein 

(green, calcein labels) and DAPI (blue, nuclei). The settings for the channels are shown in 

Table 2.1. 
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Channel AF594 Calcein DAPI 

Laser Excitation 

wavelength 

561 488 405 

Laser power 0.86% 0.08% 0.14% 

Detection 

wavelengths 

580-700 400-575 400-580 

Detector Gain 737V 555V 699V 

Pixel dwell time 68.94 µs 65.94 µs 65.94 µs 

Averageging 2 2 2 

Table 2.1: Confocal microscope settings for Imaging of SOST expression in osteocytes. 

 

2.2.7. Histomorphometric analysis of bone formation rate 

For analysis of bone formation, sections were stained in 0.1% Calcein Blue (adjusted to pH 8 using 

NaOH) for 3 minutes. After staining, the sections were washed three times in water and coverslipped 

using an aquous mountant with antifade (Vector laboratories). The sections were then imaged using 

a Zeiss Axio Scan.Z1 slide scanner (Carl Zeiss Ltd., UK) with a 20x lens using filter sets for DAPI and 

calcein, and a Zeiss Axioscan506 monochrome camera, resulting in an isotropic pixel size of 0.227 µm.  

Histomorphometric analysis of bone formation was performed using a custom image analysis program 

(CalceinHisto), available at https://www.liverpool.ac.uk/ageing-and-chronic-disease/bone-hist/, 

developed by Prof. Rob van ‘t Hof (159). The software was written in Java and uses image processing 

modules from ImageJ. 
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2.3. In vitro loading: 

 

Figure 2.3. Schematic overview of the experimental design for the in vitro mechanical 

loading model for young adult and aged adult mice. T: Tibia, F: Femur.  
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S2.3.1. Tissue culture: 

Two groups of young mice and aged mice were culled, and bone chips from the tibia and 

femur bone shafts were obtained as described above (paragraph 2.2.1.). After the 

collagenase treatment, the bone chips were washed with HBSS, and transferred to T25 

flasks containing 5ml of standard αMEM each. Flasks were incubated for 3 days at 37°C in 

a humidified 5% CO2 atmosphere to allow the attachment of the cells. After 3 days 

medium was removed then complete α MEM was added. Cells were left to grow out of 

the bone chips until semi-confluent with medium changes every 3-4 days. 

After 3 weeks the cells were transferred to T75 to grow more cells by removing the media 

then washing 3 times with warm PBS then incubating the cells with trypsin for 3 minutes 

then adding media containing FBS 2 times of trypsin to inactivate the effect of trypsin. 

Cells was centrifuged with 300g for 3 minutes after transferred to a 15ml falcon then the 

top supernatant removed and media added to the cells on the bottom then incubated 

with T75 for 2 weeks with changing media every 3 days.  

2.3.2. In Vitro stretching of Osteoblasts (Flexcell Tension System):   

       After 2 weeks the Osteoblasts were trypsinised again, counted using a TC10 Bio-Rad 

Cell Counter, and plated at desired density (1×106 cells/well) in collagen coated stretch 

plates (6 well plates from flexcell). Stretching was performed in a Tension system for cell 

stretch (Flexcell) in a dedicated sterile humidified incubator at 37°C and at 5% CO2. The 

Tension system was set at 6% of strain at a frequency of 1 Hz using a continuous stretch 

for overnight. After completing the stretch protocol, cells were removed from the physical 

tension system then washed twice with sterile PBS and lysed using Trizol as described 

prior.  The lysate was then collected in a sterile Eppendorf tube and stored at -80 °C. 

The Flexcell Tension System is composed of a loading post were the coated plates are 

physically placed and a controlled vacuum pump. Pumps remove air from the space 

between the loading post and the coated surface, creates a vacuum, which allows to 

mechanical strain the culture as indirect movement of the loading post. Flexcell Tension 

System was inserted in a dedicated humidified incubator, having tubes connected to the 

vacuum pump outside of the incubator (figure 2.2 A and B). 
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A 

 

B 

Figure 2.4. Schematic representation of Flexcell Tension System. (A) Representing strain 

related change on the culture from static state, (B) Photograph of the general System 

appearance without pump connection. 
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2.3.3. Complementary DNA (cDNA) synthesis 

After RNA quantification using the Nano Drop, cDNA was synthesized using the 

EvoScript Universal cDNA Master (Roche) according to the manufacturer’s instructions. All 

reagents were vortexed and centrifuged briefly before use. 1µg of RNA sample was used with 

4µl of 5x concentrated Reaction buffer and PCR grade water to a final volume of 18µl in 0.25ml 

Eppendorf. Tubes were mixed well and centrifuged then incubated for 5 minutes at room 

temperature. After that, 2µl of 10x concentrated Enzyme mix was added and mixed well. 

Tubes were then incubated in a SimpliAmp Thermal Cycler using the following protocol: First, 

15 minutes at 42oC temperature; second, 5 minutes at 85oC temperature; third, 15 minutes 

at 65oC temperature; finally, at 4oC for ∞duration. The resulting cDNA was stored at -20°. The 

cDNA synthesis was performed in triplicate for each RNA sample. 

2.3.4. Real-time quantitative PCR 

The LightCycler 480 probes master from Roche was used and the master mix was prepared as 

follows: 

Reagent Volume for 1 sample 

Probes Master (2x) 5µl 

Primer forward 0.4µl 

Primer reverse 0.4µl 

Probe 0.2µl 

Water 3µl 

Table 2.2:  RT-qPCR master mix ingredient list for Roche primer probe sets. A different master 

mix was made up for each gene of interest. 

Reagent Volume for 1 sample 

Probes Master (2x) 5µl 

Primer/Probe assay 0.5µl 

Water 3.5µl 

 

Table 2.3: RT-qPCR master mix ingredient list for Fisher Scientific primer/probe assays. A 

different master mix was made up for each gene of interest. 
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After master mix was prepared, for each sample 9µl of master mix and 1µl of cDNA was added 

to a well in a 96-well PCR plate (Roche) making up a total reaction volume of 10µl. For all RT-

qPCR, the Mono Colour Hydrolysis Probe/UPL was followed using the following settings:  

Step Cycle(s) Temperature Time 

Pre-incubation 1 95°C 10min 

Amplification 45 95°C 10sec 

60°C 30s 

72°C 1s 

Cooling 1 40°C 30s 

 

Table 2.4: RT-qPCR run program. 

All RT-qPCR was performed using a Roche Lightcycler 480 and every sample was analysed in 

triplicate. CT values were obtained and expression relative to HMBS (housekeeping gene) was 

calculated.  The housekeeping gene (HMBS) was chosen based on a study by Stephens et al 

(160). All primer/probe sets used had either been pre-validated by the lab group or validated 

by Roche or Taqman RealTime ready single assays. 

Statistical analysis of all data was performed by one way ANOVA using Graph pad Prism, using 

a Sidak’s multiple comparison test as post hoc test to identify differences between individual 

groups.  
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CHAPTER 3. Effect of Mechanical Loading on Bone Turnover 

Markers in Young Adult and Old Adult Mice. 

3.1. Introduction: 

Bone is remodelled throughout life. Remodelling starts with bone resorption by 

osteoclasts followed by bone formation by osteoblasts. Osteocytes act as 

mechanosensors and orchestrate the bone remodelling process. In normal 

bone, formation and resorption are balanced. This balance changes in ageing, 

leading to age-related loss of bone volume and strength (chapter1.paragraph5). 

As a response to mechanical loading Osteocytes can produce molecules to 

regulate bone formation, or degradation in the absence of such kind of loading 

stimuli. Much more understanding of the molecular mechanisms that control 

the adaptive response of osteocytes to mechanical stimuli may lead to the 

development of new strategies towards fracture prevention and enhanced bone 

healing (161).   

Biochemical markers of bone metabolism provide dynamic information about 

bone tissue turnover, they can be classified either as bone formation or bone 

resorption markers. 

Bone has usually been considered as a structural organ that supports movement 

of the body and protects the internal organs. However, evidence has been 

accrued showing that bone also behaves as an endocrine organ(162), and that 

some of the markers of bone turnover can act as endocrine factors such as 

osteocalcin, FGF23 and sclerostin. Bone-derived fibroblast growth factor 23 

(FGF23) for instant, is mainly secreted by osteoblasts and osteocytes but plays 

important roles in regulating phosphate homeostasis by inhibiting phosphate 

reabsorption and 1,25-dihydroxyvitamin D3 production in the kidney and 

suppressing parathyroid hormone (PTH) synthesis in the parathyroid gland 
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which reduces the circulating phosphate levels(163). Therefore, changes in the 

secretion profile of bone with ageing, may affect ageing in tissues other than 

bone. 

In this chapter I present the results of my study into the change in bone turnover 

markers with ageing in mice. I analysed serum markers of bone formation and 

bone resorption in young adult (3-4 months of age) and aged (14 months of age 

mice. Furthermore, I studied the effect of ageing on the bone anabolic response 

to mechanical loading. 

3.2. Serum markers studied 

3.2.1. Osteocalcin:  

Osteocalcin is a 49-amino acid in human (46 in mouse) non-collagenous protein 

of bone matrix mineralisation produced by osteoblasts. Its synthesis is 

dependent on the presence of active 1, 25-dihydroxyvitamin D and requires 

vitamin K as a cofactor for the ƴ-carboxylation of its three glutamate residues to 

become ƴ-carboxyglutamate (Gla osteocalcin) by ƴ-glutamyl carboxylase(164). 

This modification leads to most secreted osteocalcin to be embedded in the 

bone matrix, as the ƴ-carboxylation increases its affinity for hydroxyapatite 

crystals(165). The acidic environment produced during bone resorption 

processes by osteoclasts stimulates decarboxylation of ƴ-carboxylated 

osteocalcin (GlaOC) trapped in the bone matrix  into the Glu osteocalcin form 

again, reducing its affinity for hydroxyapatite and therefore promoting its 

release into the circulation where it can be measured by immunoassay(166). 

osteocalcin is degraded and excreted by the kidney. Therefore, serum 

concentrations of osteocalcin and its fragments are increased in patients with 

renal failure(167). Furthermore, osteocalcin plays different endocrine rules in 

many organs, it acts as a blood glucose-lowering hormone by stimulating insulin 
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secretion by β-cells and by favouring insulin sensitivity in muscle, liver, and white 

adipose tissue(168). 

3.2.2. P1NP (Procollagen type 1 N-terminal propeptide):  

Collagen type I is the most abundant protein of the bone and accounts for higher 

than 90% of the organic bone matrix which is developed from procollagen type 

I which in turn synthesized by osteoblasts and fibroblasts. During collagen 

maturation, after secretion of procollagen type I into the extracellular space, its 

aminoterminal and carboxyterminal propeptides (PICP and PINP) are cleaved off 

from both sides by specific proteases and released into the circulation(167)  

during its conversion to collagen type I. The mature collagen type I is then 

association into fibrils. P1NP is usually released in the trimeric structure 

(molecular weight =35,000) and then is rapidly broken down to a monomeric 

form by thermal degradation effects. P1NP antibodies are used to detect the 

trimeric structure of P1NP by ELISA or radioimmunoassay (RIA). There are two 

automated P1NP assays: ‘total P1NP’ which detects both the trimeric and 

monomeric forms of the peptide, and ‘intact P1NP’ which detects only the 

trimeric form. Because trimeric P1NP is cleared by the liver and monomeric 

P1NP is cleared by the kidney, total P1NP increases in kidney failure but intact 

P1NP does not(169,170). 

The serum levels of P1NP have been validated as a marker for bone formation 

rate in osteoporosis and its measurement is being developed to be used widely 

in clinical applications as a specific indicator of type I collagen deposition(171). 

3.2.3. Sclerostin: 

Sclerostin has described briefly in the introduction chapter, paragraph 1.4   
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3.2.4. CTX:  

The C-terminal telopeptide of fibrillar collagens (type I and II), CTX also known 

as carboxy-terminal collagen crosslinks. It is a specific biomarker in the serum to 

bone resorption(172). Carboxy-terminal crosslinked of collagen type I (CTX-1), 

the linear eight amino acid sequence, and the amino-terminal crosslinked (NTX-

1) both are fragments of degraded collagen type I released during bone 

resorption via unspecific types of proteinases including, cathepsin K, as it is 

selectively expressed by osteoclasts(173). Recent study has shown that CTX-1 is 

a specific and sensitive biomarker of bone resorption that can rapidly indicate 

the response to bisphosphonate therapy for postmenopausal osteoporosis 

(174). 

3.2.5. Osteopontin (OPN): 

Osteopontin, also known as bone sialoprotein I (BSP-1), it is a pluripotent soluble 

protein found in all body fluids and expressed in many tissues and cells. It 

stimulates signal transduction pathways via integrin and CD44 alternatives that 

regulate several cellular activities including the interaction between cells and 

the extracellular matrix(175). 

OPN is a 34 kDa non-collagenous protein that was first isolated from bone and 

its fragments are implicated in many signalling functions. It plays an important 

role in bone mineralisation and binds to extracellular calcium via its 

phosphorylated (serine and threonine) and acidic (aspartate and glutamate) 

residues (176). Recent studies have demonstrated that osteocalcin and OPN 

together were shown to enhance fracture strength of bone and the absence of 

these proteins reduces the elasticity of bone matrix and its ability to tolerate 

cyclical loading(177). OPN also promotes cell-mediated immune responses, and 

plays a role in chronic inflammatory and autoimmune diseases. Besides its 
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function in inflammation, OPN work as a potent inhibitor of vascular 

calcification(178). 

3.3. Methods: 

To assess the difference in response to mechanical loading in bone between 

young adult and old adult mice by measuring the circulation biochemical 

markers, female C57/bl6 mice in two different age groups, young (3 months old, 

N=20) and aged (15 months old, N=20) were used for this experiment. 

The right tibia bones 12 mice in each age group were loaded as described in 

chapter 2, and 8 mice of each group used as unloaded control. Serum was 

obtained from all mice as described in chapter 2 and biochemical markers 

concentrations were measured by ELISA. 

Statistical analysis of the data was performed by one way ANOVA using 

GraphPad Prism, using a Sidak’s multiple comparison test as post hoc test to 

identify differences between individual groups.  

3.5. Results: 

The volume of serum obtained for each mouse varied between mice, and some 

mice did not produce sufficient serum to run all ELISAs. Furthermore several 

samples suffered from erythrolysis and were not suitable for analysis. Therefore 

the number of data points for the analysis was reduced with the final number of 

data points for each group stated in the figure legends. 

3.5.1 Osteocalcin: 

There was no significant effect of mechanical loading on osteocalcin levels in 

either the young or aged group, although there was a slight trend for an increase 

in the aged group (Fig. 3.1; p=0.2). When the data from loaded and non-loaded 

controls from each age were pooled, there was an unexpected statistically 
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significant 26% increase (p<0.001) in osteocalcin levels in the loaded aged mice 

group in comparison with the loaded young group. 

 

 
Figure 3.1. Osteocalcin serum levels in young and aged mice after loading. 
Young (3-months-old, N=8 loaded; N=6 control) and aged (15-month-old N=9 
loaded; N=7 control) mice underwent repetitive loading of the right tibia. At 
the end of the experiment, serum was collected and analysed by ELISA for 
osteocalcin levels. Data were analysed using ANOVA. ***: p< 0.001 aged 
loaded versus young loaded.   
 

 

3.5.2 P1NP: 

As shown in Figure 3.2, mechanical loading of the tibia lead to a significant 

decrease in the P1NP levels in both young (p< 0.001) and aged (p<0.001) mice. 

Furthermore, P1NP levels were significantly lower in aged than in young mice 

(p=0.004), indicating reduced bone formation in aged mice. 
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Figure 3.2. P1NP serum levels in young and aged mice after loading. 
Young (3-months-old, N=9 loaded; N=6 control) and aged (15-month-old, 
N=10 loaded; N=8 control) mice underwent repetitive loading of the right 
tibia. At the end of the experiment, serum was collected and analysed by ELISA 
for P1NP levels. Data were analysed using ANOVA.  ***: p< 0.004 Young versus 
Aged. +++: p<0.001 Loaded versus non-Loaded controls. 
 

 

3.5.3. Sclerostin:  

Overall results represent in figure 3.3. showed no differences in sclerostin levels 

between groups after loading and no significant decrease of sclerostin levels on 

old age mice group after loading compared to old un-loaded controls (p=0.08). 
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Figure 3.3. Sclerostin serum levels in young and aged mice after loading. 
Young (3-months-old, N=7 loaded; N=5 control) and aged (15-month-old N=12 
loaded; N=5 control) mice underwent repetitive loading of the right tibia. At 
the end of the experiment, serum was collected and analysed by ELISA for 
sclerostin levels. Data were analysed using ANOVA. ***: P<0.001 aged loaded 
versus young loaded.   
 

 

3.5.4. CTX: 

Results revealed significant changes in CTX serum levels after loading in booth 

age groups as Figure 3.4. Showing highly significant decrease in CTX 

concentrations in young loaded mice group in comparison with the young un-

loaded controls (p<0.001), and no statistically significant increase in old age 

loaded mice in comparison with the old un-loaded controls. 

Further observation can be seen in this figure in the very highly significant 

decrease on CTX levels between the control old and young mice groups 

(p=0.0002). 
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Figure 3.4. CTX serum levels in young and aged mice after loading. 
Young (3-months-old, N=9 loaded; N=6 control) and aged (15-month-old N=7; 
N=7 control) mice underwent repetitive loading of the right tibia. At the end 
of the experiment, serum was collected and analysed by ELISA for CTX levels. 
Data were analysed using ANOVA. ***: p< 0.0002 Young control versus Aged 
control. +++: p<0.001 young loaded versus non-Loaded (control). 
 

   

3.5.5. Osteopontin:  

Overall results represent in figure 3.5. showing no differences in osteopontin 

levels between groups after loading, and there is a  no significant increase of 

osteopontin levels in old age mice group after loading compared to old un-

loaded controls (p=0.06). 
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Figure 3.5. Osteopontin serum levels in young and aged mice after loading. 
Young (3-months-old, N=11 loaded; N=7 control) and aged (15-month-old 
N=10 loaded; N=7 control) mice underwent repetitive loading of the right 
tibia. At the end of the experiment, serum was collected and analysed by ELISA 
for osteopontin levels. Data were analysed using ANOVA. 
 

 

 

As there were only few significant changes in serum markers between loaded 

and unloaded mice, I next pooled the values for all young mice and compared 

these to pooled results for the aged mice. There was no difference between 

young and aged mice for serum levels osteopontin. SOST levels were 

significantly decreased by 35% in the aged mice, whereas osteocalcin levels 

were increased by 25% in the aged mice (fig. 3.6). Serum levels of both P1NP 

and CTX showed a significant 2-fold reduction in aged mice (Fig 3.7), indicating 

a reduction in bone turnover in the aged mice compared to the young mice. 
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Figure 3.6. Pooled analysis of serum sclerostin, osteopontin and osteocalcin 
levels in young and old female mice.  
Data for loaded and non-loaded mice were pooled in each age group and 
analysed using a t-test. Data represent average with standard deviations. 
Concentrations for SOST and osteocalcin are shown as pg/ml, and 
concentrations for osteopontin in ng/ml. ***: p<0.001 between young and 
aged. N=12 young; N=17 aged for SOST levels, N=18 young; N=17 aged for 
osteopontin levels, N=14 young; N=16 aged for osteocalcin levels.  
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Figure 3.7. Pooled analysis of serum P1NP and CTX levels in young and old 
female mice. 
Data for loaded and non-loaded mice were pooled in each age group and 
analysed using a t-test. Data represent average with standard deviations. 
There was a significant decrease of both bone turnover markers in aged mice. 
***: p<0.001. P1NP and CTX concentrations are shown in ng/ml. N=17 young; 
N=18 aged for P1NP levels, N=15 young; N=14 aged for CTX levels.  
 

 

3.6. Discussion: 

Osteoporosis is a skeletal disease associated with aging, distinguished by low 

bone mass and associated with compromised bone microarchitecture, leading 

to reduced bone strength and increased risk of fractures(179). The skeleton is a 

dynamic organ and has the capacity to adapt itself to its mechanical 

environment. The control of mechanosensitive Osteocytes orchestrates the 

activity and enrolment of osteoblasts and/or osteoclasts by producing a variety 

of signalling molecules, results to the formation of a bone structure that 

provides an appropriate resistance to fractures and gives the bone its adaptation 

to mechanical loading (180).  
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Age-related fragility fractures indicate bone mass deficiency. In contrast 

mechanical loading is important for maintaining bone strength, and it has a good 

prospective for prevention of osteoporosis and even treatment(181).  

On this view our results showed significant increase on osteocalcin, (a good 

serum biomarker for bone formation) levels in aged mice after loading the right 

tibia bone for two weeks in comparison to the old controls that did not have the 

mechanical loading stimuli as shown in figure 3.1. However, P1NP levels, which 

is a bone formation biomarker as well showed significant decrease in serum 

concentrations of old age mice compared with the young once even after 

loading as we can see a significant decrease in old loaded group compared with 

the young loaded mice. 

Our results are in agreement with a cross-sectional study of human data (Shao 

et al. (182)) by analysing seven bone turnover and metabolic indicators from 

1036 patients between January 2018 and October 2019. Their findings 

suggested that P1NP and β-CTX are highly correlated with age as they found that 

concentrations for these markers were significantly higher in young patients 

compared to aged patients. Our data are in  disagreement with others(183). In 

contrast our results unexpectedly showed significant increase in osteocalcin 

levels in aged group compared to the young group (fig. 3.1.). 

It is difficult to rely on osteocalcin results because of its limited sensitivity and 

rapid degradation, and this may have affected my results.  Compared to P1NP, 

variance was considerably higher in the osteocalcin assay, possibly reflecting the 

known instability of this protein. As a hormone, osteocalcin regulates three key 

hormones involved in energy metabolism and it targets at least three organs: 

pancreas, where it promotes insulin secretion; adipocytes, where it stimulates 

adiponectin expression; and Leydig cells, to promote testosterone production. 
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In addition to its associated with HbA1c and type II diabetes. On these bases, 

extensive studies suggested that osteocalcin is associated to metabolic 

syndrome(184). As a result bone is not the only organ which is implicated to 

osteocalcin and the changes in term of the two parameters, ageing and 

mechanical loading might not give an accurate results as expected. However our 

results in figure 3.1. Showing decline in osteocalcin concentration in young 

loaded group compared to the control young group comes in agreement with a 

study by Mathew J. Silva and his group in Washington University as they found 

that mechanical loading for mice tibia bone increases cortical bone volume and 

there results showed significant decline of osteocalcin and CTX levels in young 

mice from 2-4 months old (185). 

In agreement with this study, our results in figure 3.4 Showing significant 

decrease in CTX concentrations on the loaded young group compared to the 

control young group which shows that mechanical loading was effective on 

reducing bone resorption in young mice. However, in the aged group, results in 

figure 3.4. I observed the reverse as the loaded old group showed an increase in 

CTX levels compared to the control unloaded old group. These results indicate 

that aged mice do not respond with a reduction in bone resorption after 

mechanical loading. The CTX levels were decreased in control aged mice 

compared to control young mice, and this indicates an overall reduction in bone 

resorption. This contradicts the general idea that bone resorption is increased 

with ageing. However, unlike aged mice, the young adult mice still had an active 

growth plate, which have abundant, highly active osteoclasts, and in general 

have higher bone volume. Therefore, although resorption maybe increased in 

aged mice per bone surface, because of a much higher bone surface in young 

mice, total systemic bone resorption as reflected by the CTX assay could be 

decreased as I observed in this study. 
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Because the half-life of serum CTX is about 1 hour and because of the sensitivity 

of the assay to the food intake and it is suppressed by diurnal variation with the 

day hours, it preferred to be measured fasting at 08.00–09.00 am (186). 

Modelling techniques showed that serum CTX show considerable diurnal 

variation with a maximum at about 5 am, a minimum at about 2 pm, and a 

magnitude of about 40% around the 24-hour mean. 

In consideration of the importance of sclerostin as a negative regulator of bone 

formation, our results showed decreased in SOST levels in aged mice compared 

to the young ones and a significant decrease in its levels even after loading in 

aged compared to young. 

Osteopontin levels had a high variance in all the groups. It is very well possible 

that we could not detect any changes due to loading or ageing because only one 

bone in each mouse was loaded, while there was no change in loading in the 

rest of the skeleton. It is therefore possible that the contribution of the loaded 

bone to circulating levels of sclerostin and osteopontin was too small to be 

measured by the assays used.  To assess the effects of loading on the local 

production of sclerostin in the loaded bone would need a more targeted 

approach such as immunohistochemistry. These studies will be described in 

Chapter 4.  
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Chapter 4. Effects of Ageing on adaptation to in vivo mechanical 

loading  

4.1. Introduction 

Mechanical adaptation to loading of bone appears to be compromised in both aged mice and 

humans (187). The exact underlying mechanisms are currently unclear. However osteocytes 

are the main mechanosensing cells in bone, and therefore changes in osteocyte number or 

activity are highly likely to play a role in the age-related reduced anabolic response to loading. 

Sclerostin is secreted by the osteocyte and acts as an extracellular inhibitor of canonical Wnt 

signalling pathway by binding to the lipoprotein receptor-related protein-4 (LRP4), LRP5 

and/or LRP6(188). Absence or decrease in sclerostin, reveal increased bone mass(188). 

The question is, what is the relation between mechanical loading and seclerostin expression 

by osteocytes?    

Robling et al. (189) have demonstrated that one of the hypothetically important mechanism 

by which mechanical loading controls osteocyte activity is by regulating sclerostin expression. 

His experimental model of loading the mouse ulna down regulates sclerostin expression, has 

been followed by multiple experimental loading models (190–197), that led to a suggestion 

simplified as follows: The local, loading-related down-regulation of osteocyte sclerostin 

increases bone formation by inhibiting the canonical Wnt signalling in osteoblasts whereas 

also, directly or indirectly by regulating the OPG that overturning the resorptive activity of 

osteoclasts. The validation of this model has been strongly supported by the responses of 

transgenic mice by sclerostin expression changes with loading. However, recent findings (198) 

of sclerostin-independent changes in bone formation following loading have demonstrated 

that this model is rather over-simplified. In addition, the mechanisms by which loading-

related stimuli initiate this process by down-regulating sclerostin still unclear. 

Measurement of bone mass using the Dual-Energy X-ray Absorptiometry (DEXA) scanner has 

been shown to be a valuable parameter in the assessment of bone fragility during ageing. 

However, bone mass can only partially explain  the age-related decrease in bone strength 

(199). The other bone quality factors that affect bone strength include bone microstructure 

and the material properties of the bone tissue. 
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DXA analysis, for instance, has low sensitivity for detecting the changes in bone density that 

occur after ovariectomy especially in mice comparing to μCT analysis. That is because DXA 

scanners cannot separate cortical bone from trabecular bone, which has the most of the 

changes occurs on it. Van’t Hof Robert and Dall’Ara Enrico(200) have found that the Piximus 

scanner shows bone loss at the proximal tibia of about 5–10% 3-weeks after ovariectomy in 

mice (which is barely statistically significant using ten animals per group), while analysis of a 

similar experiment using μCT analysis showed a highly significant 30–40% decrease of 

trabecular bone at the same site. 

At the cellular level, osteocytes which are the most abundant bone cells, have several 

functions, including regulation of osteoid matrix maturation and mineralization(201) and the 

unique mechano-sensation (202) that osteocytes translate mechanical stimuli into electrical 

or biochemical signals and orchestrate the actions of osteoclasts and the osteoblasts 

formation bone homeostasis(203). Osteocytes form a connected network within the bone 

matrix through their dendritic processes located within the canaliculi, through which the 

osteocytes communicate with each other and cells on the bone surface(204). Thus, the 

anatomical study of osteocyte status is of high importance. To date, most imaging studies on 

osteocytes used microscopic techniques such as light microscopy(205), confocal microscopy 

(206,207), scanning electron microscopy (SEM) (208,209) and transmission electron 

microscopy (TEM) (210,211). These techniques provide only 2D observations or they are 

limited to at best a few tens micrometres in depth of the bone tissue. As a result, 

comprehension of three-dimensional (3D) organisation of osteocytes is difficult. To study the 

osteocyte environment in un decalcified sample, confocal laser scanning (CLS) microscopy, 

which allows the non-destructive histotomography of bone made it possible to observe 

osteocytes in bone by labelling the cells with fluorescence and using three-dimensionally 

reconstructed fluorescent images (206). On the other hand, μCT imaging and desktop high-

resolution μCT scanners have been developed to visualize osteocyte lacunae and canaliculi, 

which were not visible with other 3D non-destructive imaging techniques, and are now of 

increasing interest to study perilacunar remodelling. 

This chapter is analysation of the effect of ageing on the bone anabolic response to loading 

using the in vivo mouse model of loading of the tibia (158). In addition, it includes analysation 

of osteocyte distribution in this model by µCT and histological approaches, and changes in 
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sclerostin, the major regulator of osteoblast differentiation and activity (212), expression in 

osteocytes. 

4.2 Methods 

4.2.1 Animals 

Procedures were performed on female C57/bl6 mice. Ages studied were 3-months of age 

(N=6), and 15 months of age (N=6). Mechanical loading was performed as described in 

Chapter 2 paragraph 2.2. Mice were labelled with calcein as described in 2.2, 7 days and 3 

days before culling. After culling, the tibias were fixed overnight in buffered formalin and 

scanned by µCT with very high resolution imaging option that takes about 7 hours to get 

around 2000 slices. After µCT scanning, the tibias were processed for film cryosectioning as 

described in 2.2.4. Then slides were Immunohistochemistry stained with SOST primary 

antibody and fluorescent secondary anti body and some with calcein counter stain. Slides 

then imaged with confocal microscope and florescent microscope and then data analysed.   

 

4.2.2 Development of SOST immunostaining for bone sections 

 

4.2.2.1. Vectastain ABC method 

Mouse tibias were fixed in paraformaldehyse fo0r 24h, dehydrated through graded alcohol, 

cleared in Xylene and embedded in wax. Blocks were sectioned at 5 µm, and dewaxed in 

xylene, rehydrated to water. Endogenous peroxide activity was bquenched using 

Blockall(Vector laboratories). I used the R&D anti-SOST primary antibody, and a biotinylated 

anti-goat secondary antibody. Titrtations of the antibofy showed optimal results at a: 100 

dilution of the primary antibody and 1:200 for the secondary antibody. The first Immunostain 

method tried used the Vectastain ABC Kit with Nova red as the dye.  

Immunohistochemistry on wax sections (ABC Kit) procedure: 

 
Sections were dewaxed in xylene for 5 minutes and rehydrated for 1 minute in each 100% 

IMS twice, in 90%, 70% and distilled water for 5 minutes. Then the sections were incubated 

in the oven with the antigen retrieval (citrate buffer) for one hour at 37oC, then washed in 

PBS-T (PBS solution with 0.1% Tween) twice for 5 minutes. The next step was using 0.3% 
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hydrogen peroxide for the exogenous peroxidase activity blocking for 15 minutes at 37oC or 

for 30 minutes at room temperature, then washed in PBS twice for 5 minutes. Sections then 

incubated for 20 minutes with diluted normal blocking serum and washed in PBS-T twice for 

5 minutes. After that sections were incubated for 30 minutes or overnight with primary 

antibody diluted in buffer then washed in PBS twice for 5 minutes. Then sections were 

incubated for 30 minutes with diluted biotinylated secondary antibody and washed in PBS 

twice for 5 minutes. Then incubated for 30 minutes with VECTASTAIN ABC reagent and 

washed in PBS twice for 5 minutes, then incubated in peroxidase substrate solution NovaRED 

or DAB (after their preparation). 

In some cases sections underwent antigen retrieval using sodium citrate buffer (PH=6) and 

boiling in a microwave for 2 minute. However, this resulted in all the cortical bone tissue 

falling of the slide. 

To prevent tissue falling of the slides during antigen retrieval, I next used a water bath at 80oC 

60oC for 30 minutes incubation or. However, this still resulted in loss of about 50% of the 

tissue. Finally, I used incubation in an oven at 37oC for one hour. Although the tissue stayed 

on the slide, there was no difference in staining intensity with slides that did not undergo 

antigen retrieval. Increasing the incubation time to two hours did not improve staining 

intensity and led to high background stain, Figure 4.1. 

The general procedure for staining with Vectastain ABC system is applying the primary 

antibody followed by biotinylated secondary antibody and then performed avidin and 

biotinylated horseradish peroxide macromolecular complex. The horseradish peroxidase is 

visualized by the development of a peroxidase substrate that produces the colour. However 

as this technique did not give a satisfactory staining levels, I used another method; ImmPRESS 

Reagent, which uses secondary antibodies tagged with a polymerised HRP for signal 

amplification. 
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Figure 4.1. Longitudinal Wax Sections in mouse tibia bone using Vectastain ABC kit, Sodium 

Citrate Buffer antigen retrieval, NovaRED peroxidase substrate. SOST primary antibody 15 

mg/ml diluted 1in 100 PBS and biotinylated secondary antibody. 

  

4.2.2.2. ImmPRESS (polymerized reporter enzyme staining system) 

Wax sections were stained using ImmPRESS polymerized reporter enzyme staining system 

which is an enzymatic, non-biotin, one-step detection kit that provides very high sensitivity 

with very low background staining; I used citrate buffer antigen retrieval. 

ImmPRESS procedure: 

Sections were dewaxed twice in xylene for 5 minutes each and rehydrated for 1 minute in 

each 100% IMS twice and in 90%, 70%, 50% and distilled water. Sections then incubated in 

the oven with UNI-TRIEVE antigen retrieval for 30-60 minutes at 70oC, then washed with PBS 

twice for 5 minutes. Sections were blocked exogenous peroxidase activity with BLOXALL for 

10 minutes and washed in PBS twice for 5 minutes. Sections were incubated with ready to 

use (2.5%) normal horse blocking serum for 20 minutes, then washed in PBS twice for 5 

minutes. Sections then incubated with primary antibody (diluted 1 in 7 of normal serum) 

overnight at 4oC and washed in PBS 3 times for 5 minutes. Then incubated with IMMPRESS 

reagent for 30 minutes and washed in PBS 3 times for 5 minutes then incubated in peroxidase 

substrate solution NovaRED or DAB and washed for 5 minutes with water. Then dehydrated 

in 100% ethanol (3 changes for 30 seconds) and xylene (3 changes for 3 minutes) and mounted 

in DPX.  

The results showed increased target accessibility, binding specificity and signal intensity, 

however, the background staining level was still high (Figure 4.2.). 
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To avoid the background being highly stained, I used a different antigen retrieval (UNI-TRIEVE) 

at 70oC in the oven for 30 minutes. The result was impressive (Figure 4.3.).  

UNI-TRIEVE solution is quite sufficient for retrieval of all membrane and cytoplasmic antigens, 

nuclear antigens such as ER, PR etc. which does not require boiling or a cooling period and it 

is pH-independent. Due to these aspects UNI-TRIEVE is gentle towards delicate tissues and 

cells; in contrast with the citrate buffer which needs a low level of pH and could easily cause 

tissue destruction and damage to the tissue morphology. The best possible outcome does not 

cause background staining. This is why it is applicable to retrieving all tissues and cell 

preparations for the variety of applications and essays such as Immunohistochemistry (IHC) 

Immunofluorescence (IF) (figure 4.4). 

 

 

Figure 4.2. Longitudinal Wax Sections in mouse tibia using ImmPRESS (polymerized 

reporter enzyme staining system), Sodium Citrate Buffer antigen retrieval, NovaRED 

peroxidase substrate and SOST primary antibody diluted 1 in 7 of normal serum. 
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Figure 4.3. Longitudinal Wax Sections in mouse tibia using ImmPRESS (polymerized reporter 

enzyme staining system), UNI-TRIEVE antigen retrieval, NovaRED peroxidase substrate and 

SOST primary antibody diluted 1:100 with anti-goat Ig (arrows pointing to osteocytes).  

 

4.2.2.3. IHC in wax sections with fluorescent secondary antibody 

Sections were dewaxed in xylene twice for 5 minutes and rehydrated for 1 minute in each 

100% IMS twice, in 90%, 70%, 50%, and distilled water. Sections then incubated with UNI-

TRIEVE antigen retrieval in the oven for 30-60 minutes at 70oC then washed in PBS twice for 

5 minutes. Sections blocked with donkey serum (diluted 10% in PBS) for 30 minutes. After 

blocking they were incubated with the primary antibody (diluted 1 in 100 of PBS) overnight 

at 4oC and washed in PBS 3 times for 10 minutes. Then incubated with the secondary antibody 

(diluted 1 in 200 PBS with FCS) for 1 hour and washed in PBS 3 times for 10 minutes then 

mounted with specific mounting medium.     
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Figure 4.4. Longitudinal wax sections in mouse tibia, fluorescent IHC, Anti sclerostin primary 

anti body (the red colour) diluted 1:100 and Anti goat secondary anti body with DAPI that 

gives the blue colour. 

 

The fluorescence method is simpler, and gives a more quantifiable stain (the HRP stains are 

not stoichiometric) as fluorescence levels can be easily quantified using image analysis. As a 

final optimisation, I performed Immunostains on tape-based cryosections as described in 

Chapter 2 paragraph xx. This method is faster than wax embedding, and leads to less tissue 

damage and better netigen preservation. Therefore the experiments in this chapter used the 

tape-based cryo section method combined with immunofluorescence for the determination 

of SOST expression in osteocytes. 

4.2.3 Osteocyte lacunae visualisation by µCT 

To be able to visualise osteocyte lacunae, the tibias were scanned at a resolution of 1.25 µm 

with Skyscan (as described in chapter 2). The reconstructed 3d image stacks were analysed 

using a custom macro in CT Analysis. Example of the visualisation of osteocyte lacunae is 

shown in figure 4.5. The main parameters measured were percentage osteocyte volume per 

bone volume, osteocyte number per bone volume, osteocyte diameter, and osteocyte 

separation. 
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Figure 4.5. 3D images of mouse tibia scanned with µCT, represent Osteocyte lacunae 

visualisation (A) cortical and trabecular bone, (B) osteocyte lacunae, (C) osteocyte lacunae 

distribution in the bone.    
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4.3 Results 

 

4.3.1 Effects of ageing and mechanical loading on trabecular structure of the 

proximal tibia  

 

Ageing lead to a 6-fold decrease in trabecular bone volume (Fig. 4.6 and 4.7 A). This was due 

to a decrease in trabecular number (Fig. 4.7 D), leading to an increase in trabecular separation 

(fig. 4.7 C). Trabecular thickness was not affected by ageing (Fig. 4.7 B). Ageing had no effect 

on the architectural parameters trabecular pattern factor and structure model index (Fig. 4.7 

E and F). The mechanical loading of the tibia did not lead to any significant changes in the 

trabecular bone at the proximal tibia. 
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Figure 4.6. µCT images of young and aged mouse tibias (right loaded, left non-loaded). 

Note the substantial loss of trabecular bone in the aged samples. 
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Figure 4.7. Analysis of trabecular bone of young and aged tibias after loading. Trabecular 

bone of the proximal tibia was analysed by µCT. Circles represent data from young animals 

(N=6), triangles from aged (N=6). Open symbol represent data from control tibias, closed 

symbols from loaded tibias. Data were analysed using ANOVA, ***: p< 0.001 between 

young and aged. BV/TV: bone volum per tissue volume; Tb.Th: trabecular thickness; Tb.Sp: 

trabecular separation; Tb.N: trabecular number; Tb.Pf: trabecular pattern factor. SMI: 

structure model index. 
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4.3.2 Effect of ageing and mechanical loading on bone formation  

 

 

 

 

Figure 4.8. Images of florescent microscopy for calceine labelled young and aged mice. 

Mineralised tissue was counterstained with calceine blue (blue fluorescent) and calceine 

labels are green. A: Left (control) tibia in young mouse, showing calceine double label 

representing bone formation in the endosteal side of the cortex (yellow arrows) and the 

trabecular bone. B: Left (control) tibia bone for aged mouse virtually no calceine double 

label can be seen due to very low levels of bone formation. C: Right (loaded) tibia for young 

mouse, showing calceine double label representing bone formation in both endosteal and 

periosteal side of the cortical bone (yellow arrows) as well as increased calceine labelling 

of the trabecular bone. D: Right (loaded) tibia in aged mouse, showing no increase in 

calceine labelling after loading.    
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Analysis of the calcein double labels in the trabecular bone of the aged animals showed very 

little double label (Figure 4.8), in contrast to the young animals, which showed a mineralising 

surface of approximately 40% (Fig. 4.9). Mechanical loading of the tibia did not affect the bone 

formation in the trabecular bone of the aged animals. In contrast, in the young animals the 

bone formation rate was increased by 38%, due to an increase in the mineralising surface per 

bone surface, while the mineral apposition rate was not changed. 

 

  

 

 

 

 

Figure 4.9. Effect of ageing on loading induced bone formation in trabecular bone of young 

and aged mice tibias analysed by µCT. Circles represent data from young animals (N=6), 

triangles represent data from aged animals (N=6). Open symbol represent data from 

control (left) tibias, closed symbols from loaded (right) tibias. Data were analysed using one 

way ANOVA, ***: p< 0.001 between young and aged mice. +: p<0.5 between loaded and 

control; ++: p<0.01 between loaded and control. MAR: mineral apposition rate; MS/BS: 

mineralising surface per bone surface; BFR/BS: bone formation rate per bone surface. 
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A similar effect of loading was seen in the cortical bone, with again a lack of effect in aged 

animals, and a 78% increase in bone formation rate in the young mice (Fig. 5.10), again due 

to an increase in the mineralising surface with no effect on the mineral apposition rate (MAR). 

This increase in mineralising surface was almost exclusively due to activation of bone 

formation in the periosteal surface of the cortex after loading (compare figure 5.8 A and C). 

The unloaded control legs showed virtually no double label on the periosteal surface. 

 

 

 

 

 

 

 

Figure 4.10.  Effect of ageing on loading induced bone formation in cortical bone of young 

and aged mice tibias analysed by µCT. Circles represent data from young animals (N=6), 

triangles represent data from aged animals (N=6). Open symbol represent data from 

control (left) tibias, closed symbols from loaded (right) tibias. Data were analysed using one 

way ANOVA, ***: p< 0.001 between young and aged mice, +++: p< 0.001 between loaded 

and control tibias. 
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4.3.3 Analysis of sclerostin expression after loading (confocal) 

 

One of the main regulators of bone formation that is known to respond to mechanical loading, 

is sclerostin (SOST), a negative regulator of bone formation. The effect of ageing and loading 

on expression of SOST in osteocytes was analysed using immunofluorescence. Although there 

was a lower fluorescence intensity in the aged mice compared to the young mice, but this 

was not statistically significant (Fig. 5.7). Mechanical loading had no effect on 

immunofluorescence levels in the osteocytes. 

 

 

 

 

Figure 4.11. Effect of ageing and loading on sclerostin expression in osteocytes.  A and B: 

representative 3D confocal images of a young and aged mouse respectively. Nuclei are 

counterstained with DAPI (blue), sclerostin immunostain is visible as red. C: Analysis of 

average Immunostain intensity per cell. Between 20 and 40 cells were analysed for each 

bone. Circles represent data from young animals (N=6), triangles represent data from aged 

animals (N=6). Open symbols represent data from control (left) tibias, closed symbols from 

loaded (right) tibias. Data were analysed using one way ANOVA. There was no significant 

difference between the groups. 
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4.3.4 Effect of ageing on osteocyte number  

 

Osteocytes are the main cells regulating the response of bone to mechanical loading. 

Therefore, the lack of response to loading ion the aged mice could be due to insufficient 

numbers of osteocytes in the aged mice. Osteocytes are long lived cells and the number of 

osteocytes was unlikely to change in the relatively short period of the loading experiment (2 

weeks).  I analysed the presence of osteocyte lacunae in the bones of the young and aged 

mice using very high resolution µCT (Fig. 4.8). The osteocyte lacuna volume per bone volume 

was significantly decreased by approximately 50% in aged compared to young mice. This was 

not due to a decrease in osteocyte lacuna diameter (Fig. 4.8 B), but to a decrease in osteocyte 

lacuna number (Fig. 4.8 C) leading to an increase in osteocyte lacuna separation (Fig 4.8 D). 
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Figure 4.12. Osteocyte density in young and aged mice tibias. Osteocyte lacunae were 

visualised using high resolution (1.25 µm) µCT scans, and volume, diameter and distribution 

measured. A: Osteocyte lacunar volume per bone volume as a percentage, showing 

decreased lacunar volume. B: Osteocyte lacuna diameter. C: Osteocyte lacuna number per 

bone volume, showing a decrease in number. D: osteocyte lacuna separation showing an 

increase in separation with age. Circles in dictate data from young mice (N=12), and 

triangles from aged mice (N=12). Data were analysed using a t-test, ***: p< 0.001 between 

young and aged mice. Ocy.Vol/BV: Osteocyte lacuna volume per bone volume; Ocy.diam: 

Osteocyte lacuna diameter. 
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4.4 Discussion 

 

The main aim of the work in this chapter was to analyse the effect of ageing on the bone 

anabolic response to loading. In addition, as osteocytes are the main sensors of mechanical 

loading in bone, we analysed the effect of ageing on osteocyte number and distribution and 

osteocyte expression of the loading-sensitive bone formation regulator sclerostion. 

Surprisingly, when we compared bone volume and architecture of loaded and control tibias 

using µCT, we did not observe any effect of loading, either in young or aged mice. However, 

µCT can only analyse changes in mineralised tissue, and mineralisation is a slow process 

(213)Taken together with the fact that the loading procedure was only performed over a short 

period of time (2 weeks), it is likely that the µCTanalysis could not reliably measure the new, 

low mineralised bone formed in response to loading. 

In contrast, analysis of bone formation using dynamic bone histomorphometry, showed a 

clear increase in bone formation rates in the young mice in response to mechanical loading. 

The reason why this methodology can detect the effect of loading is because the calcein 

double labels are incorporated during the bone formation, and the calcein blue counterstain 

is very sensitive to calcium and will label up tissues with very low hydroxyapatite levels such 

as newly formed bone (159). In agreement with existing literature, the response to 

mechanical loading was almost completely absent in the aged mice (214). In addition, the 

basic bone formation levels in the aged mice were extremely low, with double labels 

completely absent in a number of tibias analysed. 

In the young mice, the increase in bone formation was significant in both the trabecular and 

cortical bone, and was due to an increase in mineralising surface rather than mineral 

apposition rate. This indicates that loading leads an increase in numbers of active osteoblasts, 

rather than an increase in the activity of individual osteoblasts. The increase in osteoblast 

number could be due to activation of bone lining cells, and /or increased differentiation of 

osteoblast precursors into active osteoblasts. 
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As sclerostin is believed to be a major osteocyte produced factor that regulates osteoblast 

activity, especially in response to loading and unloading of bone(197), I analysed the effect of 

ageing and loading on sclerostin expression by osteocytes. Sclerostin is an inhibitor of bone 

formation, and levels are therefore expected to decrease after mechanical loading of bone, 

to allow for increased bone formation. However, I observed no difference in sclerostin 

expression after loading(197), either in the young or the aged mice. This in in agreement with 

the results on serum levels of sclerostin described in chapter 3. However, Robling et all(189) 

did observe a decrease in young mice after mechanical loading, however, in their experiments 

mice only underwent one cycle of mechanical loading and were culled 24h later. Therefore, 

one explanation for the lack of effect of loading on sclerostin expression here could be one of 

timing. The animals were culled and serum and bone collected three days after the last 

loading episode. It is possible that the effect of loading on sclerostin expression is very 

transient, and by this time sclerostin levels had returned to normal levels again. It may also 

be that only a small subset of osteocytes respond to the loading, and this number is 

insufficient to significantly affect serum levels (which reflect total body sclerostin synthesis), 

and that analysis of individual osteocyte expression levels need to be specifically targeted to 

areas within the bone that are most responsive to the mechanical loading. One of the areas 

that shows a very distinct increase in bone formation after loading is the periosteal cortical 

bone, especially on the lateral side. Future experiments could therefore specifically analyse 

osteocytes in this bone area. However, due to time constraints I was not able to perform this 

analysis, and in addition, due to the fact that the cortex is thick and very rigid, the cortical 

bone suffers from considerable cracking damage during cryosectioning, making consistent 

analysis difficult. 

Finally, I analysed the effect of ageing on osteocyte number. I developed a method to analyse 

osteocyte lacunae in 3D using very high resolution µCT image analysis. The number of 

osteocyte lacunae was significantly decreased in aged mice, leading to an increase in 

osteocyte separation distance. This may partially explain the decreased response to loading 

in the aged mice, as a reduction in the cells sensing the loading and controlling the activity of 

the osteoblasts and osteoclasts may lead to a decrease in the signals send by the osteocytes. 

The increased spacing between the osteocytes could also lead to a reduction of the 

connections between the osteocytes, leading to a less efficient network. In addition, previous 
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studies have found: Aging is accompanied by a decline in osteocyte connectivity and viability 

in the bone of osteoporotic patients and aged mice (215). This is most likely due to osteocyte 

cell death, apoptosis, and autophagy. A recent study by Tiede-Lewis et al. (216) showed that 

the dendrite number was greatly reduced in aged mice, where reduced connectivity preceded 

osteocyte death. 

Osteocyte death leaves behind empty lacunae that can fill in with mineral, a process called 

micropetrosis. Micropetrosis may act as a neutralization mechanism in aged bone by 

removing the empty lacunae that can cause stress congregator if left open. The programed 

cell death that osteocytes undergo, especially in the presence of bone micro-damage, 

stimulates the release of chemical signals for osteoclasts to remodel the damaged bone (57). 

Osteocytes can also undergo the process of autophagy (217). Autophagy is a cellular state 

that promotes survival especially under stressful conditions, and autophagic cells remove 

unnecessary organelles until they can return to the healthy state. However, if the stress 

causing the autophagy has not stopped, then the cells can undergo apoptosis, leaving dead 

or osteonecrotic bone that does not heal or respond to mechanical loading. 

Aging is accompanied by a decline in osteocyte connectivity and viability in the bone of 

osteoporotic patients and aged mice(215). Furthermore, Tiede-Lewis et al. (216) study 

showed that the dendrite number was greatly reduced in aged mice, where reduced 

connectivity preceded osteocyte death. Deletion of superoxide dismutase 2 in osteocytes 

resulted in an osteoporosis-like bone phenotype due to increased generation of reactive 

oxygen species (ROS) (218). Osteocytes in aged mice also have increased expression of 

markers of senescence that may contribute to increased osteoclast activity and bone 

resorption (219). Although, a possible confounder would be the load distribution in different 

age group young and old, as the same applied load may give different discrete loads within 

the bone, as animal’s skeletal morphology changes different age levels.   

The results described in this chapter clearly show an impaired response to mechanical loading 

in aged mice. This may be partially due to the decrease in osteocyte number. My results do 

not show a clear role for sclerostin in the age-related responsiveness to loading. The 

molecular mechanisms underlying the reduced response remain therefore unknown. To 

investigate the molecular mechanisms affected by ageing, is studied the effects of loading 

and ageing on gene expression in chapter 5  
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Chapter 5. Effect of mechanical loading on osteoblast and osteocyte 

gene expression.  

5.1. Introduction: 

Many studies have shown that the process of bone formation and resorption are sensitive to 

local mechanical loads especially regeneration of bone tissue.  

At the cellular level, Osteocytes orchestrate the bone adaptation to its mechanical 

environment. Osteocytes are embedded into the mineralized matrix and they are capable of 

sensing mechanical signals applied to the bone and then react to these loads by controlling 

osteoblast and osteoclast activities through cell-to-cell communication and via secreted 

factors. Mechanical stimuli regulate several cellular functions, including gene expression, 

protein synthesis, cell proliferation and differentiation (203,220,221).   

Previous research has shown that the anabolic effect of mechanical loading is decreased with 

ageing (222). A study carried out by Nilsson Holguin et al. hypothesized that aging limits the 

response of the tibia to axial compression over a range of adult ages on C57BL/6 mice     ( 5 , 

12 and 22 Months old) (223). Indeed my results as shown in chapter 3 showed that bone 

formation is stimulated by in vivo mechanical loading especially on young mice, but the effect 

is reduced in aged mice. 

However, the underlying mechanism for reduced response to mechanical loading in aged 

mice is currently unknown. To my knowledge there are not any current one try to understand 

the molecular mechanisms, in this chapter I analysed the effect of ageing on changes in gene 

expression patterns after mechanical loading. Osteocytes are post mitotic cells, impossible to 

isolate in high numbers and cannot be cultured at high purity. I therefore used osteocyte-like 

osteoblasts, grown out of bone chips in culture as a model. I used RNA sequencing to identify 

changes between young and aged primary bone cells grown out of bone chips, using stretch 

as the mechanical load, as described in chapter 2.3. To my knowledge there are currently no 

studies that have analysed this. After analysis of the RNA Sequencing data, I selected the 10 

most significantly differentially expressed genes and analysed the effect of in vivo using the 

tibial loading model. The RNA obtained from the cleaned tibial bones is predominantly 
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derived from osteocytes, and therefore this technique allowed me to analyse the response to 

loading by osteocytes. 

RNA sequencing (RNA-Seq.) uses high-throughput techniques to provide a good 

understanding into the transcriptome of the cell. In addition to quantifying gene expression, 

the data produced by RNA-Seq can facilitate the discovery of novel transcripts, identification 

of alternatively spliced genes, and detection of allele specific expression (224). 

A typical RNA-Seq. experiment consists of RNA extraction first from the biological material 

(cells or tissues) which should be of sufficient quality that measured using an Agilent Bio 

analyser, which produces an RNA Integrity Number (RIN) between 1 and 10 with 10 being the 

highest quality samples showing the least degradation. Second isolating RNA molecules using 

specific protocols, then converting it to cDNA by reverse transcription and sequencing 

adaptors are ligated to the ends of the cDNA fragments Following amplification by PCR then 

the RNA-Seq. library is ready for sequencing (225). 

How is gene expression data analysed?   

The data flow for analysing RNA-Seq. data includes, creating FASTQ-format files sequenced 

reads from the NGS platform then aligning these reads to an interpreted reference genome 

and calculating expression of genes. Although basic sequencing analysis tools are easy to 

access, RNA-Seq. analysis presents considerable computational challenges and requires a 

specific thoughts to the essential biases in expression data. Figure 5.1. Explains RNA 

sequencing and data analysis (225). 
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A B 

   

 

Figure 5.1. (A) Overview of RNA-Seq. Experiment: First, RNA extraction. Second, subsets of 

RNA molecules are isolated. Next, the RNA conversion to cDNA by reverse transcription and 

sequencing adaptors are ligated to the ends of the cDNA fragments. Following amplification 

by PCR, then the library is ready for sequencing. 

(B) Overview of RNA-Seq. data analysis. Expression reads are first aligned to a reference 

genome. Second, the reads may be assembled into transcripts using reference transcript 

annotations or assembly styles. Next, the expression level of each gene is estimated by 

counting the number of reads that align to each exon or full-length transcript. Downstream 

analyses with RNA-Seq data include testing for differential expression between samples. 

  

5.2. Methods: 

Two groups of young mice (3 months old N=6) and aged mice (15 months old, N=5) were 

culled, and bone chips from the tibia and femur bone shafts were obtained as described in 
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2.2.1. Bone tissue was cultured as described in 2.3.1. Then after 5 weeks Osteocytes- like 

osteoblasts were harvested. For mechanical testing, cells were stretched by exposing to a 

tension system as described in 2.3.2. Next, that RNA was extracted from the cells as described 

in 2.2.2. Then RNA Next Generation Sequencing was carried out by LEXOGEN. The STAR 

aligner (Spliced Transcripts Alignment to a Reference) was used for aligning reads directly to 

a reference genome via the utilization of a pre-generated index of the reference. The reads 

are provided in a text file in the FASTQ format, which is then aligned by the tool. The results 

of this alignment are the aligned reads in SAM or binary SAM (BAM) format. 

Differential expression analysed was performed with DESeq2 which is a Bioconductor package 

implemented in R, by LEXICOM.  DESeq2 uses a Wald test to provide statistical significance of 

each gene’s potential differential expression.  Multiple comparison errors were controlled for 

using the default Benjamini and Hochberg method, (aka “FDR").   (226)). 

Possible interactions between genes products was analysed using String (https://string-

db.org). 

In addition, I performed a literature search on the known functions and possible role in bone 

metabolism of the most significantly differentially expressed genes, and studied their 

expression by qPCR after mechanical loading of the tibia in mice as described in Chapter 2.3.4. 

RNA extracted from tibias of each age group was tested by qPCR using specific validated 

primer-probe sets for each gene provided by Thermo Scientific. Figures 5.9. – 5.17. Represent 

the relative expression results, and delta CT was normalized against HMBS and sclerostin as 

housekeeping genes.  

Statistical analysis of the data was performed by one way ANOVA using Graphpad Prism, using 

a Sidak’s multiple comparison test as post hoc test to identify differences between individual 

groups.  

 

5.3. Results: 

5.3.1. Highly differentiated osteoblast with some futures of osteocytes  

Osteoblasts grown of bone chips are highly differentiated and showed some futures of 

osteocytes, microscopically they have similar shape as they start to extend their dendritic 
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processes. Functionally they expressed some similar genes such as osteocalcin, sclerostin and 

podoplanin. 

Figure 5.2. Showing qPCR for some genes in RNA extracted from osteoblasts grown of bone 

chips and osteocytes obtained from purified compact bone homogenate.   The high 

expression levels of osteocalcin indicate a highly differentiated osteoblast with high 

podoplanin and sclerostin expression indicating an osteocyte-like differentiation stage. 

 

 

 

Figure 5.2. Relative expression for Podoplanin, sclerostin, osteocalcin, RANKL and OPG (genes 

of interest) and other contamination genes, normalised using HMBS as housekeeping gene. 

Blue; Delta CT for old mice samples, orange; Delta CT for young mice samples and grey; the 

Delta delta CT.      

 

5.3.1. Effect of stretch on gene expression in young and aged osteoblasts. 

Figure 4.3 shows a graphical representation of the effect of mechanical stretch for each gene 

for young (A) and aged (B) osteoblasts. Differential expression analysis for a total of 24116 

genes showed 67 genes upregulated significantly and 10 genes downregulated in young 

stretched osteoblast compared to control young osteoblasts. Surprisingly, we found no 

significantly differentially expressed genes in aged osteoblasts. Regarding the Log 2 fold 
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change, Table 5.1. (A) is showing the top 20 upregulated genes in loaded young osteoblasts 

and Table 5.1. (B) is showing the 10 down regulated genes. Not all of these genes are 

statistically significant, therefore, table 5.2. Is showing the top significantly changed genes 

depending on the adjusted p value.  

 

A: Young B: Aged 

 

 

 

Figure 5.3. Plot of normalized counts of RNASeq. Data of stretched versus non-stretched 

osteoblasts (A) young, (B) aged. X axis: normalised count, Y-axis: 2-log fold differences 

between stretched and non-stretched. Expression that is significantly different between 

stretched and non-stretched cells is indicated by red dots. Note that red dots are only present 

in A, not in B. 
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A B 

  

Table 5.1. (A) Top 20 up regulated genes, (B) Top down regulated genes in young osteoblast 

after stretching in contrast with the control young un-stretched osteoblast sorted by the Log 

2 fold change. Padj= adjusted p value.  

 

 

 

 

 

 

 

 

 

 Gene Name  log2FoldChange padj

Mir99ahg 1.22 2.29E-02

Ankrd12 1.04 6.60E-03

Dek 0.95 5.43E-02

Kcnq1ot1 0.95 7.66E-02

Ppig 0.94 3.24E-02

Baz2b 0.92 4.24E-03

Zfc3h1 0.88 6.06E-02

Pnisr 0.87 5.95E-02

Bdp1 0.87 6.82E-02

Atrx 0.86 5.43E-02

Upf3b 0.85 4.19E-02

Usp34 0.84 5.98E-02

Nemf 0.83 5.43E-02

Esf1 0.82 9.00E-02

Ccdc88a 0.82 9.74E-02

4932438A13Rik 0.81 7.59E-02

Akap9 0.81 4.19E-02

Mdm4 0.8 9.00E-02

Ythdc1 0.79 9.00E-02

Thoc2 0.78 1.91E-02
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Gene Name Log 2 FC P Value Padj 

Baz2b 0.919192842 1.38E-06 0.004243344 

Ankrd12 1.042359996 6.45E-06 0.006603317 

Thoc2 0.783940615 3.73E-05 0.019100478 

RABEP1 0.73774337 4.85E-05 0.021295695 

Mir99ahg 1.22190828 5.96E-05 0.022862838 

Ppig 0.939394384 9.51E-05 0.032443115 

Tpr 0.752288228 0.000191077 0.041914101 

Upf3b 0.853111303 0.000187291 0.041914101 

Akap9 0.808574221 0.000180619 0.041914101 

Rbm6 0.783211178 0.000161294 0.041914101 

Tnfaip8 0.704004285 0.000188857 0.041914101 

A 

Gene Name Log 2 FC P Value Padj 

Trpc4ap -0.682412944 6.20E-06 0.006603317 

Serpine1 -1.149219758 2.33E-05 0.017611375 

Flnc -1.049316399 2.87E-05 0.017611375 

B 

Table 5.2. The highest significant (A) Upregulated, (B) Downregulated genes in young 

osteoblast after stretching in contrast with the control young un-stretched osteoblast sorted 

by p value.   

      

 

5.3.2. Analysis of gene expression between Young and aged osteoblasts 

Surprisingly, ageing had very little effect on gene expression in the non-stretched control 

osteoblasts, with only one significantly up regulated gene, Hoxc4 (Figure 5.4 B). 

Figure 5.4 A Shows a graphical representation of the effect of ageing in stretched osteoblasts 

as obtained using RNASeq. In contrast to the non-stretched osteoblasts, after stretching there 

were 32 genes up regulated significantly and 34 genes down regulated in young stretched 
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osteoblasts compared to the old stretched osteoblasts. Table 2 shows the top 20 up regulated 

genes and the top 20 down regulated genes. 

 

A: Control (non-stretched) 

 

B: Stretched 

 

 

Figure 5.4. Plot of normalized counts of RNASeq. data of young versus aged osteoblasts. A: 

without stretch, B: After stretch. X axis: normalised count, Y-axis:2-log fold differences 

between Young and Aged. Expression that is significantly different between young and aged 

osteoblasts is indicated by red dots. Note that red dots are only present in B, not in A. 
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Table 5.3. Top 20 upregulated genes (A) and down regulated (B) in young stretched 

osteoblasts in contrast to old stretched osteoblasts sorted by the Log 2 Fold Change. 

 

 

 

 

 

 

 

 

 

 

Gene Name  log2FoldChange padj

Fam13b 1.16 5.81E-03

Btg1 1.15 5.38E-02

Flywch1 1.12 7.59E-02

Dcaf6 1.11 4.00E-03

Cpne8 1.1 2.70E-03

Slc25a37 1.08 7.07E-02

Rel 1.07 7.08E-02

Sdccag8 1.04 7.59E-02

Hmgb1 1.02 7.59E-02

Gatsl2 1 7.46E-02

Wdr3 0.99 5.45E-02

Ginm1 0.96 2.15E-02

Mctp1 0.94 6.56E-02

Phospho2 0.91 3.82E-02

Armcx3 0.9 5.38E-02

Cebpz 0.88 3.09E-02

Supt16 0.88 1.00E-01

Nemf 0.87 7.46E-02

Rictor 0.87 9.94E-02

Epc2 0.86 9.54E-02
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Gene Name Log 2 FC Pvalue Padj 

Tuba1a 1.181064376 1.01E-07 0.000841208 

Gnl3l 0.799007731 1.07E-05 0.017862877 

Ephb3 1.307141119 3.63E-05 0.037860222 

A 

Gene Name Log 2 FC Pvalue Padj 

Cpne8 -1.101863778 6.47E-07 0.002697808 

Dcaf6 -1.113385063 1.44E-06 0.004001731 

Fam13b -1.155441029 2.79E-06 0.005809351 

Ginm1 -0.955593874 1.55E-05 0.021517395 

Cebpz -0.879580981 2.60E-05 0.03093295 

Phospho2 -0.910897747 4.12E-05 0.038182361 

B 

Table 5.4. The highest significant (A) Upregulated, (B) Downregulated genes in young 

stretched osteoblast in contrast with old stretched osteoblast sorted by p value.   

  

5.3.3. Protein-protein interaction (PPI) network analysis 

To find out the potential interactions between the proteins encoded by the differentially 

expressed genes, the STRING tool was employed (https://string-db.org). Results are shown in 

figures 5.5, 5.6, 5.7 and 5.8. These figures show the networks, with the nodes corresponding 

to the proteins and the edges representing the interactions.  

Figure 4.6 shows an extensive network of interactions between the genes upregulated after 

mechanical loading in young osteoblasts. The network seems to be centred on the Thoc2 and 

Atrx genes. 

A cluster of genes connected to the Transcriptional regulator ATRX gene which encodes one 

of the chromatin remodelling proteins is upregulated after loading. Part of this network is the 

Ubiquitin carboxyl-terminal hydrolase 34 (Usp34) that removes conjugated ubiquitin from 

AXIN1 and AXIN2, thereby acting as a regulator and activator of the Wnt signaling pathway. 

 

https://string-db.org/
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Figure 5.5. Protein-protein interaction network pathway analysis between up regulated genes 

in young stretched osteoblasts versus control young un-stretched osteoblasts using STRING. 

Marbles represent genes, lines represent the connection between genes, and more lines 

means more relationship.        
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Figure 5.6. Protein-protein interaction network pathway analysis between differential 

expressions of down regulated genes in young stretched osteoblasts versus control young 

non-stretched osteoblasts using STRING. Marbles represent genes, lines represent the 

connection between genes, and more lines means more relationship.        

     

Figure 5.6 shows a less extensive network of genes downregulated after stretch in young 

osteoblasts. The network centres on Flnc, which encodes filamin C, an actin cross-linking 

protein, widely expressed in cardiac and skeletal muscles (227). 
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Figure 5.7. Protein-protein interaction network pathway analysis between differential 

expressions of up regulated genes in young stretched osteoblasts versus old stretched 

osteoblasts using STRING. Marbles represent genes, lines represent the connection between 

genes, and more lines means more relationship.         

 

The network in figure 5.7 shows the network of genes differentially upregulated in young 

stretched osteoblasts compared to aged stretched osteoblasts. A cluster of genes centred on 

tubulin which is the major constituent of microtubules related to cytoskeleton is up regulated 

in young osteoblasts. 
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Figure 5.8. Protein-protein interaction network pathway analysis between differential 

expressions of down regulated genes in young stretched osteoblasts versus old stretched 

osteoblasts using STRING. Marbles represent genes, lines represent the connection between 

genes, and more lines means more relationship.       

   

The downregulated genes in young stretched osteoblasts versus aged stretched osteoblasts 

is shown in figure 5.8. A cluster of genes centred on tubulin which is the major constituent of 

microtubules related to cytoskeleton is up regulated in young osteoblasts.  

 

5.3.4. Analysis of Top 10 differentially expressed genes in in vivo loading model 

We selected the top differentially expressed genes (based on relatively high expression and 

significance of the adjusted p-value), and analysed the effect of in vivo loading of the tibia on 

the expression of these genes as described in chapter 2 paragraph 2. The right tibias for each 

young and old mouse received mechanical loading, while the left tibias was considered as 
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control. The RNA quality and yield for the aged samples was good, however, the samples from 

the young mice showed evidence of RNA degradation such as poor 260/280 ratios, low yield 

and high CT values for the HMBS and SOST housekeeping genes (higher in the young by 3-4 

cycles). As a consequence of this, a number of genes (especially those with relatively low 

expression) could not be detected in the qPCR reaction in the samples from young mice.  

5.3.4.1. Tuba1a:  

Tubulin Alpha 1a, Tubb2b (Tubulin Beta 2B), Tubb2a and Tubb5, these 4 genes represent 

upregulation in our differential expression gene analysis. They are structural genes that 

encode for Tubulin, their products participate in the formation of microtubules the structural 

proteins that participate in cytoskeletal structure(228). Specifically, microtubules are 

composed of a heterodimer of alpha and beta-tubulin molecules. Both of these 55,000-MW 

monomers are found in all eukaryotes, and their sequences are highly conserved. Tubulin is 

the major constituent of microtubules. Each tubulin subunit binds two molecules of GTP, one 

at an exchangeable site on the beta chain and one at a non-exchangeable site on the alpha 

chain (5). 

As shown in figure 5.9. Relative expression for Tuba1a was significantly increased two folds in 

loaded tibias compared to the un-loaded tibias in young mice with p value 0.03. There is a 

significant 4-fold reduction of the gene expression in old unloaded tibias compared to the 

young ones (p=0.02). There was no significant effect of loading on Tuba1a expression in aged 

tibias, and after loading there is still a highly significant decrease in the right loaded old tibias 

in comparison to the right loaded young tibias with p value = 0.001. These results are similar 

to those in the RNA Seq analysis of the stretched osteoblasts, however, the effect of 

stretching was not significant in the young osteoblast in that experiment.    
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Figure 5.9. Relative expression for Tuba1a gene in young and aged mice tibias after loading. 

Young (3-months-old, N=5 loaded; N=6 control) and aged (15-month-old N=6 loaded; N=6 

control) mice underwent repetitive loading of the right tibia. At the end of the experiment, 

RNA extracted from the left and right tibias then qPCR. Data were analysed using ANOVA. *: 

p < 0.05, **: p < 0.005 between young and aged groups.  

   

5.3.4.2. Ankrd12: Ankyrin repeat domain 12 

 

This gene encodes a member of the ankyrin repeats-containing cofactor family. These 

proteins may inhibit the transcriptional activity of nuclear receptors through the recruitment 

of histone deacetylases. The encoded protein interacts with p160 coactivators and also 

represses transcription mediated by the coactivator alteration/deficiency in activation 3 

(ADA3). Alternatively spliced transcript variants encoding multiple isoforms have been 

observed for this gene(229). 

Ankrd12 relative expression showed a significant 2-fold increase in loaded tibias of young 

mice compared to the control non-loaded with p value 0.01. There is significant (p=0.01) >10-

fold reduction in the Ankrd12 gene expression in the old mice compared to the young mice. 

This reduction is even more significant (p=0.0001) in the old mice after loading in comparison 
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to the young mice after loading.   There was no significant effect of loading on Ankrd12 

expression in aged mice (Fig 5.10).  These results closely mirror the results from the RNA Seq 

data, with a similar 2 fold increase after loading in young cells only. 

  

Figure 5.10. Relative expression for Ankkrd12 gene in young and aged mice tibias after 

loading. Young (3-months-old, N=4 loaded; N=4 control) and aged (15-month-old N=5 loaded; 

N=6 control) mice underwent repetitive loading of the right tibia. At the end of the 

experiment, RNA extracted from the left and right tibias then qPCR. Data were analysed using 

ANOVA. *: p < 0.05 between loaded and non-loaded, ****: p < 0.005 between young and 

aged (loaded) groups.    

5.3.4.3. BAZ2B:  

 

Bromodomain Adjacent To Zinc Finger Domain 2B. This gene belongs to the bromodomain 

gene family. Members of this gene family encode proteins that are integral components of 

chromatin remodelling complexes. The encoded protein showed strong preference for the 

activating H3K14Ac mark in a histone peptide screen, suggesting a potential role in 

transcriptional activation. Its expression is positively associated with heel bone mineral 

density, suggesting a role in bone metabolism (230).  
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Although expression of BAZ2B was increased after loading in both young and aged mice, this 

difference was not statistically significant. Likewise expression appeared to be increased in 

aged mice, but again this was not statistically significant (Fig 5.11). Although the trend and 

magnitude of the change after loading was the same as that seen in the stretched osteoblasts, 

the qPCR result showed no statistical significance, possibly due to the poor quality of RNA for 

the young samples, with a qPCR result for only 3 control and 4 loaded tibias. 

 

 

Figure 5.11. Relative expression for Baz2B gene in young and aged mice tibias after loading. 

Young (3-months-old, N=4 loaded; N=3 control) and aged (15-month-old N=6 loaded; N=6 

control) mice underwent repetitive loading of the right tibia. At the end of the experiment, 

RNA extracted from the left and right tibias then qPCR. Data were analysed using ANOVA.     
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5.3.4.4. Serpine1:  

 

Serpin Family E Member 1 or Endothelial Plasminogen Activator Inhibitor. This gene encodes 

a member of the serine proteinase inhibitor (serpin) superfamily. This member is the principal 

inhibitor of tissue plasminogen activator (tPA) and urokinase (uPA), and hence is an inhibitor 

of fibrinolysis. Defects in this gene are the cause of plasminogen activator inhibitor-1 

deficiency (PAI-1 deficiency), and high concentrations of the gene product are associated with 

thrombophilia. Alternatively spliced transcript variants encoding different isoforms have been 

found for this gene. 

Mechanical loading led to a 50% increase in serpine 1 mRNA in young mice, however, this was 

not statistically significant (Fig. 5.12). Similarly there was no significant increase was observed 

after loading in aged mice. However, serpine 1 expression showed a significant (p=0.03) 3-

fold increase in aged loaded tibias compared to young loaded tibias. These results are very 

different from those obtained in the RNA Seq experiment, where there was only a significant 

effect in young cells, and we observed a decrease in expression after stretch instead of an 

increase. 

 

Figure 5.12. Relative expression for Serpine1 gene in young and aged mice tibias after loading. 

Young (3-months-old, N=6 loaded; N=5 control) and aged (15-month-old N=6 loaded; N=6 

control) mice underwent repetitive loading of the right tibia. At the end of the experiment, 
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RNA extracted from the left and right tibias then qPCR. Data were analysed using ANOVA. *: 

p < 0.05 between aged loaded and young loaded groups.    

 

5.3.4.5. Ephb3:  

 

Ephrin ligands and their receptors are expressed in embryonic tissues that form the skeleton. 

Specifically, efnB1 is expressed in the prechondrogenic mesenchymal condensations and 

efnB2 is expressed in the embryonic calvarial sutures. EfnB1, EphB2 and EphB3 are expressed 

at the tips of the ribs where they would be expected to regulate rib development. With 

respect to Eph receptors, EphB1 and EphB2 are also expressed in the embryonic calvarial 

sutures, and EphA3 and EphA7 are expressed in the limb mesenchyme. EphB4 is expressed in 

the chondrocytes, osteoblasts and osteoclasts of the growth plate. EphA4 is expressed in the 

prechondrogenic limb mesenchyme of the chicken. These associations suggest that these 

ligands and receptors might be binding partners that regulate the development and 

homeostasis of both intramembranous and endochondral bone. 

Studies at the cellular level have identified multiple efn ligands and Eph receptors expressed 

by cells of osteoblast and osteoclast lineage, as well as their precursors. EfnB1, efnB2 and 

EphB receptors are expressed throughout osteoblast development, but more restricted in 

osteoclast precursors. 

Studies involving conditional disruption of efnB1 in osteoblasts and osteoclasts have revealed 

that efnB1expressed in both osteoblasts and osteoclasts regulates skeletal development by 

influencing bone formation and bone resorption processes, respectively. 

Ephb3 could not be detected in the young samples and showed no significant effect of loading 

in the aged mice. 

 

5.3.4.6. Atrx:   

 

Alpha Thalassemia/Mental Retardation Syndrome X-Linked or ATRX Chromatin Remodeller. 

ATRX encodes a chromatin remodelling protein, the protein encoded by this gene contains an 



119 
 

ATPase/helicase domain, and thus it belongs to the SWI/SNF family of chromatin remodeling 

proteins. This protein is found to undergo cell cycle-dependent phosphorylation, which 

regulates its nuclear matrix and chromatin association, and suggests its involvement in the 

gene regulation at interphase and chromosomal segregation in mitosis. Mutations in this gene 

are associated with X-linked syndromes exhibiting cognitive disabilities as well as alpha-

thalassemia (ATRX) syndrome. These mutations have been shown to cause diverse changes 

in the pattern of DNA methylation, which may provide a link between chromatin remodelling, 

DNA methylation, and gene expression in developmental processes. Multiple alternatively 

spliced transcript variants encoding distinct isoforms have been reported.  

Mutations in the human ATRX gene cause developmental defects, including skeletal 

deformities and dwarfism. However, loss of ATRX in cartilage led to a delay in the ossification 

of the hips in some mice.  (Loss of ATRX in chondrocytes has minimal effects on skeletal 

development. 

 

Figure 5.13. Relative expression for Atrx gene in young and aged mice tibias after loading. 

Young (3-months-old, N=4 loaded; N=6 control) and aged (15-month-old N=6 loaded; N=6 

control) mice underwent repetitive loading of the right tibia. At the end of the experiment, 

RNA extracted from the left and right tibias then qPCR. Data were analysed using ANOVA. 

***: p < 0.005 between aged and young groups after loading.    
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Atrx expression was 3-fold higher in tibias of aged mice compared to young mice, however, 

this was not statistically significant (Fig. 5.13). In contrast to the RNA Seq data, mechanical 

loading did not significantly change Atrx expression in young mice, however, it resulted in a 

2-fold increase in Atrx expression in aged mice (p=0.03), and expression was four times higher 

in aged loaded tibias than in young loaded tibias (p=0.002). 

 

5.3.4.7. Usp34:  

 

Ubiquitin Specific Peptidase 34, here, we identify USP34 as a previously unknown regulator 

of osteogenesis. The expression of USP34 in human MSCs increases after osteogenic induction 

while depletion of USP34 inhibits osteogenic differentiation. Conditional knockout of Usp34 

from MSCs or pre-osteoblasts leads to low bone mass in mice. Deletion of Usp34 also blunts 

BMP2-induced responses and impairs bone regeneration. Mechanically, a study 

demonstrated that USP34 stabilizes both Smad1 and RUNX2 and that depletion of Smurf1 

restores the osteogenic potential of Usp34-deficient MSCs in vitro Taken together, our data 

indicate that USP34 is required for osteogenic differentiation and bone formation(10). 

Similar to the RNA Seq experiment, there was a 2-fold increase in Usp34 expression in young 

tibias, however, the result was non-significant. There was also significant  increase in the aged 

tibias. There was no significant effect of age on its expression. However, there is a wide 

distribution on the data this may affect the statistical significance.   
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Figure 5.14. Relative expression for Usp34 gene in young and aged mice tibias after loading. 

Young (3-months-old, N=6 loaded; N=6 control) and aged (15-month-old N=6 loaded; N=6 

control) mice underwent repetitive loading of the right tibia. At the end of the experiment, 

RNA extracted from the left and right tibias then qPCR. Data were analysed using ANOVA.   

 

5.3.4.8. Inppl1:  

 

Inositol Polyphosphate Phosphatase like 1, the protein encoded by this gene is an SH2-

containing 5'-inositol phosphatase that is involved in the regulation of insulin function. The 

encoded protein also plays a role in the regulation of epidermal growth factor receptor 

turnover and actin remodelling. Additionally, this gene supports metastatic growth in breast 

cancer and is a valuable biomarker for breast cancer. Diseases associated with INPPL1 include 

Opsismodysplasia and Schneckenbecken Dysplasia. (Opsismodysplasia is a rare skeletal 

dysplasia involving delayed bone maturation. Clinical signs observed at birth include short 

limbs, small hands and feet, relative macrocephaly with a large anterior fontanel, and 

characteristic craniofacial abnormalities including a prominent brow, depressed nasal bridge, 

a small anteverted nose, and a relatively long philtrum. Death in utero or secondary to 

respiratory failure during the first few years of life has been reported, but there can be long-
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term survival. Typical radiographic findings include shortened long bones with delayed 

epiphyseal ossification, severe platyspondyly, metaphyseal cupping, and characteristic 

abnormalities of the metacarpals and phalanges (11), (definition Schneckenbecken dysplasia 

(or chondrodysplasia with snail-like pelvis) is a prenatally lethal spondylodysplastic dysplasia. 

Epidemiology Less than 20 cases have been reported in the literature so far. Clinical 

description. The typical radiographic finding is the snail-like configuration of the hypoplastic 

iliac bone. Additional features include flattened hypoplastic vertebral bodies, short ribs, short 

and wide fibulae, short and broad long bones with a dumbbell-like appearance, and 

precocious ossification of the tarsus. Etiology This syndrome is caused by loss-of-function 

mutations of the SLC35D1 gene (1p32-p31) Genetic counselling Schneckenbecken dysplasia 

is transmitted in an autosomal recessive manner). Among its related pathways are RET 

signaling and Innate Immune System. Gene Ontology (GO) annotations related to this gene 

include actin binding and SH3 domain binding.  

Phosphatidylinositol (PtdIns) phosphatase that specifically hydrolyzes the 5-phosphate of 

phosphatidylinositol-3, 4, 5-trisphosphate (PtdIns (3,4,5)P3) to produce PtdIns(3,4)P2, 

thereby negatively regulating the PI3K (phosphoinositide 3-kinase) pathways. Plays a central 

role in regulation of PI3K-dependent insulin signaling, although the precise molecular 

mechanisms and signaling pathways remain unclear. While overexpression reduces both 

insulin-stimulated MAP kinase and Akt activation, its absence does not affect insulin signaling 

or GLUT4 trafficking. Confers resistance to dietary obesity. May act by regulating AKT2, but 

not AKT1, phosphorylation at the plasma membrane. Part of a signaling pathway that 

regulates actin cytoskeleton remodeling. Required for the maintenance and dynamic 

remodeling of actin structures as well as in endocytosis, having a major impact on ligand-

induced EGFR internalization and degradation. Participates in regulation of cortical and 

submembraneous actin by hydrolyzing PtdIns(3,4,5)P3 thereby regulating membrane ruffling 

(PubMed:21624956). Regulates cell adhesion and cell spreading. Required for HGF-mediated 

lamellipodium formation, cell scattering and spreading. Acts as a negative regulator of EPHA2 

receptor endocytosis by inhibiting via PI3K-dependent Rac1 activation. Acts as a regulator of 

neuritogenesis by regulating PtdIns(3,4,5)P3 level and is required to form an initial protrusive 

pattern, and later, maintain proper neurite outgrowth. Acts as a negative regulator of the FC-

gamma-RIIA receptor (FCGR2A). Mediates signaling from the FC-gamma-RIIB receptor 
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(FCGR2B), playing a central role in terminating signal transduction from activating 

immune/hematopoietic cell receptor systems. Involved in EGF signaling pathway. Upon 

stimulation by EGF, it is recruited by EGFR and dephosphorylates PtdIns(3,4,5)P3. Plays a 

negative role in regulating the PI3K-PKB pathway, possibly by inhibiting PKB activity. Down-

regulates Fc-gamma-R-mediated phagocytosis in macrophages independently of 

INPP5D/SHIP1. In macrophages, down-regulates NF-kappa-B-dependent gene transcription 

by regulating M-CSF - induced signaling. May also hydrolyze PtdIns(1,3,4,5)P4, and could thus 

affect the levels of the higher inositol polyphosphates like InsP6. Involved in endochondral 

ossification. 

Inppl1 expression was significantly higher in aged than in young tibias, both in control and 

loaded tibias (Fig 4.15). However, in contrast to the RNA Seq data, only aged tibias showed a 

significant effect of loading, with a 2-fold increase of expression in loaded aged tibias 

(p<0.001). 

 

Figure 5.15. Relative expression for InppI1 gene in young and aged mice tibias after loading. 

Young (3-months-old, N=7 loaded; N=7 control) and aged (15-month-old N=8 loaded; N=8 

control) mice underwent repetitive loading of the right tibia. At the end of the experiment, 

RNA extracted from the left and right tibias then qPCR. Data were analysed using ANOVA. 

****: p < 0.0001 between aged and young groups.    
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5.3.4.9. Trpc4ap:  

 

Short Transient Receptor Potential Channel 4-Associated Protein, is a Protein coding gene. 

Among its related pathways are ion channel transport and TRP channels. Gene Ontology (GO) 

annotations related to this gene include phosphatase binding. 

Substrate-specific adapter of a DCX (DDB1-CUL4-X-box) E3 ubiquitin-protein ligase complex 

required for cell cycle control. The DCX (TRUSS) complex specifically mediates the 

polyubiquitination and subsequent degradation of MYC. Also participates in the activation of 

NFKB1 in response to ligation of TNFRSF1A, possibly by linking TNFRSF1A to the IKK 

signalosome. Involved in JNK activation via its interaction with TRAF2. Also involved in 

elevation of endoplasmic reticulum Ca (2+) storage reduction in response to CHRM1. 

Trpc4ap expression was higher in aged than in young tibias, although this difference was only 

significant after loading (4-fold increase, p<0.01, Fig 4.16). There was no significant effect of 

loading on Trpc4ap expression in young tibias, whereas Trpc4ap expression showed a 2-fold 

increase after loading in aged tibias. This is in contrast to the RNA Seq analysis, where we 

observed an effect of loading in young osteoblasts only, and we observed a decrease in 

expression rather than an increase. 
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Figure 5.16. Relative expression for Trpc4ap gene in young and aged mice tibias after loading. 

Young (3-months-old, N=5 loaded; N=6 control) and aged (15-month-old N=6 loaded; N=6 

control) mice underwent repetitive loading of the right tibia. At the end of the experiment, 

RNA extracted from the left and right tibias then qPCR. Data were analysed using ANOVA. **: 

p < 0.01 between aged and young groups after loading.    

 

5.3.4.10. Shisa4:  

 

Shisa Family Member 4, mShisa, which is homologous to xShisa1 that we previously reported 

as a head inducer in Xenopus. mShisa encodes an antagonist against both Wnt and Fgf 

signalings; it inhibits these signalings cell-autonomously as xShisa1 does. The mShisa 

expression is lost or greatly reduced in Otx2 mutant visceral endoderm, anterior mesedoderm 

and anterior neuroectoderm. (Mouse homologues of Shisa antagonistic to Wnt and Fgf 

signalings (12).  

SHISA3 blocks the maturation and transportation of Frizzled receptors to the cell surface, 

thereby inhibiting the Wnt/β-catenin signaling pathway in lung cancer. However, the function 

of Shisa3 in bone biology remains uninvestigated. This study found that Shisa3 was strongly 
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expressed in the calvarial bones of mice, especially in osteoblasts. In addition, adenovirus-

mediated gene transfer of murine Shisa3 significantly inhibited Wnt3a-induced nuclear 

translocation of β-catenin and mRNA expression of the Wnt target gene Axin2. (The Shisa3 

knockout mouse exhibits normal bone phenotype (13).  

Expression of Shisa4 showed a similar pattern as that observed in the RNA Seq experiment, 

with higher expression in loaded young tibias than loaded aged tibias (3-fold increase, p=0.04, 

Fig. 5.17). However, the effect of loading was non-significant, possibly because only three 

samples from the young mice were analysable for this gene in the qPCR analysis. 

 

Figure 5.17. Relative expression for Shisa4 gene in young and aged mice tibias after loading. 

Young (3-months-old, N=3 loaded; N=3 control) and aged (15-month-old N=6 loaded; N=6 

control) mice underwent repetitive loading of the right tibia. At the end of the experiment, 

RNA extracted from the left and right tibias then qPCR. Data were analysed using ANOVA. *: 

p < 0.05 between aged and young groups after loading.    
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5.4. Discussion  

 

In this chapter I analysed the effect of ageing on gene expression of bone cells in response to 

mechanical loading. I used 2 different model systems. The first used osteocyte-like osteoblast 

grown out of bone chips that were subjected to stretching of the substrate as the mechanical 

load, with analysis of gene expression by RNA Sequencing. The second model used the same 

in vivo loading of the tibia as used in Chapter three, and analysed gene expression in the 

osteocyte-rich cell population from the bone shaft of the tibias by qPCR. 

Generally, both model systems showed a greater response to mechanical loading in young 

cells than in aged cells. 

Our results showed the most upregulated genes in response to mechanical loading in young 

osteoblasts are connected to the transcriptional regulator ATRX gene which encodes the 

chromatin remodelling protein, this protein contains an ATPase/helicase domain, and thus it 

belongs to the SWI/SNF family of chromatin remodeling proteins. This protein is found to 

undergo cell cycle-dependent phosphorylation, which regulates its nuclear matrix and 

chromatin association, and suggests its involvement in the gene regulation at interphase and 

chromosomal segregation in mitosis. 

Mutations in the human ATRX gene cause developmental defects, including skeletal 

deformities and dwarfism. However, loss of ATRX in cartilage led to a delay in the ossification 

of the hips in some mice (231). 

Interestingly, the main finding in this chapter is that in response to mechanical loading, the 

Transcriptional regulator ATRX gene which encodes the chromatin remodelling proteins 

linked to the Ubiquitin carboxyl-terminal hydrolase 34(Usp34) that removes conjugated 

ubiquitin from AXIN1 and AXIN2 and acting as a regulator and activator to the Wnt signalling 

pathway which is also upregulated in young osteoblasts. 

USP34 identified as a regulator of osteogenesis. The expression of USP34 in human MSCs 

increases after osteogenic induction while depletion of USP34 inhibits osteogenic 

differentiation. Conditional knockout of Usp34 from MSCs or pre-osteoblasts leads to low 

bone mass in mice. Deletion of Usp34 also blunts BMP2-induced responses and impairs bone 

regeneration. Mechanically, Guo et al (232) demonstrated that USP34 stabilizes both Smad1 
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and RUNX2 and that depletion of Smurf1 restores the osteogenic potential of Usp34-deficient 

MSCs in vitro Taken together, their data indicate that USP34 is required for osteogenic 

differentiation and bone formation. In addition it Inhibits Osteoclast Differentiation by 

Regulating NF‐κB Signaling (233). 

Our gene expression results showed upregulation for the group of Tuba1a, Tubb2a, Tubb2b 

and Tubb5 in young osteoblasts comparing to the aged once, this genes are structural genes 

that encodes for Tubulin and there products participate in the formation of microtubules the 

structural proteins that participate in cytoskeletal structure. Specifically, microtubules are 

composed of a heterodimer of alpha and beta-tubulin molecules. Tubulin is the major 

constituent of microtubules.  

On the other hand we found that the Shisa4 gene is upregulated in young osteoblast after 

stretching compared to the aged osteoblasts. Shisa Family Member 4, is homologous to 

xShisa1.Shisa family encodes an antagonist against both Wnt and Fgf signalings; it inhibits 

these signalings cell-autonomously as xShisa1 does. If the mShisa expression is lost or greatly 

reduced in Otx2 mutant visceral endoderm, anterior mesendoderm and anterior 

neuroectoderm (234).  

SHISA3 blocks the maturation and transportation of Frizzled receptors to the cell surface, 

thereby inhibiting the Wnt/β-catenin signaling pathway in lung cancer. However, the function 

of Shisa3 in bone biology remains uninvestigated. Unless, a study found that Shisa3 was 

strongly expressed in the calvarial bones of mice, especially in osteoblasts. In addition, 

adenovirus-mediated gene transfer of murine Shisa3 significantly inhibited Wnt3a-induced 

nuclear translocation of β-catenin and mRNA expression of the Wnt target gene Axin2 (235). 

Our finding from string interaction is that Shisa4 linked to Cryab gene which is upregulated as 

well. Crystallin Alpha B is encoding for the small heat shock protein, it is a transcriptional 

target of the BMP signaling pathway. Ciumas et al demonstrated that CRYAB expression is 

upregulated strongly by BMPs in an EC line and in human lung microvascular ECs and human 

umbilical vein ECs and they showed that BMP signals through the BMPR2-ALK1 pathway to 

upregulate CRYAB expression through a transcriptional indirect mechanism involving Id1. The 

study observed that the known anti apoptotic effect of the BMPs is, in part, because of the 
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upregulation of CRYAB expression in EC (236). CRYaB upregulation in hBMSCs during 

osteogenesis, is a novel marker of this process (236). 
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Chapter 6. Discussion 

 

Osteoporosis is a metabolic bone disease that affects the bone remodelling process, and 

causes bone mass loss and consequently a bone strength reduction, resulting in an increase 

in fragility and susceptibility to fracture (72) affecting people over the age of 50, and most 

commonly occurs in elderly women (237). 

Despite advances in the understanding and treatment of osteoporosis, osteoporosis is still 

prevalent and with the increase in life expectancy, the incidence of osteoporotic fractures is 

still expected to increase (238). Osteoporotic fractures often result in hospitalisation, pain, 

reduced quality of life, and a reduced life expectancy. There is therefore still a need to 

improve our understanding of the mechanisms underlying osteoporosis, so that better 

treatments can be devised.  

The major factor increasing the risk of osteoporotic fractures is ageing. With age bone 

properties change, bone modifications may include the mechanical function, shape of bones, 

bone cells, the matrix they produce, and the mineral that is deposited on this matrix (239). 

The mechanisms by which ageing increases this risk are probably multifactorial and currently 

not fully understood. However, one important factor appears to be that ageing results in a 

reduced bone anabolic effect of mechanical loading. Understanding the mechanisms that 

underlay this decrease in response to loading could lead to new avenues for treating age-

related osteoporosis. The cells that act as mechanosensors in bone are the osteocytes, 

whereas the osteoblasts are the cells that produce the new bone in response to loading. 

The purpose of this PhD research is to study age related changes in osteoblasts and osteocytes 

and compare their response to mechanical loading between two different age groups, young 

and aged adults. 

The model systems used in this study were the in vitro model of primary mouse osteoblast 

cultures undergoing mechanical loading by stretching of the culture substrate, and the in vivo 

model of cyclic loading of the mouse knee by compressing the tibia bone. I compared the 

responses in cells and knees from young (3-month-old) and aged (14-15-month-old) mice. 
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The main finding of this study is that there was no increase in bone formation after loading in 

aged mice, no change in gene expression after loading in aged osteocytes and osteoblasts 

compared to the young mice and their osteocytes and osteoblasts. 

Biochemically, the same effect was observed in studying the circulating factors produced by 

bone cells. The bone formation biomarker P1NP showed a significant decrease in aged mice 

serum compared to the young once and it did not respond to mechanical loading as young 

mice responded. 

Using bone histomorphometry and µCT analysis, this study found that there was a substantial 

decrease in trabecular and cortical bone volume in aged mouse tibias compared to young 

mice, combined with a major decrease in bone formation in response to mechanical loading. 

In addition, the number of osteocyte lacunae was significantly decreased in aged mice tibias, 

leading to an increase in osteocyte separation distance. This reduction in osteocytes, which 

are the mechanosensing cells in bone that direct the actions of osteoblasts and osteoclasts 

functions, may partially explain the decreased response to loading in the aged mice. 

A major growth factor that regulates bone formation, is the wnt-inhibitor sclerostin. Loading 

is reported to result in decreased sclerostin levels, leading to increased bone formation (193). 

However, this study observed no difference in Sclerostin expression after loading in 

osteocytes either in the young or the aged mice. One reason why I did not observe any 

changes in sclerostin levels could be that I only loaded 1 knee. This could lead to local changes 

in sclerostin levels that could not be measured in the serum of the mice due to the fact that 

the rest of the animals’ skeleton (a much larger quantity of bone tissue) was not loaded. 

Loading of the knee leads to a distinct change in gene expression pattern in the osteocytes 

and osteoblasts of young mice. Most of the genes that responded to the stretching of young 

osteoblasts (In vitro loading) were the genes related to the chromatin remodelling, mitosis, 

and the Wnt signalling pathway which is critical to the bone formation through binding to the 

Frizzled proteins. In contrast, I did not observe changes in gene expression in the aged 

osteoblasts. Some of the changes observed in the cultured osteoblasts, could also be 

observed in the osteocytes from loaded knees. Further analysis of the differentially expressed 

genes identified could indicate which pathways are essential for the bone anabolic response 

to mechanical loading of bone. Targeting of these pathways could possibly restore 
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responsiveness in aged individuals. The gene expression studies suffered from some issues 

which may have affected the results.  

First of all, sample numbers were relatively low and only one time point after loading was 

studied. The low sample number limited the statistical power of the study, and the single 

follow up time point means that it was not possible to identify changes in gene expression at 

different time points. The main reasons for the single time point and limited sample numbers 

were the cost and time requirements for ageing mice to 15 months. This is very expensive 

and the funding levels for my studies did not allow for more animals. The yield of osteoblasts 

from aged mice was low, and not sufficient for multiple time points. Furthermore, PhD 

projects need to be completed within 3 years. Therefore, there was not enough time to 

generate aged mice for additional experiments or to increase sample numbers.  

A second issue was cell purity. The osteoblast cultures take a long time (more than 4 weeks), 

and some cells may have dedifferentiated during the culture period. Contaminating 

fibroblasts and macrophages may have proliferated faster than the osteoblasts, leading to a 

mixed cell population, with the relative contributions of the cell types possible different 

between different cultures. The cleaned knee bone tissue was used as a source of osteocyte 

RNA. However, osteocyte purity was most likely not 100%. Especially endothelial cells from 

the many capillaries within the bone, and some remaining lining cells on the bone surface as 

likely contaminants of these samples. Furthermore, like with the osteoblast cultures, the level 

of contaminating cells may have been different between individual samples. This could mean 

that difference between samples was due to a difference in cellular composition, rather than 

the effects of loading or ageing. Finally, the bone tissue was treated with collagenase to 

remove non-osteocytic cells. It is unclear whether this collagenase treatment may have 

affected the gene expression patterns of the osteocytes. 

Therefore, to improve the quality of this studies, I propose to increase the sample numbers 

and study more time points after loading, both earlier and later. 

The issue of sample purity may be more difficult to address. However, recent advances in 

gene expression analysis now allow the analysis of the gene expression patterns in a single 

cell, or small numbers of cells. This opens up the possibility for analysis of gene expression 

studies in pure populations of osteocytes and osteoblasts by combining RNASeq with micro-
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dissection. Microdissection is the isolation of small sections of pure tissue from microscope 

slides. This means that after section the bones, areas only containing osteocytes or only 

containing osteoblasts could be harvested and subsequently analysed by RNASeq. When 

loading the knee, certain parts of the bone experience compression, whereas other regions 

undergo a decrease in loading. It would seem logical that regions undergoing such very 

different loading patterns would respond with different changes in gene expression patterns. 

Microdissection could be used to compare cells from different parts of the loaded bone, 

thereby substantially improving the detail of bone cell responses. 

In summary, my studies have shown a substantial decrease in responsiveness to mechanical 

loading by aged bone cells, and identified genes that are differentially expressed after 

mechanical loading. Although further studies of the pathways involved in mechanosensing 

are required, some of these genes may be pharmaceutical targets to restore the bone 

anabolic response to mechanical loading in the elderly, and thereby prevent or treat 

osteoporosis. 
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