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ABSTRACT 

Adequate dietary vitamin D and calcium intake have shown to be important in regulating skeletal 

development and bone mineralization. Vitamin D insufficiency is associated with increased fracture 

risk suggesting that a minimum 25-hydroxyvitamin D (25D) production in bone may be essential 

for maintaining a healthy skeleton. However, the required level of vitamin D to maintain/improve 

bone quality is still undetermined. This thesis investigates the regulation of dietary vitamin D on 

bone in young adult rats as well as the interaction between vitamin D requirement and dietary 

calcium intake on bone structure and the mechanical measures of bone quality in aged rats. Bone 

mineral content in trabecular and cortical bones and a number of biochemical factors known to 

regulate renal metabolism of 1,25D hydroxyvitamin D3 (1,25D) such as PTH, calcium, 25D and 

1,25D were examined. Enzymes responsible for the production of 1,25D, 25-hydroxyvitamin D3-

1a-hydroxylase (CYP27B1) and the catabolism of 1,25D (25-hydroxyvitamin D-24-hydroxylase 

(CYP24)) mRNA expression in the kidney was also studied. Furthermore, bone mechanical quality 

was determined using 3-point bending on rat tibia with the aim to validate mechanical testing as 

well as determining the effects of varying levels of dietary vitamin D and calcium on bone strength.  

 

We have previously shown that serum 25D levels, which represents the level of vitamin D status is 

a strong determinant of bone volume. Despite that vitamin D deficiency results in trabecular bone 

loss in the femur and vertebrae, further cortical bone analysis demonstrated that cortical bone 

volume, bone mineral distribution and strength was preserved in short term vitamin D deficiency 

suggesting that the effect of vitamin D deficiency in young adult rats varies between trabecular and 

cortical regions. 

 

To further understand the reported effects on low dietary calcium induced bone loss, mRNA 

expressions of the renal enzymes were examined. High renal CYP27B1 mRNA expressions and 
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serum 1,25D levels in long term low dietary calcium animals suggested that the effects of bone loss 

may be due to 25D metabolism leading to the reduction in vitamin D status. CYP24 and other liver 

enzymes were not regulated by the low calcium diet. 

 

We have reported that circulating levels of serum 25D are greater in animals fed a diet containing 

high levels of calcium. Thus, the effects of a high calcium diet to protect against bone loss may be 

due to the subsequent effects on the maintenance of circulating 25D levels. µ-CT analysis 

demonstrated that both femoral and tibial cortical bone volume as well as trabecular bone volume is 

higher in animals that are fed high calcium and vitamin D diet. Furthermore, 3-point bending 

demonstrated the greatest maximum load to failure was achieved in the same dietary group. Cortical 

bone volume and the sagittal loading are both strong determinants of ultimate load suggesting that 

mechanical forces and bone mineral content are crucial in maintaining the quality and function of 

bone strength. In addition, these results have validated our mechanical testing suggesting that bone 

strength is affected despite the subtle changes in cortical bone volume which may be the result of 

ovariectomy or dietary changes. 

 

The studies of this thesis reveal a complex interaction between dietary calcium and vitamin D, and 

show that physiological changes in biochemical factors can affect structure and strength in different 

regions of bone. More importantly, it also demonstrate the optimal levels of dietary calcium and 

vitamin D that are required to prevent the development of osteoporosis 
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1 CHAPTER 1 

1.1 INTRODUCTION 

Vitamin D is a key hormone involved in calcium homeostasis. It is particularly important in 

regulating skeletal development and bone mineralization both indirectly by stimulating calcium 

absorption in the intestine and directly by its action on bone formation and bone resorption. 

Osteomalacia and osteoporosis are bone diseases characterized by low bone mineral content. While 

frank vitamin D deficiency leads to osteomalacia, it is hypothesised that a moderate depletion of 

vitamin D is a risk factor for the development of osteoporosis. However, the level of vitamin D 

required to prevent osteoporosis is controversial and is likely to be influenced by dietary calcium 

intake and age. 

 

Vitamin D, largely originating from the conversion of 7-dehydrocholesterol in the skin when 

exposed to UV light from the sun is metabolized in the liver to 25-hydroxyvitamin D (25D) which 

is the major vitamin D metabolite in the circulation. When required, such as during periods of 

hypocalcemia, the metabolism of 25D occurs in the kidney to form the active hormone 1,25 

dihydroxyvitamin D (1,25D). 1,25D mediates the majority of its actions via binding to vitamin D 

receptor (VDR) which is located in a number of cells and tissues throughout the body. In addition to 

its well described roles in the regulation of intestinal calcium absorption, 1,25D has been shown to 

be important in the process of both bone mineralization and resorption [1].  

Vitamin D insufficiency, clinically defined by serum levels of 25D below 60 nmol/L is associated 

with increased fracture risk [2]. Clinical observations have demonstrated a significant reduction in 

hip fractures in institutionalised elderly with vitamin D and calcium supplementation [3]. Various 

other meta-analyses have demonstrated a reduction in the risk of falling in patients that were given a 

dose of 700IU to 1000 IU vitamin D per day [4-6].  
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As elderly hip fracture patients appeared to have decreased serum 25D levels rather than 1,25D 

levels [2], the findings suggest that a minimum 25D production in the bone may be essential for 

maintaining a healthy skeleton. Previous studies in our laboratory have demonstrated the occurrence 

of bone loss consistent with osteoporosis at moderately insufficient levels of 25D and osteomalacia 

at severe vitamin D deficiency. The data from this study suggest that a circulating level of 25D at 

80 nmol/L is required to prevent the development of osteopenia in rats fed an adequate level of 

dietary calcium. 
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1.2 AIMS  

The thesis aims to: 

Aim 1: Investigate the effects of short term (3 months) vitamin D deficiency on cortical bone 

structure and strength in young male rats.  

Aim 2: Determine in aged female rats whether there is an interaction between vitamin D status and 

dietary calcium intake for the maintenance of normal skeletal structure   

Aim 3: Determine if there is interdependence between low vitamin D status, dietary calcium 

restriction and osteopenia on bone strength in aged female rats.  
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1.3 BONE BIOLOGY 

1.3.1 Functions of the skeleton 

Bones provide the body with essential structural support and act as levers for mechanical 

movement. They function to move, support and protect various parts of the body. They also act as a 

reserve of calcium and phosphorus. Bone is complicated but well-designed organ system 

responding to mechanical and physiological stimuli [7]. 

 

1.3.2 Composition of bone 

The organic matrix of bone is composed of a protein scaffold of collagen which holds a ground 

substance made up of proteoglycans - complexes of carbohydrate and protein [8]. The collagen 

confers tensile strength to the connective tissue, while the ground substance binds substantial 

amounts of water. Cells in the connective tissue synthesise the collagen fibres and the ground 

substance. Bone differs from other types of connective tissue in that the organic matrix is calcified 

so that bone contains about 70% bone mineral in the form of hydroxyapatite [9]. 

 

1.3.3 Structure of bone 

The basic unit of bone is the osteon (Harversian system) which is a hollow, laminated rod of 

collagen and calcium apatite. The hollow core is a nutrient channel, called the Harversian canal. 

Within the shaft of long bone, many of these osteons are bundled together in parallel, forming 

Harversian systems that form a mesh work of cancellous bone. 

 

1.3.4 Cortical bone 

Cortical bone plays an important role in fracture prevention [10] and seems to be responsible for 

most of the strength of whole bones [10-12]. Cortical bone is needed for long bones and is levers 
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for loading in locomotion [13]. It has a stiff structure which provides resistance against bending or 

torsion. There is high proportion of cell population completely surrounded by bone matrix in 

cortical bone [14]. Cells at the periosteal surface affect size and shape of the bone while cells at the 

endocortical surface mainly affect the thickness and position of the cortex [15]. Slight periosteal 

apposition can result in significant increase in the resistance of bone, which can be defined by 

mechanical loading environment. 

 

1.3.5 Trabecular bone 

The basic unit of trabecular bone is the trabeculum. Trabecular bone is a spongy-like lattice of bone 

encased by the cortical shell [16]. Cells of  the trabecular bone are situated between lamellae on the 

surface of the trabeculae, thus they are directly influenced by marrow cells [14]. Trabecular bone is 

less stiff than cortical bone, it has the capability to deform and thus absorb energy [17]. Bone 

volume fraction, trabecular number, thickness and separation, form of plate or rod in architecture, 

connectivity density and degree of anisotropy that affects the strength of trabecular bone [18]. 

 

1.4 CELLS OF BONES  

 Bone is made up of four distinct cell types: the bone forming cell- the osteoblasts, the mature 

osteoblast- the osteocytes and the bone resorbing cell- the osteoclasts. Osteoblasts and osteocytes 

are all derived from a non-hematopoietic mesenchymal tissue whilst osteoclasts are differentiated 

from monocyte/macrophage lineage [19]. Osteoblasts are bone-building cells which synthesise and 

secrete vital components required for building the matrix of bone tissue [20]. Such components 

include various organic components such as osteocalcin, proteoglycans, as well as collagen fibres. 

Furthermore, osteoblasts initiate the process of calcification through the action of some of these 

bone matrix molecules. Osteocytes are the main bone cells in bone tissue, and they are the mature 
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osteoblasts entrapped within the matrix secretions. Although osteocytes do not secrete matrix 

materials like osteoblasts, they do play an integral role in maintaining the daily cellular activities of 

bone tissue, such as mechanical sensing through their long and interconnected cellular processes. 

Osteoclasts are of hematopoietic origin, resulting from the fusion of up to 50 monocyte-like cells 

[21]. Osteoclasts  are responsible for the resorbing or degrading of the calcified bone or cartilage 

tissues required during bone growth, physiological bone remodelling, fracture repair or osteolytic 

diseases. Situated in the plasma membrane, these cells have distinct ruffles on the side where they 

are closest to the surface of the bone. Within these ruffles the osteoclasts release lysosomal enzymes 

and acids which digest the bone. 

 

1.4.1 The Osteoclast 

1.4.1.1 Osteoclast origin 

Osteoclasts are terminally differentiated myeloid cells that are uniquely adapted to remove 

mineralized bone matrix. These cells have distinct morphologic and phenotypic characteristics such 

as its multinuclearity, expression of tartrate-resistant acid phosphatase (TRAP) and the calcitonin 

receptor [22]. A hematopoietic stem cell that is common to lymphocytes, red blood cells, platelets, 

granulocytes and mononuclear phagocytes, progress through the colony-forming unit for 

granulocytes and macrophages and differentiate into osteoclasts [23]. It is evident from chicken-

quail chimera experiments [24], parabiosis experiments[25, 26], and marrow transplantation studies 

in osteopetrotic animals[25, 27]  that osteoclasts are derived from circulating mononuclear 

precursors in hematopoietic tissues.  

Osteoclasts are thought to differentiate from common mononuclear phagocytic precursor cells with 

macrophages. The hematopoietic stem cells (HSC) give rise to circulating mononuclear cells, 

termed colony forming unit granulocyte/macrophage (CFU-GM), or osteoclast precursors. CFU-

GM then proliferates under the stimulation of macrophage/monocyte-colony forming factor (M-
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CSF), followed by differentiation with the stimulation of M-CSF and Receptor activator of nuclear 

factor kappa B ligand (RANKL) to become perfusion osteoclasts (preosteoclasts), which express 

tartrate-resistant acid phosphatase (TRAP) and calcitonin receptor. Pre-osteoclasts will then fuse to 

become multinucleated cells under the stimulation of M-CSF and RANKL. However, the 

multinucleated osteoclasts are not functional due to lack of ruffled membrane for bone resorption, 

until further stimulation of RANKL to stimulate ruffled border formation [28, 29] 

 

1.4.1.2 Osteoclast structure 

Osteoclast is characterised by multiple nuclei and a cytoplasm with a homogeneous foamy 

appearance due to a high concentration of vesicles and vacuoles. At sites of active bone resorption, 

the osteoclast forms a specialized cell membrane or ruffled border that touches the surface of the 

bone tissue. The ruffled border, which increases surface area at the bone interface facilitating the 

removal of the bony matrix, is a morphologic characteristic of an active osteoclast [30].  The 

mineral ions are absorbed into small vesicles which move across the cell from the resorption surface 

to the extra-cellular surface where they are released to the extracellular fluid, thus increasing levels 

of the ions in blood. The clear zone surrounding the ruffle border contains bundles of actin-like 

filaments. It functions in osteoclast attachment to bone that result in the formation of a resorptive 

hemivacuole [31, 32]. Osteoclasts are also known to be acid phosphatase-positive. Its TRAP 

positive characteristics  has been widely used as a histochemical marker for the identification of 

osteoclasts [33]. 

 

1.4.1.3  Osteoclast function 

A morphological evaluation of osteoclastic bone resorption was established in 1984 by several 

groups [34, 35]. The osteoclast is required for the maintenance of sites of micro fracturing in the 

skeleton [36, 37]. In order for osteoclasts to resorb bone they attach to the bone surface and assume 
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a polarized morphology. The mononuclear precursors fuse to form the polykaryon at the target site 

which attaches to the mineralised bone matrix. After the formation of the ruffled border which is 

encircled by the sealing zone, acid and acidic collagenolytic enzymes are released into the space 

enclosed by the matrix, sealing zone and ruffled border. The fusion of the acidic vesicles with the 

ruffled border and an accumulation of the proton concentration result in a decrease in pH which 

dissolves the mineral phase [23]. The matrix is then degraded by lysosomal proteinases such as 

cathepsin K, the major matrix-degrading enzyme [38] and cathepsin D,B, and L [39]. Osteoclasts 

secrete both H+ ions and the cathepsin K which are important for osteoclastic bone resorption. Blair 

and co-workers (1989) and Vannanen and co-workers (1990) were the first who showed that it was 

vacuolar type proton ATPase in osteoclasts that was responsible for mineral dissolution. Protons 

were pumped into the resorption lacuna using vacuolar H+ATPase localised in the ruffled border of 

osteoclasts so that osteoclasts are capable of generating acidosis to cause mineral dissolution 

necessary for bone resorption [40]. Cathepsin K, which has high proteolytic activity and localises 

primarily in osteoclasts, is one of the few extracellular proteolytic enzymes capable of degrading 

collagen. Under low pH, cathepsin K exerts autocatalytic activation and collagenolytic activity [41, 

42]. Inhibition of cathepsin K in vitro and in vivo inhibits bone resorption, and resultedinincreased 

trabecular number and thickness, which is a characteristic of osteopetrosis [43, 44]. Conversely, 

over expression of cathepsin K in mice resulted in thinning of the metaphyseal bone. Consequently, 

inhibitors of cathepsin K have been developed and trialed in rats and monkeys in the aim to treat 

postmenopausal osteoporosis in humans [45-48] 

 

1.4.2 The Osteoblasts 

1.4.2.1 Osteoblast origin 

Osteoblasts arise from common progenitors with chondrocytes, muscle and adipocytes, and various 

hormones and local factors regulate their differentiation. These progenitors acquire specific 
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phenotypes depending on their maturation during differentiation. Osteoblasts express various 

phenotypic markers such as high alkaline phosphatase activity and synthesize collagenous and 

noncollagenous bone matrix proteins including osteocalcin [49]. Classical embryology has 

established that two different embryonic lineages, neural crest and mesoderm, form the early 

skeleton [50, 51]. The branchial arch derivatives of the craniofacial skeleton originate from neural 

crest, whereas the axial skeleton, ribs, appendicular skeletons, and the skull base arise from 

mesoderm. Among the skeletal tissues formed by the mesoderm, the axial skeleton originates from 

the sclerotome, and the appendicular skeleton arises from the lateral plate mesoderm.  

In vivo and in vitro experiments have demonstrated the presence of osteoprogenitors in both bones 

and extraskeletal tissues in the postnatal state. In bone tissues, osteoprogenitors are present in bone 

marrow and the periosteum. Studies [52-54] have proved that osteoprogenitors are present in bone 

marrow and showed that bone marrow cells from in vitro cultures of marrow cells are able to from 

osteogenic tissues when cultured in vivo within diffusion chambers. They have also demonstrated 

that the single cell-derived fibroblastic colonies, termed CFU-F (colony forming units-fibroblastic) 

[54], retained osteogenic potential in various in vivo and in vitro experiments [55]. Other groups 

have also demonstrated that bone marrow cells contained mesenchymal progenitors, which can 

differentiate into osteogenic, chondrogenic, and adipogenic lineage cells [56-59]. Periosteum or 

periosteum- derived cells generate bone nodules in in vitro cultures [60].  

 

1.4.2.2 Osteoblast structure 

Differentiated, non-proliferating osteoblasts are characterized by an active synthesis of bone matrix 

proteins such as Type 1 collagen, proteoglycans, and osteocalcin [61-63]. The more mature cells 

immediately adjacent to the bone have little glycogen, while immature osteoblasts are glycogen-

rich.  Mature and immature osteoblastic cells, besides forming collagen fibrils are able to 

phagocytoze collagen fibers and mineralized bone matrix. The high amount of actin in osteoblasts 
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may be correlated with the synthesis and transport of new matrix components. Cytoplasm of the 

osteoblasts is basophilic largely due to the presence of a large amount of endoplasmic reticulum, 

golgi apparatus and a large spherical nucleus. Active osteoblasts synthesize and stain positively for 

type 1 collagen and alkaline phosphatase. 

 

1.4.2.3 Osteoblast function 

The osteoblast is the primary target cell in hormonal activation of the osteoclast. Osteoblasts were 

thought to possess specific surface receptors for PTH and PTH-related protein and nuclear receptors 

for 1,25D [64]. Osteoblastic cells comprise a diverse population of cells that include immature 

osteoblast lineage cells, differentiating and mature matrix producing osteoblasts. Phenotypic 

osteoblast heterogeneity is associated with cellular differentiation in vitro. Mice absent in 

osteoblasts are also deficient in osteoclasts. However, conditional depletion of mature osteoblasts in 

vivo only ablates bone formation while osteoclastic bone resorption persists [65]. These data 

suggest that immature osteoblasts direct osteoclastogenesis while mature osteoblasts perform the 

matrix production and mineralisation functions. Osteoblasts develop from pluripotent mesenchymal 

stem cells that have the potential to differentiate into adipocytes, myocytes, chondrocytes and 

osteoblasts under the direction of transcription factors. Osteoblast differentiation is controlled by 

the master transcription factor runt-related transcription factor-2 (RUNX2) [66]. RUNX2 null mice 

have a cartilaginous skeleton and completely lack mineralised tissue due to arrest of osteoblast 

maturation [67, 68]. Runx2 expression maintains a pool of immature osteoblasts to form the 

trabecular bone, whereas the suppression of Runx2 induces the expression of late stage 

differentiation, forming compact bone [69]. This was demonstrated in dominant negative-Runx2 

mice, where the structure and composition of trabecular bone closely resembled compact bone, 

inducing late stage osteoblast differentiation, increasing the level of Runx2 expression regulates the 

level of bone maturity [69].  
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The need for the osteoblast to keep a close contact with other cell types is due to the requirements 

of  other cells to access cell signals in the form of cytokines [70]. The protein secretion forms a thin 

layer of matrix (osteoid) between the osteoblast and the calcification front resulting in 

mineralisation of the newly secreted proteins. Osteoblasts that get encased within the newly laden 

matrix become osteocytes. Other cells including immature osteoblasts and earlier mesenchymal 

precursors, though are not directly associated with bone also play a role in cytokine presentation to 

osteoclast precursors [71]. Cytokines play a crucial role in cell to cell signalling between osteoclast 

and osteoblast/stromal cells involved in the activation of calcium mobilisation [71, 72]  

 

1.4.3 The Lining cells 

1.4.3.1 Lining cell origin 

Bone lining cells (BLC) are osteoblasts left behind following mineralisation [73] are thought to 

regulate the movement of calcium and phosphate into and out of bone [73].  

 

1.4.3.2 Lining cell structure 

Bone surfaces which are not undergoing remodelling or modelling are covered by elongated, thin 

cells of the osteoblastic lineage. These bone lining cells are thought to be either inactive osteoblasts 

which perhaps can be activated to produce bone matrix or a cell type of its own. In Gardner 

staining, bone lining cells are seen as a row of nuclei along bone surfaces, since their cytoplasm 

does not contain many cell organelles and is therefore only weakly stained in this procedure. 

Retraction of lining cells exposes the underlying osteoid to proteolytic enzymes of osteoblasts [74] 

and further to osteoclastic resorption.  
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1.4.3.3 Lining cell function 

The bone lining cells can be induced to proliferate and differentiate into osteogenic cells and may 

represent osteogenic precursors. BLC's and other cells of the endosteal tissues may be an integral 

part of the marrow stromal system and have important functions in hematopoiesis, perhaps by 

controlling the inductive microenvironment [75]. Because activation of bone remodelling occurs on 

inactive bone surfaces, BLC's may be involved in the propagation of the activation signal that 

initiates bone resorption and bone remodelling. Evidence also suggests that BLC's are important in 

the maintenance of the bone fluids and the fluxes of ions between the bone fluid and interstitial 

fluid compartments for mineral homeostasis [75]. 

 

1.4.4 The Osteocyte 

1.4.4.1 Osteocyte origin 

The osteocyte is the terminal differentiation stage of the osteoblast and supports bone structure and 

metabolic functions. Each osteocyte resides in lacunae and is connected to numerous cellular 

extensions of filapodia processes that lie in the canaliculi [76].   

1.4.4.2 Osteocyte structure 

Osteocytes are mature, non dividing bone cells that reside in a fluid-filled network made up of 

lacunae and are interconnected via cellular processes contained within the channels called 

canaliculi.  They are derived from osteoblasts and they represent the final stage of maturation of the 

bone cell lineage. Osteocytes are metabolically and electrically coupled through gap junction 

protein complexes principally comprised of connexin 43. Gap junction formation is essential for 

osteocyte maturation, activity, and survival [77, 78]. 
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1.4.4.3 Osteocyte function 

Osteocytes are differentiated osteoblasts buried in the mineralized bone structure named lacunar-

canalicular network that is bathed in interstitial fluid [79]. When bone is subjected to mechanical 

loading, osteocytes are thought to be able to sense the shear stress induced by interstitial fluid flow 

in lacunar-canalicular network, transduce the mechanical signals into biochemical signals, and 

finally regulate bone remodelling by affecting effectors [80]. Osteocytes are present throughout the 

mineralized matrix and are connected with each other via long slender cell processes which allow 

contacts with each other via gap junctions, therefore allowing direct cell to cell coupling [79]. The 

surrounding osteoid matrix then becomes mineralized under the control of enzymes. Matrix-

metalloproteinase-2(MMP-2) has been demonstrated to play a role in the regulation of osteocyte 

production and the initiation of the canalicular system [81]. Mechanical stimulation was 

demonstrated to be an important factor in distributing sufficient extracellular fluid for oxygen and 

nutrient supply to maintain metabolic activity in the osteocytes. Osteocytes have been shown to 

induce osteoclastogenesis when co-cultured with osteoclast precursors [82]. Furthermore, co-culture 

and stromal cells and monocytes in media exposed to 2 hour of mechanical stimulation confirmed 

that osteocytes mediate stromal cells to induce osteoclastogenesis via diffusible factors [83]. 

 

Osteocyte density has been found to be significantly lower in ovariectomised rats compared to sham 

animals. Additionally, osteocyte density was positively correlated to bone mineral content and 

ultimate load [83]. Reduction in mineral content and bone strength is accompanied by increased 

osteocyte apoptosis due to a decrease in bone formation followed by an increase in resorption in 

weightlessness studies [84]. These observations suggest that osteocytes actively initiate and control 

bone remodelling possibly by releasing a signal to recruit osteoclasts and subsequently alter bone 

quality. 
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1.5 BONE REMODELLING 

Bone is a specialized connective tissue composed of both mineral and organic phases that is 

designed for its role as the load bearing structure of the body. Bone is constantly undergoing bone 

remodelling which is a complex process, involving the resorption of bone on a particular surface 

followed by a phase of bone formation. There is a balance between the amount of bone resorbed by 

osteoclasts and the amount of bone formed by osteoblasts (Frost, 1964). Bone remodelling occurs in 

organised groups of cells, the basic multicellular unit (BMU), which turns bone over in multiple 

bone surfaces [85]. Each BMU is geographically and chronologically separated from other groups 

of remodelling suggesting that activation of the sequence of events responsible for remodelling is 

locally controlled by autocrine or paracrine factors generated in the bone microenvironment. 

 

1.5.1 Activation Phase 

The first stage of bone remodelling involves detection of an initiating remodelling signal. This 

signal can be a direct mechanical strain on bone that results in structural damage or hormone actions 

on bone in response to systemic changes. It has been suggested that osteocytes are important in 

instructing the initiation of remodelling.  Activation of resorption was suggested to be mediated by 

osteocytes surrounding a micro-fracture [86] which may be due to the ongoing mechanical strain on 

the skeleton. An important role of osteocytes is to detect mechanical stress which leads to 

microcracks. Those osteocytes that are close to the microcracks are usually apoptotic. It has been 

suggested that osteocytes death or the increase in osteocytes apoptosis lead to increased 

osteoclastogenesis [87] and initiate resorption. Under basal conditions, osteocytes secrete TGF-β 

which inhibits osteoclastogenesis. A recent study demonstrated that osteoclasts resorb aged bones 

and few live osteocytes are present in older bones [88].  While osteocyte specific ablation mouse 

model demonstrated that the loss of osteocytes led to a large increase in osteoclast number and bone 

resorption, another in vitro study showed that live osteocytes secrete RANK and M-CSF which 
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support osteoclastogenesis [71, 89]. These contradiction studies suggested that although the role of 

osteocytes is becoming clearer, the exact mechanism is still yet to be solved. 

 

1.5.2 Resorption Phase 

The resorption phase involves the recruitment of osteoclast progenitors to bone. The progenitor 

cells are gathered from the haematopoietic tissues such as bone marrow via the circulating blood 

stream. They proliferate and differentiate into osteoclasts through the interaction between osteoblast 

stromal cells [90]. The lining osteoblasts remove the unmineralised osteoid layer on the bone 

surfaces and produce various proteolytic enzymes, such as MMPS, collagenase and gelatinase [91] 

to enable the movement of osteoclasts to the mineralised bone. The next step requires the binding of 

extracellular bone matrix proteins such as osteopontin to the vitronectin receptor to induce 

osteoclast polarisation [92]. The characteristic features of osteoclasts are the presence of ruffled 

borders and sealing zones which contain a thick band of actin which allow the attachment of 

osteoclasts to the bone [93]. The activated osteoclasts resorb bone by the production of hydrogen 

ions and proteolytic enzymes in the localised environment. Lysosomal cysteine proteinases such as 

cathepsin B L and K and MMPs are involved in the degradation of the matrix and the dissolution of 

the mineralised matrix [94]. Osteoclasts eventually undergo apoptosis by nuclear and cytoplasmic 

condensation and fragmentation of nuclear DNA into nucleosomal-sized units [95]. Osteoclasts 

have a limited life span of approximately 12.5 days; therefore the process of bone remodelling 

requires a continual supply of precursors to maintain its numbers.   

 

1.5.3 Reversal Phase 

The reversal phase involves the apoptosis of the osteoclasts followed by formation of the new bone 

by the osteoblasts activation.  Initially, the reversal cell was proposed to be a monocytic phagocyte 

based on morphological assessment [96]. However, more recently, it was reported that the reversal 
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cell is from the osteoblast lineage based on cell morphology, positive expression for alkaline 

phosphatase [97] and the absence of the monocyte macrophage marker MOMA-2 [98] on these 

cells. Recent studies have suggested that both osteomacs and mesenchymal bone lining cells work 

together to facilitate events during the reversal phase. Osteomacs are likely responsible for the 

removal of matrix debris during the reversal phase. Macrophages produce the enzyme MMP [99] 

which is required for matrix degradation and osteopontin [100] which is incorporated into 

mineralised tissue. The final roles of the reversal cells are to produce coupling signals that allow 

bone formation to occur. 

 

1.5.4 Formation Phase 

Bone formation involves the proliferation of mesenchymal cells, the differentiation into osteoblast 

precursor cells, maturation of the osteoblasts and the formation and mineralisation of the matrix. 

Osteoblasts aggregate at the bottom of the resorptive cavity and form osteoid until the cavity is 

filled. Osteoblasts that lay down thick layer of osteoid at the bottom of the cavity gradually flatten 

and become inactive lining cells. Some osteoblasts differentiate into osteocytes and become 

embedded in the matrix. The chemotactic attraction of osteoblast precursors to the site of resorption 

involve in the initiation of bone formation that can be mediated by factors such as TFG-B, and 

collagen that are produced during resorption [101]. The subsequent proliferation and differentiation 

of osteoblast precursor is suggested to be mediated by osteoblast derived growth factors and growth 

factors released during the resorption process such as insulin-like growth factor I (IGFI) and II and 

TGF-β. The termination of the osteoblast activity may be due to the induction of osteoblast 

apoptosis by tumour necrosis factors released from neighbouring marrow cells [102]. 
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1.5.5 Osteoclastogenesis 

Osteoclasts differentiate from stem cells of the monocyte and macrophage lineages by a process 

known as osteoclastogenesis [103]. Formation of large multinucleated cells occurs by the fusion of 

precursor cells. The majority of cellular differentiation from precursors is likely to take place within 

the bone marrow. The differentiation of osteoclasts is a highly controlled process dependent on 

several hormonal signals such as 1,25D, PTH and IL-11. They act on osteoblasts and bone marrow 

stromal cells to activate the release of osteoclastogenesis inducing factors [104]. The inducing 

factors produced by osteoblast/stromal cells include RANKL and M-CSF [103]. The release of M-

CSF and RANKL is crucial for the formation of osteoclasts while the release of the inhibitory OPG 

from the osteoblast is crucial for the control of osteoclastogenesis.  

Receptor activator nuclear factor-kβ ligand (RANKL) is a member of the tumour necrosis factor 

super family that has been found to act as a regulatory protein in the differentiation of osteoblasts, 

T-cells and dendritic cells [103]. RANKL was identified and isolated by multiple research groups 

working on a variety of cell types in which RANKL plays a role in differentiation and maturation. 

Accordingly, RANKL is also referred to as TNF-related activated-induced cytokine- TRANCE 

[105], osteoprotegerin ligand (OPGL) [71] and osteoclast differentiation factor (ODF) [106]. All of 

these differentiation factors were shown to be the same molecule [103]. The majority of RANKL 

produced in vivo is an insoluble membrane bound protein, therefore cell to cell contact is required 

for osteoclastogenesis to occur. Osteoclast-like cells are not produced if stromal cells and osteoclast 

precursors are separated by a membrane in the absence of soluble RANKL [106]. RANKL not only 

acts in conjunction with M-CSF to stimulate differentiation but also acts to increase osteoclastic 

function and stimulate greater levels of resorption [106, 107]. 

 

RANK has a competitor for the binding of RANKL, osteoprotegerin (OPG) [108]. OPG is a water 

soluble receptor that binds RANKL resulting in inhibition of osteoclastogenesis as shown by severe 
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osteoporosis in OPG knockout mice [109]. OPG release is mediated by chemical signals such as 

interleukin-1 and is released by the osteoblasts. OPG has recently been shown to also bind to 

osteoclasts and osteoclast precursors directly increasing motility and inhibit resorption [110-112]. 

The current concept is that the RANKL/OPG expression ratio determines the degree of osteoclast 

differentiation and function [113]. 

 

1.6 HORMONES AND BIOCHEMICAL FACTORS KNOWN TO CONTROL BONE 

HOMEOSTASIS  

1.6.1 Parathyroid Hormone 

Parathyroid hormone (PTH) is secreted by the parathyroid glands as a polypeptide containing 84 

amino acids [114]. PTH is the primary hormone responsible for maintaining serum calcium at a 

level sufficient for its wide range of functions which include bone mineralisation. A decrease in 

extracellular calcium levels is detected by the calcium sensing receptor in the parathyroid gland and 

initiates the secretion of PTH. PTH acts on the kidney to stimulate transcellular calcium 

reabsorption and decrease renal-phosphate reabsorption as well as upregulating CYP27B1 activity 

in the kidney. Furthermore, PTH also stimulates bone resorptive functions. These actions lead to a 

decrease in serum calcium [115].  In conditions of low serum calcium, the calcium sensing receptor 

of the parathyroid gland stimulates PTH secretion [116]. Action of PTH in the kidney is mediated 

by the activation of membrane-associated adenylate cyclase which leads to an increase in 

intracellular cAMP [117]. PTH increases circulating levels of 1,25D by increasing the gene 

expression of renal 1-a-hydroxylase  [118, 119]. Subsequently, PTH and 1,25D act together to 

increase bone resorption and renal reabsorption of calcium [120]. As a form of negative feedback 

regulation, 1,25D decreases PTH expression by negatively regulating PTH gene [121]. In 

parathyroidectomised animals, no stimulation of renal CYP27B1 activity was detected in response 
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to hypocalcemia. However, the administration of PTH to these animals restored the induction of 

CYP27B1 enzyme activity [122, 123].  

 

1.6.2 1,25 Dihydroxyvitamin D3 (1,25D) 

1.6.2.1 Metabolism of Vitamin D 

The two main forms are vitamin D2 and vitamin D3. Vitamin D3 is synthesized in the skin after 

exposure to sunlight and vitamin D2 is obtained by irradiation of plants and foods [124, 125]. 

Vitamin D is 25-hydroxylated in the liver, followed by 1a-hydroxylation to synthesise 1,25D in the 

kidney. Activation of 25D to 1,25D is catalysed by cytochrome P450 enzyme 25D-1-hydroxylase 

(CYP27B1) [126]. CYP24 catabolises 1,25D to produce 1,24,25-trihydroxyvitamin D3 (1,24,25D), 

which is the first step of 1,25D degradation, known as the C-24 oxidation pathway [127]. The 

synthesis of 1,25D by CYP27B1 and degradation of 1,25D by CYP24 are subject to a high degree 

of control, which confers specificity to 1,25D-mediated activity. The biological activity of 1,25D is 

mediated by a high affinity vitamin D receptor (VDR), which acts as a ligand-activated 

transcription factor. Un-liganded VDR/retinoid X receptor (RXR) heterodimer binds to vitamin D 

response elements (VDRE) of the promoter of target genes, recruiting a co-repressor complex 

resulting in repression of basal gene transcription. Upon VDR binding of 1,25D, the co-repressor is 

displaced allowing recruitment of a co-activator complex of proteins that interacts with RNA 

polymerase machinery and stimulates gene transcription of the target gene [128] 

 

1.6.2.2 Endocrine actions of 1,25D 

The involvement of 1,25D is also important in both bone formation and bone resorption. Active 

intestinal calcium absorption stimulated by 1,25D provides adequate supply of dietary calcium for 

optimal bone mineralisation or suppression of bone resorption [129]. In vitro studies have shown 

that in osteoblasts, the major bone cell containing VDR, 1,25D regulates genes involved in 
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proliferation [130], differentiation [131], and mineralization [132]. Atkins et al demonstrated that in 

vitro human osteoblasts respond to exogenous 1,25D by decreasing their rate of proliferation as 

well as increasing their expression of mRNA species encoding osteoblast-associated genes [133]. 

The primary function of the osteoblast is to secret a specialized organic extracellular matrix that 

consists of mainly type I collagen. This organic matrix is mineralized at discrete sites by the 

incorporation of calcium phosphate forming a mature bone matrix. Effects on matrix proteins such 

as collagen type I, osteopontin and osteocalcin are believed to be mediated via transcription VDREs 

within their promoter regions [134]. 

The osteoblast not only regulates bone synthesis but also mediates the regulatory signals that 

coordinate the resorbing osteoclasts. Continued alterations in expression of genes such as 

osteocalcin result in a mature osteoblast phenotype that is able to mineralise the collagen matrix 

[135, 136]. Osteoblasts activate osteoclasts through the induction of the osteoblast-membrane-

associated protein, RANKL. The activation of osteoclastic bone resorption increases calcium flux 

from bone into the ECF. In vitro co-culture studies with immature bone marrow cells of the 

monocyte-macrophage lineage (containing pre-osteoclasts) and stromal cells (containing pre-

osteoblasts) indicate that 1,25D acts on the stromal cells to induce production of factors stimulating 

differentiation of osteoclast precursors to mature osteoclasts [137, 138]. 1,25D promoted late stages 

of osteoblast differentiation indicated by in vitro mineralization and the in vitro surrogate of the 

osteogenic response and elicited RANKL transcriptional responses in primary osteoblastic cells, 

suggesting that 25D levels in vivo may regulate multiple facets of bone remodelling [139]. 

Osteoblasts from VDR knockout mice are unable to stimulate the differentiation of osteoclasts, 

demonstrating the requirement for VDR in the osteoblast for this 1,25D mediated effect [140].  

 

The circulating levels of 1,25D rely also on adequate supply of the substrate, 25D. Vitamin D-

deficiency may lead to altered regulation of bone cell activity due to an inadequate supply of the 
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substrate required for the local synthesis of 1,25D. Biochemical evidence of moderate vitamin D 

insufficiency occurring at circulating 25D levels between 25 and 75 nmol/L [141] showed an 

increase in the circulating markers of bone turnover, typical of which would be predicted to cause 

osteoporosis, a disease associated with an increase in the activation of BMU leading to perforation 

of trabeculae, reduced cortical bone and increased risk of fracture [142, 143]. 

 

1.6.2.3 Extra-renal Synthesis of 1,25D 

Extra-renal synthesis of 1,25D was first documented in studies of vitamin D metabolism in human 

pregnancy [144] and the granulomatous disease sarcoidosis [145]. Studies on the cloning of the 

human for CYP27B1 revealed identical cDNA sequences in renal [146] and extra-renal tissues 

[147]. Analysis of bone mineral density showed that bone loss which is a prevalent complication of 

Crohn’s disease was independently associated with serum 1,25D levels [148]. Furthermore, Vitamin 

D metabolites were detected in freshly isolated colon tumour cells [149] and colonocytes in cell 

culture was demonstrated to have the capacity to synthesize 1,25D from 25D [150]. 

 

In addition to the synthesis of 1,25D in various other tissues, the most clearly defined role for 

circulating 1,25D is its stimulation of intestinal calcium absorption. In the intestine, 1,25D exerts 

two effects: one dependent on gene expression and protein synthesis shown by calbindin synthesis 

[151] and a more rapid response by the increase in intracellular Ca2+ concentration and cyclic GMP 

levels [152]. Calcium enters from the intestinal lumen across the microvillar membrane and into the 

enterocyte down an electrochemical gradient. 1,25D was demonstrated to up-regulate expressions 

of transcelluar calcium transport genes such as calbindin D9k, plasma membrane Ca ATPase, 

epithelial calcium channels, TRPV5 and TRPV6 which are involved in apical membrane, 

transcellular and basolateral membrane calcium transport [153]. 1,25D was shown to up-regulate 
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calbindin D9k expression through the vitamin D response element in the proximal promoter of the 

gene [154].  

 

 

 

1.6.3 Calcitonin 

Calcitonin is a 32–amino acid peptide with an N-terminal disulphide bridge and a C-terminal 

prolineamide residue [155]. The actions of PTH and calcitonin are antagonistic on bone resorption 

but synergistic on decreasing the renal tubular reabsorption of phosphorus. The hypocalcemic 

effects of calcitonin are primarily the result of decreased entry of calcium from the skeleton into 

plasma, resulting from a temporary inhibition of PTH-stimulated bone resorption[156]. Calcitonin 

directly causes a loss of ruffled border of osteoclasts in bone sections and reduces osteoclast 

number in bone [157, 158]. It also reduces osteoclast acid secretion by changing Na+-K+-ATPase 

and inhibits H+ATPase activity [159, 160]. 

 

Calcitonin was shown to enhance renal conversion of 25(OH)D3 into 1,25D in vitamin D-deficient 

rats [161, 162]. Contrary to that statement, other studies have also shown that calcitonin has no 

effect on vitamin D metabolism in thyroparathyroidectomized animals [162]. The major action of 

calcitonin appears to lower serum calcium levels via inhibition of bone resorption. Morel et al[163] 

and Kawashima et al[164] have demonstrated that calcitonin-sensitive adenylate cyclase is in the 

distal nephron and calcitonin stimulates CYP27B1 activity in proximal straight tubules in isolated –

single-nephron segments. Furthermore, it was demonstrated that calcitonin stimulates the 

expression of CYP27B1 mRNA in the kidney in normalcalcemic rats [165]. They showed that 

while the PTH-mediated stimulation of the expression of CYP27B1 mRNA occurred during 

hypocalcemia, only calcitonin was able to stimulate the expression of CYP27B1 mRNA during 
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normocalcemia [165].  Although calcitonin has been shown to regulate CYP27B1 expression by 

some studies, the precise role of calcitonin in mediating vitamin D metabolism remains unclear. 

 

1.7 BONE BIOMECHANICS  

1.7.1 Stress and strain 

The concepts of stress and strain are fundamental to bone biomechanics. Stress is defined as force 

per unit area and strain is the relative deformation. The relationship between stress and strain in 

bone follows a curve called the stress-strain curve which allows the extraction of various measures 

of stiffness within the bone [166-168]. The force can be compressive, tensile or shear depending on 

the method of loading. In loading, pure longitudinal axial compression force slightly shortens and 

widens the bone; Tension lengthens and narrows the bone. Shear stresses arise when one part of the 

material slide to its adjacent region [167, 168]. Stress is reported in units of Pascals and strain has 

no units. All the types of stresses mentioned above occur in combination even under simple loading 

methods [167, 168]. 

 

1.7.2 Elasticity and Plasticity 

The degree of deformity in a material depends on not only the forces and moments applied to the 

structure but also the stiffness of the constituents [169].  Stiffness is determined by the proportions 

of the hydroxyapatite crystals and the collagen fibers in the specific material [170].  During the 

initial stages of a test, the elastic region is the linear portion of the stress-strain curve. If the load is 

removed during this phase of the test, the specimen will return to its original size and shape without 

incurring permanent damage. 

 

The slope of the elastic region of the stress-strain curve reflects the stiffness of the material. 

Young’s modulus is a measure of the intrinsic stiffness of the material. The trabecular bone 
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structure is less stiff than the compact bone structure, which increases its capability to deform and 

hence absorb energy [14, 171]. At a higher level of stress and strain, where the elastic limit is 

exceeded and permanent deformation occurs the region is referred to as the plastic region [167, 

168]. 

 

1.7.3 Ultimate Failure 

As loading continues in the plastic region, the material will eventually reach ultimate failure, at 

which point the specimen fails catastrophically [172].  The ultimate compressive strength of cortical 

bone can be ten times greater than in trabecular bone [14].The ability for a material to resist the 

propagation of cracks can be measured by the  amount of post-yield strain that occurs before 

ultimate failure [173].  Ductile material has the ability to change its conformation without breaking. 

However, a material is considered brittle if it undergoes little post-yield behavior before ultimate 

failure. As osteoporosis is often referred to as the brittle-bone disease, in reality little experimental 

evidence supports an actual reduction in the ductility of bone material examined from patients 

diagnosed with this disease [168].   

 

 Loading creates complex strain and stress environments in a material. Maximum strains are 

achieved when axial loads are applied to a slightly curved beam compressing the concave side 

while causing tensile strain on the convex side. The strain is decreased to zero in the middle of the 

beam, which is known as the neutral axis [174]. The flexural rigidity of the material, EI, represents 

the amount of force per unit cross-sectional area required to deform the material a given amount, 

where E is elastic modulus, and I is the moment of inertia [168].  The moment of inertia reflects the 

contribution of each part of the material to the stiffness in each position in the cross-section of the 

beam. Therefore the further away the material is relative to the neutral axis; the more resistant it is 

to bending. In the elderly, it was shown that the subtle increases in the moment of inertia, which are 
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achieved through periosteal expansion, may structurally compensate for the bone loss and cortical 

thinning that parallels the aging process [175]. 

 

1.7.4 Mechanical forces on bone remodelling 

The material of all bones has the same constituents. These include mineral, carbonated 

hydroxyapatite, type 1 collagen and other non-collagenous proteins and water. It is a graded 

material as its composition, structure, and mechanical properties vary continuously from one 

location to another [176]. Bone tissue seems to be able to detect changes in strain on a local base 

and then adapts accordingly. Internally, bone adapts by changing the density of trabeculae and 

osteons as well as their disposition. Externally it adapts by a change in shape and dimensions [177]. 

Bones have the capacity to adapt their architecture in relationship to changes in their habitual 

loading environment without causing extensive damages  [178]. A key regulator of osteoblast and 

osteoclast activity in bone is mechanical strain. Bone formation and resorption are balanced under 

normal conditions. However, the equilibrium between formation and resorption shifts as the 

intensity of strain changes. When strain intensity is higher than the equilibrium strain, bone 

formation occurs. When strain intensity if lower than the equilibrium strain, bone resorption occurs.  

Dynamic equilibrium between resorption and deposition is again achieved when the equilibrium 

strain state is newly established [179]. The skeleton continues to adapt to the mechanical loading 

from daily activities through the adaptive remodelling by formation of new bones to withstand the 

increased amount of loading and the removal of bone in response to unloading [180, 181]. As 

discussed before, highly interconnected osteocytes, which exist in high numbers and are distributed 

throughout the bone matrix are suggested to be the main cells that are responsible for sensing 

mechanical strain and transducing their signals[182].  

Studies have demonstrated that osteocyte selective markers such as dentin matrix protein 1(DMP1), 

MEPE and sclerostin are regulated by mechanical loading[183]. DMP1 was upregulated within a 
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few hours of loading in osteocytes in a tooth model [184]. Studies on DMP1-null mice show that 

DMP1 expression is required for osteoblast differentiation to mature osteocytes, demonstrating its 

importance in the extent of mineralisation [185, 186]. In weightlessness studies, reduced 

mechanical forces led to a decrease in bone formation followed by an increase in resorption causing 

a reduction in mineral content and bone strength accompanied by increased osteoblast and osteocyte 

apoptosis[84]. Other animal models have demonstrated that increased bone mass and size as a 

consequence of adaptation is dependent on the degree mechanical stimuli. In both rat and mouse 

studies, it was shown that osteoblast activity increased with an increase in mechanical strain, 

resulting in larger and stronger bones [187-189]. Furthermore, evidence of reduced loading due to 

long-term bed rest[190], hind limb unloading in animals [191] and space flights [192] have 

demonstrated significant bone loss and mineral changes emphasising the importance of mechanical 

forces required to maintain normal function. These studies support The Frost “mechanostat” model 

which states that bone adapts in ways dependent on the dynamic strain environment experienced by 

one tissue which indicated that low strain results in loss of bone and high strain results in gain of 

bone [193]. Biomechanics in bone is critical to an improved understanding of both the pathogenesis 

of metabolic bone disease and the promising breakthrough of controlling bone mass and structure 

through mechanical stimuli.  

 

1.8 BONE MATERIAL PROPERTIES TESTING METHODS  

Bone undergoes complex patterns of loading during lifetime. External and internal forces act to 

deform the bone. Mechanical testing of bone is a common way to determine its properties. Bone has 

an anisotropic structure and its structural properties vary with load direction [194]. Bone materials 

properties depend upon its mineral contents densities and collagenous contents. It is suggested that 

while performing tests, related materials and geometric dimensions affect the bone strength 

depending on load type and direction applied on the whole bone. Therefore, frequent testing 
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methods for other materials can not determine the bone structural characteristics and testing whole 

bone may be another way to study its properties [195]. 

 

Bending tests are useful for measuring the mechanical properties of bones from rodents and small 

animals. Bending can he applied to rodent bones and machined bone specimens using either three-

point or four-point loading. Small bones are very difficult to machine tensile or compressive test 

specimens. In the bending test the long bone is loaded in bending until failure. Stress due to bending 

can be calculated using the beam bending formula. Bone strength and elastic modulus are functions 

of load applying direction and are stronger in compression comparing to tension. These varieties 

could be due to orthotropic properties of bone that cause its strength and modulus to be a function 

of tissue orientation exposed to load [168]. There are a number of reports in the literature using a 

variety of mechanical strength measures, with 3-point bending being the most common method for 

the characterization of long bone biomechanical properties in small animals [196-198]. The tibia 

has been favoured by some for mechanical testing because the metaphysis of the tibia is particularly 

predisposed to develop osteoporosis in rats [199]. However, the continually changing cross-

sectional geometry makes it a less attractive bone for testing in terms of calculating Young’s 

modulus.  

 

1.8.1 Three- and Four-point bone bending tests  

Usually, three-point bending [200-202] and four-point bending [201, 203] are used to determine 

whole bone mechanical strength. The three-point bending test was commonly used in the evaluation 

of bone strength in earlier studies and showed that bending breaking force and stiffness, as well as 

the intrinsic parameters, ultimate stress and elastic modulus are good indicators of the mechanical 

strength of cortical bone [200]. 
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The main advantage of three-point bending is its simplicity and reproducibility making it the 

preferred method to use in small animals [168, 200]. The main disadvantage is that it creates high 

shear stresses near the midsection of the bone. Three point testing in the tibia was reported to have 

high reproducibility making it a desirable choice for three-point bending [196]. 

 

According to standard testing method, published by American Society of Agricultural Engineers, 

three-point bending test of animal bone should be used only when the bone is straight, has a 

symmetrical cross-section and has a support length to diameter ratio greater than 10 [204]. The 

testing machine used should be capable of applying constant rate of crosshead movement with 

reproducible speed and accuracy of ±1% (coefficient of variance). Adjustable fulcra should be used 

in order to obtain a support length to bone diameter ratio greater than 10. Details and previous 

histories about the animals from which the bones were taken also should be recorded [205]. 

Four-point bending produces pure bending between the two upper loading points which ensures that 

there are no transverse shear stresses. This means that there is a region of uniform stress distribution 

between the inner contacts[168].  However, in four-point bending, the forces at each loading point 

must be equal which is easy in regularly shaped specimens. Four-point bending is standard in large 

animals such as dogs, pigs, or sheep [206-208], therefore in rodent long bone testing, three- point 

bending is often preferred [196, 209].  

 

1.9 MEASUREMENTS OF BONE STRUCTURE, CELLULAR ACTIVITY AND BONE 

MATERIAL PROPERTIES  

1.9.1 Static measures of bone structure 

1.9.1.1 2-Dimensional measurements 
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The primary measures for estimating bone remodelling and their nomenclature has been 

standardized [210]. The primary measurements for trabecular bone are area and perimeter and are 

often reported as volume and surface. Therefore the proportion of the sample area that contains 

bone will be shown as trabecular bone volume (BV/TV, %). Using standardized equations, the 

presence of trabecular bone can be also further described by the number (Tb. N) and thickness 

(Tb.Th, um).  

 

1.9.1.2 3-Dimensional measurements 

Micro-computed tomography (micro-CT) is an emerging technique for the nondestructive 

assessment and analysis of the three-dimensional bone structure. It has recently progressed from an 

invasive tool for ex-vivo bone specimens into an in vivo tool for small animals. The micro-CT 

machine has a superior X-ray tube and an image intensifier detector typically capable of resolving 

as low as um allowing the visualisation of individual trabecular elements. In addition, they have the 

appropriate software (a cone beam reconstruction algorithm (Feldkamp et al 1984) that allows the 

creation of a three-dimensional array of data. Trabecular thickness, trabecular spacing and 

trabecular number as well as bone volume and degree of anisotrophy can now be accurately derived 

due to its known 3D architecture. In terms of cortical bone, micro-CT allows a 3D reconstruction of 

the cortical bone region of interest, reduces the sample site variation and permits exact 

measurement of the bone volume. Studies comparing mechanical testing and computed tomography 

[200, 211] suggest that both mechanical tests and CT measurements are relevant in biomechanical 

studies on rodent bones. 

 

Micro-CT has both strengths and limitations for assessing structural adaptation in bone. It has the 

capability to provide a three dimensional assessment of net mineral content of a specific region of 

the bone or throughout an entire bone.  Quantitative micro- CT allows detection of differences in 
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bone volume fraction, mass and morphometric parameters [212]. The higher resolution of micro-CT 

is critical to localizing the mineral response in bony structures of small animals and facilitates 

paired analysis by allowing very accurate alignment of loaded versus contralateral bones [213]. 

However, micro CT lacks the ability to measure biological parameters such as the osteoid thickness, 

erosion depth, or osteoclast number and although it is a non-destructive method to quantify very 

accurately the structural properties of bone, harvesting bone biopsies for human studies is basically 

restricted to samples from the iliac crest and is highly invasive and inconvenient for the patient 

[214].  

 

1.9.2 Dynamic measures of bone cell activity 

1.9.2.1 Bone formation 

The calculation of bone formation is achieved by the intravital labelling with tetracycline 

derivatives prior to biopsy [215]. Two doses of label are administered with a gap of 10 days 

between doses and a 3 day period before biopsy. These compounds can be visualised under UV 

light as florescent labels within the bone tissue. The extent of active surface mineralisation at a 

given time is estimated by incorporating only the surfaces covered by both labels and provide the 

product of double label surface/mineralising surface (%). Mineral apposition rate (MAR) is the 

distance between the corresponding edges of two consecutive labels, divided by the time between 

midpoints of the labelling periods. This gives a dynamic estimation of the activity of osteoblasts at 

the time of biopsy. Bone formation rate can then be derived from the product of double label 

surface and MAR [210]. 

 

To ensure an accurate measurement of continuous bone formation, only surfaces covered by both 

florescent labels are incorporated into the estimate of perimeter, namely double labelled surface 

(dLS). The perimeter may also include half of the single labelled surface to account for the 
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resorption of previously incorporated label. The calculation gives an estimate of osteoblastic 

activity at the time of biopsy. Bone formation rate (BFR) is the product of dLs and MAR [210]. 

 

1.9.2.2 Bone resorption 

The primary measurements for bone turnover correspond to the perimeter of the bone surface 

undergoing by resorption or formation [216]. Resorption is estimated by identifying the presence of 

osteoclasts on the surface of the bone. The data is often expressed as the percentage of the bone 

covered by active osteoclasts called osteoclast surface (Oc.S., %).  

1.10 SUMMARY 

It is clear that the regulation of skeletal tissue is complex with effects of multiple regulatory factors 

being modulated to optimise both mechanical and homeostatic functions. These functions are not 

uniformly distributed across the skeleton. Particularly in lone bones, cortical and trabecular bone 

vary in response to different mechanical forces. While mechanical functions are preferentially 

performed by cortical bone, trabecular bone is more susceptible to vitamin D deficiency and 

calcium deficiency. This heterogeneity suggests an element of local control in bone response to 

systemic modulators of bone turnover. Previously our laboratory has developed a rat model for the 

assessment of nutritional and hormonal regulation of bone. We have demonstrated the occurrence of 

bone loss consistent with osteoporosis at moderately insufficient levels of 25D and osteomalacia at 

severe vitamin D deficiency. Our rat model provides the level on control necessary to investigate 

the interaction of these systemic factors such as vitamin D and calcium deficiency with local 

factors. Little is known about the level of vitamin D requirement for bone cell in both adult and 

aged rats, therefore our development of the vitamin D deplete rat model in which we have 

demonstrated the occurrence of osteopenia and osteomalacia under different conditions, will be able 

to provide us with the essential tool to further assess the vitamin D status for the maintenance of 

bone architecture and bone strength. 
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2 CHAPTER 2: MATERIALS AND METHODS 

2.1 INTRODUCTION 

Although many studies have performed mechanical testing on animals models, few have looked at 

the combined effects of dietary vitamin D and calcium on the bone structure and strength in rat 

models. This chapter describes a modified technique for mechanical testing; in particular, three-

point bending as the most commonly used mechanical testing in rodents. Previous studies have 

examined the effects of vitamin D deficiency and ovariectomy by using a three point cantilever 

bending technique. They showed a reduction in ultimate stress in the femoral neck. This chapter 

describes three point bending at the anterior posterior position on the rat tibia. Furthermore, the 

dietary treatments, specimen collection procedures and the techniques used to measure the 

biochemical factors that are associated with calcium homeostasis and vitamin D metabolism are 

described. 

 

2.2 MATERIALS 

All chemicals and consumables used in the experiments were purchased from Sigma Chemical 

Company (Milwaukee, USA), unless otherwise stated. 

 

2.3 ANIMALS 

All animals used in the experiment were Sprague-Dawley rats obtained from the University of 

Adelaide animal house. Animals used to investigate the effects of varying levels of dietary vitamin 

D were male rats. Animals used to investigate the effects of dietary vitamin D and calcium were 

female rats. All animal procedures were approved by the Institute of Medical and Veterinary 

Science Animal Ethics Committee. 
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2.3.1 Housing 

All animals were housed at 24°C with a 12-hour light/dark cycle. Animals that were raised as 

vitamin D-deplete (fed 0 IU/vitamin D) were exposed to incandescent lighting. All other animals 

were exposed to standard (is this fluorescent) lighting. 

 

2.3.2 Diet 

Rats were fed either a commercial rat chow containing 0.76% calcium, 0.46% available phosphorus 

and 2000U/Kg vitamin D (Milling Industries Pty Ltd., Adelaide, Australia) or tap water ad libitum 

unless otherwise stated. In dietary vitamin D and calcium studies, 40g per day of a modified AIN-

93-VX semi-synthetic diet (American Institute of Nutrition 1977, American Institute of Nutrition 

1980) where levels of dietary calcium and vitamin D were modified as specified in the relevant 

chapters.  

 

2.3.3 Semi-synthetic diet 

The semi synthetic diets were prepared in the laboratory according to a standard formula (Table 1). 

The components of the mineral mix were weighed, crushed and thoroughly mixed. Cornstarch, 

casein and cellulose were mixed for 30 minutes in a dough mixer (OEM, VE201, Bozzolo (MN) 

Italy). The remaining dry ingredients were added slowly and the mixture combined for a further 30 

minutes. The ingredients of the mineral mix were weighed and crushed and manually mixed for 5 

minutes before adding with the rest of the dry ingredients. Subsequently, the corn oil was drizzled 

into the mixture and combined for another 30 minutes. Finally distilled water was added to form a 

thick paste, which was spread 3 cm thick in trays and allowed to partially solidify before being cut 

into blocks and frozen at -20C. 
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Table 2.1 Components of the Semi-Synthetic Diet 

Ingredient (g/Kg mix) 

Casein 200 

Corn Starch 650 

Cellulose 50 

DL-Methionine 3 

Choline Bitartrate 2 

Mineral Mix* 35 

AIN-93-VX Vitamin Mix# 10 

Calcium Carbonate (0.1%-1%) 25-250 

Corn oil 50 
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Table 2.2 Components of the Mineral Mix* 

Ingredient (g/Kg mix) 

Sodium di-hydrogen phosphate (2H20) 197 

Potassium di-hydrogen phosphate 275 

Potassium sulphate 52 

Magnesium oxide 24 

Manganous carbonate 3.5 

Ferric citrate 6 

Zinc carbonate 1.6 

Cupric carbonate 0.3 

Potassium iodate 0.01 

Sodium selenite 0.01 

Chromium potassium sulphate 0.55 

Sucrose (finely powdered) 440.03 
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2.3.4 Fluorochrome Labelling Injections 

Demeclocycline and calcein injections were used as the two flurochrome labels throughout all 

studies. All solutions were prepared on the day of administration. Demeclocycline (Lederle, 

Sydney, Australia) was prepared by adding 0.5g of declomycin, containing 0.3g of demeclocyline, 

to 10 mL of normal saline and stirring for 2 hours. The supernatant was decanted and 0.1mL/100g 

body weight was injected intraperitoneally at the dose of 30mg/kg 6 days prior to killing. Calcein 

(Sigma Chemical Co., St Louis, USA) was prepared by adding 0.2g of calcein and 0.4g of sodium 

bicarbonate to 10 mL of normal saline and stir for 30 minutes. 0.1mL/100g body weight of this 

solution was injected intraperitoneally at the dose of 20mg/kg 2 days prior to killing. 

 

2.3.5 Blood sample collection 

All blood samples were taken from the tail vein under halothane anaesthesia. 2.5mLs of blood was 

collected by removing 2mm from the tip of the tail with a scalpel. The blood was collected in tubes 

with a clotting activator and centrifuged at 3,500 rpm for 15 minutes to collect the serum. A 250l 

aliquot of serum from each blood sample collected was stored separately for parathyroid hormone 

analysis. All serum samples were frozen at –20C until required for analysis. 

 

2.4 BLOOD BIOCHEMISTRY 

2.4.1 Serum calcium and phosphate 

Serum calcium was measured according to the method of Moorehead and Biggs (1974). Calcium 

reacts with cresolphthalein complexone in alkaline solution to form a purple coloured complex. The 

intensity of the purple colour formed is proportional to the calcium concentration and can be 

measured photometrically at 575nm. Serum calcium was measured on a Clinical chemistry analyser 

(Cobas Bio, IN, USA), using reagents manufactured by Trace Scientific (Melbourne, Australia). 
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2.4.2 Serum 1,25-dihydroxyvitamin D3  

Serum 1,25 dihydroxyvitamin D3 (1,25D) was measured by a 125I radioimmunoassay (RIA) 

(Immunodiagnostic Systems Ltd, Bolden, UK). The serum samples were delipidated and 1,25D 

extracted from potential cross-reactants by incubation with a highly specific, solid phase, 

monoclonal anti-1,25D antibody. The purified 1,25D eluate was incubated with a highly specific 

sheep anti-1,25D antibody. Separation of the antibody-bound tracer from the free tracer was 

achieved by a short incubation with anti-sheep IgG cellulose. The bound radioactivity was inversely 

proportional to the concentration of 1,25D. The minimum detectable concentration of the assay was 

5pmol/L and at 118pmol/L, the inter-assay coefficient of variation was 5% at what concentration. 

 

2.4.3 Serum 25-hydroxyvitamin D3 

Serum 25 hydroxyvitamin D3 (25D) was measured by a 125I radioimmunoassay (RIA) 

(Immunodiagnostic Systems Ltd, Bolden, UK). This method involved the extraction of 25D, 

followed by incubation with both 125I-25D and a highly specific sheep anti-25D-antibody. 

Separation of the antibody-bound tracer from the free tracer was achieved during a short incubation 

step with anti-sheep IgG cellulose. The bound radioactivity was inversely proportional to the 

concentration of 25D. The minimum detectable concentration of the assay was 3.0mol/L and at 

136nmol/L. The inter-assay coefficient of variation was 7.3%. 

 

2.4.4 Serum parathyroid hormone 

Serum parathyroid hormone (PTH) was measured using a rat-specific, two-site immunoradiometric 

assay (IRMA) (Immutopics, Inc., San Clemente, CA USA). Both intact PTH (1-84 amino acids) 

and N-terminal PTH (1-34 amino acids) are immunologically bound by an immobilised antibody 

and a radiolabelled antibody, to form a sandwich complex. The levels of the radioactively bound 
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complex are then measured in a gamma counter (Crystal II, Multidetector RIA System, Packard 

Instruments Inc, Illinios, USA). The minimum detectable concentration of the assay was at 1.0 

pg/mL and 50 pg/mL, the inter-assay coefficient of variation was 4%. 

 

2.5 BONE HISTOLOGY 

2.5.1 Bone preparation 

Rat femora were removed from animals and defleshed before being placed in 10% formalin at 4°C 

for 2 hours. Femora were then cut using a slow speed saw (Beuhler, Ltd, Lake Bluff, USA) 

equipped with a diamond tipped blade bathed in 70% ethanol (van Moppes, Gloucester, UK), to 

expose the epiphyseal and metaphyseal regions. Samples were dehydrated in graded ethanol (70%, 

90%, 2 x 100%) for 1 hour each, then transferred into two changes of methyl methacrylate (MMA) 

and 10% w/v K-Plast plasticiser (Medim, Giessen, Germany) each for 10-14 days. 4mL of the final 

embedding mixture containing MMA, 10% w/v plascticiser and 0.9% (w/v) K-Plast initiator 

(peroxydicarbonate – perkadox 16) (Medim, Giessen, Germany) was poured into 25mL 

polypropylene tubes and the cut bone surface facing down. The tubes were tightly capped and 

transferred to a 37°C water bath 24 hours polymerization in the fume hood. The embedded samples 

were cut from the tubes using a band saw and fixed to aluminium block holders (Bio-Rad, Sydney, 

Australia) with araldite glue (Selleys, Sydney, Australia). 

 

Following embedding, the samples were trimmed to expose the sample area by removing and 

discarding 10um sections with a motorised microtome (Jüng K, Reichert, and Heidelberg, 

Germany). To expose the maximal epiphyseal and metaphyseal area, the samples were trimmed to 

the midline of the femur and tibia. The exposed sample area was then moistened with demineralised 

water and three consecutive 5um sections were cut and placed onto glass slides. Sections were 

flattened onto the slides following immersion in a 30:70 mixture of ethylene glycol mono-ethyl 
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ether (Merck, Kilsyth, Australia) and 70% ethanol (spreading solution), heated to 65-70ºC. 

Polyethylene plastic was dipped into the spreading solution before clamping to the slide with the 

cartridge paper. The slides were placed in the 37°C oven overnight. Prior to staining, MMA was 

removed by 15 minute immersions in 100% acetone. Sections were then dehydrated in ethanol (2 x 

100%), cleared in xylene (2 x 100%) and mounted in xylene-based moutant Eukill (Kinder GmbH 

and co., Freiburg, Germany). 

 

2.5.2 Von Kossa staining for calcium deposition with a haemotoxylin and eosin counterstain 

MMA was removed from bone sections in acetone (see 2.5.1), which were then washed twice with 

distilled water and transferred to an aqueous solution of 1% silver nitrate and exposed to UV light 

for 60 minutes. Sections were then rinsed in distilled water and bathed in an aqueous solution of 

2.5% sodium thiosulphate for 5 minutes. Following the final distilled water wash of the Von Kossa 

staining protocol, sections were stained in Lillie Mayer alum haematoxylin for 8 minutes and rinsed 

in demineralised water. The next step involved a differentiation in acid alcohol solution and bluing 

in a saturated aqueous solution of lithium carbonate. The appropriate end-point for this step was 

blue nuclei and basophilic cytoplasm over a colourless background, overstaining was reduced by 

further exposure to acid alcohol.  Sections were then rinsed in running tap water for 30 seconds and 

stained with a 1% aqueous eosin solution for 4 minutes before mounting. The end point of this step 

was pink osteoid and strong staining of acidophilic cytoplasm, such as osteoclasts. 

 

2.5.3 Tartrate resistant acid phosphatase (TRAcP) staining of osteoclasts 

Sections were dewaxed 3 times in histolene for 10 minutes and rehydrated in graded ethanol 

(100%x2, 95%, 90%, 75%, 50%) and demineralised water for 3 minutes each. Fixative solution 

(25mL of citrate solution, 65mLs of acetone, 8mLs of 37% Formaldehyde) was prepared in a glass 

bottle. Fix slides by immersing in room temperature fixative solution for 30 seconds and rinse 
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thoroughly in prewarmed demineralised water. Diazotised Fast Garget GBC solution was made by 

adding 0.5mL of Fast Garnet GBC base solution to 0.5mL of sodium nitrite solution and inverted 

for 30 seconds. The next step involves adding 1mL of the above solution to a 100mL beaker with 

prewarmed demineralised water (45mLs), naphthol AS-BI phosphate solution (0.5mL), acetate 

solution (2mLs) and tartrate solution (1mL). After mixing the solutions were transferred to coplin 

jars in which slides were incubated for 1 hour at 37 degrees in water bath protected from light. 

Rinse the slides thoroughly in demineralised water and counterstain in Haematoxylin solution for 2 

minutes and rinse in alkaline tap water for several minutes to blue nuclei. Finally air dry and 

evaluate microscopically.  

 

2.6 BONE HISTOMORPHOMETRY 

2.6.1 Static and dynamic bone mineral measures  

Sequential sagittal sections cut to 5m thickness were stained either by a modified von Kossa silver 

technique, Haematoxylin and Eosin stain (2.5.2), or left unstained for fluorochrome label (2.3.4). 

An Olympus BH-2 microscope (Olympus, Tokyo, Japan) interfaced with a Quantimet 520 Image 

Analysis System (Cambridge Instruments, Cambridge, UK) was used to measure the percentage of 

epiphyseal and metaphyseal trabecular bone volume within the bone marrow cavity (BV/TV%), 

trabecular thickness (Tb.Th) and trabecular number (Tb.N). Haematoxylin and Eosin stained 

sectioned were used to measure osteoid surface (O.Sur %) and osteoid thickness (O.Th). Unstained 

sections were used to measure inter-label distance and to calculate mineral apposition rate (MAR) 

and bone formation rate (BFR). Mineralization Lag Time (MLT) was derived from the 

measurements of O.Th and MAR. 

2.6.2 Three-dimensional analyses using micro-computed tomography 
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Tibiae were removed from the -20 freezer and placed in a plastic tube for micro-CT analysis. The 

tibial micro-architecture was analysed using a high resolution micro-CT system (Skyscan 1076, 

Belgium) to obtain multiple x-ray transmission images. Cross sectional images of the object were 

then reconstructed by a modified Feldkamp cone-beam algorithm, creating a complete 3-D 

representation of internal microstructure with ring artefact reduction set at level 12 and beam 

hardening set to 20%. The cortical bone analysis was limited to a region of interest of ±4mm from 

the midpoint of the bone. The resolution of scanning was 18µm/pixel which provides sufficiently 

detailed information to calculate cortical bone volume.  

 

In dietary vitamin D and calcium studies (Chapters 5 and 6), the micro-architecture of both femur 

and tibia were evaluated. Tibia and femur were analysed using the same method as detailed above 

with an alternate high resolution micro-CT system (Skyscan 1174, Belgium) at 12 um/pixel. The 

cortical bone analysis for femur was limited to a region of interest of ±2mm from the midpoint of 

the bone. The trabecular bone analysis for the proximal tibia and femur were limited to a region of 

interest of trabecular network 4mm below the intertrochanteric line. Bone BV/TV, Trabecular 

number, trabecular thickness, periosteal surface area (mm2) and endosteal surface area (mm2 were 

calculated from CTan software (v1.7, Skyscan, Belgium). Global threshold was used in the cortical 

bone analysis while adaptive threshold with the radius of 13 and constant of 10 were used in the 

trabecular bone analysis. Tibial sagittal cortical thickness (mm) is derived by measuring the cortical 

thickness in the mid shaft of the bone in the plane of mechanical loading. Tibia length was 

measured using digital callipers. 
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2.7 MECHANICAL TESTING OF BONE PROPERTIES 

The mechanical properties of the tibiae were assessed by three-point bending method, performed by 

a miniature Instron materials testing machine (Instron 5848 MicroTester) with a 500N load cell. 

Prior to testing, tibiae were thawed in PBS at room temperature for 30 minutes and mid- point of 

the tibia determined using digital callipers. The lower anvil points were set at 20mm apart, 

equidistant from the mid-point for each bone. The bones were all pre conditioned at 1N of force 

before testing. The upper anvil was lowered on to the mid-point at a rate of 1.0mm/min for up to 

5mm maximum deflection in the bone or until the bone failed. Results were collected in 

Wavemaker (version 9.1.00, Instron, Instron Corp., Canton, MA). From the force (F) versus 

displacement (D) curve we calculated, ultimate force to failure (ULF) and Young’s modulus (E) 

(reference). E, defined as the intrinsic stiffness of the bone was based on the following calculation:  

 

E = (F / D) x (L3 / 48 x I) 

where:   L = length of span  

I = cross sectional moment of inertia, derived using Image J (Java 1.6.0_10, USA)  

 

ULF was the maximum force required to break the bone. Breaking energy was obtained by 

calculating the area under the stress-strain curve, which defines the amount of energy needed to 

cause a fracture. Yield point is a boundary above which stress causes permanent damage to the bone 

structure and is defined as the point when the stress-strain curve become non-linear. In dietary 

vitamin D and calcium studies (Chapter 5 and 6) , three-point bending was performed on Test 

Resources 800LE4 test machine (Minnesota, USA) following the same procedure as discussed 

above. Results were collated using Microsoft office excel 2007. 
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2.8 TISSUE MESSENGER RNA ANALYSES 

The kidney and soft tissues surrounding the organs were removed. The kidneys were placed in 5mL 

collection pots and snap frozen in liquid nitrogen and stored at –70C until required for analysis. 

Slice of the kidney was removed and homogenised in 1mL of Trizol in a 2mL sterile eppendorf 

tubes. 

 

2.8.1 Extraction of total RNA 

The extraction of RNA from the tissue lysate was based on a modified method of Chomczynski and 

Sacchi (1987) and Davey et al (2000). The lysate in each tube was mixed by inversion, with 200uL 

of Chloroform for 15 seconds and incubated again at room temperature for 3 minutes. The aqueous 

phase, containing the RNA, was removed after centrifuging the mixture at 12,000 rpm at 4ºC for 15 

minutes and mixed in a new tube with 500uL of isopropanol. The samples were left at room 

temperature for 10 minutes before centrifuging them at 12,000rpm at 4ºC for 15 minutes. The 

supernatant was removed and the RNA pellet washed with 1mL of 75% ethanol. The samples were 

re-centrifuged at 7,500 rpm at 4ºC for 5 minutes, dried at room temperature, and finally dissolved in 

200L of diethylpyrocarbonate (DEPC)-treated water.  

The integrity of the extracted RNA was determined by firstly combining 4L of RNA with 2L of 

0.2% bromophenol blue dye mix, 10uL of deionized formamide, 4uL of formaldehyde, 2uL of 10 x 

3-(N-morpholino) propanesulfonic acid (MOPS) buffer and 2uL of diluted sybr gold. This mixture 

was then heated at 65C for 10 minutes to denature the ribosomal RNA. The samples were then 

cooled immediately on ice and separated by electrophoresis in a 1% agarose gel (Promega 

Company, Annadale, Australia) in 10X MOPS running buffer and at 80 volts for 30 minutes. The 

gel was stained in a 1mg/L ethidium bromide solution and imaged by FluorImager 595 (Molecular 

Dynamics Inc., CA, USA) and ImageQuant version 3.3 software (Molecular Dynamics Inc., CA, 



65 

USA) to determine the integrity of the RNA. Pure, undegraded RNA is indicated by the clear 

presence of the ribosomal RNA bands 26s, 18s and 4s. 

 

2.8.2 Quantification of messenger RNA 

Purified RNA was quantified on a Nanodrop spectrophotometer (Beckman Instruments, CA, USA). 

1uL of the RNA samples were measured at wavelengths of 260 and 280nm. The RNA concentration 

was automatically calculated using the following formula: 

 

RNA concentration (g/L) = Absorbance at 260nm x   40     

 

Where absorbance at 260nm = 1 for a 40g/mL RNA solution 

The RNA was considered to be adequately pure when the ratio between A260 and A280 was 1.8 or 

higher (Sambrook et al 1989). 

 

2.8.3 Synthesis of cDNA 

Messenger RNA was reverse-transcribed to generate first strand cDNA. 4ug RNA was incubated 

with 1uL of 200ng oligo-dT primer (Geneworks, Adelaide, Australia) 1uL of reaction mixture of 

1nM of dATP, dTTP, dGTP and dCTP (Geneworks, Adelaide, Australia) and deionised H2O in a 

total volume of 14L. The mixture was flickspinned and placed on the PCR machine at 65ºC for 5 

minutes and quickly placed on ice until the machine has reached 4ºC.  The volume of calculated 

RNA and deionised H2O was added to reaction buffer (250mM Tris-HCL, pH 8.3, 375mM 

potassium chloride, 15mM MgCl2), 10nM DTT and Superscript III reverse-transcriptase enzyme 

were and heated at 50°C for 60 minutes followed by 70°C for 5 minutes. 

 

 

1000 
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2.8.4 Quantitative Real Time Polymerase Chain Reaction (RT-PCR) 

The mRNA of genes of interest was analysed by real-time RT-PCR using the SYBR Green 

incorporation technique. All PCR reactions were carried out in a final volume of 25 μL and were 

performed in duplicate for each cDNA. The reaction mix consisted of 12.5 μL of iQ SYBR Green 

Supermix (Bio-Rad Laboratories, Hercules, CA, USA), cDNA specific forward and reverse primers 

(0.5 μl) (Geneworks, Australia), and dH2O (μL) and cDNA. Included in each PCR run were a no 

template control and DNA negative control for each primer set. Primers were designed using 

GenBank NIH genetic database sequences, Primer-BLAST and BLAST web-based software 

(NCBI, Bethseda MD, USA) to achieve mRNA specific amplification at consistent annealing 

temperatures and constant PCR conditions across all primer sets. Primer sets used are summarised 

in Table 2.3. PCR condition were as follows: 50°C for 2 min; 95°C for 10 min; 40 cycles of 95°C 

for 15 sec and 60°C for 1 min; 72°C for 5 min followed by a melt-curve analysis where temperature 

gradually rose from 72°C to 95°C over 5 min. All PCR reactions were validated by the presence of 

a single predicted peak in the melt curve analysis. Relative expression of mRNA was determined 

using the comparative cycle threshold (CT) method. 
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Table 2.3: Primer sequences of Sense (S) and anti-sense (A) for each messenger RNA species 

of interest.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene

CYP24 S: TTGAAAGCATCTGCCTTGTGT
A: GTCACCATCATCTTCCCAAAC

NM201635

CYP27B1 S: TGCAGAGACTGGAATCAGATGTTTG
A: CACTATGGACTGGACAGACACC

NM053763

Genbank®
accession no.

Table 1:   Primer sets used for real time RT-PCR

Sequence 5’3’

CYP27A1 S: ATGTGGCACATCTTCTCTACC
A: GGGAAGGAAAGTGACATAGAC

NM178847

CYP2R1 S: CTTGGAGGCATATCAACTGTG
A: ATCCATCCTCTGCCATATCTG

NM001108499

CYP2J3 S: CCTGGATTTTGCTAACATTC
A: CTAAGCTCTTCTTTCCTAGT

NM175766

CYP3A1 S: GGAAATTCGATGTGGAGTGC
A: AGGTTTGCCTTTCTCTTGCC

X64401

CYP3A2 S: AGTAGTGACGATTCCAACATAT
A: TCAGAGGTATCTGTGTTTCCT

NM153312

CYP3A9 S: GGACGATTCTTGCTTACAGG
A: ATGCTGGTGGGCTTGCCTTC

NM147206

CYP3A11 S: GACAAACAAGCAGGGATGGAC
A: CCAAGCTGATTGCTAGGAGCA

NM007818

-Actin S: ATCATGTTTGAGACCTTCAAC
A: CTTGATCTTCATGGTGCTAG

AF541940
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2.9 STATISTICAL ANALYSES 

2.9.1 One-way analysis of variance 

One-way analysis of variance was used to analyse the effect of varying levels of vitamin D on bone 

strength.  The data were analysed in Microsoft Excel 2000 (version 9.0.2720), which was run on a 

personal computer. A value of p<0.05 was considered to be statistically significant. 

 

2.9.2 Two-way analysis of variance 

Two-way analysis of variance was used to analyse the interactions of the effects of dietary calcium 

and Vitamin D treatment on bone structure and strength. The data were analysed in Statistical 

Package for the Social Sciences (SPSS) (version 9.0.2720), which was run on a personal computer. 

A value of p<0.05 was considered to be statistically significant. 

 

2.9.3 Tukey’s post-hoc test 

A Tukey’s post-hoc test was used to identify the mean values that were significantly different from 

each other within a data set that had been found to be statistically significant with either a one- or 

two-way analysis of variance. The data were analysed in SPSS program, which was run on a 

personal computer. 

 

2.9.4 Linear and multiple-linear regression analysis 

Linear regression analysis was used, based on the "least squares" method to fit a line of-best-fit 

through a set of observations and to obtain a coefficient of determination (R2) for the correlation 

between the observations recorded. A multiple linear regression analysis was used to identify the 

determinants of a particular dependent variable with two or more other variables when single 

variable demonstrated a significant linear relationship. The data were analysed in Microsoft Excel 
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2000, which was run on a personal computer. A value of p<0.05 was considered to be statistically 

significant. 
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3            CHAPTER 3: EVALUATION OF THE METHODOGIES FOR MECHANICAL 

STRENGTH TESTING OF RODENT TIBIA BONE. 

 

3.1 INTRODUCTION 

The continual innovation of new research tools for the evaluation and characterization of the 

skeleton has greatly broadened our understanding of bone physiology. Since it was suggested that 

bone structure and structural rigidity and strength represent the ultimate phenotype of the skeleton, 

structural strength testing becomes an important role in skeletal research [1]. The primary function 

of the skeleton is locomotion of the body and only adequate rigid and strong bones are functional. 

The most commonly used method for the characterization of lone bone biomechanical properties of 

the skeleton is method known as three point bending [2]. The primary end-point measure of this type 

of analysis is the failure load (strength) of given bone, where as the structural rigidity (stiffness) and 

the post-yield behaviour and fatigue characteristics are secondary measures [3]. The advantages for 

using this test include its ability to use small sized long bones for testing and the technical ease to 

reproduce each test. Given the long bones are generally irregularly shaped, none have the geometry 

and morphology of an ideal, straight forward mechanical test specimen. Previously, a study found 

that in terms of mechanical testing, the breaking force of tibia bone had the lowest coefficient of 

variation (7.3%) which may be attributed to fact that the shape of the tibia includes a relatively flat 

lateral surface along the shaft, which allows the ease of positioning during testing [4]. Despite this, 

the methods and the machinery for testing are likely to provide varied results with variances in the 

preparation of bones for testing trough to the positioning and loading of bones. Thus, this chapter 

focus on two aspects of validation of mechanical testing as based on the protocols described 

previously [5]. Firstly, as a study suggested that there were no significant differences in the bone 

mineral densities of the left and right proximal femur in women, we are further investigating 

whether the testing of one tibia could be used to predict the mechanical properties of the 
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contralateral tibia with sufficient accuracy. Secondly, we want to further investigate the relationship 

between bone mineral content and strength measurements. Effects of ovariectomy and vitamin D 

deficiency have been shown to have significant reductions in trabecular bone volume as well as 

bone mineral density when compared with sham animals. Furthermore, the loss of bone mineral 

density is accompanied by a significant reduction in ultimate moment and stiffness in the left 

femoral necks of the vitamin D deficient ovariectomised animals.  Therefore, we want to test the 

quality of the bone by 3 point mechanical testing and subsequently investigate the effects of 

ovariectomy on bone volume and its relationship to strength. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Animals 

Thirty male Sprague–Dawley rats were raised in an incandescent-lighted environment, and were 

maintained on vitamin D deficient semi-synthetic diet containing 1% calcium and 0.6% phosphorus 

as previously published. All animals were fed on their assigned diets from weaning until 10 weeks 

of age, at which point the animals were allocated to groups and pair-fed a modified AIN-93 diet 

(ICN Biomedicals, Aurora, OH, USA) containing 0.4% calcium and either 0, 2, 4, 8, 12 or 

20 IU/day vitamin D. The animals were fed their assigned diets until 30 weeks of age and 

sacrificed. Both tibiae were removed and processed for micro-CT analysis and 3-point mechanical 

strength testing at time of death. All animal procedures were approved by the Institute of Medical 

and Veterinary Science Animal Ethics Committee. 

In the validation of mechanical testing section,  nine-month old female Sprague-Dawley rats (n=66) 

were either sham or ovariectomised and allocated to varying levels of vitamin D3 (D) (0, 2, 12 and 

20 IU/day) and either low (0.1%, LCa) or high (1%, HCa) dietary calcium based on the 

recommended semi-synthetic diet for rodents (AIN-93-VX, ICN, CA, USA). 
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3.2.2 Micro-computed topographical analyses 

The micro-architecture of the tibia was evaluated using a high resolution micro-CT system 

(Skyscan 1076, Brussels, Belgium) to obtain multiple X-ray transmission images. Transverse CT 

slices were acquired at the tibial mid-shaft using 18 μm slice increment. An 8 mm region of cortical 

bone, located 4 mm above and below the mid-point of the tibia was used for cortical bone analyses.  

 

3.2.3 Three-point mechanical strength testing of bone 

The mechanical properties of the tibiae were assessed by three-point bending method, performed by 

a miniature Instron materials testing machine (Instron 5848 MicroTester) with a 500 N load cell. 

Prior to testing, tibiae were thawed in PBS at room temperature for 30 min and mid-point of the 

tibia determined using digital callipers. The lower anvil points were set at 20 mm apart, equidistant 

from the mid-point for each bone. The upper anvil was lowered on to the mid-point at a rate of 

1.0 mm/min for up to 5 mm maximum deflection in the bone or until the bone failed. Results were 

collected in Wavemaker (version 9.1.00, Instron, Instron Corp., Canton, MA, USA). From the force 

(F) versus displacement (D) curve we calculated, ultimate force to failure (ULF) and Young's 

modulus (E). E, defined as the intrinsic stiffness of the bone was based on the following calculation: 

E = (F/D) × (L3/48 × I), where L = length of span and I = cross-sectional moment of inertia, derived 

using Image J (Java 1.6.0_10, USA). ULF was the maximum force required to break the bone. 

Breaking energy was obtained by calculating the area under the stress–strain curve, which defines 

the amount energy needed to cause a fracture. Yield point is a boundary above which stress causes 

permanent damage to the bone structure and is defined as the point when the stress–strain curve 

become non-linear. Flexural Rigidity is the extrinsic stiffness of the bone and is equal to EI. The 

reproducibility of the biomechanical testing of the rat tibia was determined by comparing the data 

from the right and left tibia of sham rats.  
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3.2.4 Data expression and statistical analysis 

One-way analysis of variance was used to analyse the effect of varying levels of dietary vitamin D 

on bone structure and strength. A value of p<0.05 was considered to be statistically significant. 

Multi-Linear regression analyses were performed on biochemical, morphological and 

biomechanical measures to determine interactions.   

 

3.3 RESULTS 

3.3.1 Reproducibility of measures of mechanical testing 

Reproducibility of the mechanical strength parameters was tested by using both left and right tibiae 

of the rat. The R2 value for flexural rigidity was the highest at 0.96. For Youngs Modulus and cross 

sectional moment of inertia the R2 value was above 0.7. For ultimate load, the R2 value was lower at 

0.48. The plots for the left and right tibial are: ultimate load, R2=0.48, p<0.01(Figure1), cross 

sectional moment of inertia R2=0.75. p<0.01 (Figure 2), Young’s Modulus R2=0.78, p<0.01 (Figure 

3) and Flexural Rigidity R2=0.96, p<0.01 with a statistically excluded outlier (Figure 4). There was 

a high degree of reproducibility when analysed by the linear regression analysis. The intercept of 

the line-of-best-fit was not statistically different from 0 and the slope of the line-of-best-fit was not 

statistically different from 1. Therefore, we concluded that one tibia is enough to determine the 

biomechanical strength in rats.  
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Figure 3.1 Reproducibility of Ultimate Load to Failure between measures of left and right tibia. 

The horizontal axis is the measure of left tibia UL and the vertical axis is the measure of right tibia 

UL. The equation for the line-of-best-fit, y= slope (S.D.)x + y-intercept (S.D.), and the 

coefficient of determination (R2) are shown for the regression analyses. All linear regression 

analyses were not statistically different form the line-of-unity. UL, Ultimate Load to Failure; n = 

30.  
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Figure 3.2 Reproducibility of cross sectional moment of inertia (I) between measures of left and 

right tibia. The horizontal axis is the measure of left tibia I and the vertical axis is the measure of 

right tibia I. The equation for the line-of-best-fit, y= slope (S.D.)x + y-intercept (S.D.), and the 

coefficient of determination (R2) are shown for the regression analyses. All linear regression 

analyses were not statistically different form the line-of-unity. UL, Ultimate Load to Failure; n = 

30.
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Figure 3.3 Reproducibility of Young’s Modulus (E) between measures of left and right tibia. The 

horizontal axis is the measure of left tibiae and the vertical axis is the measure of right tibia E. The 

equation for the line-of-best-fit, y= slope (S.D.)x + y-intercept (S.D.), and the coefficient of 

determination (R2) are shown for the regression analyses. All linear regression analyses were not 

statistically different form the line-of-unity. UL, Ultimate Load to Failure; n = 30. 
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Figure 3.4 Reproducibility of flexural rigidity between measures of left and right tibia. The 

horizontal axis is the measure of left tibia flexural rigidity and the vertical axis is the measure of 

right tibia flexural rigidity. The equation for the line-of-best-fit, y= slope (S.D.)x + y-intercept 

(S.D.), and the coefficient of determination (R2) are shown for the regression analyses. All linear 

regression analyses were not statistically different form the line-of-unity. UL, Ultimate Load to 

Failure; n = 30. 
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3.3.2 Validation of mechanical strength measures with bone histomorphometric analyses 

3.3.2.1 Correlation between Cortical bone volume and Three-Point Testing 

The tibial cortical bone volume ranged from 30.31mm3 to 42.85 mm3 in sham animals and from 

28.19mm3 to 40.43mm3 in ovariectomised animals. To investigate the quality for our 3 point 

bending, we investigated the relationship between cortical bone volume and different mechanical 

parameters with both sham and ovariectomised animals. Cortical bone volume was significantly 

correlated to ultimate load (Figure 3.5) and flexural rigidity (Figure 3.6). There was no significant 

relationship observed between cortical bone volumes and cross sectional moment of inertia or 

Young’s Modulus (Figure 3.7 and 3.8 respectively). These results suggested that although there was 

only a subtle reduction in tibial cortical bone volume in the ovariectomised animals, it can 

potentially impose significant effects on the mechanical strength.  We have further verified that the 

three point bending test is a sensitive test in measuring the mechanical strength of long bones. 

 

3.3.2.2 Evaluation of the Predictors of the Mechanical Parameters 

Linear regressions with both sham and ovariectomised animals showed a statistically significant 

correlation between bone volume and ultimate load as well as flexural rigidity (Table 3.1). Both 

ultimate load and flexural rigidity were also shown to be predicted by sagittal cortical thickness as 

well as average cortical thickness. While there was no relationship between bone volume and the 

calculated Young’s modulus, Young’s modulus of tibia was best predicted by average cortical 

thickness (Table 3.1). Cross sectional moment of inertia was not predicted by any of the structural 

measurements. 
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Figure 3.5 The relationship between tibial cortical bone volume and ultimate load 

The horizontal axis is the measure of cortical bone volume and the vertical axis is the measure of 

ultimate load. The coefficient of determination (R2) are shown for the regression analyses, p<0.05, 

n=66.
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Figure 3.6 The relationship between tibial cortical bone volume and flexural rigidity 

The horizontal axis is the measure of cortical bone volume and the vertical axis is the measure of 

flexural rigidity. The coefficient of determination (R2) are shown for the regression analyses, 

p<0.05,n=66.
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Figure 3.7 The relationship between tibial cortical bone volume and cross sectional moment of 

inertia.The horizontal axis is the measure of cortical bone volume and the vertical axis is the 

measure of cross sectional moment of inertia. The coefficient of determination (R2) are shown for 

the regression analyse, n=66. 
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Figure 3.8 The relationship between tibial cortical bone volume and Young’s Modulus.The 

horizontal axis is the measure of cortical bone volume and the vertical axis is the measure of cross 

sectional moment of inertia. The coefficient of determination (R2) is shown for the regression 

analysis, n=66 
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3.4 DISCUSSION 

The mechanical competence of bone represents the ultimate measure of bone quality. In this study, 

we have sought to determine if bone strength and strain measurements which represent the extrinsic 

and intrinsic qualities of bone strength differs between left and right tibia of the same animal. Using 

the 3 point bending procedure [3] with the mid-point of the tibia shaft as the focus for strength 

measures, we found that there was high reproducibility between left and right tibia in terms of all 

major measures of bone strength. Thus, our data provides significant evidence that 3-point 

mechanical strength testing on tibia from rodents is a reproducible and sensitive method which is 

not compromised by differences in sidedness under conditions tested in this thesis.  

 

Consistent with our findings, previous studies have demonstrated no systematic differences in bone 

mineral density measurements between left and right femora [6]. Non-statistical differences in bone 

mineral density of less than 0.061 g.cm-2 between left and right proximal femora have been reported 

and it was concluded that it is not necessary to measure both femurs. In addition, in another study 

[2], it has also been demonstrated that in general there is no systematic difference between the 

structural and mechanical characteristics of the right and left femur determined by  95% limits of 

agreement as well as the absolute measure of reproducibility. For example, the coefficient of 

variation for breaking load was determined to be 3.8%, which is consistent with data from our 

current study on the tibia. However, the coefficient of variation for energy absorption was 18.7% 

and it was concluded that energy absorption and stiffness showed poor repeatability when compared 

to breaking load. This is consistent with our current study which demonstrates that energy 

absorption, which showed a coefficient of determination value of 0.001(data not shown). 
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The fundamental principles in the execution of biomechanical testing have been extensively 

reviewed by Turner and Burr [7]. The reproducibility of any measurement is important as a poor 

reproducibility leads to excess variability in the data and thus jeopardise the validity of the data 

obtained. Therefore, the goal of this study was to compare the reproducibility of the biomechanical 

testing measurements between the left and right tibia. The coefficient of determination values we 

obtained for ultimate load (R2=0.75), cross sectional moment of inertia (R2=0.75), E (R2=0.78) and 

flexural rigidity (R2=0.96) between the left and right tibia have demonstrated that we were able to 

execute the testing with high reproducibility. 

 

It is established that the strength and rigidity of the whole bone are the interaction of material 

properties, amount of material, morphological, organizational, and the whole [1]. Naturally, the 

degree of loading on a long bone largely determines whether the bone will suffer a break. If the 

magnitude of the stresses within the bone structure exceeds the capacity of bone material to 

withstand those stresses, the structure will fail and even relatively small deterioration of the bone 

structure or material can be detrimental. We have assessed the mechanical competence of rat tibial 

midshaft using three point bending. Although biomechanical testing of bones over simplifies the 

complexity of the actual in vivo situation, the intention is to test the skeletal structure of interest as 

closely as possible in terms of biological destruction.  For the purpose of examining the effects of 

changes in structure in relation to its strength, we have subjected animals to various levels of dietary 

vitamin D (ranging from absolute deficiency to replete), dietary calcium (ranging from moderately 

low to replete) and estrogen depletion by ovariectomy to establish conditions known to alter bone 

structure and mineralisation states. The physiological roles of vitamin D and calcium in determining 

bone structure are discussed in chapter 5 and 6.  Estrogen depletion is well described to reduce bone 

volume by Li and Wronski showing a significant reduction in cancellous bone volume in 

ovariectomised animals. The reduction was mainly due to the loss of trabecular number with no 
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significance in trabecular width which was shown to be very similar of the aged related loss of iliac 

cancellous bone in women [8].  Histomorphometric indices demonstrated that the cancellous bone 

loss induced by estrogen depletion was associated with an increase in bone resorption [9]. 

Furthermore, the changes in the cancellous bone were accompanied by cortical osteopenia and 

resulted in a decrease in breaking strength of the femoral neck in estrogen depleted animals.  

Another study demonstrated that 12 weeks of estrogen depletion led to a significant decrease in 

bone mineral density as well as trabecular number due to high bone turnover [10]. These studies 

suggested that the ovariectomised animal model is a sensitive and suitable model for detecting 

changes in bone structure and strength. 

 

Utilizing the left tibia from the animals which have been subjected to these physiological challenges 

of calcium and bone mineral homeostasis, we have shown that changes to cortical bone volume 

correlates positively and significantly with changes to ultimate load and to flexural rigidity. Flexural 

rigidity and ultimate load are structural properties of the bone as they provide information on bone 

as a structural element within the body. Thus, they depend highly on geometry and bone quantity. If 

the geometry of the bone is known, the material properties of the bone can be determined to provide 

information on the mechanical quality of bone [11, 12].  The significant correlation between bone 

volume and the two mechanical strength measurements validated our mechanical testing suggesting 

that bone strength is affected despite the subtle changes in cortical bone volume which may be the 

result of ovariectomy or dietary changes. Furthermore, sagittal cortical thickness has also shown to 

be a strong determining factor in flexural rigidity and ultimate load. Sagittal cortical thickness was 

determined by the measure of the thickness in the axis of the mechanical loading which 

demonstrated that it is also an important factor in detecting the changes in mechanical strength. The 

complex physiological relationship between sagittal cortical thickness and mechanical strength will 

be further elucidated in chapter 6. 
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Unlike ultimate load and flexural rigidity, Young’s modulus, is poorly correlated measure with 

cortical bone volume. Flexural rigidity is a measure for the bending stiffness of a bone. It's the 

product of its material properties (ie Young's modulus, "E") and its geometry (ie cross sectional 

moment of inertia, "I"). The Young's modulus is normally correlated to the bone mineral density, ie 

if the bone contains more mineral, it will become stiffer. If at the same time the geometry remains 

the same, then the flexural rigidity will increase as well. The poor correlation between Young’s 

Modulus and cortical volume suggest that the Young's modulus of each bone is very similar, and 

the increase in rigidity is mainly caused by adaptation of the geometry, but not the material. 

 

In conclusion, we have validated our mechanical testing method for assessing bone strength in rat 

tibia in our laboratory. Our results not only show that the method is highly sensitive and 

biologically valid but also that, in the structural testing of rat bones, the determination of bone break 

load displays clearly superior reproducibility of flexural rigidity, ultimate load, Young’s Modulus 

and cross sectional moment of inertia. 
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4.1 ABSTRACT 

We have previously shown that vitamin D deficiency in young male rats results in significant 

reduction in femoral trabecular bone volume (BV/TV). However, the effects of vitamin D 

deficiency and its impact on other relevant  skeletal sites remain unclear. Ten week old male 

Sprague-Dawley rats were fed various levels of vitamin D3 (2, 4, 8, 12 IU/day) with standard Ca 

(0.4%) until 30 weeks of age and achieved stable serum 25 hydroxyvitamin D3 (25D) levels 

between 16 and 117 nmol/L.. At time of death, femora, L2 vertebrae and tibiae were processed for 

bone histomorphometric analyses and tibial cortical strength by 3-point mechanical testing. A 

significant association between serum 25D and trabecular bone occurred for both the distal femoral 

metaphysis  (R2=0.34, P<0.05) and L2 vertebrae (R2=0.24, P<0.05). Tibia mid-shaft cortical bone 

was not, however,  changed in terms of total volume, periosteal surface or endosteal surface as a 

function of vitamin D status. Furthermore, no changes to mechanical and intrinsic properties of the 

cortices were observed. We conclude that cortical bone is maintained under conditions of vitamin D 

deficiency in preference to cancellous bone in young growing rats  

 

4.2 INTRODUCTION 

Although it has been well documented that vitamin D insufficiency, clinically defined by serum 25 

hydroxyvitamin D3 (25D) levels below 60nmol/L is associated with increased fracture risk [1], the 

level of vitamin D required to maintain bone strength is controversial. The incidence of hip fracture 

in the elderly has been associated with decreased serum 25D levels rather than 1,25-

dihydroxyvitamin D3 (1,25D) levels suggesting that maintaining an adequate level of 25D is 

important for the prevention of osteoporosis [2]. Previously, we demonstrated trabecular bone loss 

in a rat model consistent with osteoporosis at moderately insufficient levels of 25D and 

osteomalacia at severe vitamin D deficiency [3]. Results from these finding suggest that while a 
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circulating levels of 25D of 80 nmol/L is required to prevent the development of osteoporosis in 

rats, a positive linear relationship between serum 25D levels ranging between 20nmol/L and 

115nmol/L and femoral trabecular bone volume was demonstrated. Furthermore, these changes in 

trabecular bone volume were shown to be independent of changes to serum calcium, parathyroid 

hormone (PTH) and 1,25D levels [4]. 

 

While the effects of vitamin D deficiency on trabecular bone structure are well described, the 

effects on cortical bone volume and strength have not been reported in the vitamin D-deficient 

normocalcaemic model. A number of studies using various rodent models have reported changes to 

bone strength with various effects on cortical and trabecular bone volume. For example, the effects 

of ovariectomy combined with a diet containing low levels of calcium in rats caused a significant 

reduction of femoral shaft strength with only a reduction in trabecular bone volume and no change 

in cortical bone volume [5]. In contrast, no changes in the strength or other biomechanical 

properties of the femoral shaft were observed in other vitamin D deficient or ovariectomised rats, 

despite showing a similar pattern of trabecular bone loss and maintenance of femoral and tibial 

cortical bone area in the mid-shaft [6]. Consistent with these findings, femoral neck strength was 

shown to be unchanged in aged ovariectomised rats which had significant loss of trabecular bone. 

However, no report was made of cortical bone volume in this study [7]. Furthermore, long-term 

ovariectomy studies in young rats were able to demonstrate maintenance[8] or gain [9]in cortical 

bone volume despite a rapid trabecular bone loss in the distal femoral metaphysis.  Together these 

findings suggest that while characteristics of bone quality other than density and size may play 

important contributions to overall bone strength, the results may vary due to the conditions of 

hormone and calcium deprivation. The aim of the current study was to investigate the effects of 

vitamin D deficiency on cortical bone structure and strength in young male rats. We have utilised 
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both micro-CT and the three-point bending test in our vitamin D-deficient model of osteopenia to 

investigate tibial mid-shaft structure and strength. 

 

4.3 MATERIALS AND METHODS 

4.3.1 Animals 

Twenty-four male Sprague-Dawley rats were raised in an incandescent-lighted environment, and 

were maintained on vitamin D-deficient semi-synthetic diet containing 1% calcium and 0.6% 

phosphorus as previously published [4]. All animals were fed on their assigned diets from weanling 

until 10 weeks of age, at which point the animals were allocated to groups and pair-fed a modified 

AIN-93 diet (ICN Biomedicals, Aurora, Ohio, USA) containing 0.4% calcium and either 2, 4, 8 or 

12 IU/day vitamin D (n = 5-6/grp). The animals were fed their assigned diets until 30 weeks of age 

and sacrificed. Fasting blood were collected and femora, tibiae and lumbar spine were removed and 

processed for micro-CT analysis and 3-point mechanical strength testing at time of death. All 

animal procedures were approved by the Institute of Medical and Veterinary Science Animal Ethics 

Committee. 

 

4.3.2 Biochemical analyses 

Serum calcium was measured using a chemistry analyser (Trace Scientific reagents, Vic, Australia; 

Hitachi 911 automated analyser, Roche, IN, USA). Serum 1,25D and 25D were measured by a 125I 

radioimmunoassay (RIA) (Immunodiagnostic Systems Ltd, Bolden, UK). Serum PTH was 

measured using rat-specific; two-site immunoradiometric assays (Immutopics, Inc., San Clemente, 

CA, USA). 
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4.3.3 Micro Computed Topographical analyses 

The micro-architecture of the tibia was evaluated using a high resolution micro-CT system 

(Skyscan 1076, Brussels, Belgium) to obtain multiple x-ray transmission images. Transverse CT 

slices were acquired at the tibial mid-shaft using 18-µm slice increment. An 8mm region of cortical 

bone, located 4mm above and below the mid-point of the tibia was used for structural analyses. 

Periosteal surface area (mm2) and endosteal surface area (mm2) were assessed using CTan software 

(v1.7, Skyscan, Belgium). For 3-D analysis, using the same technique as above in an 8mm region of 

cortical bone, we assessed the total cross-sectional volume, cortical bone volume and medullary 

volume (TV, BV and MV, respectively, mm3). Tibia length was measured using digital callipers. 

 

4.3.4 Three Point Mechanical Strength Testing 

The mechanical properties of the tibiae were assessed by three-point bending method[10], 

performed by a miniature Instron materials testing machine (Instron 5848 MicroTester) with a 

500N load cell. Prior to testing, tibiae were thawed in PBS at room temperature for 30 minutes and 

mid point of the tibia determined using digital callipers. The lower anvil points were set at 20mm 

apart, equidistant from the mid-point for each bone. The upper anvil was lowered on to the mid-

point at a rate of 1.0mm/min for up to 5mm maximum deflection in the bone or until the bone 

failed. Results were collected in Wavemaker (version 9.1.00, Instron, Instron Corp., Canton, MA). 

From the force (F) versus displacement (D) curve we calculated, ultimate force to failure (ULF) and 

Young’s modulus (E). E, defined as the intrinsic stiffness of the bone was based on the following 

calculation: E= (F / D) x (L3 / 48 x I), where L = length of span and l = cross sectional moment of 

inertia, derived using Image J (Java 1.6.0_10, USA). ULF was the maximum force required to break 

the bone. Breaking energy was obtained by calculating the area under the stress-strain curve, which 

defines the amount energy needed to cause a fracture. Yield point is a boundary above which stress 
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causes permanent damage to the bone structure and is defined as the point when the stress-strain 

curve become non-linear. 

 

4.3.5 Statistical analyses 

One-way analysis of variance was used to analyse the effect of varying levels of dietary vitamin D 

on bone structure and strength. A value of p<0.05 was considered to be statistically significant. 

Multi-Linear regression analyses were performed on biochemical, morphological and 

biomechanical measures to determine interactions.   

 

4.4 RESULTS 

4.4.1 Biochemistry  

Stable levels of 25D were achieved by 18 weeks of age and were maintained until time of death at 

30 weeks of age. Treatment groups achieved serum 25D levels ranging from 16 nmol/L to 117 

nmol/L with the highest in animals fed with 12 IU/day. There were no changes in serum PTH or 

serum Ca associated with varying vitamin D status (Table 1).  

 

4.4.2 Bone structure and strength 

Serum 25D levels were positively associated with both femoral metaphyseal trabecular bone (R2 = 

0.34, P<0.05) and L2 vertebral bone (R2=0.24, P<0.05) (Fig 1A and 1B). No changes to tibial 

length, cortical bone volume or measures of cortical bone distribution were observed between 

dietary vitamin D groups (Table 2). Furthermore, no statistically significant relationship occurred 

between serum 25D levels and midshaft tibial cortical bone volume (R2=0.24, P=0.15) (Fig 1C), 

periosteal or endosteal surface area (data not shown).  While cortical bone volume and distribution 

of bone was not altered due to vitamin D depletion, it was important to test the quality of the bone 

by 3-point mechanical testing.  Cross sectional moment of inertia (data not shown), ultimate load, 
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yield point, breaking energy and young’s modulus were all unaffected by changes to dietary vitamin 

D (Table 3) or changes to serum 25D levels (data not shown). 
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Table 4.1 Serum levels of 25 hydrocyvitamin D, parathyroid hormone and total calcium in each 

dietary group. Values are mean (SEM) 

25D, nmol/L

12842
Dietary vitamin D 

(IU/day)

2.58
(0.09)

2.57
(0.07)

2.52
(0.02)

2.45
(0.01)

Ca, mmol/L

5.1
(0.2)

6.6
(1.2)

6.2
(0.3)

6.0
(1.1)

PTH, pmol/L

Values are mean (SEM

224.5 #
(16.4)

234.0 #
(30.6)

168.7
(14.1)

162.8
(13.2)

1,25D, pmol/L

*Serum  biochemistry from these animals are adapted from 
reference (2). 25D, 25-hydroxyvitamin D; 1,25D, 1,25 
dihydroxyvitamin D3;PTH, parathyroid hormone; Ca, calcium.# 

P<0.05 when compared with lower vitamin D treatment groups.

93 #
(8.0)

83 #
(3.0)

46 #
(4.4)

20 #
(1.6)

25D, nmol/L

12842
Dietary vitamin D 

(IU/day)

2.58
(0.09)

2.57
(0.07)

2.52
(0.02)

2.45
(0.01)

Ca, mmol/L

5.1
(0.2)

6.6
(1.2)

6.2
(0.3)

6.0
(1.1)

PTH, pmol/L

Values are mean (SEM

224.5 #
(16.4)

234.0 #
(30.6)

168.7
(14.1)

162.8
(13.2)

1,25D, pmol/L

*Serum  biochemistry from these animals are adapted from 
reference (2). 25D, 25-hydroxyvitamin D; 1,25D, 1,25 
dihydroxyvitamin D3;PTH, parathyroid hormone; Ca, calcium.# 

P<0.05 when compared with lower vitamin D treatment groups.

93 #
(8.0)

83 #
(3.0)

46 #
(4.4)

20 #
(1.6)
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Table 4.2 Body weights and bone structure measurements in the mid-shaft of the tibia. Values are 

mean (SEM). 

Endosteal SA, mm2

Periosteal SA, mm2

Cortical BV, mm3

(3.2)(3.1)(2.0)(3.5)
52625055

(5.2)(3.2)(3.0)(2.4)
122124120121

(1.1)(1.7)(0.4)(1.4)
46474444

(0.6)(0.3)(0.4)(0.4)
44454445Tibia length, mm

12842Dietary vitamin D
(IU/day)

BV, bone volume; SA, surface area.

Endosteal SA, mm2

Periosteal SA, mm2

Cortical BV, mm3

(3.2)(3.1)(2.0)(3.5)
52625055

(5.2)(3.2)(3.0)(2.4)
122124120121

(1.1)(1.7)(0.4)(1.4)
46474444

(0.6)(0.3)(0.4)(0.4)
44454445Tibia length, mm

12842Dietary vitamin D
(IU/day)

BV, bone volume; SA, surface area.
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Table 4.3 Bone strength measurements in the tibial mid-shaft measured by 3-point mechanical 

testing. Values are mean (SEM) 

6
(0.4)

6
(0.6)

5.9
(0.1)

6
(0.6)

Young's modulus, GPa

84
(4.6)

80
(3.3)

83
(2.4)

90
(4.8)

Ultimate load, N

12842Dietary vitamin D(IU)

57.5
(13.1)

56.6
(2.8)

65.6
(7.6)

62.4
(6.9)

Breaking energy, mJ

75.5
(5.6)

72.6
(3.1)

72.1
(2.1)

80.0
(4.7)

Yield point, n

6
(0.4)

6
(0.6)

5.9
(0.1)

6
(0.6)

Young's modulus, GPa

84
(4.6)

80
(3.3)

83
(2.4)

90
(4.8)

Ultimate load, N

12842Dietary vitamin D(IU)

57.5
(13.1)

56.6
(2.8)

65.6
(7.6)

62.4
(6.9)

Breaking energy, mJ

75.5
(5.6)

72.6
(3.1)

72.1
(2.1)

80.0
(4.7)

Yield point, n
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Figure 4.1: The relationship between serum 25D and (A) femoral trabecular bone volume, (B) L2 

vertebral trabecular bone volume and (C) mid-shaft tibial cortical bone volume in animals with 

serum 25D ranging between 16 and 117 nmol/L.  
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4.5 DISCUSSION 

In contrast to our previous and current findings of vitamin D deficiency-related trabecular bone loss 

[4], our present findings indicate that tibial cortical bone volume and measures of cortical 

architecture were preserved even when growing rats were reduced to serum 25D levels as low as 16 

nmol/L. This is consistent with previous studies, where trabecular bone loss due to other factors did 

not also result in cortical bone loss [4,5,6]. Furthermore, others have demonstrated an absence of 

cortical bone loss [8] or some evidence of bone gain [9] during ovariectomy which occurs 

regardless of age and stage of bone growth. The findings suggest the stimulus for maintenance or 

increased cortical bone following ovariectomy may be an adaptive process in response to increasing 

mechanical forces on those structural elements that remain after initial bone loss. Thus, while we 

show marked effects of vitamin D depletion of trabecular bone loss in both the femur and vertebrae, 

the lack of effect of vitamin D depletion of cortical bone suggests that other factors such as 

mechanical strain determine the maintenance of its structure.   

 

In addition to our observation that cortical bone volume did not change, we observed no 

redistribution of bone mineral. In particular, there was no change in either endosteal or periosteal 

surface indicating that overall bone turnover in this region was maintained at a constant level for all 

vitamin D diet groups. Cortical bone, which constitutes the majority of the skeleton has a 

predominantly mechanical function, while trabecular bone has both mechanical and metabolic 

functions as a store for calcium and phosphorus [11].  The ability of cortical bone to resist load, as a 

function of its geometry and intrinsic material properties is important. An important factor in the 

determination of bone structure and volume is mechanical strain. The application of mechanical 

forces results in the response of osteogenic/antiresorptive bone cells to maximise the load resisting 

properties [12]. The preservation of cortical bone structure and strength in growing rats in spite of 

the bone losing state of vitamin D deficiency highlights the dominance of mechanical forces.  
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Another possible explanation for the differential effect of vitamin D deficiency on cortical bone 

compared to trabecular bone is simply that cortical bone is less sensitive to conditions that lead to 

bone loss. The lower surface area to volume ratio inherent to cortical bone compared to the more 

complex trabecular architecture itself will contribute to the much slower changes seen in the cortical 

bone compare to the trabecular bone. An ovariectomy study in rats suggested that although indices 

of bone turnover were observed in the endocortical surface 1-2 months post-ovariectomy, 

significant reduction in cortical thickness in the femoral neck only occurred 1 year post-

ovariectomy despite a significant change in the trabecular bone in the proximal tibial metaphysis as 

early as 14 days after ovariectomy [13]. The observation suggests loss of cortical bone may only be 

observed under more extreme bone loss conditions, such as marked calcium deprivation for an 

extended period of time or with ageing.  

 

Although vitamin D depletion leads to a loss of trabecular bone, our present demonstration of 

preserved cortical bone volume, distribution and strength, indicates that the effect of vitamin D 

deficiency varies at least between the trabecular and cortical regions, further investigations of the 

mechanisms that lead to trabecular bone loss while preserving cortical bone is warranted which may 

include the investigations into the distribution and activity of osteocytes in these bone 

compartments.  
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5.1 ABSTRACT 

Vitamin D depletion in rats causes osteopenia in at least three skeletal sites. However it is unclear 

whether modulation of dietary calcium intake impacts on the relationship between the level of 

serum 25-hydroxyvitamin D (25D) and bone loss. Nine-month-old female Sprague-Dawley rats 

(n=5-6/grp) were pair-fed a semi-synthetic diet containing either 0 or 20IU vitamin D3/day with 

either low (0.1%) or high (1%) dietary Ca for 6 months. At 15 months of age, fasting bloods were 

collected for biochemical analyses. Serum 25D levels were lowest in the animals fed 0 IU vitamin 

D and 0.1% Ca. The animals fed 1% Ca had significantly higher serum 25D levels when compared 

to animals fed 0.1% Ca (P<0.05). The major determinants of serum 25D were dietary vitamin D and 

dietary calcium (Multiple R=0.75, P<0.05)). Animals fed 0.1% Ca had higher renal CYP27B1 

mRNA expression and 12 to 18-fold increased levels of serum 1,25D. Hence, the reported effects of 

low calcium diets on bone loss may be, in part, due to the subsequent effects of 25D metabolism 

leading to reduction in vitamin D status. Such an interaction has significant implications, given the 

recent evidence for local synthesis of active vitamin D in bone tissue. 

 

5.2 INTRODUCTION 

We have previously reported that vitamin D depletion in rats causes osteopenia in at least three 

skeletal sites including the distal and proximal femoral metaphyses and vertebrae. Furthermore, 

serum 25 hydroxyvitamin D (25D) levels ranging from 20-115nmol/L were a positive and 

independent determinant of femoral trabecular bone volume (1). It is clear that a diet containing 

high levels of calcium protects against bone loss, presumably by reducing PTH secretion, which in 

turn reduces osteoclastic activity. The question of whether, high dietary calcium also results in 

reduced renal vitamin D metabolism, resulting in maintenance of serum 25D levels is less certain. 

Such an interaction between dietary calcium and vitamin D has significant implications, given the 

recent evidence for local synthesis of active vitamin D in bone tissue (2-4). We propose that the 
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supply of 25D to the skeleton is an important factor for autocrine and paracrine activities of 

1,25dihydroxyvitamin D (1,25D) via the activity of 25 hydroxyvitamin D 1alpha-hydroxylase 

(CYP27B1) within osteoblasts (2-4) and other bone cells. A limited supply of serum 25D to the 

bone may impair osteoblastic 1,25D synthesis as the CYP27B1 enzyme activity does not appear to 

be induced to levels that have been observed in the kidney under the stimulation of PTH (2). 

Previously, the role of calcium deprivation on serum 25D levels was not shown to be attributed the 

synthesis of picomolar levels of 1,25D as it was considered not to have the capacity to greatly 

influence nanomolar levels of 25D (5). Rather, the influence of calcium deprivation on 25D 

catabolism within the liver implicated either PTH or 1,25D itself in the enhanced degradation of 

25D by an unknown hepatic oxidative enzyme. Regardless, sustained production of 1,25D during 

calcium deprivation over an extended period of time, in combination with a vitamin D-deficient 

diet, has not been previously studied to determine its effects on serum 25D levels, particularly with 

regards to effects on gene expression of key vitamin D metabolising enzymes. The identification of 

an interaction between calcium deficiency promoting vitamin D deficiency could be important in 

understanding the pathogenesis of rickets and osteoporosis. 

 

5.3 MATERIAL AND METHODS 

5.3.1 Animals 

Nine-month old female Sprague-Dawley rats (n=24) were allocated to either vitamin D-replete 

(20IU D3/day) or vitamin D-deplete diets containing either 0.1% or 1% calcium, based on the 

recommended semi-synthetic diet for rodents (AIN-93-VX, ICN, CA, USA). All animals were 

maintained on their assigned diets for six months, at which point they were killed. All animal 

procedures were approved by the Institutional Animal Ethics Committee. 

 

 



113 
 

5.3.2 Biochemical analyses 

Fasting blood samples were collected at time of death for analyses. A chemistry analyser was used 

to measure serum calcium (Cobas Bio, Roche, IN, USA) and inorganic phosphate (Trace Scientific 

reagents, Vic, Australia; Hitachi 911 automated analyser, Roche, IN, USA). Serum 1,25D and 25D 

were measured by RIA (Immunodiagnostic Systems Ltd, Bolden, UK). 

 

5.3.3 Messenger RNA analyses 

The isolation of total RNA from whole rat kidney, liver and duodenum of 15 month old rats were 

performed using Trizol (Invitrogen). First strand cDNA synthesis was performed as previously 

described (6). Real-time RT-PCR was performed using primers designed to span an intronic 

sequence (Table 5.1) (Geneworks, SA, Australia). Target mRNAs of interest were expressed 

relative to the levels of -Actin mRNA using a comparative method of analysis. Multivariate 

statistical analysis of variance and Tukey’s post hoc test analysis were performed of biochemical 

and mRNA measures.  
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Table 5.1 Primer sequences of Sense (S) and anti-sense(A) for each messenger RNA species of 

interest. 

 

 

 

 

 

 

 

 

 

Gene

CYP24 S: TTGAAAGCATCTGCCTTGTGT
A: GTCACCATCATCTTCCCAAAC

NM201635

CYP27B1 S: TGCAGAGACTGGAATCAGATGTTTG
A: CACTATGGACTGGACAGACACC

NM053763

Genbank®
accession no.

Table 1:   Primer sets used for real time RT-PCR

Sequence 5’3’

CYP27A1 S: ATGTGGCACATCTTCTCTACC
A: GGGAAGGAAAGTGACATAGAC

NM178847

CYP2R1 S: CTTGGAGGCATATCAACTGTG
A: ATCCATCCTCTGCCATATCTG

NM001108499

CYP2J3 S: CCTGGATTTTGCTAACATTC
A: CTAAGCTCTTCTTTCCTAGT

NM175766

CYP3A1 S: GGAAATTCGATGTGGAGTGC
A: AGGTTTGCCTTTCTCTTGCC

X64401

CYP3A2 S: AGTAGTGACGATTCCAACATAT
A: TCAGAGGTATCTGTGTTTCCT

NM153312

CYP3A9 S: GGACGATTCTTGCTTACAGG
A: ATGCTGGTGGGCTTGCCTTC

NM147206

CYP3A11 S: GACAAACAAGCAGGGATGGAC
A: CCAAGCTGATTGCTAGGAGCA

NM007818

-Actin S: ATCATGTTTGAGACCTTCAAC
A: CTTGATCTTCATGGTGCTAG

AF541940

Gene

CYP24 S: TTGAAAGCATCTGCCTTGTGT
A: GTCACCATCATCTTCCCAAAC

NM201635

CYP27B1 S: TGCAGAGACTGGAATCAGATGTTTG
A: CACTATGGACTGGACAGACACC

NM053763

Genbank®
accession no.

Table 1:   Primer sets used for real time RT-PCR

Sequence 5’3’

CYP27A1 S: ATGTGGCACATCTTCTCTACC
A: GGGAAGGAAAGTGACATAGAC

NM178847

CYP2R1 S: CTTGGAGGCATATCAACTGTG
A: ATCCATCCTCTGCCATATCTG

NM001108499

CYP2J3 S: CCTGGATTTTGCTAACATTC
A: CTAAGCTCTTCTTTCCTAGT

NM175766

CYP3A1 S: GGAAATTCGATGTGGAGTGC
A: AGGTTTGCCTTTCTCTTGCC

X64401

CYP3A2 S: AGTAGTGACGATTCCAACATAT
A: TCAGAGGTATCTGTGTTTCCT

NM153312

CYP3A9 S: GGACGATTCTTGCTTACAGG
A: ATGCTGGTGGGCTTGCCTTC

NM147206

CYP3A11 S: GACAAACAAGCAGGGATGGAC
A: CCAAGCTGATTGCTAGGAGCA

NM007818

-Actin S: ATCATGTTTGAGACCTTCAAC
A: CTTGATCTTCATGGTGCTAG

AF541940
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5.4 RESULTS 

Low mean levels of serum 25D occurred only in animals fed 0 IU D3/day and 0.1% calcium (Table 

2. Serum 25D levels were significantly higher in animals fed 1% calcium in both the 0 IU and 20 IU 

D3/day fed animals when compared to animals fed 0.1% calcium (P<0.05), suggesting that a diet 

containing high levels of calcium is capable of increasing, or preserving serum 25D levels, relative 

to animals fed a low calcium diet. The animals fed 20 IU D3/day and 1% calcium recorded the 

highest mean serum 25D (P<0.05). In addition to dietary vitamin D levels, dietary calcium was a 

major determinant of serum 25D levels (P<0.05, R2=0.23, Multiple R=0.75) (data not shown). 

Despite the relative low serum 25D levels in animal fed 0 IU D3/day and 0.1% calcium, serum 

1,25D levels were significantly increased and comparable to levels in vitamin D-replete animals fed 

0.1% calcium. Mean serum calcium levels were marginally but significantly elevated in the animals 

fed 20 IU D/day and 1% calcium. 

Kidney levels of mRNA for CYP27B1 were significantly increased in animals fed 0.1% calcium in 

both the animal groups fed 0 or 20 IU D3/day when compared to animals fed 1% calcium (Figure 2) 

(P<0.05). In contrast, kidney CYP24 mRNA levels were highest only in animals fed 1% and 20 IU 

D3/day calcium (P<0.05).  

In the liver, there were no statistically significant differences in levels for three mRNA species, 

CYP27A1, CYP2R1 and CYP2J3, known to be important for the conversion of vitamin D to 25-

hydroxyvitamin D in rodents (Figure 3), suggesting that changes in serum 25D levels are not due to 

changes in liver 25D synthesis. Furthermore, levels of mRNA for the CYP3A isoforms, CYP3A1, 

CYP3A2, CYP3A9 and CYP3A11 were not determinants of serum 25D levels nor were associated 

with serum 1,25D levels. No detectable levels of liver CYP24 mRNA levels were observed in any 

group (data not shown). 
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In the proximal intestine, the levels of TRPV6 mRNA were greater in the animals fed the 0.1% 

calcium diet (Figure 3A, P<0.01), consistent with the elevated serum 1,25D levels in these groups. 

The level of CYP24 mRNA was 4-fold higher in animals fed 0 IU D3/day and 0.1% calcium when 

compared to animals fed 20 IU D3/day. In contrast, CYP27B1 mRNA levels were approximately 

two-fold higher in the animals fed 20 IU D3/day and 1% calcium. 
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Table 5.2 Serum levels of 25 hydrocyvitamin D, 1,25 dihydroxyvitamin D3, parathyroid hormone, 

total calcium and phosphate in each dietary group. 

Vitamin D, IU/kg 0 0 20 20

21.7
(2.4)

84.5*
(6.5)

90.9
(11.8)

161.3*#

(35.3)
25D, nmol/L

(sem) 

Ca, mmol/L
(sem) 

2.8
(0.1)

2.6
(0.1)

2.6
(0.2)

3.2*#

(0.2)

Values are mean (sem), n=6. 25D, 25-hydroxyvitamin D3; 1,25D, 
1,25 dihydroxyvitamin D3; * P<0.05 when compared with other 
0.1%Ca fed animals; # P<0.05 when compared with other 0 IU/kg 
vitamin D fed animals.

1,25D, pmol/L
(sem) 

246.5*#

(24.7)
19.5
(6.5)

248.6*#

(68.1)
13.8
(3.5)

Dietary Ca, (%) 0.1 1.0 0.1 1.0

Phos, mmol/L
(sem) 

1.4
(0.1)

1.6
(0.1)

1.6
(0.1)

1.9
(0.1)

Vitamin D, IU/kg 0 0 20 20

21.7
(2.4)

84.5*
(6.5)

90.9
(11.8)

161.3*#

(35.3)
25D, nmol/L

(sem) 

Ca, mmol/L
(sem) 

2.8
(0.1)

2.6
(0.1)

2.6
(0.2)

3.2*#

(0.2)

Values are mean (sem), n=6. 25D, 25-hydroxyvitamin D3; 1,25D, 
1,25 dihydroxyvitamin D3; * P<0.05 when compared with other 
0.1%Ca fed animals; # P<0.05 when compared with other 0 IU/kg 
vitamin D fed animals.

1,25D, pmol/L
(sem) 

246.5*#

(24.7)
19.5
(6.5)

248.6*#

(68.1)
13.8
(3.5)

Dietary Ca, (%) 0.1 1.0 0.1 1.0

Phos, mmol/L
(sem) 

1.4
(0.1)

1.6
(0.1)

1.6
(0.1)

1.9
(0.1)
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Figure 5.1. Levels of CYP27B1 and CYP24 mRNA (relative to -Actin mRNA) in kidney tissue 

from each dietary treatment group. Values are mean  SEM. (n=6). * P<0.05 when compared with 

other 0.1%Ca fed animals; # P<0.05 when compared with other 0 IU/kg vitamin D fed animals; 

CYP27B1, 25-hydroxyvitamin D-1-hydroxylase; CYP24, 25-hydroxyvitamin D-24-hydroxylase. 
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Figure 2. Levels of CYP27Al, CYP2R1 and CYP2J3  mRNA (relative to -Actin mRNA) in liver 

tissue from each dietary treatment group. Values are mean  SEM. (n=6). 
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Figure 3. Levels of CYP3A1, CYP3A2, CYP3A9 and CYP3A11 mRNA (relative to -Actin 

mRNA) in liver tissue from each dietary treatment group. Values are mean  SEM. (n=6). 
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Figure4. Levels of TRPV6, CYP24 and CYP27B1 mRNA (relative to -Actin mRNA) in proximal 

intestinal tissue from each dietary treatment group. Values are mean  SEM. (n=6). * P<0.05 when 

compared with other 0.1%Ca fed animals; # P<0.05 when compared with other 0 IU/kg vitamin D 

fed animals. 
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5.5 DISCUSSION 

The data obtained during the present study demonstrate that reduction in serum 25D levels can be 

induced by feeding rats low diet calcium, regardless of the vitamin D content. The increase in serum 

25D levels in animals fed high dietary calcium was not to be due to changes in the mRNA levels of 

known liver 25D synthetic enzymes, CYP27A1, CYP2R1 and CYP2J3. It is also unlikely that 

changes in serum 25D levels are due to catabolism of serum 25D via CYP24 activity, as CYP24 

was undetectable in the liver and CYP24 in the kidney was only induced in the animals with the 

highest serum 25D levels which were vitamin D-replete animals fed high dietary calcium. It is 

possible however that increased expression and activity of renal CYP27B1 in response to calcium 

deprivation, with increased production of 1,25D may be responsible for the consumption of 25D 

stores providing the explanation for decreased 25D levels with low dietary calcium intake. 

Previously, it has been postulated that the relatively low levels of 1,25D production is unlikely to 

account for the reduction in the larger pool of 25D (5). However this study was conducted over 6 

months of calcium deprivation and thus the subsequent 1,25D production and its short half-life in 

the circulation may account for a larger fraction of the decline of 25D levels. This observation is 

consistent with clinical observations that during primary and secondary hyperparathyroidism, the 

half-life of serum 25D is inversely correlated to serum 1,25D (7).  

That renal CYP27B1 activity influences the metabolic clearance 25D does not, however, rule out 

the possibility that a low dietary calcium and subsequent high serum 1,25D may lead to an 

increased catabolism of 25(OH)D by hepatic oxidative enzymes, as has been previously described 

(5). However, the ability for 1,25D to directly stimulate the regulation of hepatic oxidative enzymes 

is presumably dependent on the expression of the vitamin D receptor (VDR). There are conflicting 

reports regarding the expression of VDR within human and rat liver tissue. Part of the confusion 

may be explained by general acceptance that VDR is absent in rat hepatocytes, but present in non-

parenchymal cells and biliary epithelial cells (8). Given that the major site of the target oxidative 
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enzyme genes in hepatocytes, it appears less likely that 1,25D could directly regulate oxidative 

enzyme genes via a classical genomic response. There are numerous reports demonstrating that 

1,25D can regulate hepatocyte cell processes. For example, Baran et al. (9) have shown that 1,25D 

increases intracellular calcium levels in rat hepatocytes. Furthermore, other studies have shown that 

the liver responds to 1,25D as indicated by its control of DNA polymerase activity as well as 

cytoplasmic and nuclear protein kinases. Also in human liver slices, CYP3A4 is unregulated by 

1,25D, but only in liver samples that showed expression of VDR (10). Interestingly, in separate 

experiments, while CYP3A4 has been shown to stimulate the 25-hydroxylation of vitamin D 

(11,12), CYP3A4 has also been shown to be stimulated by treatment with 1,25D and was able to 

generate three major metabolites of 1,25D catabolism (13), suggesting that CYP3A4 in humans 

may be a target enzyme responsible for 25D catabolism as well. While rats do not possess CYP3A4, 

several other isoforms of CYP3A are expressed in liver tissue with reported similar actions to 

CYP3A4 (14-16). In the current study, however, none of these CYP3A isoforms appear to be 

regulated in such a way as to explain the differences in serum 25D levels observed.    

An alternative explanation for the role of high 1,25D regulating liver processes may involve the 

interaction of vitamin D with calcium on hepatic intracellular stores of calcium, [Ca2+]i. Gascon-

Barre and colleagues reported that both resting and stimulated [Ca2+]i are sensitive to changes in 

serum 25D levels as revealed in short-term primary culture of hepatocytes isolated from livers of 

rats depleted in 25D levels. The conclusions that hypocalcemia, secondary to low 25D levels, is a 

determinant of [Ca2+]i levels, raises the possibility that a lower than normal [Ca2+]i may be linked 

to changes in calcium signaling pathways, such as those shown to be involved in CYP3A induction 

of mouse hepatocytes (17). 

Regardless of the mode of mechanism by which calcium deprivation may lead to reduced levels of 

25D, the role for dietary calcium in the regulation of serum 25D levels is under-appreciated and 

may explain some of the beneficial effects on bone for the combination of vitamin D with calcium 
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supplementation. Furthermore, to improve 25D status by vitamin D supplementation, one may need 

to consider the levels of dietary calcium, when recommending an effective regimen. 
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6.1 ABSTRACT 

We have previously reported that while short-term vitamin D depletion in rats caused osteopenia in 

the distal femoral metaphysis, no change was observed in the tibial cortices with respect to bone 

loss, geometry and strength. The question, however, of whether the effects of longer-term dietary 

vitamin D deficiency in adult rats impacts cortical bone structure remain unclear. Hence, nine-

month-old female Sprague-Dawley rats (n=5-6/grp) were pair-fed a semi-synthetic diet containing 

varying levels of vitamin D3 (D) (0,2,12 and 20 IU/d) with either low (0.1%) or high (1%) dietary 

calcium (LCa or HCa) for 6 months. At 15 months of age, animals were killed, tibia and femora 

retrieved for cortical and trabecular bone analyses. Cortical bone volume (CBV) at the mid-point of 

the femora and tibia were analysed as well as the proximal femoral metaphyses. CBV and the 

proximal metaphysis were analysed using 3D micro-CT scans (Skyscan) at a resolution of 

12.6µm/pixel. Bone strength parameters, Young’s modulus (E) and Ultimate load, were obtained by 

performing 3-point bending on the mid-shaft of the tibia. Serum 25D levels ranged from 22(2.9) 

nmol/L to 161(±38.8) nmol/L and serum calcium levels ranged from 2.5(0.05) mmol/L to 

3.2(±0.2) mmol/L in the animals fed 0D/LCa diet up to animals fed 20IUD/HCa diet. In mechanical 

testing, ultimate load was shown to be positively correlated to CBV across all dietary groups. Both 

Femur and Tibia achieved the highest cortical bone volume in animals fed high vitamin D and 

calcium. Hence, a diet containing high levels of both vitamin D and calcium are required for 

optimal bone structure and highest resistance to fracture. 
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6.2 INTRODUCTION 

Osteoporosis is a preventable bone disease which can occur as a consequence of prolonged 

depletion of circulating levels of 25 hydroxyvitamin D (25D). The level of 25D required in humans 

to prevent osteoporosis has been reported to be 75 nmol/L which is necessary to maintain normal 

bone mineral density and reduce the incidence of hip fracture in the elderly as determined by meta-

analyses of a clinical trials when vitamin D supplementation is 800 IU per day or greater [1, 2]. We 

have previously reported that vitamin D depletion in rats causes osteopenia in at least three skeletal 

sites including the distal and proximal femoral metaphyses and vertebrae. Furthermore, serum 25 

hydroxyvitamin D (25D) levels ranging from 20-115nmol/L were a positive and independent 

determinant of femoral trabecular bone volume [3]. However, the level of vitamin D required to 

prevent bone loss is likely to be dependent on factors such as the measured bone parameters, the 

subject population , and also influenced by other factors such as the level of calcium intake [4]. It 

has been shown that administration of vitamin D and calcium in combination reduces the incidence 

of hip fracture in elderly nursing home residents [5]. It is clear that a diet containing high levels of 

calcium protects against bone loss, at least in part by reducing PTH secretion, which in turn reduces 

osteoclastic activity. However, we have recently reported that circulating levels of serum 25D are 

greater in animals fed a diet containing high levels of calcium [6]. The reduced need for active 

duodenal calcium absorption in animals fed high calcium diet results in a decrease in the renal 25D 

metabolism to active 1,25 dihydroxyvitamin D3 (1,25D), which may explain the conservation of 

serum 25D levels (Chapter 5). Thus, the effects of a high calcium diet to protect against bone loss 

may also be, in part, due to the subsequent effects on the maintenance of circulating 25D levels. 

Such an interaction has significant implications, given the recent evidence for local synthesis of 

active vitamin D in bone tissue (Chapter 5). 

The mechanism by which vitamin D-depletion gives rise to osteoporosis is somewhat controversial. 

A partial depletion of vitamin D is associated with increases in markers of bone resorption due to 
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secondary hyperparathyroidism [7, 8]. As serum 25D levels fall, an increase in serum parathyroid 

hormone (PTH) is attributed to decreased calcium absorption [9, 10]. In postmenopausal women, 

however, no relationship between serum PTH and calcium absorption levels has been observed 

[11]. In addition, although the seasonal reduction in serum 25D levels in humans is not associated 

with changes in calcium absorption there is an increase in osteoid volume and an increase in 

mineralisation lag time [12]. Although it is not yet fully known how serum 25D directly influences 

bone, a direct role for vitamin D in bone has been suggested as shown by the osteoblast-specific 

vitamin D receptor (VDR) over-expression mouse model in which there is increased cortical cross-

sectional area and strength due to reduced osteoclast activity and increased bone formation [13]. It 

is also clear that osteoblasts, through the activity of 25-hydroxyvitamin D 1alpha hydroxylase 

(CYP27B1), can convert 25D to 1,25D which regulates the expression of genes associated with 

bone formation, consistent with the effects of 25D in promoting mineralisation and reducing 

osteoblast proliferation [14]. Hence it is possible that vitamin D-depletion may directly affect bone 

by reducing the availability of substrate for the local production of 1,25D in bone which supposedly 

has autocrine and paracrine actions. 

In order to quantify the serum 25D level required for optimal mineralization, we have previously  

developed an animal model which demonstrates the effects of frank vitamin D-deficiency as well as 

graded vitamin D-depletion on the skeleton [15]. With this model we have shown that levels of 

25D, well above the level which invokes a PTH response, are required to improve bone mineral 

volume. The question as to whether changes to dietary calcium influence the relationship between 

vitamin D status and bone mineral volume and strength remains to be elucidated.  

Bone mineral content and bending moments were significantly lower in pigs that were fed low 

(0.4%) and very low (0.1%) calcium diet compared to control pigs [16].  Furthermore, another 

study looked at combined calcium and phosphorus diet and demonstrated no significant differences 

in length, volume, bone mineral density, bone mineral content and maximum load in the femur 
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when given 0.5% calcium with various levels of phosphorous. However, they observed a significant 

reduction in bone mineral content and maximum load in L5 of vertebrae, suggesting that bone loss 

occurred where greater amount of cancellous bone exists [17]. In a vitamin D deficient rat study, no 

changes in the strength or other biomechanical properties of the femoral shaft were observed despite 

showing a similar pattern of trabecular bone loss and maintenance of femoral and tibial cortical 

bone area in the mid-shaft [18]. The current study aims to further elucidate the effects of various 

levels of dietary vitamin D and calcium on bone structure and cortical bone strength in aged female 

rats.  

 

6.3 MATERIALS AND METHODS 

6.3.1 Animals 

Nine-month old female Sprague-Dawley rats (n=5-6/group) were allocated to either vitamin D- 

diets (0,2,12,20 IU/day) containing either 0.1% or 1% calcium, based on the recommended semi-

synthetic diet for rodents (AIN-93-VX, ICN, CA, USA) [19]. All animals were maintained on this 

diet for 6 months, at which time animals were killed. All animal procedures were approved by the 

Institutional Animal Ethics Committee.  

 

6.3.2 Biochemical analyses 

Food was withdrawn from animals 16 hours before blood samples were collected via the tail vein at 

time of death. Serum 1,25D and 25D were measured by RIA (Immunodiagnostic Systems Ltd, 

Bolden, UK). Serum PTH was measured using rat-specific, two-site immunoradiometric assays 

(Immutopics, Inc., CA USA). Levels of serum C-terminal telopeptide α1 chain of rat type I collagen 

(Cross-laps) were measured by ELISA (Nordic Bioscience Diagnostics, Denmark). Serum Calcium, 

Phosphate, and alkaline phosphatase have been reported previously in our laboratory [15]. 
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6.3.3 Micro-Computed Topographical analyses 

6.3.3.1 Trabecular bone 

The proximal femur and tibia bone micro-architecture was analysed using a high-resolution micro-

CT system (Skyscan 1072, Belgium) to obtain multiple x-ray transmission images. Cross sectional 

images of the object were then reconstructed by a modified Feldkamp cone-beam algorithm, 

creating a complete 3-D representation of internal microstructure and density. The analysis was 

limited to a region of interest of trabecular network 2 mm (for femur) and 4mm (for tibia) below the 

intertrochanteric line. The resolution of scanning was 5µm/pixel which provides sufficiently 

detailed information to calculate bone BV/TV, Tb.N and Tb.Th.  

6.3.3.2 Cortical bone 

The micro-architecture of the tibia was evaluated using a high resolution micro-CT system 

(Skyscan 1174, Brussels, Belgium) to obtain multiple x-ray transmission images. Transverse CT 

slices were acquired at the tibial mid-shaft using 12.6-µm slice increment. For Femur; a 4mm 

region of cortical bone, located 2mm above and below the mid-point of femur was used for 

structural analyses. For Tibia; an 8mm region of cortical bone, located 4mm above and below the 

mid-point of the tibia was used for structural analyses. Periosteal surface area (mm2) and endosteal 

surface area (mm2) were assessed using CTan software (v1.7, Skyscan, Belgium). For 3-D analysis, 

using the same technique as above in an 8mm region of cortical bone, we assessed the total cross-

sectional volume, cortical bone volume and medullary volume (TV, BV and MV, respectively, 

mm3). Cross sectional moment of inertia was derived using Image J (Java 1.6.0_10, USA) by 

calculating the distribution of bone around the neutral axis. Tibial sagittal cortical thickness (mm) is 

derived by measuring the cortical thickness in the mid shaft of the bone in the plane of mechanical 

loading.Tibia length was measured using digital callipers. 
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6.3.4 Three Point Mechanical Strength Testing 

The mechanical properties of the tibiae were assessed by three-point bending method [20], 

performed by a miniature Instron materials testing machine (Instron 5848 MicroTester, Canton, 

MA) with a 500N load cell. Prior to testing, tibiae were thawed in PBS at room temperature for 30 

minutes and midpoint of the tibia determined using digital callipers. The lower anvil points were set 

at 20mm apart, equidistant from the mid-point for each bone. The upper anvil was lowered on to the 

mid-point at a rate of 1.0mm/min for up to 5mm maximum deflection in the bone or until the bone 

failed. Results were collected in Wavemaker (version 9.1.00, Instron, Instron Corp., Canton, MA). 

From the force (F) versus displacement (D) curve we calculated, ultimate load (UL) and Young’s 

modulus (E). E, defined as the intrinsic stiffness of the bone was based on the following calculation: 

E= (F / D) x (L3 / 48 x I), where L = length of span and l = cross sectional moment of inertia, 

derived using Image J (Java 1.6.0_10, USA). UL was the maximum force required to break the 

bone. Flexural Rigidity is determined base on the calculation: E x I.  

 

6.3.5 Data expression and statistical analyses 

The effects of diet on histological measurements and biochemical markers were statistically 

analyzed by multivariate analysis of variance and Tukey’s post hoc test analysis. Multiple linear 

regression analyses were used to identify determinants of bone mineral volume. A p-value of 0.05 

or less was considered to be statistically significant. 

 

6.4 RESULTS 

6.4.1 Serum Biochemistry 

Low mean levels of serum 25D occurred only in animals fed 0 IU vitamin D3/day and 0.1% calcium 

(Table 1). Serum 25D levels were significantly higher in animals fed 1% calcium in the 0,2 and 20 
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IU vitamin D3/day fed animals when compared to animals fed 0.1% dietary calcium (P<0.05). The 

animals fed 20 IU D3/day and 1% calcium recorded the highest mean serum 25D (P<0.05). Despite 

the relative low serum 25D levels in animal fed 0 IU D3/day and 0.1% calcium, serum 1,25D levels 

were significantly increased and comparable to levels in vitamin D-replete animals fed 0.1% 

calcium. Mean serum calcium levels were significantly elevated in the animals fed 20 IU D/day and 

1% calcium. 

 

6.4.2 Body weights and bone length 

There were no significant differences across the group in body weights, femur lengths and tibial 

lengths as shown in table 2. 

 

6.4.3 Bone Structure, Content and Strength 

6.4.3.1 Bone Structure and Content  

The trabecular bone volume, trabecular thickness and number in the rat femoral and tibial 

metaphysis are shown in table 3. Using µ-CT analysis program CTan software demonstrated no 

significant differences in bone mineral volume (BV/TV) in the proximal femoral metaphysis. 

However, proximal tibial BV/TV was significantly higher in animals fed with 20IU vitamin D3, 1% 

Ca when compare to animals fed with 20IU vitamin D3, 0.1% Ca. The increase in BV/TV was 

caused by the increase in Tb.N with no change in Tb. Th. 

Micro-CT analysis of the mid shaft of the femoral and tibial cortical bone is shown in table 4. 

Femoral cortical bone volume was significantly higher in the animals fed with 20IU D3/day and 1% 

dietary to animals with fed with 0.1% dietary calcium( p<0.01). No significant differences were 

found in tibial cortical bone volume or endosteal and periosteal surface areas. Tibial sagittal cortical 

thickness showed no significant difference across the dietary groups. 
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6.4.3.2 Bone strength 

Biomechanical measurements of the different treatment groups are shown in Table 5. Ultimate load 

(N) and flexural rigidity (N-m2) are representations of the structural properties of the cortical bone. 

The load at which failure occurred was 10% higher in animals fed 20IU D3/day with 1%  dietary 

calcium  compared to animals fed 0 and 20IU D3/day with 1% dietary calcium. There was no 

difference in flexural rigidity, cross sectional moment of inertia or E. 

6.4.3.3 Relationships between structure and strength  

To further examine the relationships between structure and strength, linear and multiple regressions 

were carried out to evaluate the level of significance as well as finding out the determinants of the 

mechanical measurements. There was a positive relationship between serum 25D levels and femoral 

BV/TV (p<0.01, Figure 1A) and femoral cortical bone volume (p<0.01, Figure 1B) across all 

dietary groups. Moreover, even when the three highest individual serum 25D values were removed, 

the relationship between serum 25D levels and cortical bone volume remained significant (R2=0.21, 

p<0.001). The coefficient of determination for the relationship was 0.23 and 0.18 respectively. The 

positive relationship can also be found between serum 25D levels and tibial BV/TV (p<0.05,Figure 

1C) but not tibial cortical bone volume (Figure 1D).  

 

Although there was no positive relationship between serum 25D level and tibial cortical bone 

volume, there was a positive relationship between serum 25D levels and sagittal cortical thickness 

(p<0.01, Figure 2). To identify the determinants of the changes in mechanical strength, further 

regression analysis was completed. Sagittal cortical thickness as well as tibial cortical bone volume 

were both significantly correlated to ultimate load (p<0.01, Figure 3A and p<0.05, Figure 3B 

respectively) with the coefficient of determination of 0.3 and 0.1 respectively. No other significant 

relationships were found between the structural and strength parameters.  
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Vitamin D (IU/day) 0 2 12 20

Dietary Ca(%) 0.1 1 0.1 1 0.1 1 0.1 1

Serum 25D, nmol/L 
(sem)

21.7
(2.9)

84.5*
(6.5)

69.5
(9.4)

86.2
(7.8)

87.8
(10.7)

119.4*
(11.6)

90.9
(11.8)

161.3*
(38.8)

Serum Ca, mmol/L
(sem)

2.8
(0.1)

2.6
(0.1)

2.7
(0.2)

2.5
(0.1)

2.9
(0.2)

2.8
(0.2)

2.6
(0.2)

3.2*
(0.2)

Serum PTH, pg/ml
(sem)

114
(22.5)

104
(23.2)

135
(32.3)

106
(24)

140
(12.2)

111
(21.5)

114
(23.6)

127
(6.1)

Serum 1,25D, pmol/L
(sem)

246.6
(30.2)

19.5*
(6.5)

226
(32.4)

48.0*
(15.3)

216.6
(31.8)

9.0*
(4.5)

248.6
(68.1)

13.8*
(3.5)

 

Table 1. Serum levels of 25 hydroxyvitamin D, calcium, parathyroid hormone and 1,25D in rats fed 

varying levels of vitamin D and either 0.1% or 1% dietary calcium.
 
Serum biochemistry from these 

animals is adapted from previous published paper [21] Values are mean (sem), n=5-6. 25D, 25-
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hydroxyvitamin D3; 1,25D, 1,25 dihydroxyvitamin D3; PTH, parathyroid hormone;* P<0.05 when 

compared with 0.1% dietary calcium in the same vitamin D3 group 

 

 

 

 

 

 

 

 

 

 

 

 

Vitamin D (IU/day) 0 2 12 20

Dietary Ca(%) 0.1 1 0.1 1 0.1 1 0.1 1

Body weight, grams 
(sem)

321.9
(22.6)

311.0
(12.8)

342.5
(19.5)

334.8
(6.8)

302.6
(12.0)

323.9
(17.3)

292.8
(7.0)

327.2
(6.2)

Femur length, mm
(sem)

35.5
(0.3)

35.0
(0.3)

35.5
(0.5)

35.3
(0.1)

35.2
(0.6)

36.0
(0.3)

35.6
(0.4)

35.6
(0.4)

Tibia length, mm
(sem)

40.3
(0.7)

40.1
(0.3)

40.8
(0.5)

40.8
(0.8)

40.0
(0.5)

41.0
(0.3)

40.5
(0.7)

40.9
(0.4)

 

Table 2. Body weight, and bone lengths of the femur and tibia in rats fed varying levels of vitamin 

D3 and either 0.1% or 1% dietary calcium. Values are mean (sem), n=5-6.  
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Vitamin D (IU/day) 0 2 12 20

Dietary Ca(%) 0.1 1 0.1 1 0.1 1 0.1 1

BV/TV, %
(sem)

25.7
(1.9)

30.1
(1.9)

29.4
(1.7)

30.0
(0.5)

28.2
(0.9)

32.4
(1.1)

28.9
(1.5)

32.4
(1.8)

Femur       Tb.N, /mm 
(sem)

2.84
(0.1)

3.03
(0.12)

2.83
(0.12)

2.95
(0.05)

2.85
(0.13)

2.93
(0.07)

2.96
(0.11)

3.17
(0.11)

Tb.Th,  m
(sem)

91.4
(3.7)

98.3
(1.7)

90.5
(3.8)

101.7
(1.9)

95.9
(2.1)

107.7
(2.7)

99.5
(0.5)

97.5
(2.5)

BV/TV, %
(sem)

17.6
(0.5)

18.9
(0.6)

16.0
(1.1)

19.0
(1.1)

18.0
(0.4)

18.6
(1.6)

16.9
(0.8)

21.3*
(0.9)

Tibia         Tb.N, /mm 
(sem)

2.11
(0.16)

2.47
(0.22)

1.90
(0.15)

2.49
(0.18)

2.20
(0.11)

2.45
(0.18)

2.01
(0.27)

2.55*
(0.07)

Tb.Th,  m
(sem)

84.2
(3.1)

83.3
(1.1)

84.3
(1.1)

81.1
(1.2)

79.3
(1.0)

79.5
(1.5)

83.7
(2.4)

83.9
(1.7)

Table 3. Static bone histomorphometry of the proximal femoral and tibial metaphysis (bv/tv, 

trabecular number and trabecular thickness). Values are mean (sem), n=5-6. *P<0.05 when 

compared to 0.1% dietary calcium in the same vitamin D3 group 
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Vitamin D (IU/day) 0 2 12 20

Dietary Ca(%) 0.1 1 0.1 1 0.1 1 0.1 1

Femur     Cort BV, mm3

(sem)
27.2
(0.8)

28.6
(0.6)

27.3
(1.1)

28.8
(0.4)

27.3
(1.4)

30.8*
(1.2)

27.1
(0.9)

31.7*
(1.2)

Peri. Sur, mm2

(sem)
2.84
(0.1)

3.03
(0.12)

2.83
(0.12)

2.95
(0.05)

2.85
(0.13)

2.93
(0.07)

2.96
(0.11)

3.17
(0.11)

Endo. Sur, mm2

(sem)
91.4
(3.7)

98.3
(1.7)

90.5
(3.8)

101.7
(1.9)

95.9
(2.1)

107.7
(2.7)

99.5
(0.5)

97.5
(2.5)

Tibia       Cort BV, mm3

(sem)
35.8
(0.9)

35.6
(0.6)

35.7
(1.7)

35.2
(0.9)

34.5
(1.4)

37.7
(1.4)

35.2
(0.6)

37.8
(1.4)

Peri. Sur, mm2

(sem)
155.8
(2.2)

120.2
(12.2)

106.9
(2.4)

103.6
(1.7)

105.1
(3.4)

111.0
(2.4)

103.8
(2.6)

118.2
(7.8)

Endo. Sur, mm2

(sem)
54.8
(3.7)

52.1
(2.6)

56.9
(3.1)

53.3
(1.6)

53.9
(3.2)

58.0
(2.0)

52.1
(1.7)

58.9
(1.1)

Table 4. Static bone histomorphometry of the femoral and tibial cortical bone (cortical bone 

volume, periosteal surface and endosteal surface). Values are mean (sem), n=5-6. * P<0.05 when 

compared to 0.1% dietary calcium in the same vitamin D3 group. 
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Vitamin D (IU/day) 0 2 12 20
Dietary Ca(%) 0.1 1 0.1 1 0.1 1 0.1 1

Ultimate load (N) 70.1 64.6* 67.8 63.9* 63.5 66.9 66.8 71.8
(sem) (2.3) (1.3) (3.1) (2.2) (2.6) (3.3) (3.8) (0.5)

E(Gpa) 4.3 4.2 3.6 3.1 3.2 2.7 2.6 3.3

(sem) (0.3) (0.7) (0.7) (0.6) (0.6) (0.3) (0.2) (0.5)

I (mm4) 5.8 6.8 8.4 9.4 8.7 10.2 9.3 8.7
(sem) (1.1) (0.9) (2.2) (2.8) (1.1) (1.5) (0.8) (2.0)

Flexural Rigidity (N·m²) 27.3 23.4 25.3 24.7 24.3 22.8 22.2 22.4
(sem) (1.6) (3.0) (3.2) (3.5) (4.3) (2.4) (2.6) (0.6)

Sagittal Cortical 
thickness (mm) 0.99 1.02 0.97 1.03 0.97 1.08 0.98 1.09

(sem) (0.04) (0.02) (0.05) (0.02) (0.04) (0.06) (0.08) (0.03)
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Table 5. Biomechanical strength measurements in the tibial cortical bone (Ultimate load, E, I, 

flexural rigidity and sagittal cortical thickness. Values are mean (sem), n=5-6. * P<0.05 when 

compared to 20IU vitamin D3/day with 1% dietary calcium. 
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Figure 1. The relationship between serum 25D and A) Femoral trabecular bone volume (%) B) 

Femoral cortical bone volume (mm3) C) Tibial trabecular bone volume (%) D) Tibial cortical bone 

volume (mm3) in animals with serum 25D level ranging from 22 nM to 161 nM. The coefficient of 

determination (R2) and p values are shown for the regression analysis. 
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Figure 2. The relationship between serum 25D levels and sagittal cortical thickness (mm) of the 

tibial mid shaft in animals with serum 25D levels ranging from 21.7 to 161.3 nM. The regression 

coefficient for the positive linear relationship is 0.20. 
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Figure 3 The relationship between A) sagittal cortical thickness and ultimate load and B) cortical 

bone volume and ultimate load in animals with serum 25D ranging between 22 and 161 nM. The 

coefficient of determination (R2) and p values are shown for the regression analysis 
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6.5 DISCUSSION 

This comprehensive study of the effects of dietary vitamin D and calcium in rodents is provided by 

the measurement and subsequent comparison of a wide spectrum of direct (mineral contents, 

breaking strength, and remodeling) and indirect (bone-related plasma markers) bone assessment 

variables. We have shown a significant association between circulating 25D levels, with individual 

25D values ranging between 21nM and 161 nM and values of sagittal cortical thickness in the 

midshaft of the tibial cortical bone on 0.1% and 1% calcium diet. Improvement in bone mineral 

volume was observed in the tibial proximal metaphysis and femoral diaphysis with higher levels of 

serum 25D. There were also significant relationships between bone structure and bone mechanical 

measurements. 

 

We have previously reported that, in animals with serum 25D levels between 20 and 115nM on a 

0.4% calcium diet, there were no significant changes in serum calcium, serum phosphate or PTH, 

with value remaining within normal ranges [21]. Furthermore, we have shown that an adequate 

circulating 25D levels is important for preventing loss of trabecular structures and maintaining bone 

strength in young adult rats [22]. The current study showed that the reduction in serum 25D levels 

can be induced by feeding rats low diet calcium, regardless of the vitamin D content. As discussed 

in chapter 5, the rise in serum 1,25D levels and reduction in serum 25D levels with animals fed low 

calcium diet may be due to the anabolic conversion of the precursor, serum 25D [6]. Although 

serum calcium levels were significantly elevated, there were no significant changes in the levels of 

PTH, indicating that this level of hypercalcemia was not sufficient to suppress PTH. The animals 

with the highest serum 25D levels have shown to have significantly high femoral cortical bone 

volume and tibial metaphyseal trabecular bone volume. The results are not surprising as we 

discussed in chapter 3 that there are site specific responses to diet manipulations which may 
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contribute to the variation in observations between cortical bone of the femur and tibia in aged 

animals. Further studies would be required to establish this proposal. A study using senescence-

accelerated mouse model found a 15%-19% reduction in femoral and tibial BV/TV in the senescent 

mice at 5 months and 12 months of age when compared to the control mice and no marked 

difference in the mid-tibial and mid-femoral cortical bones [23]. It is generally understood that there 

are three major processes that lead to bone loss for senile osteoporosis. The first and most important 

is trabecular bone loss. The second process is continued net bone resorption at the endocortical 

surface and the last one is a decrease of cortical bone. In the current study, animals that were fed the 

replete vitamin D and 1% calcium diet had the highest femoral but not tibial cortical bone structure. 

This is consistent with the published data in chapter 4, suggesting that significant changes in the 

tibial cortical bone structure may only be observed with prolonged diet/hormone manipulations. 

 

Interestingly, serum 25D levels were significantly related to metaphyseal bone volume in                                     

femur and tibia as well as cortical bone in the femur. This is consistent with our previous published 

data showing that serum 25D levels are significantly correlated to trabecular bone mineral volume 

in the distal femoral metaphysis [21]. The previous data showed that the loss of trabecular bone at 

the lower serum 25D levels is the consequence of a marked rise in osteoclast surface. However, the 

range of serum 25D levels in the present study, are higher and peaked at 161nM, where a significant 

increase in bone volume was observed. More interestingly, even when the extreme serum 25D 

levels were removed from the analysis, the relationship remained significant. This suggests that 

when given high amounts of vitamin D with 1% calcium in the diet, femoral and tibial bone 

structure are preserved through the prevention of bone loss. Meta-analysis of eight double blind 

randomised controlled trials found a 38% reduction in the risk of falling for the higher dose range of 

vitamin D with treatment for 2-5 months and sustained 17% fall reduction with treatment for 12-36 

months [24]. WHI trials with vitamin D and calcium (up to 600IU/ day and 1000mg calcium/day) 
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supplementation showed that women received calcium with vitamin D supplement had greater 

preservation of total hip bone mineral density than women assigned to placebo. Other studies have 

shown that vitamin D supplementation at the dose of 600IU or higher are required to observe 

beneficial effects [25]. Furthermore, a large population based regression analysis confirmed that 

higher serum 25D levels were associated with higher bone mineral density values throughout the 

entire range from 22.5 to 92.6 nM. Chapuy et al reported that calcium with vitamin D (1000mg of 

calcium and 800 IU of vitamin D per day) significantly reduced the risk of hip fractures among 

elderly woman who were vitamin D deficient [5].   

 

To maintain a healthy skeleton, maintenance and/or improvement of both bone structure and 

strength are crucial. We have found a significant relationship between serum 25D levels and sagittal 

cortical thickness. Sagittal cortical thickness is calculated as the thickness of the cortical bone in the 

axis of loading. Many studies have looked at the bone strength in the axis of loading known as the 

anterior-posterior (AP) position [26-29]. At the tibial midshaft, where the primary mode of bending 

is in the AP direction, the optimal cross sectional shape is one where the greatest moment area is 

aligned with the AP bending plane [29]. This information allows us to investigate the distribution of 

bone in a certain axis even if there is no change in the overall bone mineral content. Bone quality is 

determined by mass, microstructure, and material properties. According to the primary locomotive 

function of the skeleton, mechanical competence of bones represents the ultimate measure of bone 

phenotype  [30]. The structural rigidity of the skeleton is principally maintained by a 

mechanosensory feedback system that senses the loading induced deformations within the bones 

and copes with the locomotive challenges through modifications in bone size and shape (ie through 

geometry, structural and architectural adaptation) [31]. New bone is laid on regions that are subject 

to loading that exceeds the customary loading range, whereas bone is removed from regions 

experiencing reduced loading well below the customary loading range [32]. The positive 
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association between serum 25D levels and sagittal cortical thickness suggests that higher amounts 

of dietary vitamin D and calcium may be beneficial to the distribution of bone mineral in the region 

of daily mechanical loading, without dramatic changes in bone mineral content.  

 

We have found positive correlations between sagittal cortical thickness and ultimate load as well as 

cortical bone volume and ultimate load.  Bone tissue is composed of primarily collagen and 

mineral, with mechanical properties determined largely by amounts, arrangement, and molecular 

structure of these constituents. An osteoporosis animal model showed a clear positive correlation 

between the maximal load of the femoral neck and the trabecular bone volume in the distal femur as 

well as the femoral ash weight [33]. Ultimate load in rats supplemented with 1,25D and alendronate 

have shown to be significantly correlated to bone mineral density demonstrating that the increase in 

bone strength is mainly due to the increase in bone mass [34]. Vitamin D deficiency in 

ovariectomised rodents led to a decrease in bone mineral density and femoral neck strength but not 

in the mid shaft [18]. While the present study demonstrated that 25D is a determinant of cortical 

bone volume and sagittal thickness, each of which in turn are determinants of strength the study was 

under powered to demonstrate a relationship between 25D and bone strength per se. Further studies 

of this important relationship are warranted. 

 

More recently, studies have used area moment of inertia also known as the cross sectional moment 

of inertia to characterize the resistance of a long bone to bending around a particular axis [35]. 

Essentially, it is how material is distributed about a defined axis. When ultimate load and stiffness 

(structural properties) are normalized to cross-sectional geometry, the resulting indices yield 

information about material properties of the tissue independent of cross sectional moment of inertia. 

There were no significant differences in E with increase in dietary vitamin D and calcium. If bone 

material properties are unchanged in the face of increasing whole bone stiffness, the remaining 
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possibility is that the quantity and/or geometry of the bone changed with changes in diet. An 

immobilisation and calcium deficiency study showed a significant 19% reduction in ultimate load in 

immobilised animals compared to control animals (p<0.05) and no difference in E [36]. They have 

also found a more dramatic bone loss at sites within the tibia that have a higher content of 

cancellous bone. Furthermore, in hindlimb unloading in female rats, there were no differences in the 

ultimate load but a 13% drop in E when compared to control rats in the femoral mid diaphysis. The 

drop in E was compensated for by a larger femoral mid diaphysis in the control animals [37]. It is 

estimated that in humans, 70-80% of the variance in the ultimate strength of bone tissue is 

accounted for by an aged related decrease in bone mineral density [38]. Adaptation by changes in 

bone geometry from cortical expansion or periosteal apposition results in the maintenance of 

mechanical properties due to increase in the areal and polar moment of inertia properties of the 

whole bone [39-42]. In rats, modelling occurs in cortical bone and remodelling occurs primarily in 

cancellous bone. Bone modelling changes the size and shape of cortical bone by resorption and 

formation drifts [43]. A similar adaptive change was observed in the current study.  Our study 

showed no significant differences in the cross sectional moment of inertia or E suggesting that in a 

state of vitamin D calcium deficiency, the geometry of the bone in the mid diaphyses may 

compensate for the bone loss in the metaphysis. However, more detailed work on dynamic cell 

activity is required to elucidate the mechanism of adaptation in the cortical bone.  

 

The present study of various levels of dietary vitamin D and calcium on structure in different 

regions of the rat limb and strength in the tibial midshaft has shown that optimal amount of dietary 

vitamin D and calcium are required to maintain bone mineral content and prevent aged-related bone 

loss. The high trabecular bone volume in the femoral and tibial metaphysis with higher serum 25D 

levels is consistent with our previous published data. Of particular interest are the results obtained 

from the regression analysis looking at the relationships between serum 25D levels, bone structure 
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and subsequently strength.  Although there were no significant differences in strength measurement 

between the dietary groups, we found a positive correlation between serum 25D and sagittal cortical 

thickness suggesting that high serum 25D levels improve cortical bone structure. Furthermore, 

sagittal cortical thickness as well as cortical bone volume are determinants of ultimate load. Taken 

together, the study suggests serum 25D levels of 90nM or more are  required to improve the quality 

and quantity of a healthy bone and prevent age-related bone loss. 

 

This study has demonstrated for the first time, the effects of various levels of dietary vitamin D with 

either low (0.1%) or high (1%) calcium on bone structure and strength. Although the exact cellular 

mechanism behind the unchanged cross sectional moment of inertia and material properties is 

unclear, this finding is a continued study from our previous published data showing that a serum 

25D levels of 90nM of more is required to prevent vitamin D deficiency bone loss. The current 

study showed that a serum 25D levels of 90nM or more is required to improve bone structure and 

bone strength.  Further studies should investigate the major mechanosensor cell, osteocytes and its 

activities in response to dietary manipulations and mechanical loading. 
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7 CHAPTER 7: SUMMARY AND CONCLUSIONS 

7.1 SUMMARY 

This thesis investigated the effects of various levels of dietary vitamin D and calcium on bone 

structure and strength in young adult rats as well as senescent rats. The broad aim was to determine 

whether the high levels of dietary vitamin D and/or calcium are maintaining/improving bone 

mineral content and mechanical strength. Three point bending showed no systematic differences 

between the left and right limb indicating this technique was able to detect changes in bone strength 

in a highly reproducible and sensitive manner. The measurement of the serum levels of 25D, 1,25D, 

PTH and calcium was used to determine the effects of age, dietary calcium and vitamin D status on 

the metabolism of vitamin D as well as the mRNA expressions of CYP27B1 and CYP24 in the 

kidney. The data derived from the studies on age and dietary manipulations have provided valuable 

insight into the levels of serum 25D and dietary Ca intake required to maintain a healthy skeleton.  

 

7.2 THE ROLE OF MECHANICAL TESTING OF LONG BONES TO ASSESS BIOLOGICAL 

FUNCTION  

Chapter 3 investigated the effectiveness and sensitivity of three-point bending as a measure of 

mechanical strength.  This study demonstrated high reproducibility in both extrinsic and intrinsic 

qualities of bone strength measurements; ultimate load, cross sectional moment of inertia flexural 

rigidity and Young’s Modulus that are not compromised by differences in sidedness. Furthermore, 

significant correlation between bone volume and two mechanical measurements were found when 

animals were subjected to various levels of dietary vitamin D, dietary calcium and estrogen 

depletion by ovariectomy. The results suggested that three-point bending is a sensitive technique in 

testing bone strength despite the subtle change in cortical bone volume which may be the result of 
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ovariectomy and/or dietary changes. The poor correlation of E and cortical volume suggested a 

further physiological explanation and not a sensitivity issue.  

 

7.3 THE EFFECT OF VITAMIN D AND DIETARY CALCIUM ON BONE STRUCTURE 

AND STRENGTH  

Based on  the previous published paper in our laboratory which  showed that vitamin D deficiency 

in young male rats results in significant reduction in femoral trabecular bone volume (BV/TV) in 

the distal and proximal metaphyses as well as the vertebrae [1], chapter 4 investigated the effects of 

various levels of dietary vitamin D on bone structure and strengh in the cortical bone of  young 

adult rats [2]. A significant association between serum 25D and trabecular bone occurred for both 

the distal femoral metaphysis  and L2 vertebrae. However, tibial cortical bone mineral content and 

architecture were preserved even when serum 25D levels were reduced to 16nmol/L. Furthermore, 

there was no evidence of redistrution of bone mineral across different diet regimes, suggesting that 

overall bone turnover was maintained at a constant level in the cortical bone. These observations are 

consistent with other published studies where there was a significant reduction in the BV/TV but 

not cortical bone until 1 year post ovariectomy [3]. In addition, the lower surface area to volume 

ratio inherent to cortical bone may contribute to the much slower changes observed in cortical bone.  

Together, these results demonstrate site-specific responses to vitamin D deficiency and that an 

extended period of calcium and/or vitamin D deprivation maybe required to observe significant 

changes in the cortical bone. 

 

The previous chapter stated that vitamin D depletion in rats causes osteopenia in at least three 

skeletal sites. Chapter 5 investigates whether modulation of dietary calcium intake impacts on the 

relationship between the levels of serum 25D and bone loss. Animals fed high calcium diet showed 

higher serum 25D levels when compared to animals fed low dietary calcium. The increase in serum 
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25D levels was not due to the changes in the mRNA levels of liver 25D synthetic enzymes or the 

catabolism of serum 25D via CYP24 activity. A possible explanation for the reduction in serum 

25D levels in low calcium diet animals could be that in response to long period of calcium 

deprivation, renal CYP27B1 expression is up-regulated accompanied by an increase in 1,25D 

production which may be responsible for the consumption of 25D stores. The major determinants of 

serum 25D were dietary vitamin D and dietary calcium. Hence, the reported effects of low calcium 

diets on bone loss may be due to the subsequent effects of 25D metabolism leading to reduction in 

vitamin D status. CYP24 and a range of liver enzymes were not regulated by the low calcium diet 

[4].  

 

As the published data in chapter 5 indicated that circulating levels of serum 25D are greater in 

animals fed a high calcium diet, chapter 6 further investigated the potential role of high calcium diet 

in protecting bone loss and maintaining bone strength. Micro-CT analysis demonstrated that 

femoral cortical bone volume as well as tibial trabecular bone volume was significantly higher in 

animals with the highest serum 25D levels. Furthermore, the greatest maximum load to failure was 

achieved in the same dietary group. To further investigate the effects of various dietary vitamin D 

and calcium on bone structure and strength, chapter 6 discussed those effects in bone structure, 

particularly in the weight bearing bones of the skeleton, femur and tibia in senescent animals. We 

showed that animals that achieved serum 25D levels of 90nM or more maintained bone mineral 

content in the femoral and trabecular metaphysis as well as femoral cortical bone. Despite the lack 

of significance observed between the dietary groups in either cross sectional moment of inertia, or 

sagittal cortical thickness, there was a positive association between serum 25D and sagittal cortical 

thickness, demonstrating that serum 25D levels may be an important regulator in influencing the 

distribution of bone mineral in the loading axis. Interestingly, regression analysis showed that 

sagittal cortical thickness is a determinant of ultimate load further suggesting that any subtle 
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changes in bone structure can consequently cause dramatic changes in bone mechanical function. 

Ultimate load is a measurement of the mechanical properties of the bone without taking geometry 

changes into consideration.  Although we observed no significant changes in any of the mechanical 

strength measurements between the dietary groups, there was a positive association between tibial 

cortical bone volume and ultimate load.  The lack of change in tibial cortical bone volume can be 

explained by the maintenance of cross sectional moment of inertia, as well as periosteal and 

endosteal surface areas (data not shown). Data imply that there may be a subtle redistribution of 

bone without a change in the total cortical area/volume suggesting that this change may be better 

detected in a study conducted over a longer time.  

Similar to our previous study where we observed a dramatic drop in the distal femoral BV/TV, we 

observed no changes in the cortical bone or cross sectional moment of inertia. Therefore, the 

positive association between cortical bone volume and ultimate load suggest that with the subtle 

increase in the cortical bone volume, which is due to increase in vitamin D and calcium diet, maybe 

causing a significant increase in the structural properties of the bone. However, when taking the 

shape or geometry of the bone into account, the lack of overall changes in the material properties of 

the bone is masked by the adaption of cortical bone. 

 

In summary, the findings of this study indicate that serum 25D levels may be an important 

determinant of cortical thickness and subsequently, structural properties of bone in rodents.  When 

serum 25D levels were higher than our previously published paper [1], there was a significant effect 

on cancellous bone as well as cortical bone. Our data suggested that in animals a serum 25D level 

of >90nM is sufficient to protect against bone loss provided dietary calcium is not restricted. This 

value is consistent with our previous data suggesting that serum 25D levels of 80nM or more are 

required to prevent vitamin D deficiency induced bone loss. Furthermore, optimal levels of dietary 

vitamin D and calcium are required to improve bone quality and quantity. The role of 25D in bone 
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cell metabolism should be further investigated and may provide an indication of clinical 

requirement of dietary vitamin D and calcium that are required to prevent osteoporosis 

 

 

7.4 LIMITATIONS 

The design of the experiments in this thesis was such that it is difficult to directly compare the 

results of 3 months vitamin D deficiency and 6 months of vitamin D and calcium deficiency. The 

first study used young adult male rats to investigate 3 months of vitamin D deficiency by giving 

animals various levels of dietary vitamin D plus standard 0.4% calcium diet whilst the second study 

investigated 6 months of vitamin D deficiency in aged female rats fed various levels of dietary 

vitamin D plus low (0.1%) or high (1%) calcium diet. Animals from the first study were assigned to 

various dietary groups at 10 weeks of age while the second study started diet regimes at 9 months of 

age. If serum 25D levels were measured before the animals were assigned to their diet regimes then 

it would be a more accurate measurement of how much serum 25D levels are left in the circulation. 

Furthermore, further studies should investigate various level of calcium content in the diet. Our 

previous data suggested that a diet containing 12 IU of vitamin D per day plus 0.4% calcium is 

sufficient enough to achieve serum 25D levels that are required to prevent vitamin D deficiency 

induced bone loss. The question as to whether that is the minimum required amount of calcium in 

the diet to prevent bone loss is still unclear. Studies of dietary calcium below 0.4% are required to 

establish a more definite explanation.  

 

We have demonstrated the regulation of the transcriptional activity of CYP27B1 and CYP 24 in the 

kidney and vitamin D metabolising enzymes in liver in response to varying dietary vitamin D and 

calcium.  The increase in production of serum 1,25D levels was accompanied by an upregulation of 

renal CYP27B1 in response to calcium deprivation. It is less clear, however, whether the levels of 
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the mRNA levels of CYP27B1 and CYP24 in the bone directly relate to the activity of these 

enzymes and the production of 1,25D within bone. Further studies, however, investigating the 

specific regulation of CYP27B1 in the bone would be required to identify the molecular signals that 

give rise to the changes we observed in bone structure. The activity of CYP27B1 and CYP24 can be 

determined in primary cell culture experiments of cells harvested from treated animals. 

Furthermore, western blot analysis may be utilised to measure the protein levels of VDR in 

response to altered vitamin D status and dietary calcium intake. Immunohistochemistry could also 

be used to identify VDR protein in the kidney and bone 

  

This thesis validated and used three-point bending as a method of biomechanical testing. Three 

point bending was employed by many other studies as the simple and reproducible mechanical 

testing method used on rodents due to the limitations that small bones are very difficult to machine 

tensile or compressive test specimens. In the bending test, high shear stress is created near the mid 

section of the bone which may result in an underestimation of the Young’s Modulus  [5] . Another 

limitation to three point bending is the use of cross section moment of inertia, which is a measure of 

the distribution of material around a give axis. This value is usually estimated using formulae 

defined for a perfect elliptical cross section from data collected by peripheral quantitative computed 

tomography (pQCT) [6]. As bone is anisotropic, the continual change in cross sectional geometry of 

tibia makes it an inaccurate bone to test. Although the tibia is commonly used because its unique 

shape allows for reproducible alignment in the testing equipment, there are no formulae that can 

accommodate its triangular cross sectional shape. Therefore, although the tibia can be a precise 

bone to test, its cross sectional and longitudinal morphology does not lend itself to accurate results.   

 

The hypotheses generated in this thesis are based on our previous data demonstrating a significant 

reduction in femoral metaphyseal BV/TV in response to vitamin D deficiency. The identification of 
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bone mechanical strength is limited by the sensitivity of the site of testing. In this thesis, we found 

insignificant subtle changes in the cortical bone in response to vitamin D deficiency as well as 

combined vitamin D and calcium deficiency. As discussed in chapter 4 and chapter 6, the lack of 

changes observed in the cortical bone indicate that cortical bone may be less sensitive to metabolic 

disturbances compared to trabecular bone. Further studies should conduct mechanical testing on 

areas that have shown significant bone loss such as the compression testing of femoral neck or L2 

vertebrae to directly correlate bone loss and strength 

 

7.5 FUTURE DIRECTIONS  

We have demonstrated that vitamin D status is a major determinant in femoral cancellous bone 

volume and we have identified structural factors that contribute to the maintenance of cortical bone 

volume and strength. However, it is postulated that the signals that direct resorption or formation as 

required by bone in regards to mechanical strain are translated by osteocytes. Studies have shown 

that the ability of bone to remodel efficiently and maintain its homeostasis is associated with the 

presence of viable osteocytes [7, 8]. Osteocyte density was found significantly lower in 

ovariectomised rats when compare to sham animals. Additionally, osteocyte density was positively 

correlated to bone mineral content and ultimate load [9]. Reduction in mineral content and bone 

strength is accompanied by increased osteocyte apoptosis due to a decrease in bone formation 

followed by an increase in resorption in weightlessness studies [10]. These observations suggest 

that osteocytes actively initiate and control bone remodelling possibly by releasing a signal to 

recruit osteoclasts and subsequently alter bone quality. Further studies should investigate osteocyte 

density as well as the amount of osteocyte apoptosis in vitamin D and calcium deficiency studies. 

 

Furthermore, 1,25D is thought to play an important role in stimulating the differentiation of 

osteoclasts from monocyte-macrophage stem cell precursors in vitro [11] and is a key regulator of 
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RANKL expression [12]. Therefore, genetic models where vitamin D metabolism and activity have 

been deleted in specific bone cell types need to be undertaken to establish the importance of 

synthesis of 1,25D at the level of bone. 
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